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ABSTRACT

The thesis entitled — “Crystal Engineering of Co-ordination Polymers (CPs) Derived from
Bis-pyridyl amides and Analyzing Their Structural Transformations Triggered by
External Stimulus” deals with the synthesis of flexible reverse bis-pyridyl-bis-amide ligands
having different alkyl spacer and their co-ordination polymers (CPs) with Cu(Il) and Cd(II). The
detailed structures of the co-ordination polymers are determined using single crystal XRD
technique. The chapter 1 of thesis provides the literature survey on structure of the CPs, their
post synthetic modification and various applications related to porous nature. The different
networks of 4.4’-Bipyridine and other bidentate ligands are discussed and the effect of
introducing hydrogen bonding moiety in the ligand on the network geometry is analyzed. The
intermolecular interactions i.e. hydrogen bonding, n-n interactions, co-ordinate bond interaction
and their strength and role in organizing supramolecular geometry is also discussed. Chapter 2

deals with the instrumental techniques, used by us in our work for characterization of CPs.

Chapter 3 of thesis is about the synthesis CP of ligand 1a with Cu(Il) salts, where the ligand 1a is
a bis-pyridyl-bis-amide with ethyl spacer. The ligand 1a formed 1D-looped chain network (CP1)
with Cu(PFs)2, where the anion PFs involved in hydrogen bonding with the amide and resulted
in unavailability of space for guest inclusion in the loops. The exchange of PFs ion with ClO4
ion resulted in the intake of aromatic guest molecules, which were monitored by IR and UV-Vis
spectroscopy. The capability of the flexible ethyl spacer of l1a to adjust the conformation
according to the requirements of the other components of the networks is observed in this
chapter. This resulted in reversible inclusion and removal of guest molecules triggered by the

exchange of anions.

In Chapter 4, CPs of ligand 1b with Cu(ClO4); resulted 2D network (CP3), which showed two-
fold parallel interpenetration; whereas with Cd(ClO4); is a 1D network with rectangular loops
(CP4). The metal metathesis of CP4 with Cu(Il) resulted in isomorphous replacement of the
Cd(II) centre with that of Cu(II) and resulted CP5. Transmetallation reaction resulted in retaining

the structural features of CP4 even in case of flexible ligand. The CP formed via transmetallation
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couldn't be synthesized from the direct reaction of bis(3-pyridyl)butanediamide and Cu(ClO4)..
The transmetallation kinetic studies are performed with AAS and WD-XRF.

In Chapter 5 co-ordination polymers (CPs) of ligand 1b has been found to be directed by the
anion of the starting metal salt: a 1D network with rectangular loops (CP6) for CuSO4 and a 2D
network having two-fold parallel interpenetration (CP3) for Cu(ClOs)2. In the 1D network a
meeet interaction between C=0 groups of the amide is present while in the 2D network an amide-
to-amide hydrogen bond is present. On the other hand, ligand 1b with Cu(CsHsCOO), results in
a 1D chain (CP7), where the benzoate units are also co-ordinated to the Cu(Il) centers. The role
of the counter anions (ClO4, SO4* and C¢HsCOO") towards the formation of the CPs was
monitored through the competitive reactions, where the ligand was allowed to react with
Cu(NO3)2 in the presence of other three counter anions at a time. Further, an understanding on

the network stability was gained by studying the counter anion exchange reactions.

In chapter 6, photo physical properties and photo-catalytic activities are discussed, where the
structure property relationship was studied. Finally, Chapter 7 gives the overall conclusion of the

thesis and the future scope of the work.
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Chapter 1

1.1 Supramolecular Chemistry & Crystal Engineering

1.1.1 Supramolecular chemistry:

Supramolecular chemistry is defined as: “The chemistry of molecular assemblies and of the
intermolecular bond” by Jean-Marie Lehn. He along with Donald J. Cram and Charles J.
Pedersen were awarded Nobel Prize in 1987 for their pioneering work in this field.!!->]
Supramolecular chemistry, Chemistry beyond the molecule, is defined in terms of the non-
covalent interaction between a ‘host’ and a ‘guest’ molecule. Figure 1.1 illustrates an analogy
between molecular and supramolecular chemistry in terms of both structures and function

according to Lehn. "]

Molecular Chemistry : [Formation of Molecules]

. + A + U Covalent bonds

Malecul
Atoms [ Substrates seules

Supramolecular Chemistry : [Formation of Supermolecules]

\ . MNon-Covalent bonds
>

T +
Super Molecule

Molecule 1 Molecule 2

Figure 1.1: A schematic showing the formation of molecules and super molecule defined by Lehn '

Studies on crown-ethers marks the beginning of supramolecular chemistry while the
development of selective "host-guest" complexes in particular, in which a host molecule
recognizes and selectively binds certain guest, is an important milestone in this area. 819
Three decades later also supramolecular chemistry is an important, interdisciplinary branch of

[11

science. The riches of this area have been extended to polymer science !'!), solid-state

121" and liquid-crystal'3! Researchers from the areas of physical, chemical,

chemistry!
biological, computational & biochemical sciences have been benefitted from knowledge &
resources in this area. The supramolecular chemistry has evolved as an interdisciplinary

science with important applications in wide range of areas.
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“Thus supramolecular chemistry involves investigating molecular systems in which the most
important feature is that components are held together by weak intermolecular forces, not by

covalent bonds”.['4]

1.1.2 Crystal Engineering

In 1971, Schmidt used the term ‘crystal engineering’, while studying the photo-dimerisation
reactions of cinnamic acids.'¥l Later on in 1988, Desiraju defined ‘crystal engineering’ as
“the understanding of intermolecular interactions in the context of crystal packing and the
utilization of such understanding in the design of new solids with desired physical and
chemical properties”.l'>) The concepts of crystal engineering are used in tailor - made the
materials according to our requirement. The materials designed using the concepts of crystal
engineering have potential applications in the areas of gas storagel'®!, separation and

17]

catalysist'”l sensors [!319] host-guest chemistry!?>?! luminescence!??! photovoltaic cells**!

and semiconductorst?*.

The primary task in crystal engineering is to predict the network architectures resulting from
different building blocks. Supramolecular synthons,® which is defined as “a structural unit
within a super molecule, which can be formed or assembled by known or conceivable
synthetic operations involving intermolecular interactions", will lead to identify the recurring
intermolecular interaction pattern between various functional groups. The Cambridge
Structural Database (CSD) is an important research tool which gives us the survey of all
reports on various compounds.?®?”! The information available in CSD includes compound
name, journal reference, molecular formula, unit-cell parameters, space-group and symmetry
operators, atomic coordinates and R-factors. This data is useful to understand the
supramolecular synthons of various functional groups, geometrical constraints in the
occurrence of any intermolecular interaction and to identify structure-property relationship.
The information availed from CSD along with other databases is required to design the new

materials with predefined properties.
1.2 Intermolecular Interactions in Supramolecular Chemistry

As crystal engineering deals with predicting and designing the structures of new materials, an
understanding of intermolecular interactions is the most important part. In supramolecular

chemistry, knowledge of non-covalent interactions is important to determine the structure of
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the networks. Non-covalent interactions are structure directing and dictates the overall
supramolecular architecture. The molecular aggregates and assemblies of higher complexities
is the outcomes of all the intermolecular interactions. Most of these interactions are
electrostatic in nature, when the contributing molecules are permanently charged species or
polar in nature. Non-polar molecules can also generate significant non-bonded interactions,
strength of which are less when compared to charged species. Some of the non-covalent
interactions include: Hydrogen bonding, meeen interactions, Dipole-Dipole, lon-Dipole, Ion-

Ion, Halogen-Halogen interactions, van der Waals and Hydrophobic interactions (Table 1.1).

Table 1.1 Types of Non-covalent Interactions

Interaction Strength (kJ mole™) Examples
1. Hydrogen Bonding 120-4 Details are given in Table 1.2
. ) Benzene, Toluene (discussed
2. m-m interactions 50-0.05
in 1.3)
3. Dipole-Dipole 50-5 HCI, Small Ketones
4. Ton- Dipole 200 — 50 [Ru(bipy)s]
5. Ion-Ion 300 —200 Tetrabutylammonium chloride
Depends on surface area < 5 Ar, Kr any other ideal gas
6. van der Waals _ _
(Variable) packed in molecular crystal

o ) Depends on solvent - solvent Cyclodextrin inclusion
7.Hydrophobic interactions _ _
Interaction energy compounds

1.2.1 Hydrogen Bonding Interaction

Hydrogen bond interaction is the most commonly occurring interaction in small molecules as
well as in biological systems such as the nucleic acids, proteins and polysaccharides.*®]
Hydrogen bond interaction is electrostatic interaction present between a hydrogen atom,
which is covalently bonded to an electronegative atom e.g. N, O, F etc (Donor) and another
electronegative atom (Acceptor). Thus the hydrogen atom is simultaneously attracted to two
atoms i.e. the covalently attached atom which acts as the hydrogen donor and another

electronegative atom which acts as hydrogen acceptor (Figure 1.2).

Definitions of hydrogen bond interactions were given by many researchers. Latimer and

Rodebush, in 1920s suggested that “a free pair of electrons on one water molecule might be

3
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able to exert enough force on hydrogen held by a pair of electrons on another water molecule
to bind the two water molecules together".!””! Later on Pauling defined hydrogen bond as

largely ionic in character and formed only between the most electronegative atom.*”]

Pimentel and Mc Clellan in 1960 examined about 2000 cases, where hydrogen bonding
existed. Based on their study, they defined hydrogen bonding by stating that “a hydrogen
bond exists if (1) there is evidence of a bond and (2) there is evidence that this bond sterically
involves a hydrogen atom already bonded to another atom”.3!! This definition didn’t specify
the chemical nature of the atoms, such as their electro negativities, polarities, net charges and
hence it can include various weak hydrogen bonds such as C-Hee*O, C-He**N and so on. In
1989 Atkins defined as: A hydrogen bond is a link formed by a hydrogen atom lying between

two strongly electronegative atoms.*?!

Steiner in 2002 modified definition of the hydrogen bond as: “X-Hee*A interaction is called a
hydrogen bond if: (1) it constitutes a local bond, and (2) X-H acts as proton donor to A and A
is called the acceptor”.!*3! Hydrogen bond is characterized by four parameters namely d, D, 0
and ¢ (Figure 1.2). D and d are the Xee*A and Hee*A distances, respectively, whereas 0 and ¢
are the X-Hee*A and B-Ae+H angles, respectively, the angle ¢ accounts for the directionality
of the hydrogen bond. For the formation of a hydrogen bond, the D and d should be less than

the sum of the van der Waals radii of the atoms. [3*]

X = Donor, A = Acceptor

Figure 1.2: A schematic showing the formation of hydrogen bond.

Hydrogen bonding interactions can be classified based on their strength as: (1) very strong (2)
strong and (3) weak hydrogen bonds [**! (Table 1.2). The strong hydrogen bonds are structure
directing and due to the reproducibility in occurrence, structure prediction with the help of

their known supramolecular synthons are quite reliable.
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Table 1.2 Classification of hydrogen bonds based on strength.3!!

Types of Bond Examples D d 0 range | Lengthening | Effect on
hydrogen Energy (XeeeA) (HeeeA) © of X-H bond crystal
bonds (keal/mol) [A] packing
Very 15-40 [FeesHeeoF], | 2.2-25A | 1.2-1.5A | 170-180 | 0.08-0.25 A High
Strong [NeesHeeeNT]"
P-OHe++O=P
Strong 4-15 O-HeesO=C | 2.5-3.2A | 1.5:222A >130 0.02-0.08 A | Distinctive
N-He+eO=C
O-He+*O-H
Weak <4 C-HeesO | <<HeeeA | >32A >90 <0.02 Variable
O-Heeen

The hydrogen bond interactions between the amide groups fall under this category. The
amide groups are known to form self-complementary hydrogen bonds resulting in homomeric
synthons. (Figure 1.3(a)). The presence of different functional groups can disturb the
formation of homomeric synthons and result heteromeric synthons. For example, the

presence of pyridyl moiety in amides can also involve in hydrogen bond formation (Figure

1.3(b)).

(a) N (b)
O N\ T

Homomeric Synthons Heteromeric Synthons

Figure 1.3 Supramolecular synthons of amide group (a) self complements (b) in presence of other
functional group.

Hydrogen bond functionalities present in the co-ordination polymer (CPs) help in assembling
the networks into higher dimensionality.*>*#! Assembling of co-ordination complexes and
co-ordination polymers (CPs) via hydrogen bond interactions are widely reported by many
researcher. Aaker0y et al. have used pyridyl-based ligands with certain functional groups e.g.

carboxylic acids, amides and oximes, which are robust connectors for the formation of
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hydrogen bonded networks in co-ordination complexes.*’1 They have reported that a Ag(I)
complex was propagated via self-complementary oximeee*oxime hydrogen-bond
interaction.*”! Desiraju et al. and Braga et al. have introduced important results in the context
of assembling the organometallic complexes via hydrogen bonds.2>3¢41421 In  the
organometallic complexes of compounds containing carbonyl and amide, the hydrogen bond
synthons present in the organometallic complexes were found to similar as that of the free
compound. Hydrogen bond assembled transition metal macrocycle complexes were reported
by Bazzicalupi et al., where dizinc macrocyclic complex of Thymine and Uracil was
assembled by intra and inter-molecular hydrogen bonding.'*?! Goldberg et al. have studied the
arrangements of metal-porphyrin building blocks via various hydrogen bonded

interactions.[*¥

1.2.2 meeert Interactions

One of the important non-covalent interactions possible in aromatic molecules and also in
compounds with n-bonds is the “meeen stacking”, or more generally “meeen interactions”. In
biological systems, structures of proteins, DNA and RNA are stabilized by nee*r interactions
and around 60 % of aromatic side chains in proteins participate in meeen interactions. Hunter
and Sanders in the early 1990s noted that the distribution of the electron density on most
aromatic rings is such that it results in a quadrupole moment with partial negative charge
above both aromatic faces and a partial positive charge around the periphery (Figure
1.4(a)).**] But when any aromatic ring is attached with a electron-withdrawing groups, the
polarization will take away the m-electron density from the aromatic core and thus creating a
completely different electronic distribution. In this case, overall quadrupole moment results

in relative electron deficiency in the central area (Figure 1.4(b)).

Figure 1.4: Schematic showing quadrupole moment (a) benzene (b) hexafluorobenzene, the polarity
inverted due to difference in electronegativity of hydrogen and fluorine.
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Face-to-face stacking will arise when ‘electron deficient’ aromatic centre is in close
proximity with an electron-rich aromatic moiety. This is also called ‘aromatic donor—acceptor
interaction’ as it involves a situation in which relatively electron-deficient and electron-rich

aromatic molecules stack in an alternate fashion.[#64"]

The neutron diffraction spectroscopic studies on benzene and toluene have given information
on aromatic meeen interactions.[*®! In solid benzene, the molecules interact and arrange
predominantly in perpendicular edge-to-face arrangement. The perpendicular edge-to-face
arrangements are of two types: Y-shaped and T-shaped and it is observed that Y-shaped is
more stable. In solid toluene, the molecules stack in an off-centre parallel manner, where the
methyl group of the adjacent molecule interacts with m-orbitals of the aromatic ring. Sherrill
and Sinnokrot carried out comprehensive set of calculations for benzene and reported, T-
shaped edge-to-face arrangement and parallel-offset dimers are nearly isoenergetic (Figure
1.5). Hunter et al. used double mutant to study the aromatic interactions in di-amides and
observed T-shaped edge-to-face arrangement. They have further studied the substituent effect

on meeer stacking interaction.*"]

(d) ()

Figure 1.5: Aromatic stacking: (a) Perpendicular Y-shaped (b) Perpendicular T-shaped (c) Parallel-
offset (d) Parallel face-centered (e) Parallel-offset for toluene.

Cai et al. reported mesen interaction between aromatic ring of pyrazole in the Cu(Il) co-
ordination polymer.®") Lalit et al. reported interpenetrated CP, where ZnsO(COO)s cluster as
a 6-connected node and tricarboxylic acid as a 3-connected node, the meeent interaction
resulted 2D network with (3,6)-connected topology.°!! The meesn interaction between

aromatic moiety and carbonyl moiety will depend on: (i) the dihedral angle () between the

7
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planes of >C=0 and the aromatic ring & (ii) the distance (d) of carbonyl oxygen atoms from

the aromatic centers (which should be 2.8 A <d <3.3 A).52331 (Figure 1.6).

—/— ! Carbonyl Plane
NN P

'Where o is angle between cabonyl plane & aromatic plane

Figure 1.6: Schematic for meeer interaction between >C=0 and aromatic molecules.

Ramasubbu Sankararamakrishnan ef al. did quantum mechanical calculations (Gaussian 03
suite of programs) by taking formaldehyde-benzene as model compound and reported the
meeent interactions in the >C=Qeeearomatic centroid contacts. They varied the distance
between the benzene centre and oxygen of formaldehyde in steps of 0.05 A and plotted the

potential energy at different @ values (Figure 1.7) and found ideal mwee*rt interaction is at 0°.

0-

[ ]
=
L

Energy / kcal mol’
)

]
L]

3 4 5 6 7 8
Distance / A

Figure 1.7: Potential energy plot for the benzene-formaldehyde complex."!

When o = 0°, the carbonyl oxygen will be parallel to the aromatic plane and there is ideal
meeen interactions, but if ® = 90°, the >C=0 group will have a head-on orientation towards
the aromatic ring centroid and the interaction is referred as Ip (lone pair) eeem-interactions
between the lone pair of oxygen and m-electrons of the aromatic ring.**! Mak et al. reported
>C=Qe-emt-interactions in two Metal Organic Frameworks (MOF) of 2,6-pyridinediylbis(3-
pyridinyl)methanone and Cu(II) with different anion NO3™ and BF4".

8
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Tablel.3 The variation of potential energy with o, affecting the mesen interaction 54

Dihedral angle (0) | Potential Energy kcal/mol Type of Interaction
0° -2.88 Ideal meeem interaction
35° -1.42 Between Ideal eeenn & lpee*m interaction
45° -1.19 Between Ideal eeenn & lpee*m interaction
55° -1.05 Between Ideal esenn & lpee*m interaction
90° -0.93 Ipeeem interaction

They identified four different types of unconventional intermolecular >C=Q-+nt-interactions
between carbonyl and pyridyl moieties.** Type-I is similar of the carbonyl-arene interaction

in reported organic system, where the >C=0 group is nearly parallel to the pyridyl ring.

Where o is angle between aromatic ring
plane and cabonyl group ( >C=0) plane

Type-1V

Type-I11

Figure 1.8: Classification of >C=0es*r (pyridyl) interactions in CPs.>"
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Type-II interaction as linker and formed layers and in Type-III interaction Type-I >C=Q¢eent-
interactions shares one pyridyl ring with Type-II. In Type-IV >C=Q-+sn-interaction, the

carbonyl group is attached to the pyridyl ring via an edge interaction.
1.2.3 Co-ordinate Bond Interactions

Co-ordinate bond interaction has a strength in the range of 30-70 kcal/mol and offers greater

[35]" Co-ordination

directionality and stability, which results in diverse structures of CPs.
polymers as the name suggests is a polymeric network involving metal ions and organic
ligands. In the early 1990s, R. Robson and co-workers described ‘node and spacer’ approach
to design the porous co-ordination polymers.*®) Around 2000, O. M. Yaghi’s research group
replaced metal ions with inorganic clusters, known as the secondary building units (SBUs)
and introduced reticular chemistry.l*”-*8! Thus Metal Organic Frameworks (MOFs) is a special
class of co-ordination polymers where the metal clusters are connected by organic linkers

(usually carboxylates).

@ -+ — 1

Metal centre Organic Ligand

Co-ordinate Bond

Interaction \. @-‘
o\

C
s Metatclusure/‘*‘f S
: *MNode [Mede] ’\"/&
~*Spacer Spa cer
“\.f
Co-ordination Polymers Fl::f;:!;::{gﬂf;gks}

(CPs)

Figure 1.9: Co-ordinate bond between metal ions & organic ligand form Co-ordination Polymers
(CPs) and Metal Organic Frameworks (MOFs)

The structure and properties of the materials resulting from co-ordinate bond interactions get
further diversified on including the versatility of hydrogen bond interactions. In the co-
ordination polymers, the frameworks are primarily dependent on the co-ordination
preferences of the metal center and the functionalities of the ligand. Various other factors

such as the metal to ligand ratio, counter anions, guest molecules and reaction conditions,
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also play the structure directing roles.

1.3 Co-ordination Polymers (CPs) and Metal Organic Frameworks

(MOFs): Structure

Although there are reports on CPs from late 1950s %% and early 1960s, %3] the area of
research on CP was boosted by the pioneering works of Robson and co-workers!>6-64
followed by Kitagawa et al.!%%®) and Ferey et al.!”! Later on Yaghi et al.’7*36881 explored
Metal Organic Frameworks (MOFs) widely in area of gas storage, best known example being
the structure of MOF—-5, published in 1999 in Nature. The CPs and MOFs are exploited
widely because of their porous nature. Their porosity is greater than 50% of the MOF crystal

volume, surface area values is typically range from 1000 to 10,000 m?/g.[”!

4,4'-Bipyridine is one of the most widely used ligands in construction of robust CPs.
Derivatives of the 4,4'-Bipyridine ligand, consisting of various kinds of spacer units between
two pyridine rings (Figure 1.10) are also utilized widely in designing, from one-, two-, and

three dimensional (1D, 2D, and 3D) networks.
\ 7/ \ / \/ \/ \_ 7/

\

P4
AN
|

Figure 1.10: Schematic of the “rod like” Bis-pyridyl ligands with different spacer.
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Large number of reports are on co-ordination polymers of these ligands with different Cu(I) or Cu(Il),

Ag(I), Cd(II), Zn(1I), Co(Il) and Ni(II) ions.!"*-1%

1.3.1 One Dimensional (1D) Co-ordination Polymers (CPs)

The reaction conditions i.e. temperature, pressure, solvent used and solubility of the product
formed influence the geometry and dimensionality of the network. The 1D CPs of 4,4'-
bipyridine with transition metal atom resulted mainly due to competition of 4,4’-bipyridine
with anions and other ligands, water, 2,2"-bipyridine efc. to co-ordinate to the metal centre.In
1982, X-ray structure of first co-ordination polymer of 4,4'-bipyridine was reported by Kubel
et al. where the treatment of 4,4’-bipyridine with Co(dimethylglyoximate); resulted in a 1D -
Linear chain. In that CP, the Co(II) had octahedral geometry and 4,4’-bipy occupy the two co-

ordination sites trans to each other to propagate the network in 1D (Figure 1.11).[7!]

(1) 1D - Linear chain Network [/

Co(dimethylglyoximate), <= N/ \ \_/N

O\N/ \N -O\N/ \N
~~OH T~OH
IR N 7N 7N
N o \ /N/CO N o \ /N/CO N o \ /N
HO—_ HO\N
s e

1D - Linear chain co-ordination polymer!’!]

Figure 1.11: 1D-Linear Chain co-ordination polymer of 4,4"-bipy.!""!

In presence of bi-dentate chelating ligands - ethylenediamine or 2,2'-bipyridine as competing
ligands with 4,4'-bipyridine, 1D - zig-zag chain results. The 4,4'-bipy occupy two cis sites of

a metal atom having octahedral geometry, propagate the network. The one-dimensional co-

12
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ordination polymers (CPs) include linear, zig-zag, helical, ladder, molecular antenna and
railroad.l”!"> The linear, zig-zag and helical chains have 1 : 1 metal to ligand ratio, whereas
the 1D-ladder, railroad and molecular antenna have metal to ligand ratio 1:1.5, 1:2.5 and 1:3,

respectively.

(1) 1D - Zig-zag chain Network "]

7 N_( 7 N\_/
\ 4+ N N
—N N % — \_/
e
O;N" 'NO;,
MeOH
2= = 2 ¢
— N N §N N N /
0;N—Cii—NO NG NO NS
jrr/ \N 3 3 7 u\ 3 03N /Cu\ NO;
- N N= N=
] & 7y
N — N J \\ A\ J
=N /N Y —N N/ /NLH—
O:N—-Cu™—NO; 0:N-cuZ—No,
—N W SN
/N =
el O
1D Zig-zag co-ordination polymer!’?]

Figure 1.12: 1D - Zig-zag chain co-ordination polymer of 4,4"-bipy.!"!

The linear, zig-zag and helical chains possess the same metal to ligand ratio but there is a
difference in the arrangement of the ligands to the metal centre. The linear chain is formed
when the ligands are frans to each other whereas the zig-zag and helical chains are formed
when they are cis to each other. When T-shaped metal co-ordination mode with respect to
ligands (three co-ordinating sites of the metal ion occupied by ligands), results in the
formation of 1D-ladder (Figure 1.14) and 1D railroad (Figure 1.15) whereas the square planar
co-ordination mode formslD-molecular antenna (Figure 1.13). The molecular antenna
network formed only when 4,4'-bipyridine ligand present in excess and acting as

monodentate as well as bidentate ligand and also as a guest molecules.
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(2) 1D - Molecular Antenna Network [

7\ —
Cd(ClO N N
@i+ X
N N N
$ ® ®
Z 7 7
7 = = |
\N | | N
0, 2 —7, —
“‘”N@_@N"’C‘d“/ PR N NN b
| ILT\\ OH, | ]LT\\OHZ X OH
7 7 G
| ~ ] ]
\N \N \N
1D-Molecular Antenna co-ordination polymer!’>]

Figure 1.13: 1D — Molecular Antenna co-ordination polymer of 4,4"-bipy.[”!

(3) 1D -Molecular Ladder Network 74

NiNOy), + o N/
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— 0N 2 ///
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[74]

1D-Molecular Ladder co-ordination polymer

Figure 1.14: 1D - Molecular Ladder co-ordination polymer of 4,4"-bipy."
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(4) 1D - Railroad Network [7!

Ni(ClO),  + N/ A\ \_/N
% %i
o Ao~ }@H'. 2
L L L -
| F
~ ]
SN SN SN
o %&CQTI—NQQ\%—N
Ny N Ny
| G
]
\N
1D - Railroad co-ordination polymer!’>]

/

Figure 1.15: 1D - Railroad co-ordination polymer of 4,4"-bipy.!"*!

1.3.2 Two Dimensional (2D) Co-ordination Polymers (CPs)

The geometries of the two-dimensional polymers of 4,4’-bipyridine (bipy) and its analogue

include square grids 76!, rectangular grids #>#%], honeycomb 4831, bilayer 36871 herringbone

81 and brick wall ). The square grids (Figure 1.16) and rectangular grids are four-connected

networks whereas the bilayer, herringbone, brick wall and honeycomb networks are three-

connected networks. Square grid networks are the well explored examples and are based

upon 1: 2 metals to ligand ratio. There are many reports on the square grids which contain

huge cavities to include the guest molecules. The metal centre in the network adopts
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octahedral co-ordination mode with four ligands at the equatorial positions and two

solvent/H,O/counter anions at the axial positions.

(1) 2D — Square grid Network "]

_/ \ 7
| ® @
G F G
=z =z =z
SN | NOs | NOs TN |
—QsN, _ 3/,,,r _ 3////
W) S < T N e NN SN
_ 7 IN= \_/ j _ /IN—
N_ NOs N_ NOs N_ NOg
@ @ ®
F F G
=z z z
. . o
N, _NO; 4, T _NO3//,
WV‘N/ \ N— d—NC\>—CN—"'Cd—N/ \ N—Cd—N/ \
— N — \ 7 |\ — \ 7 N \—
N_ NO; NOs; NO,
F F
| C ] ]
2D - Square grid co-ordination polymer!”]

Figure 1.16: 2D — Square grid co-ordination polymer of 4,4’-bipy.”"]

The first square grid co-ordination polymer using 4,4’-bipyridine (bipy) was reported by
Robson ef al. in the crystal structure of {(Zn(bipy)2(H20)2)(SiFs)}n, but the networks were
doubly interpenetrated (Figure 1.17(a)).’®! Later Fujita et al. reported the first non-

interpenetrated or open square grid network with 4,4"-bipyridine (bipy) in the crystal structure
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of {(Cd(bipy)2(NOs)2)*2(0o-dibromobenzene)}n (Figure 1.17(b))!’"l. In this CP, the guest

molecules were included in the cavities of the network.

a)
\ . Zn+2
4,4"-bipyridine (bipy)

Doubly Interpenetrated Network

(

(b)
.‘_Br 9 Br 9
Br Br
. Cd+2
® Br @ Br @
Br Br 4,4'-bipyridine (bipy)
O O ®

Open Square Grid Network

Figure 1.17: (a) Doubly interpenetrated network of {[Zn(bipy)2(H20)2][SiFs]}+"® (b) Open network
with guest molecules of {{Cd(bipy)2(NO3).. 2(o-dibromobenzene)]},!""!

Subsequently, Zaworotko et al. have reported the square grid networks of bipy in the
presence of various guest molecules such as benzene, pyrene, naphthalene, anisole, veratrole,
and nitrobenzene. The use of longer analogue of bipy resulted in square grid networks
containing larger cavities of dimensions 11x11 A% 15x15 A2 20x20 A% and 25x25 AZ2.[78-82]
Biradha et al. reported interpenetrated network in Cu(Il) co-ordination polymer of bis-
pyridyl-bis-amide ligand, where the layers were parallel interpenetrated.’®*! Gong et al.
reported interpenetrated CPs of Cd(Il) and Zn(Il) with bis-pyridyl-bis-amide ligand having
phenyl spacer along with aromatic polycaboxylate.®* Wang ef al. studied interpenetrated
CPs of Cu(Il) with flexible bis-pyridyl-bis-amide ligand, different length alkyl spacer and
meta- position of pyridyl-N.[®3 Rectangular grids were obtained by taking two different
ligands. The rectangular grids with neutral ligands are rare. Mak et al. have shown the

formation of rectangular grid network of dimensions 6.8x11.1 A? using pyrazine and 4,4’-
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. . [86] .. . .
bipy with Cu(Il).  Further Fujita et al. reported rectangular grids with

. . [87]
analogues of bipy (Figure 1.18).

(2) 2D — Rectangular grid Network [#7]

bipy and longer

_N
9
Ni(NO); + N\_/ Q O /_\N +
I\
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: ]

2D - Reactangular grid co-ordination polymer37]
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| . »
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Figure 1.18: 2D — Rectangular grid co-ordination polymer of 4,4-bipy.*”!

18




Chapter 1

Honeycomb network is formed when the metal centre adopts trigonal geometry. The
occurrence of honeycomb networks is rare as the trigonal and trigonal-bipyramidal co-
ordination geometries of the metal centre is the requirement for its formation, which is
relatively less in transition metal centers (Figure 1.19). Zaworotko et al. '8! and Yaghi et

al.’® have reported honeycomb network of Cu(Il) with pyrazine and bipy, respectively.

(3) 2D — Honeycomb Network [38 8]

.t N

Metal centre as ™Node'

(\

JE——

Exo-bidentate Organic Ligand as Spacer \

Honeycomb [ 871

Figure 1.19: 2D — Honeycomb co-ordination polymer. ! 8

(4) 2D —Bilayer > °!1, Herringbone Networks > and Brick wall [*]

(a) (b)
NN
N

Bilayer °0-°1] Herringbone [

(©)

Brick wall (3]

Figure 1.20: 2D - Bilayer - *"!, Herringbone ** and Brick wall ! co-ordination polymer.
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The bilayer network observed in CPs is different from the conventional bilayers of the
lyotropic liquid crystals. In the conventional bilayers, the hydrophobic and hydrophilic layers
are arranged in alternate fashion. In the bilayer networks of CPs, the two layers are identical
and are separated by a spacer ligand. Both the layers of a bilayer contain a set of one-
dimensional chains arranged in a parallel fashion and the chains in one layer make an

approximate angle of 90° with those of the other layer (Figure 1.20 (a)).

Zaworotko et al. have reported the first bilayer co-ordination polymer with 1,2-bis(4-
pyridyl)ethane and Co(NO3),.°%!I The brick wall and herringbone networks are propagated
by T-shaped metal geometry. The herringbone network was reported by Lin et al., where
Zn(Il) was reacted hydrothermally with 4,4-bipy and pyridine-2,4,6-tricarboxylic acid
(Figure 1.20 (b)).?) An example of the brick wall network is reported with 4,4'-bipy and
imidazole-4,5-dicarboxylic acid with Cd(NO3), (Figure 1.20 (c)).”’! However in this case the

heterocyclic carboxylates ligand were also used.
1.3.3 Three Dimensional (3D) Co-ordination Polymers (CPs)

The three-dimensional networks with bidentate ligands can be broadly classified as the

networks:

(1) propagated by three-connected nodes,**¢!

(1) networks propagated by four-connected nodes,®”-%%!

(i) linking of the 2D layers via anions®®!'%"!

In the three-dimensional networks that are propagated by three-connected nodes, the metal
centre can adopt either T-shaped or trigonal co-ordination geometry. Among the various
possible networks, the T-shaped geometry can lead to the formation of Lincoln Log networks

which are reported with 4,4"-bipy and Ag(I) (Figure 1.21(b)).**%¢I

The most common network that is propagated by four-connected node is diamondoid network

[97]

(Figure 1.21(c)). The diamondoid network was reported by Zaworotko et al.”’! and Ciani et

al.®® with 4,4"-bipy and Cu(I) and Ag(I), respectively. The linking of the two-dimensional

91 and

metal-organic layers via anions can also result in 3D-networks. Zaworotko et al.
Kitagawa et al.'° have reported three-dimensional networks that are formed by linking the

square grid networks of 4,4'-bipy and M(II) with SiF¢".
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|

Cubic ! Lincoln logs 4 %] Diamondoid 7 %!

Figure 1.21: 3D - Cubic®®”, Lincoln logs®®* *! and Diamondoid"”** co-ordination polymer.

1.4 Co-ordination Polymers (CPs) containing Hydrogen Bonding
Functionalities
The CPs of metal ions and ligands containing hydrogen bonding functionalities such as:

amides, urea’s, diacids, hydroxyl etc. (Figure 1.22) result in wide range novel networks due

to the participation of networks in various hydrogen bond interactions.

- .- \ / N
] \\
Nt 'N
‘e L Hydrogen Bonding Functionality - Urea,
S~ / N -- Mono-amides, Diamides, Reverse Diamides

Figure 1.22: Bis-pyridyl ligands with hydrogen bond functionality in the spacer.

Aaker0y et al. reported the neutral complex, from isonicotinic acid and tetrachloroplatinate,
where the O-Hee+O hydrogen bond interaction resulted in square grid network.!'"!) As no
counter-ions were present in the complex, the voids in the network were available for guest
molecules. But interpenetrated resulted in the square planar complex of
Pt(isonicotinate)>(isonicotinic acid),, where three networks interpenetrated in perpendicular
manner, resulting in decrease in cavity size (5 A in diameter). Aakerdy et al. also used
pyridyl-based ligands substituted with hydrogen bond functionalities to form CPs, where the
pyridyl-N form co-ordinate bonds and the substituents carboxylic acids, carboxamide and

oximes were involved in hydrogen bonding interactions to arrange the networks in 3D.
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Goldberg and co-workers have synthesized many substituted porphyrin complexes that
resulted in flat, grid-like 2D networks through amide—amide and acid—acid hydrogen bond
interactions. %! Aoyama and co-workers connected Zn(Il) porphyrin units via the hydrogen
bond interactions of by 3,5-dihydroxybenzene substituents and assembled into 2-D

networks.[1%3]

1.4.1 Co-ordination Polymers of Urea

Introducing a urea moiety as the backbone of a CP, play a crucial role in shaping up the
structures and functions. Urea itself generally displays 1D a - network via hydrogen bonding
involving the carbonyl oxygen and two N—H atoms (Figure 1.23); it can also interact with
various counter anions or solvent guest molecules. The bis-pyridyl ligands having urea as

spacer can be of two types (Figure 1.23) as:

(1) Bis-pyridyl-mono-urea
(1) Bis-pyridyl-bis-urea

N/// \‘¥ O » ‘\‘N \O/
| I - M
‘\ /C\ I‘ N /C\ e
. N N .

) ¢ NN

H H HoH

Bis-pyridyl-mono-urea N

X "N _C.
HA TR : SN

' /C\ ,R\ 7N !
5ONTNTTNTNT H_H
H H H H

Hydrogen bonding in urea
Bis-pyridyl-bis-urea

Where R is (-CH,-)n where n = 2,3,4,5,6,7,8 and can be aryl

Figure 1.23: Bis-pyridyl ligands with urea moiety and hydrogen bonding in urea itself.

Some leading research groups have explored the CPs of these ligands and showed the effect
of anion, metal centers, solvents, guest molecules and more importantly, the N-HeeO=C
hydrogen bonding interactions with in the urea moieties while assembling their co-ordination
polymers (CPs).°"1%3] Fowler et al. reported that o-network of urea was conserved in CPs of
bis-pyridyl-mono-urea ligands. Later, Crustacean et al'%Y and Dastidar et al!'91%]

extensively studied interesting CPs derived from this class of ligands.
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The effect of positional isomerism in the CP was nicely demonstrated by Dastidar et al.l!%%,
by using 1,3-di(pyridin-4-ylyurea and 1,3-di(pyridin-3-yl)urea with tetrahedral metal center
Zn(II). One of the CP resulted in 5-fold diamondoid network in which urea moiety found to
be involved in hydrogen bonding with the counter anion ClO4", while other have (4,4) 2D
grid architecture sustained by a complementary o hydrogen bonding network of urea (Figure

1.24).

(b)
(@) NZ o) Z >N - | i - \
| I | N €. Js. N
N N“ON N ” ”
H H

1,3-di{pyridin-3-yljurea
1,3-di(pyridin-4-yl)urea Py ¥

Zn(CIO4){.6 H,0 Zn(CI04)+6 H0 o
.C. T ] SN SR
NN N
B H -
Lo E—
A/ L || g
Cl \\h‘l/ \'Tl/
7N\ _ Hod
o O Diamondoid Network Square grid Network

Self-complementary hydrogen bonding is interfered by ClO,|  Set-complementary hydrogen bonding is present in CP

Figure 1.24: Effect of positional isomerism in structure of CP.!'%!

Further the effect of counter anions i.e. CI, OAc™ and SO4? on the resultant supramolecular
structures of CPs of Zn(II) salts were carried out using these ligands.!'%! 1,3-Di(pyridin-3-yl)
urea was used to study the effect of conformation dependent ligating topology and counter
anion on the resultant supramolecular architecture of the CPs derived from Cu(Il) salts
having different counter anions such as ClO4, CF3SO5", SiFs?, SO4?2 and NO5.1"%7! For the
S04 anion, urea—sulfate hydrogen bonding interactions generated micro porous assembly of
nanorods. Further the CPs of these ligands with Cd(NO3). in polar solvents (nitrobenzene,
methylsalicylate) and non-polar solvents (toluene, o-, m-, and p-xylene) were studied to
observe the effect of solvents polarity on CP.1'%! It was observed that polar solvents resulted
in formation of CPs, where self-complementary hydrogen bond interactions were interfered
with solvent or counter anions. CPs derived from ligands with two urea functionalities (bis-

urea) was shown to N-HeeeO hydrogen bonding of urea while in some cases it is interfered
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with counter anions. One of the early reports on bis-pyridyl-bis-urea CPs was from Steed’s
group, in which two 1D CPs with AgNOs resulted under different reaction conditions, where
the degree of folding of the 1D chains was different due to the hydrogen bonding interactions
of the urea moiety with the counter anion and the solvents.!!!%! Steed’s group for the first
time, nicely exploited hydrogen bond interaction between urea and anion (nitrate) to stabilize
Borromean Entanglement in CP of bis-urea ligands having ethyl spacer and AgNOs.[''!] An
entanglement of three closed circuits (rings) where in all the circuits become separable just by
breaking one of them, known as Borromean entanglement or Borromean ring. Borromean
topology has inspired human beings over generations as evident its presence in history, arts

and science (Figure 1.25).1112]

D e
1] 1]

O=C/ \S/o
v N

Urea-Sulphate Hydrogen Bonding

Network feature :
»2D Honeycomb network having (6,3) net vertices of hexagon occupied by Zn(II).

» 2D networks having 3-fold interpenetration.

»3-fold (2D - 2D) Borromean entanglement.

Figure 1.25: Borromean entanglement (topology) showed by Hexagonal Network!''?,

Later on, bis-pyridyl-bis-urea ligand with aromatic backbone was exploited by Dastidar to

generate Borromean wave CP of ZnSOs, where hydrogen bond interaction between urea and
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sulfate was responsible Borromean entanglement.!''*! They further used the CPs in separation
of anions, where the anion SO4? was separated from a mixture of anions - (SO472, ClO4, NOs
& CF3S0y3Y). Steed et al. also reported effect of anion and the molar ratio (metal : ligand) on
the formation of metallogel and crystalline co-ordination polymers.!''*! A series of Ag(I) and
Cu(IT) metallogel of bis -urea was reported where it was observed Ag(I) with NO3™ as anion
resulted in crystalline CP while with BF4™ resulted in a semi transparent metallogel. The
explanation for this observation was based on the strong hydrogen bonding ability of urea

with NOs3 than that with BF4™ (Figure 1.26).

H H H H
I I | |
x N\C/N N\C/N AN
Il I
| = o o | P
N N

Ligand

7
Q> 4,
/ \

Metallogel Crystalline Product

[{Ag(Ligand)(MeCN)},](NO;),.2CHCl;.1.5H,0

Figure 1.26: Effect of anion on CPs of Ag(I).[''4]

Custelcean ef al. reported a 2D co-ordination polymer of bis-urea and NiSO4 in which SO42
was entrapped within the interstitial space between two adjacent layers and also studied the
selective separation of SO4? from an aqueous solution containing F-, CI, Br, I', NOs", ClO4
and SO42.'"5] Dastidar et al. also used an analogous series of bis-pyridyl-bis-urea ligands,

synthesized CPs and metallogel, which showed application in anion separation.!!!¢!
1.4.2 Co-ordination Polymers of Amides

The Bis-pyridyl ligands with amide spacer can be classified into three main classes (Figure

1.27):
(1) Bis-pyridyl-mono-amide
(i1) Bis-pyridyl-bis-amide

(ii1) Reverse bis-pyridyl-bis-amide

25



Chapter 1

All these ligands have dual functional groups: pyridyl and amide; pyridyl nitrogen is co-
ordinating site while the amide group participates in various hydrogen bonding interactions

with the counter anions or guest molecules if present.[!17-144]

N@é’” @N

Bis-pyridyl-mono-amide

N N

TSN G TN

Bis-pyridyl-bis-amide Reverse Bis-pyridyl-bis-amide

Where R is (-CH,-)n where n = 2,3,4,5,6,7,8 and can be aryl

Figure 1.27: Bis-pyridyl ligands with amide spacer.

These ligands are flexible; have various ligating topologies and have an ability to adjust
according to the geometrical requirements of a metal ion, which will influence the dynamic
behaviors in CPs. The amide functional group is equipped with two types of hydrogen
bonding sites: (i) the —-N-H moiety acts as an electron acceptor (ii) the —C=0O group acts as an

electron donor.
1.4.2.1 Co-ordination Polymers of Bis-Pyridyl-Mono-Amide

Kitagawa and co-workers used the bis-pyridyl-mono-amide ligands to synthesize co-
ordination polymer of Co(Il), where the bis-pyridyl-mono-amide ligand acted as pillar to join

the 2D polymeric sheets of the Co(II)-pyrazine dicarboxylate framework (Figure 1.28).11!8]

— 0 Pyrazine
N / _ dicarboxylate
\ HN \ /N + ——3 2D polymeric sheets
Co(NO3),

Figure 1.28: 2D-sheet of Co(1I) of bis-pyridyl-mono-amide and pyrazine dicarboxylate.!''®!

Puddephatt ef al. reported molecular triangle by the supramolecular self-assembly of a cis-
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blocked Pt(II) unit [[(bu2-bpy)]Pt*"; bur-bpy = 4,4'-di-tert-butyl-2,2'-bipyridine] and bis-
pyridyl-mono-amide, where N-He*O hydrogen bonding of amide helped the triangles to form
stacked pairs while the counter anion triflate was found to be encapsulated within the

triangular cavity (Figure 1.29).111°]

Figure 1.29: Molecular triangle of cis-blocked Pt(II) unit with encapsulated triflate anion.!'""!

Ghosh and Mukherjee reported the first example of a nanoscopic Pt(II) based molecular
rectangle, in which amide backbone was found to be involved in hydrogen bonding with the
nitrate counter anion trapped within the rectangular cavity.!'?%! Kitagawa et al. reported a
novel flexible (dynamic) porous co-ordination polymer of Co(SCN) that showed interesting
guest adsorption/desorption properties via the single-crystal-to-single-crystal (SCSC) process,

but the apohost (CP without guest molecules) was amorphous in nature (Figure 1.30).[12!]

— 0
N —
\_7
Or Novel Co-ordination Polymer with
+ Co(NCS); — g flexible 2D-Sheets

<\Ij>_(o (Selective guest adsorption properties)
N

Figure 1.30: Co-ordination polymer of Co(II) with bis-pyridyl-mono-amide.!'?"
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Latter on 2004, they introduced the ethyl group in the backbone of mono-amide and showed
reversible amorphous to crystalline adsorption/desorption behaviour in case of acetone as
guest.l??! The amide moiety was often found to be involved in hydrogen bonding with the
counter anions and/or the lattice included solvent molecules. Dastidar et al. reported counter
anion free CPs of mono-amide along with carboxylates (fumarate, succinate and
terephthalate) and depending on the mode of coordination of the carboxylates, 1D or 2D grid
architectures were formed. ['>3125] They have reported the 1D polymeric chain of Co(II) and
Zn(I) with N-(4-pyridyl)isonicotinamide, where pyridyl-N co-ordinated to two adjacent
metal ions.[>>) The 1D-chains were further bridged via maleate resulted a 2D grid polymeric

network (Figure 1.31).

\ \

/ /
) A A
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N-(4-pyridyl)isonicotinamide @ //O @

O //,, \\\\O 7 \\\
+2 +2 | 0 0 l
Zn™~ Or Co /N \ \C ) Y /N \
o . AN

(0]

e C HN
AN
74
Maleate ~ \
;

HN™ ~O
N
:

2D-Grid Network!!23]

Figure 1.31: 2D-Grid network of Zn(II) and Co(II); maleate acts as bridging ligand.!'*

The effect of charging the N-position in pyridyl group was also observed when N-(3-
pyridyl)isonicotinamide and maleate resulted in 1D zig-zag chain co-ordination polymer,
where four co-ordination sites were occupied by four oxygen atoms of two maleate (Figure

1.32). These 1D chains are further self-assembled in a parallel fashion via hydrogen-bonding
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N-(3-pyridyl)isonicotinamide Maleate

NaVaVaVal I 11T}

NN [

o N -0 0
N
New | H Zn™? Or Co™ o// N—" \o-

NV VN I

Figure 1.32: 1D Zig-zag chain network of N-(3-pyridyl)isonicotinamide with Co(Il) and Zn(11).['*!

The use of phthalate instead of maleate in the CP of Co(II) and N-(4-pyridyl)isonicotinamide

resulted in 1D chains, where phthalate anion acted as chelating ligand.!'*! While in the CP of

Co(Il) and N-(3-pyridyl)isonicotinamide, the phthalate anion was co-ordinated in a mono-

dentate fashion and resulted 1D zig-zag chains. Further they studied the effect of solvent on
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CP of Co(Il) and N-(3-pyridyl)isonicotinamide along with sodium fumarate.['>>) When
methanol was used as solvent, 1D zig-zag chains were obtained, where the chains were
packed via solvate water molecule but when acetonitrile was used as solvent, ladder like
framework was obtained where unco-ordinated fumarate were located between the parallel

arrays of the ladder.
1.4.2.2 Co-ordination Polymers of Diamides

Introduction of two amide groups in bis-pyridyl ligand might encourage the hydrogen
bonding backbone to participate in self-complementary amideeeeamide even in the presence
of anions and solvents. Dastidar, Biradha, Wang, Puddephatt are leading research groups
explored the co-ordination polymers of pyridyl based diamides ligands having different

spacer lengths, with different transition metals and lanthanides.

Biradha et al. studied the crystal structure of a series of bis(4-pyridinecarboxamido)alkane
and bis(3-pyridinecarboxamido)alkane derivatives in terms of hydrogen bond network of the
amide functionalities.['?®! These have aliphatic (flexible) or aromatic (semi-rigid) spacer. The
structural diversities are more in case of aliphatic spacer ligands because of different
possibilities of alkyl chain conformation. These ligands have following characteristic

features, that make them unique:[!?7-137]

1. The ease of synthesis of different isomeric structures of ligands by varying positions
of N atoms in the pyridyl rings (ortho, meta or para) and —(CHz),— backbones (n = 0,
1,2,3,4,5,6,8or 10).

2. The spacer |(CH2)n- have A (anti) and G (gauche) conformations (Figure 1.33) and
various other possibilities around -C-C-C- bonds, thus have flexibility to adopt a
variety of co-ordination environment of different metal ions leading the formation of

novel topologies.

B ] @
| N
N _~ N/C | (|)| C\N
I N F N’C oy
0 N ) H
A (anti) Conformation G (gauche) Conformation

Figure 1.33: A (anti) and G (gauche) conformations of ethyl spacer.
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3. The two carboxamide functional groups (—CO-NH- or

—NH-CO-) have important

role in assembling networks via hydrogen bonding and also have various possible

conformations depending on the orientation of the C=0O or N-H groups (Figure 1.34).

o
1
C
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A o S —N | N
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R |
H H
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‘7, |
J
7/L B
0 _
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Figure 1.34: Cis and Trans conformation due to the orientation of the C=0 or N-H groups.

4. The differences in the orientations of the pyridyl-N

and amide-O atom further

increase the flexibility of ligand topology. when both atoms have same orientation

than Sny conformation and opposite orientation the conformation is Anti (Figure

1.35).[135
N
R i
= II\]/C\/\ICI/N |\
H (6] —
i
Syn - Syn
)9 i
N _C N AN
TNy ! L P
/ re
H O — ~ N~ AN
N & N ¢ @
ﬂ H (0] =
Anti - Syn Anti - Anti

Figure 1.35: Anti and Syn due to the orientation of the C=0 or N-H groups.

1.4.2.2.1 Co-ordination Polymers of Bis-Pyridyl-Bis-Amides

Biradha ef al. reported crystal structure of a series of bis(4-pyridinecarboxamido)alkane and

bis(3-pyridinecarboxamido)alkane derivatives, which were found to have f-sheet, doubly

interpenetrated (4,4)-network and herringbone networks via N-HeesN hydrogen bonding.!

138]

They further exploited these amide based ligands to generate 2D-coordination networks

(interpenetrated and non-interpenetrated) of (4,4)-topology with secondary building units of
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Cul (Cuzl and Cualy) (Figure 1.36).113%

@) | [(Cupl)(Ligand), (CHCL);],  JCuln cu’

N
0 o ¢
i i | culin
(Y YT
- H H
N
Ligand ! N
b . i
® _culLiganay), |
i - —:\\\\Cu
Cir== '

Figure 1.36: Co-ordination polymers of secondary building units of Cul.["*"!

M. Sarkar studied the effect of network recognition, transformations, and exchange dynamics
of guests and anions and showed how 1D-chain, which has rectangular cavities, was
transformed into a pseudo-diamondoid network upon exchange of ClO4+ with PFs anions

(Figure 1.37).1140:141]

o 9 )
x \N/\/C\N x
L !

Ligand

In Presence of
Cu(ClOy), Different Guest molecules
(Naphthalene, Toluene,Ethylbenzene)

{(Cu(Ligand),(H,0),).2(C104).2(H,0)} ,.n(guest)

1D chains containing Guest Molecules in rhomboidal cavities.
Anion Exchange

(ClO4 Exchanged with PFg)

{(Cu(Ligand),(H,0),).2(PF¢).(H,0)},

Pseudo-diamondoid network

Figure 1.37: Structural transformation resulting on anion exchange.!'*!!
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Extensive studies on the ligands with aromatic and aliphatic backbone reported by Biradha et
al13814] pyddephatt et al.,['** %3 and Hosseini et al.!'**! and Puddephatt et al. showed 1D
co-ordination polymer of N-(2-(cyclohexa-2,4-dienecarboxamido)phenyl)-benzamide with
gold (Au), which were assembled into a 3D architecture via self-complementary
amidese*samide hydrogen bonding. '**! The conformation and hydrogen bonding between the
co-ordinated ligands were so similar to those in the free ligand. Hosseini et al. reported effect
of positional isomerism dependent ligating topology and hydrogen bonding backbone when
ligands N,N'-(1,4-phenylene)di-isonicotinamide and N,N'-(1,4-phenylene)di-nicotinamide

were reacted separately with HgCl,.!!44]

1.4.2.2.2 Co-ordination Polymers Reverse Bis-Pyridyl-Bis-Amides

N-N'-bis-(pyridine-4-ylmethyl)isophthalamide (ISO) was the first bis-pyridyl-bis-amide,
formed a 0D dinuclear cage-like complex with Cu(NOs3)> as well as Co(NO3), where the

metal centers adopts an octahedral geometry (Figure 1.38).1145:146]

O 0]
| X

N Y Cu(NO;), Or Co(NO;),
N H | » 0D Dinuclear cage
F N

N,N'-bis-(pyridine-4-ylmethyl)isophthalamide

Iz

Figure 1.38: Formation of 0D dinuclear cage with Cu(II) or Co(II).!!4%146]

The effect of ligating topology and counter anion on the resultant supramolecular array of the
CPs was reported for the N',N>-di(pyridin-3-yl)isophthalamide ligand, where it was reacted
with Cd(NOs), and CdSOs, under identical reaction conditions (Figure 1.39).[147]

[{(H,0),(NO3)4,(MeOH),Cd,(u-L1),}]

o Discrete metallo-macrocyclic
H H s
o T
N/ O O N/
L1
N*,N’-di(pyridin-3-yl)isophthalamide “ [{Cd(p-L1)(H,0),(n-SO,)],

2D-corrugated sheet Co-ordination Polymer

Figure 1.39: Effect of anion in forming different networks.[!47]
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It was found that the U-shaped ligating topology and mono-co-ordination of the counter
anion NO3z~ were responsible for metallamacrocycle with Cd(NO3),, while with CdSO4
linear ligating topology and bridging of sulphate (SO4?) ions resulted in a 2D corrugated
sheet. Anion exchange, encapsulation and separation are important applications of CPs.[148]
Thus using N',N’-di(pyridin-3-yl)isophthalamide ligand along with different Cu(Il) salts
resulted in metallacryptands obtained, where various counter anions such as SO42, SiFe?,
ClO4 were encapsulated within the cryptand cage, which were held by amideeeecounter anion

hydrogen bonding (Figure 1.40).1!4]

CuSO, >[{Cu(pu-L1)(H,0),}.S0,.3H,0],

CU(BF4)2 and

u u (NH,),SiF; > [{Cu(p-L1),(H,0),}.SiFc.CH;OH.4H,0],
: N&N : Metallo-Cryptand

Cu(CIO
L1 €O [fCu(u-L1y,(u-C}.ClO,],
N’ N3-diphenylisophthalamide Metallo-Cryptand

Cu(NO,),

- [{Cu(u-L1),(H,0)}.(NO3),.2H,0.X],

where X are disordered solvents

Figure 1.40: Effect of anions on Cu(Il) co-ordination polymers.!"*")

The nuclear waste tank have anion SO47, as contamination, could be separated from a
complex mixture of SO4%, ClO4” and NO;" in the form of Cu (II) metallocryptand. Biradha et
al. reported chiral 2D CPs of Cu(Il) ions of (4,4)-topology in the presence of different anions
like SO4*, SiFs* and NO3~.!'5% Further they studied the molecular recognition of the organic
materials (ligand) in the CPs of bis-pyridyl-bis-amide and reverse-bis-pyridyl-bis-amide with
Cu(SCN); in the presence of various guests such as DMF, nitrobenzene, benzonitrile, 1,4-
dihalobenzenes, phenanthrene, biphenyl, anthracene, 9-anthraldehyde and pyrene.!!'!]
Recently, a series of co-ordination polymers of Co(II)/Ni(Il)/Cu(Il)/Zn(IT) and Cd(II) were
constructed from semi-rigid bis-pyridyl-bis-amide and benzenetricarboxylic acid under

hydrothermal conditions (Figure 1.41).['2], Their fluorescence sensing properties and the

photocatalytic activities were investigated.
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O _CoCly , {[Co(3-DPNA)(1,3,5-HBTC)]-2H,0},
0 0
7\ O - NiCl, . INi(3-DPNA)I.5(1,3,5-HBTC)(H,O
N N HN@N - NICh L [Ni(3-DPNA)L5(1.,3,5-HBTC)(H,0),],
3DPNA
+ 150°C, 4 DAYS CuCly  ([CuB3-DPNA)(1.3.5-HBTC)]-H,0
TN {[Cu3-DPNA)(1 3.5-HBTC) H,0},
COOH
| Z0Ch 1 7n(3-DPNA)(1,3,5-HBTC)]-2H,0} .
HOOC COOH
1,3,5-HBTC cdcl

L ~C2 » {[Cd(3-DPNA)(1,3,5-HBTC)(H,0)]-2H,0'}n

Figure 1.41: A series of co-ordination polymers of Co(II)/Ni(II)/Cu(Il)/Zn(II) and Cd(II).!"**

Xiu-Li Wang et al. reported the CPs of rigid, semi-rigid and flexible bis-pyridyl-bis-amide
and polycarboxylates. By taking a semi-rigid ligand N,N'-bis(pyridin-3-yl)cyclohexane-1,4-
dicarboxamide and polycarboxylates, they synthesized Co(Il) and Cu(Il) CPs, where they
studied the electrochemical behaviors and the solid state fluorescent properties.!'>*! In the CPs
of N,N’-di(3-pyridyl)octanediamide and dicarboxylate, they investigated the role of
polycarboxylates in assembling the MOFs of Co(II) and Cu(II).['*%

[Co(1,2-BDC)(L)1.5(H,0)],,

\,
O @ QOG 1D-chain
H N COOH

: N
N s gy +
©/ COOH
0 Q)
L 1,2-BDC (9

[Cu(1,2-BDC)(L)],

2D wave like network

Figure 1.42: Role of dicarboxylate in assembling CPs.!"**

1.5 Postsynthetic Modification (PSM) in Co-ordination polymers

The post-synthetic approaches should be a more controllable synthetic strategy to generate
desirable materials because we have the knowledge about the structure and properties of the
precursor materials. The modifications on those precursor materials will direct the

construction of a designed structure.
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Postsynthetic Modification (PSM) can be categorized as:
(a) covalent PSM
(b) dative PSM (co-ordinate PSM)
(c) postsynthetic deprotection (PSD)

Covalent and co-ordinate postsynthetic modifications (PSMs) have been well developed and
proved to be a general and facile synthetic strategy toward new functionalized CPs.!'>*! The
direct synthesis of CPs with desired functionalities is often difficult to achieve and dependent
on many parameters such as the various co-ordination geometries of the metal center, nature
and ligating topologies of the ligands used, metal-to-ligand ratio, nature of the counter anions
and various experimental conditions such as solvent, temperature and crystallization
methods.['*5138] The post-synthetic approaches are useful when direct methods to synthesize
the CPs do not give the expected product in a crystalline form, desired framework topology
or function. The post-synthetic modifications of CPs involving exchange of free guest
molecules, counter ions or the removal of free/weakly bound solvent molecules have been

studied frequently.[!39-165]

The CPs derived from hydrogen bond functionalized ligands have the possibility of forming
varied hydrogen bond synthons within the networks and have the ability to recognize counter

anions and various guest molecules via hydrogen bonding interactions.!'¢%!67]

The pyridyl
based exo- bidentate ligands bearing amide moieties are able to form co-ordination networks
and can further assemble into higher dimensional architectures via hydrogen bond
interactions. The amide-based ligands have been exploited by some of the leading research
groups to form CPs, where the networks recognize each other by amide-to-amide hydrogen

bonding.[1¢%:170]

Nevertheless, continuous effort should be devoted to improve our
understanding of CPs via “pre-design” as well as post-synthetic modification strategies. The
backbone capable of forming hydrogen-bonds involving amides will provide the network
recognition process required for forming robust supramolecular architecture while the
flexibility in the spacer will give enough opportunity to change the geometry in the event of
variation in any of the other components in the CPs. Thus post-synthetic modifications of
pre-assembled CPs derived from hydrogen bond functionalized ligands are important because

they offer better control over the structures of the porous materials.
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Some leading research groups demonstrated ‘Metathesis’ the replacement or exchange of
integral parts (metal ions!!”'17*) or organic ligands!!’#17"l) of the CPs without altering their
basic structure or topology. Metal metathesis i.e. exchange of metal ion (transmetallation!!7*7)
is a type of co-ordinative PSMs, which can be proceed via single-crystal-to-single-crystal
(SCSC) transformation.!'”*-18¢) Although this proved quite challenging, involves simultaneous
breaking and formation of several co-ordinate bonds between the ligands and the
leaving/incoming metal ions in the solid state. Metal metathesis is an attractive strategy for
the incorporation of catalytically active metal center in the framework which is difficult or
some time may not be possible - to achieve through direct synthesis. Most of the literature
reports are on incomplete and irreversible transmetallation or partial exchange of the

framework metal ion which are irreversible in nature.

Kim’s group reported first complete and reversible transmetallation in co-ordination
polymers of a water-stable tricarboxylate system, where Cd*? ions in the CdsO metal nodes
exchanged with Pb*? ions in a single-crystal to single-crystal transformation.!'””) Zaworotko
et.al. reported metal-ion exchange in cationic CPs of Cd(II) involving a porphyrin moiety
(meso-tetra(N-methyl-4-pyridyl)porphine tetratosylate) encapsulated in the anionic
framework of biphenyl-3,4’,5-tricarboxylate with CdCL.["®") They immersed single crystal of
Cd(II) co-ordination polymer in methanoic solution of MnCl,, after one week Cd from the
cationic part exchanged by Mn, but complete replacement took one month time. Mn have two
different oxidation states -in the porphyrin and anionic framework which are +3 and +2
respectively. Structural integrity and single crystallinity maintained even after the exchange
but unit cell parameters were reduced because of smaller size of Mn metal. Gargi Mukherjee
and Kumar Biradha reported co-ordination polymer of benzene-1,3,5-triyltriisonicotinate
ligand with salts of Cu(Il), Co(II), Cd(II) and Zn(II) containing ClO4", PFsor SbFs™ as counter
ions in the presence of different aromatic guest molecules.!"®!) Their CPs showed metal
metathesis reactions, where metal exchanged from Zn(II) to Cu(Il), Cd(II) to Cu(II), Cu(Il) to
Cd(II) via a SCSC fashion. A number of similar metal ion exchange reactions have been
successfully carried out without destroying the framework structures or while maintaining

single crystallinity. 8189

Huang et al. have studied the fluorescence properties on pre- and post-metal ion exchanged

CPs and found that the central metal ions have great influence on the fluorescence signal and
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play a more important role than their skeleton structures.!'®! Zhou and co-workers have
demonstrated the robustness and enhanced gas adsorption properties achieved when a Zn»-
paddlewheel in a MOF was substituted by a Cus-paddlewheel.!'®™ The redox-active
properties of co-ordination polymers makes them good catalysts but not an easy task because
cations in lower oxidation states are not stable, oxidized. Brozek and Dinca have shown that
the post-synthetic metal metathesis of [ZnsO(1,4-benzenedicarboxylate)s], resulted in MOFs
with redox reactivity.['® Liangjun ef al. synthesized a Zn(II) co-ordination polymer using a
methyl-functionalized ligand, having zig-zag pores with pore diameters of =0.7 nm, which
could be favorable for CO; traps. On solvothermal metal metathesis, isomorphic structure but
more stable Cu(Il) co-ordination polymer produced having a permanent porosity for this
framework. They also investigated the influence of the reaction temperatures on the metal
metathesis process; slow at room temperature but on increasing the temperatures complete

replacement occurred.['%”]

Grancha et al. reported SCSC transmetallation in the three-dimensional (3D) framework of
formula Mg'> {Mg'4[Cu'>-(Mesmpba)z]3} -45H,0 where Mesmpba** is N,N’-2.4,6-trimethyl-
1,3-phenylenebis(oxamate)). The complete exchanged of the Mg*? ions by Co*? and Ni*? ions
took seven days and generate two co-ordination networks having higher structural stability
and enhanced gas sorption and magnetic properties.!'3® Recently Soana et al. synthesized an
extremely flexible and robust anionic Cd- co-ordination polymer, where metal metathesis
resulted in 16 new iso-structural CPs of transition metals, lanthanide and main group metal
ions have been obtained, out of which 11 of them were characterized with single crystal X-
ray structures determined.!'®®) The extent of metal exchange can be studied by elemental
analyses by inductively coupled plasma atomic emission spectroscopy (ICP-AES), EDX
analyses and SXRD refinement and Cd : M (exchanged metal) ratio determined. After post-
synthetic modification the new obtained CPs exploited for the separation of organic dyes

based on their charges and the lanthanides shows brilliant luminescence.
1.6 Aim of the Present Study

The synthesis of co-ordination polymers with robust and flexible network but can undergo
reversible structural modifications in response to external stimulus, has always been a major
challenge. The approaches that can be used to generate flexible sort of framework include: (i)

using flexible building units (e.g. alkyl chains) connected with strong interactions (e.g. co-
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ordination bonds); (i) using stiff building units (e.g. phenyl group) connected with weaker
interactions (e.g. hydrogen bonds, van der Waals interactions, n—m stacking); (iii) using a
combination of flexible building units (e.g. alkyl chains) and weaker interactions (e.g.

hydrogen bonds, van der Waals interactions, n-n stacking).

The main objective of the present thesis is to obtain flexible co-ordination polymers and to
observe the structural transformation on changing the external conditions. Generating flexible
CPs will also lead us to achieve the following targets: (i) Wide range of novel topological
architectures of the CPs, where the assembling of the frameworks via various non-covalent
interactions will be explored; (ii) Flexible nature of CPs induced by guest molecules will be

explored; (ii1) Structure properties relationship of the CPs.
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Chapter 2

The chapter discusses the detailed experimental techniques used to achieve the objectives of
the present thesis. The experimental techniques include synthesis and characterization of
organic compounds; various crystallization techniques to obtain good quality crystals of CPs,
their characterization, analysis and property studies. The characterization techniques utilized
here include: Elemental analysis, FT-IR, NMR, Single Crystal XRD, PXRD. Thermal
analysis and photo-physical properties of the organic compounds and their CPs were studied.
The instrumentation details and basic principles of various techniques are discussed in this

chapter.
2.1 Synthesis of organic ligands or organic linkers

Organic ligands were synthesized by following procedures:

(1) One-step synthesis by reacting diacid and amine in the presence of

triphenylphosphite using pyridine as solvent.
(1) Condensation of diacid chloride with pyridyl amines.
2.1.1 Synthesis of ligands by using diacids

3-Amino pyridine was added to a pyridine solution of dicarboxylic acid, while stirring the
solution triphenylphosphite was added (2:1 molar ratio triphenylphosphite: dicarboxylic

acids). The mixture was refluxed for 5 hours.!!!

(PhO;P

H H
N X N
Py—NH, + HOOC—X—COOH + H,N—Py —— g Py/ \p
Pyridine Y
O O

Py = pyridyl group
X= alkyl or aryl

Scheme 2.1: Synthesis of the organic ligands having amide spacers using diacids.!->

The solution was reduced by distilling out the pyridine, and a white precipitate was obtained.
The solid was filtered, washed with water, and dried under vacuum. The compounds are
soluble in EtOH, n-PrOH and insoluble in other common organic solvents such as CHCls,
DCM, Acetone, CH3;CN and aromatics. All the compounds have been recrystallized from 1:1
mixture of EtOH and water. The melting point of each solid powder was recorded by thin
capillary tube and % yield calculated. The compounds were characterized by FT-IR, 'H-
NMR, *C-NMR.
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2.1.2 Synthesis of ligands by using diacid chlorides

Amino pyridine and Triethylamine (TEA) in tetrahydrofuran (THF) was cooled to 0°C, and
the corresponding di-acidchloride was added drop wise with continuous stirring. The whole
mixture was stirred overnight, and resulted in milky white solution.® The resulting solid was
filtered, washed with water, and dried under vacuum. Melting point of each white powder

was noted and % yield was calculated. The compounds were characterized by FT-IR, 'H-

NMR, *C-NMR.

H H
TEA N X N
Py—NH, + CIOC—X—COCl + H,N—Py ——— 3 py~ \P
THF y
Py = pyridyl group o) o
X= alkyl or aryl

Scheme 2.2: Synthesis of the organic ligands having amide spacers using diacid chlorides.
2.2 Synthesis of co-ordination polymers (CPs)

Co-ordination polymers (CPs) are usually obtained by using pre-designed linkers or organic
ligands, which either is commercially available or synthesized prior to use. We adopted
various procedures to derive CPs from the synthesized ligands. The main aim here was to
obtain the product in perfectly crystalline form suitable for characterization by Single Crystal
X-Ray Diffraction (SXRD). Usually, the mixing of ligands with metal salts immediately
forms precipitate. This precipitate can be dissolved either by heating or by adding some
solvents and slow evaporation may result in the formation of crystalline product. But in most
of the cases, the direct mixing results in the formation of insoluble powders, which cannot be

characterized by Single Crystal XRD.

Three techniques are utilized for synthesizing the co-ordination polymers (CPs) in perfectly

crystalline form.
2.2.1 Layering Technique *!

The layering technique is most widely used for synthesising CPs in crystalline form. It
depends on the slow diffusion of the components from one solvent to another. The solvents of
different densities were taken for this purpose. Solvent of lower density is slowly layered

over the solvent of higher density (Figure 2.1).
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Lower density solvent
with metal salt

Higher density solvent
with organic ligand

Crystals on the o
interface ]

Figure 2.1: Schematic showing layering technique for crystallization of co-ordination polymers

(CPs).

The following solvents were used in the present thesis:

(a)
(b)

(©)

(d)

Protic solvents: H,O, MeOH, EtOH.

Non-aromatic organic solvents: CH>Cl,, CHCl;, CCls, CH3CN, Acetone,
Tetrahydrofuran (THF), Dimethylformamide (DMF), Dimethyl
sulfoxide (DMSO).

Aromatic organic solvents: Nitrobenzene, Benzonitrile, Acetophenone,

Toluene, Xylene, Ethyl benzene, Benzene.

Solid aromatic compounds dissolved in non-aromatic solvents: Naphthalene,
Anthracene, Dihydroxybenzenes, 1, 4-Dibromobenzene dissolved in non-

aromatic solvents (CHCIz, CCly etc.).

2.2.2 Hydrothermal or Solvothermal Synthesis *!

Most of the reported CPs have been synthesized using hydrothermal or solvothermal

synthetic conditions, by using sealed Teflon-lined autoclaves (Figure 2.2). In this method

many reaction parameters should be considered as - composition of the reactants, temperature

and pressure, concentration, reaction time, pH value and solubility etc.!®) Both ligand and

metal salt are kept in a Teflon coated sealed autoclave tube and usually water is used as the

solvent in most of the synthesis.
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In solvothermal synthesis, solvents other than water are employed process. Selection of the
solvent is very important, since some metal salts and/or organic ligands have very low
solubility or are even insoluble in a given solvent. In some cases, to increase the solubility,

mixture of two or three solvents used and ultrasonic pretreatment may be also helpful.

Stainless-steel
lid
Tools
Furnace for
| heating
' Controller with |
display
Stainless-steel Teflon cup
shell 100ml

Figure 2.2: Photograph of autoclave used for hydrothermal synthesis.

Solvents play crucial roles as the structure directing, templating, and pore-filling agents
during the formation of CPs. It is a non-equilibrium process and may give rise to metastable
products; the cooling rate after completion of reaction is an important parameter or slow
cooling give rise to good quality crystals. Compared to the solution reactions, hydrothermal
techniques plays an important role in preparing robust and stable CPs because the solubility

of the reactants increases in these methods which makes the reaction more likely to occur.!”]
2.2.3. Microwave-Assisted Synthesis

Microwave irradiation has been not only used in the synthesis organic molecules® but also
inorganic materials, organic - inorganic hybrid materials CPs. More recently, it has been
observed that microwave assisted synthesis technique on CPs saves reaction time by

providing porous materials within a few minutes®, offers phase selectivity and provides
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facile morphology control.!'! Microwave are electromagnetic radiation of wavelengths 1 mm
to 1 m (300 MHz to 300 GHz), which is between radio and infrared waves.['!] The molecules
with permanent dipole moments rotate to align themselves with the alternating electric field
of electromagnetic radiation. Water or ionic liquids with a high dipole moment are the best
solvents for microwave assisted synthesis. The main advantage of microwave heating is its
energy efficiency. Energy is generated directly throughout the bulk of the material instead of
by conduction from the external surface. The reactions performed by using microwave ovens
are specifically designed for chemical synthesis, which allow control over the various
parameters (e.g., irradiation power, time of the reaction, temperature inside the vessels,

among other parameters).
2.3 Characterization Techniques

The instrumental technique used for characterization of organic ligands and property analysis

of the CPs are summarized below.
2.3.1 Infrared Spectroscopy

Infrared spectroscopy (IR spectroscopy) deals with the infrared region of the electromagnetic
spectrum, photon energies associated with this part of the infrared (from 1 to 15 kcal/mole)
are not large enough to excite electrons, but may induce vibrational excitation of covalently
bonded atoms and groups.['”) A molecule can vibrate in many ways; each way is called a
vibrational mode. In order for a vibrational mode to be "IR active," the gross selection rule is
that during vibration there must be changes in the dipole moment.!'"®?% The vibrational

motion of diatomic molecule can be compared to the physical model of a vibrating spring

Figure 2.3: Diatomic molecule, where the bond as a spring and the atoms as rigid spheres.

system (Figure 2.3).

The associated with its vibration wavenumber can be described by Hooke's Law

_ 1 k mi.m;
=— |- Where W= ——
2wl U mi+mp
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where, v~ is vibrational wavenumber, k is force constant (which describes the stiffness of the
spring or bond), u is reduced mass, m; and m; are two masses of atoms having covalent
bond. The band positions in the IR spectrum are presented in wavenumber (v~ ) which is

proportional to the energy of vibration.

where 4 is Planck’s constant, 6.626 x 1074 joules-sec.

IR spectrum is a graph of infrared light absorbance (or transmittance) on the vertical axis vs.

wavenumber on the horizontal axis.

— KBr PRESS MODEL
‘ KBr DIE MP-15

(KBr + Sample)
thin disc (Pellet)

|

FT-IR Instrument
I MODEL - ABB MB-3000

Figure 2.4: Photograph of the Fourier Transform Infrared (FT-IR) spectrometer assembly.

The spectra do not normally display separate absorption signals for each fundamental
vibrational modes of a molecule; the number of observed absorptions may be increased by
additive and subtractive interactions leading to combination tones and overtones of the

fundamental vibrations. In present thesis work, we have used IR spectroscopy for qualitative
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analysis. We have recorded FT-IR spectra of bis-pyridyl-bis-amide ligands and their CPs
using KBr pellets on ABB Bomen MB-3000 Fourier transform infrared (FT-IR) spectrometer
(Figure 2.4). Analysis of the position, shape and intensity of peaks in this spectrum reveals
details about the molecular structure of the sample. Signal intensities (height) are usually
denoted by the following abbreviations: w (weak), m (medium), s (strong), v (variable). A
broad signal shape is sometimes indicated by br. and it’s absorption frequency is given as a

single approximation value (=) rather than a range.
2.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy !¢/

Proton and carbon-13 nuclear magnetic resonance ('H-NMR and '*C-NMR) spectra of all
ligands are measured on a 400 MHz NMR spectrometer (Bruker AVANCE III) equipped
with BBFO probe and auto-sampler, using CDCl; and DMSO-ds as solvents (Figure 2.5).

Figure 2.5: Photograph of 400 MHz NMR spectrometer (Bruker AVANCE I1I)

Chemical shifts (8) were reported in parts per million (ppm) using deuterated solvent peak.
Data are reported as follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet,

q = quartet, dd = doublet of doublets, m = multiplet), coupling constants (J) and integration.
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NMR technique applicable to any kind of sample that contains nuclei possessing spin e.g. 'H
or 13C, placed in a magnetic field absorb electromagnetic radiation at a frequency
characteristic of the isotope. The resonant frequency, energy of the absorption, and the

intensity of the signal are proportional to the strength of the magnetic field.['”!

2.3.3 Ultraviolet — Visible (UV-Vis) Spectroscopy

The UV-Vis spectroscopy is used in analytical chemistry for the quantitative calculation of
different analytes, such as transition metal ions, highly conjugated organic compounds,
biological macromolecules. The range in UV-Vis spectroscopy absorption spectroscopy, is
between 190 nm to 800 nm which is divided into the ultraviolet (UV, 190-380 nm) and
visible (Vis, 380-800 nm) regions. Since the absorption of ultraviolet or visible radiation by a
molecule leads to transition between the electronic energy levels of the molecule, it is also
often called as electronic spectroscopy. Molecules having m-electrons or non-bonding
electrons (n-electrons), called highest occupied molecular orbitals (HOMO) can absorb the

energy excited to higher anti-bonding molecular orbitals called lowest unoccupied molecular

orbital (LUMO).12!}

UV-Vis spectroscopy can be used to determine the concentration of organic compound
having high degree of conjugation dissolved in suitable solvent.[??l The solvent polarity and
pH can affect the absorption spectrum of an organic compound. According to Lambert-Beer's
Law - Absorbance (4) of an absorbing species in a solution is directly proportional to the
concentration (¢) of the species and its molar extinction coefficient (¢) at the measuring

wavelength 4 and is given by the equation -
A =log (Iv/]) = e.c.l

where, Iy and [ are the intensities of the incident and transmitted light, respectively, and / is
the path length for the light beam passing through the sample. The sample is usually kept in a

quartz cuvette of 1cm path length.

In the present thesis, UV-Vis was measured: (i) Shimadzu Spectrophotometer with model UV-
2450 and (ii)) JASCO model V-650 (Figure 2.6). The wavelength range covered in both the
spectrophotometers is 200-1100 nm, tungsten (W-lamp) for the 1100 to 350 nm region and a
deuterium (D;-lamp) for the 350-200 nm region. The light sources Si-photodiodes are used as
the light detectors.
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The minimum wavelength resolution for the two spectrophotometers is 0.2 nm and lowest

absorbance measurable is ~0.005.

Lans

(a) (b)

Figure 2.6: Photograph of the UV-Vis spectrophotometers (a) Shimadzu with model UV-2450 (b)
JASCO with model V-650

2.3.4 Structural Determination of CPs by X-ray crystallography

In 1912, Max von Laue discovered that crystalline substances act as three-dimensional
diffraction gratings for X-ray wavelengths similar to the spacing of planes in a crystal
lattice.[*>) X-ray crystallography is a common technique used for identifying the atomic and
molecular structure of crystalline solids. In this technique, crystalline solids diffract a beam
of incident X-rays into many specific directions, is analogous to diffraction of light by
droplets of water, producing rainbow. The X-rays diffraction pattern is different for different
crystals, depending on the crystal lattice and the atomic arrangement in it. By measuring the
angles and intensities of these diffracted beams, a crystallographer can produce a three-
dimensional (3D) picture of the density of electrons within the crystalline solids. By which
various other information; positions of the atoms in the crystal, chemical bonds between the
atoms and their disorder and can be determined. To analysis structure of our CPs we used two

types of X-ray diffraction spectroscopy:
1. Single Crystal X-ray Diffraction Spectroscopy
2. Powder X-ray Diffraction Spectroscopy

In both the techniques X-rays are generated by a cathode ray tube, filtered to produce

monochromatic radiation, collimated to concentrate and directed toward the sample. The
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interaction of the incident rays with the sample produces constructive interference and

resulted diffracted ray.

According to Bragg's Law [24%°]

2d sin® = nA

This relates the wavelength of electromagnetic radiation with diffraction angle and lattice
spacing in crystalline solids. These diffracted X-rays are then detected, processed and
counted. By changing the geometry of the incident rays, the orientation of the crystal and the
detector, all possible diffraction directions of the lattice should be attained. Hence key

component of diffraction is the angle between the incident and diffracted rays.
2.3.4.1 Single Crystal X-ray Diffraction (SXRD)

Single-crystal X-ray Diffraction is analytical technique which provides us information about
the internal lattice of crystalline solids, including unit cell dimensions, bond-lengths, bond-
angles etc. X-ray diffractometers consist of three basic elements - an X-ray tube, a sample
holder, and an X-ray detector. X-rays are generated in a cathode ray tube by heating a
filament to produce electrons and accelerating the electrons toward a target. Molybdenum is
the most common target material for single-crystal diffraction, Mo Ko radiation = 0.7107A.
For analysis, the sample should be selected from unfractured, optically clear crystals using a
petro graphic microscope. Crystals can be broken off a larger sample and the best fragment
selected. Samples should be between 30 and 300 microns, with ideal crystals averaging 150-
250 microns in size. The data have been collected and phase problem must be solved to find
the unique set of phases that can be combined with the structure factors to determine the
electron density and, therefore, the crystal structure. Once the initial crystal structure is
solved, various steps can be done to attain the best possible fit between the observed and
calculated crystal structure. The final structure solution will be presented with an R value,

which gives the percentage variation between the calculated and observed structures.
2.3.4.2 Powder X-ray Diffraction (PXRD)

In PXRD, X-rays are generated within a sealed tube under vacuum; current is applied that
heats a filament within the tube; higher the current, greater the number of electrons emitted
from the filament. A high voltage, 15-60 kilovolts is applied within the tube. This high

voltage accelerates the electrons to hit a target, commonly made of Cu and X-rays are
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produced. These X-rays are collimated and directed on-to the sample, which is fine powder
(typically to produce particle sizes of less than 10 microns). A detector detects the X-ray
signal; the signal is then processed either by a microprocessor or electronically, converting
the signal to a count rate. In an X-ray powder diffractogram; the peaks represent positions
where the X-ray beam has been diffracted by the crystal lattice. Since we know lambda (1)
and measure theta (0), the diffraction pattern is represented as intensity vs. 20. Bragg’s Law
is used to convert observed 26 positions to dnk. The characteristic set of d-spacings generated
in a typical X-ray scan provides a unique "fingerprint" of the mineral present in the sample.
When properly interpreted, by comparison with standard patterns and measurements, this
"fingerprint" allows for identification of the material. A well-defined sharp peak pattern is

usually obtained in case of crystalline/polycrystalline solids.

Figure 2.7: Photograph of by X-ray powder diffractometer (RIGAKU MiniFlex II).

However, for amorphous/glassy solids, where there is no long-range periodic structure, halo
patterns are observed instead of well defined Bragg peaks. In a typical PXRD pattern of a
crystalline sample, (i) position of the peaks refers to particular sets of planes, (ii) any shift
with broadening in peak position may correspond to the lattice strain, (iii) intensity of the
peaks correspond to the planar density, and (iv) full width at half maximum (f) of the peak
infer the crystalline size (Debye-Scherrer Formula). In the present study, structure of the

crystalline CPs having different anions, different guest molecules were compared by X-ray
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powder diffractometer of RIGAKU MiniFlex II (Figure 2.7) with a typical Cu K, radiation (4
= 1.54 A) at room temperature and operated at a voltage of 30kV and filament current of

30 mA. The fine ground powder form of samples was required for characterization.
2.3.5 Wavelength Dispersive X-ray Fluorescence (WD-XRF) Spectroscopy

Wavelength Dispersive X-ray Fluorescence (WD-XRF) is one of the best analytical
techniques used for elemental analysis in all kinds of the samples - liquids, solids or loose
powders.[*®) When materials are exposed to short-wavelength X-rays, ionization of their
component atoms may take place. X-rays can be energetic enough to expel tightly held
electrons from the inner orbitals of the atom. The removal of an electron in this way makes
the electronic structure of the atom unstable, and electrons in higher orbitals "fall" into the
lower orbital to fill the hole left behind. In falling, energy is released in the form of a photon,
the energy of which is equal to the energy difference of the two orbitals involved. Thus, the
material emits radiation, which has energy characteristic of the atoms present. All the
elements in the sample are excited simultaneously, emitted characteristic radiation of
different energies. These emitted radiations from the sample are diffracted into different

directions by an analyzing crystal or monochrometer. The wavelength of this fluorescent

radiation can be calculated from Planck's Law, AE = hv = % = hev'.

The fluorescent radiation can be analyzed by sorting the wavelengths of the radiation
(wavelength-dispersive analysis). The intensity of each characteristic radiation is directly
related to the amount of each element in the material. The sample is normally prepared as a
flat disc, typically of diameter 20-50 mm. For obtaining sample disc, materials should be
finely grounded, pressed into a tablet, and glasses should be casted to the required shape. In
order to reduce the effect of surface irregularities, the sample is usually spun at 5-20 rpm.
The spectral lines used for chemical analysis are selected on the basis of intensity, and we

may calculate % of each element present in material.

Energy Dispersive X-ray Fluorescence Spectroscopy (ED-XRF) is a technique used for
elemental analysis.!*”) The resolution of WD-XRF techniques lies between 5 eV and 20 eV,
whereas ED-XRF systems provide resolutions ranging from 150 eV to 300 eV or more,
depending on the type of detector used. The WD-XRF has excellent accuracy and precision,

simple and fast sample preparation and elements ranging from Beryllium (Be) to Uranium
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(U) in the concentration range from 100 % down to the sub-ppm-level can be analyzed. The
instrument details of used Wavelength Dispersive X-Ray Fluorescence (WD-XRF) which
were used in the present thesis are S8 TIGER, Make: Bruker, Germany; with X-Ray tube of
4KW with 'Rhodium' target and a high voltage/tube current. 60 kv/64 mA

2.3.6 Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy (AAS) is used for the quantitative determination of a
particular element (the analyte) in a sample to be analyzed. This technique makes use of
absorption spectrometry to assess the concentration of over 70 different elements in solution

or directly in solid samples. It requires standards with known analyte content to establish the

3

A 1

relation between the measured absorbance and the analyte concentration.

L

Figure 2.8: Photograph of the AA-7000 model of Shimadzu.

To analyze a sample for its atomic constituents, it has to be atomized (converted into ground
state free atoms in the vapour state) by the atomizers most commonly flames atomizers. The
electrons of the atoms in the atomizer can be promoted to higher orbitals (excited state) for a
short period of time (nano seconds) by absorbing a defined quantity of energy (radiation of a
given wavelength). This wavelength, is specific to a particular electron transition in a
particular element, and the width of an absorption line is only of the order of a few
picometers (pm), which gives the technique its elemental selectivity. Increase in the number
of atoms in the light path, increases the amount of light absorbed also increase. By measuring

the amount of light absorbed, a quantitative determination of the amount of analyte can be
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done. The use of special light sources and careful selection of wavelengths allow the specific

determination of individual elements.

In present study, we used AA-7000 model of Shimadzu (Figure 2.8), where two types of

flames can be used -
1. Air-acetylene flame with a temperature of about 2300 °C
2. Nitrous oxide (N2O)-acetylene flame with a temperature of about 2700 °C.

The latter flame, offers a more reducing environment, being ideally suited for analytes having
high affinity to oxygen. Liquid or dissolved samples are typically used with flame atomizers.
The sample solution is fed into the instrument and the unknown concentration (ppm) of each

element present in our sample is directly displayed on the calibration curve.*"]
2.3.7 Thermo Gravimetric Analysis (TGA)

Thermo gravimetric Analysis (TGA) is a thermal event in which changes in physical and
chemical properties of the materials are measured as a function of increasing temperature.*!l
All thermal actions don’t bring about a change in the mass of the sample (for example
melting, crystallization or glass transition) but some compounds exhibit a phase change by
process viz. desorption, absorption, sublimation, vaporization, oxidation, reduction and

decomposition.

TGA instrument consist a sample pan, supported by a high precision balance. The pan resides
in a furnace and a known amount of a starting material between 2 and 50 mg should be
placed (initial weight) should cover bottom of the pan called initial weight. Knowing the
initial weight of the starting material and the total weight of inclusions, such as ligands,
structural defects, or side-products of reaction, which are liberated upon heating,
stoichiometric ratio can be used to calculate the % weight loss of the substance in a sample.

The results from TGA may be presented by —

1. Weight loss (or % weight loss) versus temperature (or time) curve, called the

Thermogravimetry (TG).
Or

2. Rate of weight loss versus temperature curve, called the differential thermo

gravimetric (DTG).
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TGA can be used to evaluate the thermal stability of MOFs, over a temperature range. The
MOF is thermally stable up to a temperature if there will be no mass change observed or no
slope in the TGA trace. During heating of MOFs following processes takes place - release the
adsorbed species, chemical reactions and at the end thermal decomposition which indicates
that the material is no longer thermally stable.*?) The TGA instrument used in the present

thesis is Perkin Elmer Thermo Gravimetric Analyzer of model TGA — 4000 (Figure 2.9).

Fig. 2.9: Photograph of Perkin Elmer Thermo Gravimetric Analyzer of model TGA — 4000.

2.3.8 Elemental Analysis

Elemental analysis is quantitative determination of elements in a compound.**) The most
common type of elemental analysis is for carbon, hydrogen and nitrogen (CHN) analysis, is
accomplished by combustion analysis. In this technique, a sample is burned in an excess of
oxygen and the combustion products: COz, HO, and NOx (nitric/nitrous oxides) are
collected. The masses of these combustion products used to calculate the composition of the

unknown sample; we used this technique for our CPs.

The sample under test is weighed, 2 to 5 mg and wrapped in a tin capsule and inserted into a
furnace held at 1200 °C. A steady stream of an unreactive gas (e.g., helium) is passed through
the furnace and a burst of pure oxygen gas is added as the sample capsule is inserted into the
oven. As the sample burns, the temperature rises to approximately 1700 °C. The furnace has

catalyst (Cr203) that complete combustion of the sample and Copper turnings which ensure
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that any nitrogen (nitric/nitrous oxides) in the sample is reduced to N>, is an un-reactive gas.
The leaving gas stream includes the analytically important species CO2, H,O und N». Finally
the gas mixture is brought to a defined pressure/volume state and passed to a gas
chromatographic system to separate the species, called zone chromatography. In this
technique, a staircase type signal is registered whose step height is proportional to the
substance amount in the mixture. The detection limit for carbon and nitrogen at sample
amounts of 2 to 5 mg was found to be at about 0.05 weight % (500 ppm). The elemental
analyzer used in the present work is Thermo Finnigan, Italy, Model FLASH EA 1112 series
CHN analyzer consists of the system unit, a MAS 200 auto sampler for solid samples, and a
Windows compatible computer with Eager 300 software. Oxygen combusts solid samples
when ignited and the gases are carried by helium. The first furnace was set to 950 °C and
holds a chromium (III) oxide column which oxidizes carbon into carbon dioxide, and
nitrogen into nitrogen gas plus nitrogen oxides. The second furnace, set to 850 °C, holds
copper wires, which reduce nitrogen oxides to nitrogen gas. The carbon dioxide and nitrogen
gases flow through a magnesium perchlorate column which removes water before the gases
enter the gas chromatograph column at 50 °C. The N» gas flows faster, followed by carbon
dioxide thus separated by their retention rates. The gases are sensed by the thermal
conductivity detector (TCD) to produce a chromatograph. These curves are integrated and

used to calculate the weight percent of nitrogen and carbon in the sample.

2.3.9 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Spectroscopy

Scanning electron microscopy (SEM) is one of the most versatile and well known analytical
techniques where a focused beam of high energy electrons used to scan the surface of any
solid specimen (e.g. CPs in our study)™* and largely magnified image is produced. A beam

of electrons is produced at the top of the microscope by an electron gun (Figure 2.10).

The electromagnetic lenses (condenser and objective lenses) focus the electron beam which is
scanned across the sample to produce an image. The emitted signals (secondary electron,
backscattered electron etc.) due to the interaction of electron beam and sample are detected.
In present work we examined our samples by FEI-Nova Nano SEM 450 (Field emission
scanning electron microscopy (FE-SEM) type instrument). FE-SEM uses a field emission

cathode that provides even narrow probing electron beams. Thus it improves the resolution
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and minimizes sample charging and damage. The function of the electron beam gun is to

provide a large and stable current in a beam.

Electron Gun
., > Electron beam
Condenser lens
‘ —> Microscope
Objective lens column

)
Sample stage |T> Detector

Figure 2.10: Schematic diagram of a typical scanning electron microscope (SEM).

There are essentially two classes of emission source: (i) thermionic emitter and (ii) field
emitter. The main difference between the conventional SEM and the FE-SEM is because of
different emitters used to produce the electron beam. In conventional SEM, thermionic
emitters use electrical current to heat up a filament; the two most common materials used for
filaments are Tungsten (W) and lanthanum hexaboride (LaBs). When the heat is enough to
overcome the work function of the filament material, the electrons can escape from the
material itself. Thermionic sources have relative low brightness, evaporation of cathode
material and thermal drift during operation. Field Emission is one way of generating electrons
that avoids these problems. A Field Emission Gun (FEG); also called a cold cathode field
emitter, does not heat the filament. The emission is reached by placing the filament in a huge
electrical potential gradient. The FEG is usually a wire of Tungsten (W) fashioned into a

sharp point.

The interaction of an electron beam with a sample produces a variety of emissions including
X-rays; these X-rays can be used to determine the abundance of specific elements in the
sample. This technique is known as Energy Dispersive X-ray Spectroscopy (EDX). The X-
rays generated are from a region about 2 microns in depth and thus EDX is not a surface
science technique. The elemental ratios can be determined from the spectra and hence this

data can be used to examine the level of elements in the co-ordination polymer structures.
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2.3.10 Fluorescence spectroscopy

In the present work, Shimadzu RF-5301PC scanning spectrofluorimeter (Figure 2.11) was
used. The spectrofluorophotometer irradiates a sample with excitation light and measures the

fluorescence from the irradiated sample.

Figure 2.11: Photograph of the spectrofluorophotometer of Shimadzu model RF-5301PC.

This instrument is equipped with the light source of 150W Xenon lamp. The lamp housing is
provided with ozone self-decomposition. The excitation monochromator isolates a band of a
particular wavelength from the light from the Xenon lamp to obtain excitation light. Since
brighter excitation light will contribute to higher sensitivity of the spectrofluorophotometer,
the excitation monochromator incorporates a diffraction grating with a large aperture to
collect the largest possible amount of light. The monochromator is of blazed holographic
concave diffraction grating (F/2.5 for both excitation and emission sides) with the measurable
scan range of 220-750 nm. The emission monochromator selectively receives fluorescence
emitted from the sample and the photomultiplier tube measures the intensity of the
fluorescence. The monochromator has a diffraction grating whose size is the same as that of

the excitation monochromator to collect the greatest possible amount of light.

A light beam from the xenon lamp is incident upon the excitation monochromator. From the
excitation monochromator, part of the beam is directed to the monitor detector through the
beam splitter. All the drive components including the wavelength motor and slit control
motor are operated according to signals from the internal computer. On the other hand, output

signals from the monitor detector and fluorescence measurement detector (photomultiplier)
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are fed to the A/D converter and the internal computer for processing, and then output data is

sent to the personal computer.

The detector in this system consists of photomultiplier tube for both photometry (R3788-02)
and monitor (R212-14) sides. Generally, the Xenon lamps used on spectrofluorimeter are
characterized by very high emission intensity and an uninterrupted radiation spectrum.
However, their tendency to unstable light emission will result in greater signal noise if no
countermeasure is incorporated. In addition, the non-uniformity in the radiation spectrum of
the Xenon lamp and in the spectral sensitivity characteristics of the photomultiplier tube
(these criteria are generally called instrument functions) causes distortion in the spectrum. To
overcome these factors, the photomultiplier tube monitors a portion of excitation light and
feeds the resultant signal back to photomultiplier tube for fluorescence scanning. This scheme

is called the light-source compensation system. It also has variable slit width facility

(1.5/3/5/10/15/20 nm) with the wavelength accuracy of * 1.5 nm.
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3.1 Introduction:

CPs based on pyridyl based exo-bidentate ligand 1a (Scheme 3.1), where the pyridyl moieties
are separated by amide functional groups and an ethyl spacer, are exploited by some of the
leading research groups to form CPs. In most of the CPs, the networks form self

complementary amide-to-amide hydrogen bonds.!!

Scheme 3.1 shows the possible
supramolecular synthons of the di-amide functional groups: (i) P-Sheet!!”), (ii) 4,4 —

Network®-%, (iii) a-Sheet!®
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Scheme 3.1: Ligand 1a having possible amide-to-amide hydrogen bonding patterns in CPs!'~!
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The preference for one supramolecular synthon over the other depends on the combination of
various factors such as energetic, steric and proximity of the functional groups and the final
supramolecular array will be a result of the balance between all the intermolecular
interactions. The presence of ethyl spacer in ligand 1a will enhance the possibilities of novel
network architectures and interesting properties as it can bend and twist with a large degree to
satisfy the co-ordination requirement of metal ions. Further, the meta-positioning of the

pyridyl-N atoms, gives flexibility and swing over ligating topologies (Figure 3.1).

\ \ /7
3 { N \_/
//’—\
v N\
Angular Ligating Geometry Linear Ligating Geometry

(-

Hydrogen bonding backbone — Diamide with ethyl spacer

Figure 3.1: Varied ligating geometries in ligand 1a due to meta-position of pyridyl-N.

In one-dimensional (1D), where the metal ion is co-ordinated at least with two ligands,!”! the
alternate arrangement of metal ion and organic ligands leads to formation of various kinds of
polymeric chains such as zig-zag, linear, sinusoidal, looped, concavo-convex, helix, ladder-
like chains.®'3 1D networks are frequently observed with bidentate ligands in the presence
of other competing ligands such as counter anions, H>O or solvents. In case of flexible
bidentate ligand, 1D looped chain may be observed if the ligand attains an arc like geometry
(Figure 3.2). These cavities may show interesting porous properties such as guest inclusion

and exchange.

Biradha et al. synthesized CPs of 1a with Cu(SCN)> using DMF and methanol as solvent.['¥!
Two types of crystal were resulted in the same reaction flask both were 1D chains with
octahedral coordination environment around Cu(Il). The difference between them lies in the
3D arrangement and guest absorption where amide-to-amide self-complementary hydrogen

bonds are absent, the amide N-H involved in hydrogen bonding with guest molecules. In one
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CP, DMF molecules occupies 32% volume of the crystal lattice, forms hydrogen bond with
amide N—H and stays in between the layers. The crystal packing is via weak hydrogen bonds
such as C—He**O between carbonyl group and pyridine C—H groups. In the other CP, 1D-
chains form a 2D-layer via N—He**S hydrogen bonds between amide N—H and SCN" and the
amide carbonyl joins these layers via bifurcated C—He**O hydrogen bonds with pyridine C—H

groups.

AR

- Metal Centre
/_\ Exo bidentate Ligand
(Arc-type ligand geometry)
@ Guest Molecules

Figure 3.2: Schematic showing 1D-chain with cavities for guest inclusion.

Biradha et al. further performed same reaction in presence of nitrobenzene, which resulted
crystalline product, where Cu(Il) center has octahedral co-ordination in which the equatorial
sites are occupied by two pyridine units of the ligand 1a and two N-atoms of SCN™ while at
the axial sites two S-atoms of SCN™ anion via bridging. The network resulted in cavities of
dimensions 16.91 A x 17.59 A, which are filled by nitrobenzene molecules and the DMF
molecules are present in between the layers via N-HeesO hydrogen bonds. These layers
packed via C—Hee*O hydrogen bonds between amide carbonyl and pyridine C-H with
interlayer separation of 9.445 A, the guest molecules DMF and nitrobenzene accounts for

53% of volume in the total crystal lattice.

Dastidar et al. introduced hydroxyl groups into the backbone of ethyl spacer in ligand 1a,
which were involved in hydrogen bonding with the hydroxyl groups of the neighboring

molecules.['*! In the resulting CP of the modified ligand, self complementary amide-to-amide
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hydrogen bonds was absent. They further explored the gelation properties of this ligand using
both polar and non-polar solvents. The CPs displayed only hydrogelation properties at pH
below 7.0, otherwise protonation of the pyridyl-N atom occurred and disruption of the
hydrogen bonding started. There are many reports on CPs of ligand 1a along with
polycarboxylates. Wang et al. reported three Cu(Il) CPs of ligand 1la with aromatic
polycarboxylates: Nitroisophthalic acid, 1,2-Benzenedicarboxylic acid and 1,3,5-
Benzenetricarboxylic acid.!'®! Ligand 1a and Nitroisophthalic acid with Cu(II) formed 2D
polymeric layer containing a tri-flexural helical chain with three types of 1D helical chains.
In this CP, co-ordination environment of Cu(Il) centre has two pyridyl-N from two different
ligands and four carboxylate oxygen atoms from two acid ligands. The bridging of adjacent
Cu(II) ions via 1a resulted in 1D left-handed and right-handed helix chains i.e. left-[Cu-1a],
and right-[Cu-1a],. Both carboxyl groups of Nitroisophthalic acid are deprotonated and co-
ordinated with Cu(Il) ions from adjacent left-handed and right-handed [Cu-1a], chains to
form a new left-handed helix chain due to the twist of carboxyl groups. All the three helical
chains are in a vertical arrangement and shares Cu(II) ions to form a 2D polymeric layer, a
rare structure in CPs history. These 2D layers are further packed to form 3D network via
hydrogen bonding and n-n stacking. Ligand 1a with benzenedicarboxylic acid form 2D wave
like polymeric layer, where 1a connects two adjacent Cu(Il) ions and form 1D [Cu-1a].
sinusoidal chain. Benzenedicarboxylic acid also bridges two adjacent Cu(Il) ions and form
1D V-shaped chain. The non covalent interactions between 1D [Cu-1a], sinusoidal chain and
1D V-shaped chain resulted in 2D-wave like polymeric layer with grids of different sizes.
Further extension to 3D-network resulted via hydrogen bonding between N-H of amide and
carboxyl oxygen. Benzenetricarboxylic acid and 1a formed 2D double-layer co-ordination
polymer, where 1a bridges two adjacent Cu(Il) ions and form 1D [Cu-1a], zig-zag chain.
Benzenetricarboxylic acid act as chelating ligand i.e two oxygen of one carboxyl group
coordinate to one Cu(Il) ion and also bidentate bridging ligand connecting two adjacent
Cu(I) ions to form 1D-double chain. These two different types of 1D chains, linked to each
other to form a 2D double-layer structure which further packed via N—HeesO hydrogen-

bonding and face-to-face n-n stacking.

Wang et al. have also reported CPs of 1a with Cu(Il) and Co(II) along with dicarboxylic and
tricarboxylic acids; where Cu(Il) CP resulted in a 2D network and hydrogen bond

interactions assembled them into a 3D array.['’! In Co(Il) CP the ligand 1a served as a
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bridging ligand resulting in an overall 3D framework with binodal (3,8)-connected
topological structure was observed, when 5-aminoisophthalic (5-AIP) acid was used. But
while using 1,3-benzenedicaboxylic acid, Co(I) CP generated a 2-fold interpenetrated 3D

architecture, where ligand 1a served as a bridging ligand.

In this chapter, we will discuss the synthesis, characterization and crystal structure analysis of
CPs of 1a with different metal salts. The flexible ethyl chain along with various ligating
topologies has resulted in forming different network geometries by varying reaction

conditions (in the present chapter: changing the counter anion).

(@) Role of counter anions: PFs and ClO4 were selected for forming CPs in the present
chapter. PFs" and ClO4 differ in shape, size and coordinating ability; (a) PF¢ has
octahedral geometry while ClO4™ has tetrahedral geometry. (b) PF¢ is bigger in size
than ClO4", having six F atoms which are more electronegative than O atom. A study
on tri-amide based receptor showed that the binding affinity of the anion PF¢ is more
than ClO4~.'!) In amide-based MOFs, PF¢ have shown higher probability to interfere

in self-complementary amide-to-amide hydrogen bond than C104.[4!%]

(ii) Effect of ethyl spacer: Analyzing the possible conformations/geometry of ligand 1a
and comparing with some of the reported CPs and the effect of counter anions in

modulating the flexible ethyl chain.

(iii)  Guest inclusion properties: Analyzing the aromatic guest inclusion properties of the

CPs. Further calculation of number of guest molecules present in cavity will be done.
3.2 Experimental section

3.2.1 General

Melting points of organic ligands were determined in open capillary tubes on a MPA120-
Automated Melting Point apparatus. Proton and carbon-13 nuclear magnetic resonance ('H-
NMR and '"*C-NMR) spectra of all ligands are measured on a 400 MHz Bruker NMR
spectrometer; using DMSO-d;s as solvent and the chemical shifts are expressed in ppm. Data
are reported as follows: chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, dd = doublet of doublets, m = multiplet), coupling constants (Hz), and integration.
The IR spectra were recorded using KBr pellets on FT-IR ABB Bomen MB-3000. UV-Vis

absorption spectra were recorded in Shimadzu Spectrophotometer with model UV-2450.
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Elemental analyses were obtained with a Thermo Finnigan, Italy, Model FLASH EA 1112

series.

Powder X-ray diffraction (PXRD) data were recorded with a Rigaku miniflex II, A = 1.54, Cu
Ka. 3-Amino pyridine, succinic acid and triphenylphosphite were purchased from Sigma-
Aldrich. All other reagents and solvents were purchased from S. D. Fine, India and used

without further purification unless otherwise specified.
3.2.2 Synthesis of Ligand Bis-(3-pyridyl)ethanediamide 1a:

The ligand 1a was synthesized according to a literature procedure (Scheme 3.2).1) 3-Amino
pyridine (2 mmol) was added to 40 mL of a pyridine solution of succinic acid (1 mmol), and
the solution was stirred for 15 min. To this solution, triphenyl phosphite (2 mmol) was added,
and the mixture was refluxed for 5 h. The volume of the solution was reduced to 5 mL by
distilling out the pyridine, and a white precipitate was obtained. The solid was filtered,

washed with water, and dried under vacuum.

NH, H _

N . . (CH,), N N
? O/ + Hooor ™M Triphenylphosphite N| > T \ﬂ/ | |
Z Pyridine, 120°C, Shrs = 0 5 p

3-Aminopyridine Succinic acid Bis-(3-pyridyl)ethanediamide

Scheme 3.2: Synthesis of Ligand 1a.

For the white powder, calculated % yield and melting point noted. Further it was

characterized by using FT-IR, 'H-NMR and '*C-NMR.
Analytical data of the synthesized ligand la:
Yield: 70%. Melting point: 195-198 °C.

FT-IR (cm™): 3301(w), 3232(m), 3178(m), 3116(m), 3039(s), 2954(vs), 2908(vs), 1689(vs),
1612(s), 1589(vs), 1550(vs), 1473(s), 1419(vs), 1326(vs), 1272(s), 1157(vs), 1126(m),
1033(m), 948(w), 856(s), 802(s), 694(s), 617(m) (Appendix-1 Figure Al); 'H-NMR (400
MHz, DMSO) 6 (ppm) 10.26 (s, 1H), 8.74 (d, J = 2.3 Hz, 1H), 8.24 (dd, J = 4.6, 1.2 Hz,
1H), 8.04 (ddd, J=8.3,2.4, 1.5 Hz, 1H), 7.33 (dd, J= 8.3, 4.7 Hz, 1H), 2.71 (s, 2H) (Figure
3.3); BC-NMR (400 MHz, DMSO) & (ppm) 171.41, 144.40, 141.01, 136.36, 126.26, 124.11,
31.32 (Figure 3.4).
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Figure 3.4: C-NMR spectrum of Ligand 1a.
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3.2.3 Synthesis of Co-ordination Polymer CP1; [catena-poly[diaquabis-p-{N, N'-bis(3-
pyridyl)ethanediamido}copper (II) hexaflurophosphate]

A solution of NH4PFs (65.2 mg, 0.4 mmol) in 2 mL water was added to a stirred solution of
the ligand 1a (54 mg, 0.2 mmol) in 5 mL of (1 : 1) water—ethanol solution. An ethanolic
solution (2 mL) of Cu(NO3)2.3H>0 (25 mg, 0.1 mmol) was layered over the ligand solution.
Blue colored crystals were formed after 1 week in 70% yield. Good quality crystals were
collected for SXRD and were also characterized by elemental analysis, FT-IR (Appendix-1
Figure A2) and PXRD (Appendix-1 Figure A3).

The above reaction was also performed by taking 5ml of aromatic solvents (nitrobenzene,
benzonitrile and p-xylene). These reactions also resulted in CP1; aromatic solvents were not

present in the network.

Analytical data of the synthesized co-ordination polymerl (CPI): Molecular Formula:
C2s8H32CuF12NgOsP; Molecular weight = 930.08. Elemental analysis: Calculated: C 36.16 %,
H 3.47 %, N 12.05 % ; Found: C 35.38 %, H 3.46 %, N 12.28 %. FT-IR (cm'): 3386(s),
3280(m), 3185(w), 3109(w), 3073(w), 3054(w), 1688(vs), 1612(m), 1535(vs), 1488(s),
1419(m), 1334(m), 1288(m), 1195(m), 1149(w), 1110(w), 1064(w), 972(w), 826(vs), 702(m),
617(m), 547(s) (Appendix-1 Figure A2)

3.2.4 Synthesis of co-ordination polymers (CP2a-c) by anion exchange reaction

The anion exchange reactions were performed by immersing the crystals of CP1 (0.05 mmol)
in ethanol solution (5 mL) of NaClO4s (0.2 mmol). To this, 5 mL of
nitrobenzene/benzonitrile/p-xylene was added. After three days, the crystals were
characterized by FT-IR (Appendix-1 Figure A4, A6 and A8) and powder XRD (Appendix-1
Figure A5, A7 and A9).

CP2a: FT-IR (cm): 3325(s), 3101(w), 3070(w), 1681(s), 1612(m), 1527(vs), 1488(s),
1411(m), 1334(vs), 1288(m), 1195(w), 1065(s), 972(w), 810(w), 702(w), 617(s), 555(m).
(Appendix-1 Figure A4)

CP2b: FT-IR (cm™): 3409(w), 3325(m), 3070(m), 2229(s), 1689(s), 1604(w), 1542(s),

1488(s), 1450(m), 1411(w), 1334(w), 1288(m), 1249(w), 1064(s), 756(vs), 686(vs).
(Appendix-1 Figure A6)
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CP2¢: FT-IR (cm™'): 3325(s), 3101(w), 3070(w), 1689(s), 1612(w), 1544(vs), 1488(s),
1411(m), 1334(m), 1288(m), 1248(w), 1195(w), 1064(vs), 972(w), 925(w), 810(m),702(s),
617(s). (Appendix-1 Figure A8)

3.2.5 Synthesis of Apohost CP2

CP2a, CP2b and CP2c¢ was washed thoroughly with CHCl; and then keeping under vacuum
for 4-5 h. Whole guest molecules were washed out with chloroform, the network was still

stable named Apohost CP2 characterized by FT-IR and powder XRD.

FT-IR (cm™') data: 3325(m), 3101(w), 3070(w), 1681(vs), 1612(m), 1542(vs), 1488(s),
1411(m), 1334(m), 1288(m), 1195(m), 1064(vs), 972(w), 925(w), 810(m), 702(s), 617(s)
(Appendix-1 Figure A10). Powder XRD pattern of Apohost CP2 shown in (Appendix-1
Figure A11).

3.2.6 Anion exchange reaction of CP2a—c with NH4PF,

The anion exchange reactions were performed by immersing the crystals of CP2a, CP2b or
CP2c¢ (0.05 mmol) in ethanol solution (5 mL) of NH4PFs (0.2 mmol). To this, 5 mL of

nitrobenzene/benzonitrile/p-xylene was added.

After three days, the crystals were characterized by FT- IR (Appendix-1 Figure A12, A13 and
Al4) and PXRD (Appendix-1 Figure A15, A16 and A17). After all exchanges the FT-IR
spectras and PXRD pattern are similar, shows the formation of same compound after all

exchanges.
3.3 X-Ray crystallography

The single crystal data were collected on a Xcalibur, Sapphire3 X-ray diffractometer that uses
graphite monochromated Mo Ka radiation (A = 0.71073 A) by the w-scan method.**) The
structures were solved by direct methods and refined by least square methods on F? using
SHELX-97.12 Non-hydrogen atoms were refined anisotropically and hydrogen atoms were

fixed at calculated positions and refined using a riding model.

The crystal data and structure refinements of CP1 are summarized in Table 3.1 (CCDC

912609). ORTEP (Appendix-1 Figure A18)
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Table 3.1 The crystal structure data of Co-ordination Polymer CP1

CP1
Empirical formula C23H3:CuNgO6P2F 12
Formula Wt. 930.10
Crystal system Triclinic
Space group PT
alA 8.8145(3)
b/A 9.5878(3)
c/A 11.3029(3)
al/’ 82.786(2)
B/ ° 70.994(3)
7/ 86.460(2)
V/A? 895.78(5)
Z 1
Dealed/g cm™ 1.724
Final R R;=0.0392; wR, = 0.1025

3.4 Results and discussion

3.4.1 Crystal structure analysis of CP1

CP1 crystallizes in triclinic space group P T. The asymmetric unit contains one unit of 1a,
half of Cu(Il), one coordinated H>O molecule and one PF¢. The crystal structure of CP1
reveals that Cu(Il) has a distorted octahedral geometry as four units of 1a occupy the
equatorial positions (Cu-N: 2.031 A, 2.095 A) and two H,O molecules occupy the axial
positions (Cu—O: 2.427 A). The analysis of the geometry of the 1a in CP1 reveals the
following points (Figure 3.6):

1. The ethyl chain adopts anti conformation.

2. The two amide planes within a ligand are oriented at an angle of 86°.
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3. The pyridyl-Ns of a ligand are pointing in the same direction and the two
pyridyl planes make an angle of 80.36° with each other.

All these factors resulted in arc-like geometry of the ligand. Further, the angle between
amide plane and the pyridyl plane are 28.13° and 23.91° (Figure 3.5), which is
compatible with the requirement for amide-to-amide hydrogen bond in absence of any

other interfering components.?"’

(b)

Figure 3.5: (a) Arc-shaped geometry of the ligand 1a in CP1. (b) The interplanar angle between the
pyridyl and amide planes.

In CP1, amide-to-amide hydrogen bond is not present and this may be due to the
interference of counter anion PFs™ in self-complementary amide-to-amide bond. The network
of CP1 can be described as a 1D-looped chain with elliptical cavities, which have longest

axis of 14.687 A and shortest axis being 7.088 A.

Figure 3.6: Hydrogen bonding interactions of PF¢ anion with N-H of amide group.
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As shown in (Figure 3.6) each PFs¢ anion is simultaneously involved in hydrogen bond
interactions with the N-H of the amide groups present in the same loop (N-HeesF 2.247A,
3.004A, 165.88).The N-He+F hydrogen bond interactions direct the ethyl spacer to adopt the
anti conformation so that the ligand adopts less curvature compared to that in gauche
conformation. The hydrogen bond interactions of the amide C=O and coordinated H>O
molecules assembled the chains into higher dimensions (Figure 3.7(a)). The hydrogen
bonding interactions of anion PF¢ with the N-H of the amide groups resulted “slipped”

assembling of the looped chains thereby reducing the channel space (Figure 3.7(b)).

Figure 3.7 (a) Assembling of the 1D - chains via (water)O—H-:--O=C of amide hydrogen bonds;
different chains are represented in different colors (b) Space filling representation of the slipped
arrangement of the chain and PFs forbid the formation of channels.

Biradha and co-workers have reported a 1D-looped chain derived from the reaction of N,N'-
(ethane-1,2-diyl)diisonicotinamide with Cu(ClO4)2, where aromatic molecules are included in
the loops!!®! (Scheme 3.3). In that structure, the ethyl chain adopted gauche conformation and
thus the more cavity size (10.0 A x 13.8 A) along with the stacking of the looped chains

resulted in channels which were sufficient to include the bigger aromatic molecules as guest.

il fj W @
H,O
Nitrobenzene %\‘

Nitrobenzene
guest
guest

S H,0 O\ /Q H,0 O\ Q H,0
/u

Scheme 3.3: Schematic showing Cu(Il) co-ordination polymer of N, N'-(ethane-1,2-
diyl)diisonicotinamide
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3.4.2 Anion exchange reaction of CP1 with NaClO4

The reaction of CP1 with NaClOg in different aromatic solvents resulted in formation of CPs
(Nitrobenzene: CP2a; Benzonitrile: CP2b; p-Xylene: CP2¢). The CPs were amorphous
materials characterized by IR, powder XRD and solid state UV-Vis spectroscopy.

IR spectra of CP2a, CP2b and CP2¢ showed very strong peak at 1064 cm™, which confirm
the presence of anion ClO4". The absence of PFs™ anion peak at 826 cm™ in CP2a, CP2b and
CP2c, verify the complete exchange of PFs with ClO4™. The presence of aromatic solvents in
CP2 is also confirmed by IR spectroscopy. The IR spectra of CP2a show peak at 1334 cm™!
which confirms nitrobenzene, whereas a peak at 2229 cm ! in CP2b corresponds to C=N and

shows the presence of benzonitrile (Figure 3.8).

CP1
CP2a PF "
[0}
(&)
C
I
€
(2]
C
g
|_
S
Apohost CP2 clo,
' 1 ' 1 Clo? 1
2500 2000 1500 1000 500

Wavelength in cm’”

Figure 3.8: FT-IR of CP1, CP2a, CP2b and Apohost CP2.

The powder XRD patterns of the CP2a—c confirms that the network structures of CP2a-c are
same, while the differences in the powder XRD pattern of CP1 and CP2 suggest that
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structural transformation have occurred due to anion exchange (Figure 3.9). The powder
XRD pattern of Apohost CP2 is similar to CP2a-c¢ shows the network stability after guest

removal.

CP2a

M\MM‘M\MM%—’V
Apohost CP2

10 20 20 30

Intensity

Figure 3.9 The powder XRD pattern showing the anion exchange and presence of guest molecules
and stability of network after guest removal.

3.4.3 UV-Vis absorption spectra

The solid state UV absorption spectra of the ligand 1a, CP1, apohost CP2 and CP2a-c were
recorded at room temperature (Figure 3.10 and 3.11). The free ligand 1a exhibits absorption
in the range of 200-300 nm with maxima at 200, 250 and 290 nm. The 200 nm peak of 1a
was because of m — 7" transition. The ligand have lone pair of electrons (non-bonding
electrons) on carbonyl-O and pyridyl-N; showed n — =" transition. In case of ligand 1a the
absorption peak at 250 nm was due to n — m transitions of the non-bonding electrons of
carbonyl-O. The non-bonding electrons of the pyridyl-N showed absorption peak at 290 nm

because of n — 7" transition on uv-light absorption.

The CP1 exhibits an absorption peak at 198 nm and weak absorptions in the range of 250—
400 nm with peaks at 292 and 360 nm. The apohost CP2 exhibits an absorption peak at 200
nm and weak absorptions in the range 250—400 nm with peaks at 295 and 375 nm. The
absorption peaks for CP1 and apohost CP2 are different from those of 1a indicating that they

[34-36

may be ascribed to the metal-to-ligand charge-transfer (MLCT). 1 CP2a shows intense

peak at 254 nm (Figure 3.11), which is shows the presence of nitrobenzene in the network.
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“Free” nitrobenzene shows a strong absorption band at 262 nm. The presence of benzonitrile
in CP2b is also confirmed by the solid state UV-Vis spectra, it shows intense peaks at 219

nm, 258 nm, 274 nm and 297 nm (Figure 3.11). The “free” benzonitrile have peaks at 240
nm, 264nm, 278 nm, 300 nm.

—e— Ligand la

—=— CP1

T T T T T 1
200 250 350 400

300
Wavelength (nm)

Figure 3.10 Solid state UV absorption spectra of the free organic ligand 1a, co-ordination polymer
CP1, apohost CP2.

—e— Apohost CP2
—=— Nitrobenzene guest CP2a

—<+— Benzonitrile guest CP2b

T T T T T T T T 1
200 250 300 350 400
Wavelength (nm)

Figure 3.11 Solid state UV absorption spectra of apohost CP2, CP2a, CP2b showing presence of
guest molecules.

3.4.4 Quantitative Estimation of Guest Molecules in CP2

UV-Vis spectroscopy was used to determine the amount of nitrobenzene & benzonitrile

present in CP2a and CP2b. Guest molecules present in a given weight of CPs were extracted

84



Chapter 3

in chloroform and using calibration plots concentration were determined.

3.4.4.1 Quantitative Estimation of Nitrobenzene in CP2a

To estimate nitrobenzene in CP2a, calibration curve of nitrobenzene was plotted at Amax =
262 nm for nitrobenzene. For this UV spectra of known concentration of nitrobenzene i.e.
1uM, 2uM, 3uM, 4uM, 5uM, 6uM, 7uM, 8uM, 9uM, 10uM were recorded and a plots of
absorbance vs wavelength and was obtained (Figure 3.12(a)). Then plotted a graph
absorbance vs concentration at its Amax= 262 nm (Figure 3.12(b)). From the slope of the curve
the ¢ value calculated which is 26400 L mol”! cm™.

(a) (b)
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—10uM
— 9%uM
— 8uM 204

— oM
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14 — 1M
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-1 El
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Figure 3.12: (a) UV-Vis Spectra of known concentrations of nitrobenzene (Amax= 262 nm) (b)
Calibration plot of nitrobenzene (Absorbance vs. Concentration)
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Figure 3.13: UV plot of extracted nitrobenzene in chloroform from known amount of CP2a.
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Five sets of known weight of CP2a were taken, each in 10 ml of chloroform and stirred
overnight at RT. Then UV-Vis spectra were recorded for these five sets of extracted

nitrobenzene in chloroform (Figure 3.13).
For Plot-1,

0.00337 gm of CP2a was taken and nitrobenzene was extracted in 10 ml of chloroform and

the concentration of nitrobenzene was determined using Lambert-Beer’s Law as follows:
According to Lambert-Beer’s Law,

A

A=¢.c.l o ¢c= —
el

The Apohost CP2 consists of network without any guest molecules, its molecular weight will

include: 1 Cu*? + 2 Ligand 1a + 2 Coordinated H,O + 2 ClO4".
Molecular weight of Apohost CP2 = 63.5 + (2 x270) + (2 x 18) + (2 x 99.5) = 838.5 gm.

The CP2a consists of nitrobenzene in the cavity. Let x molecules of nitrobenzene are there

per Cu(Il) in CP2a.
Molecular weight of CP2a = 838.5 + x . Nitrobenzene = (838.5 + 123.11 . x) gm

Thus {0.00337/(838.5 + 123.11 . x)} moles of CP2a have 0.761 x 10° moles of

nitrobenzene.
One mole of CP2a have x moles of nitrobenzene.

Using simple mathematical calculations :

0.761x 1075 ~
000337, =X
(838.5 + 123.11.x)
0.761x 1075.(838.5 + 123.11.x)
=X

0.00337

0.761x107°.(838.5 + 123.11.x) = x.0.00337
0.761.(838.5 + 123.11.x) = x.0.00337 x 10°
638.0985 + 93.6867.x = 337 .X

243.3133 .x = 638.0985
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6380985
X = 2433133
X = 2.6225

Thus number of nitrobenzene present in cavity of co-ordination polymer CP2a were 2.6225
molecules per Cu(Il) ion. Similarly, concentration of nitrobenzene was calculated for each
set and it was found that there are approximately 2—3 molecules of nitrobenzene present per

Cu(Il) in CP2a (Table 3.2).

Table 3.2: Showing the concentration of nitrobenzene present in constant weight of co-
ordination polymer CP2a.

Plot no. Wt. of CP2a Taken Nitrobenzene conc. No. of Molecules of Nitrobenzene
(molar) c=4 /el present per Cu(Il) ion
1 0.00337 gm 0.761 x 10°M 2.622538
2 0.00475 gm 0.154 x 10°M 2.720126
3 0.00712 gm 0.207 x 10° M 2.439228
4 0.00952 gm 0.290 x 10° M 2.555777
5 0.01190 gm 0.393 x10* M 2.770815

3.4.4.2 Quantitative Estimation of Benzonitrile in CP2b

Similarly, benzonitrile from CP2b was extracted in chloroform and the concentration of
benzonitrile in the extract was determined. First the calibration curve of benzonitrile is

plotted at Amax = 264 nm for benzonitrile.

(a) (b)
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Figure 3.14: (a) UV-Vis Spectra of known concentrations of Benzonitrile (Absorbance vs
Wavelength) (b) Calibration plot of Benzonitrile (Absorbance vs Concentration)
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UV spectra of known concentration of benzonitrile i.e. 10uM, 20uM, 30uM, 40uM, 50uM,
60uM, 70uM, 80uM, 90uM, 100uM recorded and plotted a graph absorbance vs wavelength
(Figure 3.14). Five sets of known weight CP2b were taken, each in 10 ml of chloroform and
stirred overnight at RT. Then UV-Vis spectra were recorded for these five sets of extracted

benzonitrile in chloroform (Figure 3.15).
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Figure 3.15: UV-plot of extracted benzonitrile in chloroform from known amount of CP2b.

Using Lambert-Beer’s Law, concentration of benzonitrile was calculated for each set and it

was found that there are approximately 2—3 molecules of benzonitrile present per Cu(Il) in

CP2b as shown in (Table 3.3).

Table 3.3: Showing the concentration of benzonitrile present in constant weight of CP2b

Plot no. Wt. of CP2b Taken Benzonitrile conc. No. of Molecules of
(molar) ¢c=A4 /.l Benzonitrile
1 0.00850 gm 1.7 x 10°M 2.11235
2 0.01065 gm 2.2 x10°M 2.20049
3 0.01252 gm 2.7x10°M 2.32488
4 0.01679 gm 3.3x10°M 2.03914
5 0.01800 gm 3.9 x10° M 2.33892
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3.4.5 Ligand geometry:

Biradha et al. reported the crystal structure of this ligand 1a, where amide-to-amide hydrogen
bonds are absent, the amide N-H is involved in N-HeesN hydrogen bonds with pyridyl-
nitrogen. The asymmetric unit contain only half molecule and the ethyl chains exhibit a

perfect anti conformation, almost planar and angle between the pyridyl and amide plane i.e. 0

is 0°.[1%

Figure 3.16: The crystal structures of ligand 1a corrugated 2D layers (a) N—H---N hydrogen bonds
(b) packing central layers were red in colour.!"”

This confirmation may be blamed for the inhibition of amide-to-amide hydrogen bonds. The
molecules form a corrugated 2D layer via N-HeeeN hydrogen bonds. The amide carbonyl
(>C=0) group is involved in C-HeesO hydrogen bonds with neighboring layers (Figure
3.16).11%

The ligand 1a is flexible due to meta position of pyridyl nitrogen and ethyl spacer, the
possible conformations are depicted in (Figure 3.17). The geometry of the ligand in CP1 is
conformation 3, where the ligand adopts slightly arc-type geometry. But in order to
accommodate bigger aromatic guest molecules, the curvature of the ligand should be more
than that in case of anti conformation of the ethyl spacer. So we are predicting that the
geometry of the ligand may have changed from anti to gauche in order to accommodate the
aromatic guest molecules in CP2a—c. From the schematic we can see that the gauche
conformation of the ethyl spacer results increasing the curvature of the ligand which can
provide accommodation to the aromatic guest molecules. This dynamic structural

transformation of the co-ordination polymer resulted on changing the counter anions.
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(a) Ethyl Spacer having An#i Conformation

Conformation3

(b) Ethyl Spacer having Gauclre Conformation

; ¢
Conformationd Conformations Conformation3

Figure 3.17: Schematic showing some of the possible Conformations of ligand 1a (ChemDraw Ultra
12.0)

3.5 Conclusion

Ligand 1a is flexible due to ethyl spacer and meta position of pyridyl-N, may change
confirmation according to the requirement i.e. external environment around it. In the above
study the geometry of anion is major structure directing factor. The PF¢ having octahedral
geometry i.e. the symmetrical arrangement of F~ around P makes it feasible to interact
simultaneously with the two N—H of the same loop, which is not possible in ClO4~ because of
its tetrahedral geometry. The interaction of PFs simultaneously with two N—H resulted the
flexible ethyl chain to adopt anti conformation so that the distance between the two N-H
groups within a loop is reduced. This resulted in unavailability of space for aromatic guest
inclusion in the loops. By introducing ClO4™ anion in place of PFs resulted in changing the
environment of the CP and this change is accommodated by simultaneous adjustment of the
hydrogen bond interaction and the flexible framework. We wind up our results as reversible

inclusion and removal of guest molecules triggered by the exchange of anions.
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4.1 Introduction

In the previous chapter, CP of ligand 1a with Cu(ClO4), was discussed, where 1D- looped
chain networks were observed. The ligand 1a in CP1 and CP2 formed arc like geometry
which resulted in cavities capable for including guest molecules. The chemical properties
shape and size of the cavities of a network can be tuned by introducing or modifying the
spacers. In the present chapter, we will discuss the CP of ligand 1b, which has enhanced
spacer length. On increasing the spacer length, the resulting CP is expected to have more

empty space for guest inclusion (Figure 4.1).

0 O
H H )k Py
| )kN/Py | T/
.L H

Ligand 1a Ligand 1b
Where Py = 3-pyridyl

Figure 4.1: The flexible exo-bidentate having bis-pyridyl-bis-amide moiety.

In the absence of proper guest molecules, the empty spaces in the networks are filled by
themselves by the phenomena called self-interpenetration or self-entanglements. Such
interpenetrations are frequently observed aspect in coordination polymers. Interpenetration of
the networks due to the presence of large empty spaces in the networks interferes in

formation of porous CPs.

The term interpenetration was introduced by Wells, where it was described as the phenomena
in which the motifs “cannot be separated without breaking links”.!!) The interpenetration of
the 2D networks of (4,4)-topology can be classified into two broad categories: parallel and
perpendicular/inclined.?*! When the mean planes of the individual nets are parallel, the mode
of the interpenetration is parallel. The perpendicular/inclined interpenetration occurs when
the mean planes of the nets are exactly perpendicular or slightly inclined to each other. The
perpendicular interpenetration can be further categorized into three types: parallel/parallel,
diagonal/diagonal and parallel/diagonal. The term ‘parallel’ in this case refers to a structure in
which a spacer of the ligand of one layer passes through the cavity of the other and the term

‘diagonal’ refers to a structure in which a node of one layer is within the cavity of the other.
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(Figure 4.2)

53

Perpendicular mode

Parallel mode Parallel/Parallel
Perpendicular mode Perpendicular mode
Diagonal/Diagonal Parallel/Diagonal

Figure 4.2: Types of interpenetration in 2D networks of (4,4)-topology structures.

In this chapter, we will discuss synthesis and structural aspects of the CPs of Ligand 1b with
different metal centers Cu(Il) and Cd(II) to determine the role of the metal centre in forming
the CPs. Ligand 1b with Cu(ClO4), resulted in 2D network of (4,4)- topology having two-
fold parallel interpenetration but with Cd(ClO4); it formed 1D-looped chains. Post synthetic
Modification (PSM) reactions were carried out which resulted in synthesis the new Cu(Il)

1D-chain CP.

The less reactive metal cation of any CP can be replaced by the more reactive metal cation,
the process called ‘transmetallation’ or ‘metal-metathesis’. Post synthetic Modification
(PSM) via metal metathesis is a very talented approach to functionalize CPs because new
metal cations can be introduced to the framework without destroying or altering the initial
structural integrity and even single crystallinity. We know in a co-ordination polymer (CP)
crystal the metal nodes are in equilibrium with metal cations in the solvent. Thus metal
metathesis; introduction of new metal cations to the crystals is by exchanging them from the
solution with the metal nodes in the crystals. However, the process of metal-metathesis was
not homogeneous; it was reported that the outer shell of the crystals exchanged first, leading

to a core-shell hetero structure.”*) This was explained by a difference of flexibility in the

94



Chapter 4

framework; the diffusion of the metal ions through the pore is time taking process. The
framework of a Co-ordination Polymer is more flexible in the outer parts than it is in the
middle of the crystal. For metal metathesis often methanol is chosen as the solvent, as it
gives higher exchange rates than other polar solvents, i.e acetone or other higher alcohols.
Because size of methanol molecule is small and it will form smaller hydration shell around
the dissolved metals and counter ions. This allows faster diffusion and closer interaction with
the framework of a crystalline coordination polymer. Water has not been a good solvent
because most CPs dissolved in water. Transmetallation have been further determined by
several factors controlling the thermodynamics and the kinetics of the reaction, such as
choice of solvent, concentration of soaking solution and reaction temperature. The
thermodynamic stability of the daughter CP relative to the parent is most important factor to

explore the metal metathesis.

The Irving-Williams series for the relative stabilities of octahedral complexes of transition

metals Pl
Mn2+ < Fez+ < C02+ < Ni2+ < Cu2+ > Zn2+

According to this series, octahedral complexes of Cu(Il) have maximum stability which drops
down to Zn(II) since its d'° electronic configuration do not experience additional crystal field
stabilization. Yao et al!® and Song et al!”! independently conducted transmetallation
experiments and established a thermodynamic stability order in CP’s metal nodes - Cu(Il) >

Ni(II) > Co(I) = Zn(II) which is in good agreement with the Irving—Williams series.

Gargi et al. synthesized fifteen iso-structural (2D-layered) co-ordination polymers of a
pyridine based tripodal ligand (Benzene-1,3,5-triyltriisonicotinate) with metal ions (Zn*2,
Co™, Cu', Cd™), in presence of different guest molecules (pyrene, phenanthrene,
triphenelene, 9-anthraldehyde, nitrobenzene, styrene, chlorobenzene etc.) having general
formula - {[M(L)2(H20)2]. 2(anion). Guest.2(H20)}.. They performed transmetallation study
on these CPs; Zn(II) to Cu(Il), Cd(Il) to Cu(Il) and Cu(Il) to Cd(II) have been studied by
immersing the crystals of complexes in the MeOH solution of targeted metal salt. The result
of the study indicated that the compound could be rapidly transmetallated with Cu?** or Cd*",
the Cd** nodes subsequently able to be transmetallated to Cu®’; transmetallation of Cu®" to
Cd**, proceeded very slowly; whereas the transmetallation of Cu®" to Zn®" proved not

feasible.[!) We exchanged the Cd(II) ion with more reactive Cu(Il) ion which resulted a 1D-
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chain co-ordination polymer. This chapter will focus on the synthesis and the post-synthetic
cation exchange The kinetic study of this transmetallation have been monitored by field
emission scanning spectroscopy (FE-SEM), energy dispersive X-ray (EDX) and atomic
absorption spectroscopy (AAS) at various intervals. From AAS, the total time taken for

complete metal exchange can be determined.
4.2 Experimental section

4.2.1 General

Infra-red spectra were recorded on a FT-IR ABB Bomen MB-3000. Elemental analyses were
obtained with a Thermo finnigan, Italy, Model FLASH EA 1112 series. Powder X-ray
diffraction (XRD) data were recorded with a Rigaku miniflex II, A = 1.54 A, Cu Ka. Atomic
absorption spectra (AAS) was measured using AA-7000, Shimadzu. Wavelength dispersive
X-ray fluorescence (WD-XRF) was measured using a S8 TIGER, Make: Bruker, Germany
with X-ray tube of 4 kW, “Rhodium” target and a high voltage/tube current: 60 kV per 64
mA.

4.2.2 Synthesis of Ligand 1b

Ligand 1b was synthesized according to a previously reported procedure.””) 3-Amino pyridine
(2 mmol) was added to 40 ml of a pyridine solution containing adipic acid (1 mmol), and the
resultant solution was stirred for 15 min. To this solution triphenyl phosphite (2 mmol) was
added and the reaction mixture refluxed for 5 h. The volume of the solution was reduced to 5
ml by removing the pyridine by distillation and a white precipitate was obtained. The solid

was filtered, washed with water, and dried under vacuum.

AN NH, g (CHy)4 I}\II
5 N Triphenylphosphite N N \[( T SN
J T HOOC—(CH,),—COOH —— > | |
Pyridine, 120°C, 5hrs F Y 0 F

3-Aminopyridine Adipic acid Bis-(3-pyridyl)ethanediamide

Scheme 4.1: Synthesis of Ligand 1a.

Yield: 70%. Mp: 216-220 °C. FT-IR (KBr, cm™): 3301 (w), 3247 (m), 3178 (m), 3108 (m),
3039 (m), 2947 (vs), 2917 (s), 2875 (m), 1690 (vs), 1580 (vs), 1550 (s), 1478 (m), 1419 (vs),
1378 (m), 1281 (vs), 1157 (s), 1132 (w), 1034 (m), 943 (m), 910 (w), 856 (w), 810 (s), 735
(w), 701 (m), 625 (w), 578 (w) (Appendix-1 Figure A19).
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'H NMR (400 MHz, DMSO) & (ppm) 10.14 (s, 1H), 8.73 (d, J = 0.4 Hz, 1H), 8.24 (dd, J =
4.7, 1.5 Hz 1H), 8.03 (dd, J = 2.5, 1.5 Hz 1H), 7.36 — 7.27 (m, 1H), 2.38 (t, ] = 5.8 Hz, 2H),

1.66(t, J = 0.4 Hz, 2H) (Figure 4.3).
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Figure 4.3: 'H-NMR spectrum of Ligand 1b
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Figure 4.4: "C-NMR spectrum of 1b
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13C NMR (400 MHz, DMSO) § (ppm) 172.02, 144.18, 141.14, 136.30, 126.39, 124.05,
36.39, 25.00 (Figure 4.4).

4.2.3 Synthesis of Co-ordination Polymer CP3, {{Cu(1b)2(H20):](Cl04)2.2(H20)}x

Ligand 1b (596 mg, 2.0 mmol) was dissolved in 15 ml of a 1 : 1 mixture of water—ethanol. To
the above solution, 10 ml of an ethanolic solution of Cu(ClO4)> (370.1 mg, 1.0 mmol) was
added. The resulting blue precipitate was dissolved by adding a few drops of water. The

solution was filtered and kept for slow evaporation.

Blue-colored crystals were formed after 8-10 days in 80% yield. FT-IR (KBr, cm™): 3564
(s), 3278 (s), 3201 (w), 3101 (w), 2931 (w), 2862 (w), 1674 (s), 1612 (w), 1589 (w), 1550
(vs), 1488 (m), 1427 (s), 1365 (w), 1296 (m), 1242 (w), 1195 (w), 1103 (vs), 956 (w), 918
(w), 810 (m), 702 (m), 624 (m), 555 (w) (Appendix-1 Figure A20). PXRD pattern of the co-
ordination polymer CP3 was shown in (Appendix-1 Figure A21). Anal. calecd (%) for
C32H44CuChNgOi6: C, 41.27 %; H, 4.72 %; N 12.03 %. Found: C, 41.27 %; H, 4.55 %; N,
11.63 %.

4.2.4 Synthesis of Co-ordination Polymer CP4, {{Cd(1b)2(H20)2](Cl104)2.2(H20)}n

A microwave-assisted technique was used wherein ligand 1b (59.6 mg, 0.2 mmol) and
Cd(Cl104)2.6H>0 (41.94 mg, 0.1 mmol) was added to 5 ml of a 1 : 1 mixture of water—ethanol
mixture in a specially designed microwave test tube. The reaction mixture was irradiated for

10 minutes at 90 °C at a medium stirring rate and 100 psi pressure.

White crystals suitable for single crystal XRD were formed after the solution was allowed to
stand at RT for 1 day in 70% yield. FT-IR (KBr, cm™): 3865 (s), 3841 (s), 3741 (vs), 3672
(m), 3649 (m), 3618 (m), 3564 (w), 3317 (vs), 1674 (vs), 1527 (vs), 1481 (s), 1419 (s), 1326
(w), 1288 (m), 1164 (w), 1103 (vs), 956 (w), 802 (w), 771 (s), 702 (w), 624 (m), 563 (m)
(Appendix-1 Figure A22). PXRD pattern of the co-ordination polymer CP3 was shown in
(Appendix-1 Figure A23). Anal. calcd (%) for C32H44CdCLNgO16: C, 39.22 %; H, 4.53 %; N
11.43 %.Found: C, 41.69 %; H, 4.57 %; N, 10.69 %.

The calculated percentages are based on the molecular formula from the single crystal XRD.
CP4 was crystallized from ethanol. If we include the free ethanol molecules, we can account

for the observed elemental percentage (Table 4.1).
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Table 4.1: Elemental Analysis of CP4 based on different approximation

Found C% H% | N%
41.69 | 4.57 | 10.69
Calculated: Chemical Formula: C3;H44CdCI:NgO16 C% H% | N%
| o O N T 3922 | 453 | 1143
X Y\/\)‘\N ) T | O/I\o o J@
(] ;! WCVNM ~
O/Cl‘\o I N °
H/O\H H/O\H
Calculated: Chemical Formula: C3sHs2CdCI:NgO1 C% H% | N%
T o O N T 41.73 | 5.06 | 10.81
NN \H/\/\)‘\N NN\ T T oo 0 /@
Q/ ) o Ji l\ @NM N
O/C:‘\O I N ©
/\0/H /\O/H

4.2.5 Synthesis of Co-ordination Polymer CP5

A metal-metathesis reaction was performed on co-ordination polymer CP4 wherein crystals
of CP4 were immersed into a 0.1 M ethanolic solution of Cu(ClO4),. The white crystals
slowly turned to blue crystals, termed as CP5. The crystals were analyzed by FT-IR, PXRD,
AAS and WD-XRF spectroscopy.

FT-IR (KBr, cm™): 3564 (s), 3278 (s), 3201 (w), 3101 (w), 2931 (w), 2862 (w), 1674 (s),
1612 (w), 1589 (w), 1550 (vs), 1488 (m), 1427 (s), 1365 (w), 1296 (m), 1242 (w), 1195 (w),
1103 (vs), 956 (w), 918 (w), 810 (m), 702 (m), 624 (m), 555 (w) (Appendix-1 Figure A24).
PXRD pattern of the Co-ordination Polymer CP5 was shown in (Appendix-1 Figure A25).
We assumed that only Cd(II) ions of CP4 were replaced by Cu(Il) Anal. calcd (%) for
C32H44CuChNgOis: C, 41.27 %; H, 4.72 %; N 12.03 %. Found: C, 41.97 %; H, 3.95 %; N,
11.73 %.
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4.3 Single crystal X-ray crystallography

Single crystal data for CP3 and CP4 were obtained on a Xcalibur, Sapphire 3 X-ray
diffractometer that uses graphite monochromatized Mo Ko radiation (A = 0.71073 A) using
the o-scan method.!'” The structures were solved by direct methods and refined by least
square methods on /2 using SHELX-97.['!] The crystal data and structure refinements of CP3

and CP4 are summarized in Table 4.2.

Table 4.2: Crystal structure data of Co-ordination Polymers CP3 & CP4.

Cp CP3 CP4
Empirical formula C3H44C1,CuNgO 6 C3H4sC1,CdNgO 6
Formula Wt. 931.19 980.05
Crystal system Orthorhombic Triclinic
Space group P2:2,2 PT
a(A) 11.3423(3) 9.0727(2)
b(A) 19.2826(7) 9.0760(2)
c(A) 9.5549(3) 15.3648(3)
a(°) 90 106.099(2)
B(®) 90 90.817(2)
v (©) 90 93.146(2)
Volume(A®) 2089.74(11) 1213.17(4)
VA 2 1
Density (g/cm’®) 1.480 1.341
Temperature (K) 296(2) 296(2)
Theta(°) range for data Collection | 3.50 to 24.98 3.51t025.0
Rint 0.0428 0.0411
Reflection with 1 > 20(1) 2989 3982
No. of parameters refined 270 255
Final R (with I > 20(1) ) R;4=0.0679; R;4=0.0595;

WR2?=0.1726 WR:*=0.1679

GOF on F? 0.972 1.023
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In both structures, the disorder in the perchlorate group was modeled (one of the oxygens
over two positions for CP3 and two of the oxygens over two positions (each) to obtain the
lowest residual factors and optimum goodness of fit with convergence of refinement). Non-
hydrogen atoms were refined anisotropically except the disordered perchlorate oxygens
(04/04") in CP3 and the lattice water molecule (O2w) and the disordered perchlorate
oxygens (O5/0O5A and O6/0O6A) in CP4. In the final difference Fourier maps there were no
significant peaks >1 e A3, All hydrogen atoms except for the water molecule (O2w) in the
asymmetric unit of CP4 were placed in ideal positions and refined as riding atoms with
individual isotropic displacement parameters. ORTEP of CP3 and CP4 are shown in

(Appendix-1 Figure A-26, A-27)
4.4 Results and discussion

4.4.1 Structural Description of CP3 and CP4

The geometry’s of ligand 1b in CP3 and CP4 gives insight into the flexiblity of the ligand to

assemble according to the requirement of the other components in the CPs.

(a)

Figure 4.5: Geometry of ligand 1b in (a) CP3 and (b) CP4

The size of the metal centre is the determining factor in arranging the CPs. In CP3, two
neighboring Cu(Il) centers are separated by a distance of 14.831 A, whereas in CP4, the
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Cd(II) centers are separated by a distance of 17.955 A. The flexibility of the butyl chain in 1b
resulted in changing the ligand length required for the Cu(II) and Cd(II) centre. In CP3, the
butyl chain adopts gauche—anti—gauche conformation, whereas in CP4, it adopts an all anti
conformation (Figure 4.5). This in turn affected the overall geometry of the CPs. In CP4, the
ligand 1b behaves as a longer “rigid” analogue of 3,3'-bipyridine. In CP3, the ligand 1b
adopts a wavy type of geometry with more of the hydrocarbon chain “clustered” in the
spacer. The presence of two amide groups resulted in self-complementary amide-to-amide
hydrogen bonds in both of the CPs, even in the presence of counter anions and free water
molecules. Crystal structure analysis of CP3 shows that it crystallizes in the orthorhombic

space group P212,2.

Figure 4.6 : The crystal structure of CP3; (a) part of the 2D-layer of (4,4) topology (C = grey; N =
dark blue; O =red; Cu = brown; H = Sky blue; Cl = green) Two-fold parallel interpenetration of the
layers; (b) ball and stick mode (c) space fill mode: one layer is shown in green colour and another
shown in violet colour.

The Cu(Il) centre adopts a distorted-octahedral geometry, in which the coordination

environment of Cu(Il) includes four molecules of 1b in the equatorial position (Cu—N: 2.023
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A, 2.027 A) and two H>0 molecules in the axial position (Cu—O: 2.480 A). The wavy-shape
of the ligand due to a gauche—anti—gauche conformation results in the formation of a highly
corrugated 2D-network with (4,4) topology (Figure 4.6). The (4,4)-layers have rhomboidal-
shaped cavities with diagonal-to-diagonal distances of 22.530 A x 19.216 A and the co-
ordinated H>0O molecules point into the cavities. Two such (4,4)-layers interpenetrate in

parallel mode (Figure 4.6).

The layers in CP3 interact with each other via amide-to-amide hydrogen bonds. The

hydrogen bond pattern in case of amide groups represents the synthon (Figure 4.7).

Z—T-e--

(b)

Figure 4.7: (a) Amide-to-amide hydrogen bonding pattern (f-Sheet + (4,4) - network); (b) side-view
of the interpenetrated layers. (Each (4,4)-layer is shown in a different color; three pairs of
interpenetrated layers)

Biradha et al. obtained a similar structure with a ligand, having reverse functional group than
this ligand and Cu(ClO4)2, in which the amide-to-amide hydrogen bonds are present between
the two interpenetrated layers. Note that the continuity of the amide hydrogen bonds

(121 However, in

throughout the network is hindered by water molecules and counter anions.
CP3, the amide-to-amide hydrogen bond is present throughout the structure and is not

affected by counter anions and H>O molecules.
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4.4.2 Looped 1D co-ordination network — the role of the metal centre

The effect of the metal centre on the geometry of the co-ordination polymers was studied by
analyzing the structure of CP4, which crystallizes in the triclinic P T space group. The co-
ordination environment of the Cd(II) centre includes four molecules of ligand 1b in the
equatorial sites and two H>O molecules in the axial sites (Cd-N: 2.306 A, 2.311 A, 2.365 A,
2.404 A; Cd-O: 2.341 A, 2.349 A). The butyl chain spacer of 1b adopts an anti—anti—anti
conformation (Figure 4.5), which results in stretching the ligand 1b to its maximum length;

hence, the linear geometry of the ligand is seen.

{?ery LEPAATY
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(b) N
Q QQ: = e

Figure 4.8 : The crystal structure of CP4; (a) part of the 1D-looped chain (C = grey; N = dark blue; O
= red; Cd = brown; H = Sky blue; Cl = green ); (b) packing of the 1D-chains via hydrogen bonding
between the amide groups, water molecules and counter anions.

The geometry of the ligand in CP4 is similar to that of cis-arranged 3,3'-bipyridine. The cis
arranged 3,3'-bipyridine is reported to form 1D-chains with Zn(II), Co(IT) and Ni(II), whereas
with Hg(II), it forms a dinuclear macrocyclic structure.!'*'* The network formed in CP4 can
be described as a 1D-chain with rectangular loops. The longer length of ligand 1b compared
to that of 3,3'-bipyridine and the larger size of the Cd(II) centre resulted in generating the

overall features of the reported structures (i.e. 1D looped chain). The rectangular loops in
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CP4 have dimensions of 17.923 A x 5.176 A, in which the amide groups are involved in self-
complementary hydrogen bonding. The adjacent chains are held together by the hydrogen
bond interaction between the amide N—H and ClO4, and between the amide C=0 and H,O
(Figure 4.8). The meeen interactions between the pyridyl groups are also responsible for
holding the adjacent chains together. The 1D-looped chain with intra-chain amide-to-amide
hydrogen bonds observed in the case of CP4 is similar to the reported structures by Dastidar
and co-workers, involving bis(3-pyridyl)terephthalamide with Cu(Il) salts, in which the
ligand has a “rigid” phenyl spacer in between the bis-pyridyl-bis-amide moieties.!'>] This
shows the ability of the “flexible” alkyl chain spacer of ligand 1b, when involved in forming
CPs with a larger metal center (i.e. Cd(II)), in mimicking the structural features obtained by a

ligand involving a “rigid” phenyl spacer.
4.4.3 Transmetallation studies on the CPs

The response of the flexible spacer of ligand 1b during the formation of CPs upon changing
the metal centre has further prompted us to study their post-synthetic transformations.
Transmetallation studies were performed on CP3 and CP4 to analyze whether the flexibility
of the spacer will be able to change the geometry of the CPs upon changing the metal centre
or the robustness of the precursor CP will not allow any modification on the skeletal structure

during metal metathesis.

Figure 4.9: Crystal morphology of CP4 on transmetallation reaction with Cu(Il).

The transmetallation study on CP4 with Cu(ClO4)> showed complete exchange of the Cd(Il)
centre with Cu(II). The crystal color changed rapidly from white to blue, while the crystal
morphology remained the same throughout the ion exchange process (Figure 4.9). The
powder X-ray diffraction (PXRD) pattern of the resulting CPS is similar to that of the parent

compound CP4 (Figure 4.10). The kinetics of this transmetallation was studied with Atomic
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Absorption Spectroscopy (AAS). The results further supported with Wavelength Dispersive
X-Ray Fluorescence Spectroscopy (WD-XRF) Study.

4.4.4 Powder XRD

1600 -
- CP-4
1200 ‘

1000 —

=
=m0 ) M

1200 X

Intensity

0 25

wod  CP-5

| i T i ||
"l U Ul L*".rj 1N ' I'»-n

Figure 4.10: Powder X-ray diffraction profiles for the parent (CP4) and ion exchanged material
(CPS5) demonstrating the maintenance of the framework integrity.

The powder XRD patterns of the CPs were analyzed along with the calculated powder XRD
of CP3 and CP4 and the similarities in both experimental and calculated supported our
results. The powder XRD patterns of CP3 and CPS were different. Thus structural difference
of CP3 and CPS is evident from these analyses. The powder XRD reflects the similarity in
the structures of CP4 and CPS5. Therefore, we can relate that the structure of CPS5 is
isomorphous to that of CP4. The direct reaction of ligand 1b with that of Cu(ClO4), always
resulted in the formation of CP3. The synthesis of CP5 is only possible using the

transmetallation technique.
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4.4.5 Atomic Absorption Spectroscopy (AAS) Study

The kinetics of transmetallation, the ion exchange process of Cd(II) by Cu(II) was monitored
by Atomic Absorption Spectroscopy (AAS). For AAS technique standard solutions of both
metals copper and cadmium required. The standard solutions of cadmium were prepared with
3CdS04.8H>0 having molecular weight 769.52 gm, 337.23 gm of Cd present per mole of
salt. Three standard solutions were used 0.5, 1.0, 1.5 ppm, prepared by dissolving 0.00141,
0.00282, 0.00423gm of 3CdS0O4.8H,0 salt for 10 ml of each solution. Five standard solutions
of copper 1, 2, 3, 4, 5 ppm were prepared by dissolving 0.00380, 0.00760, 0.01440, 0.01520,
0.01900 gm of Cu(NOs3)2.3H2O respectively for each 10 ml of the solution. The salt
Cu(NO3)2.3H20 have molecular weight 241.6 gm, 63.5 gm of Cu present per mole of the salt.
For metal metathesis, 9.4341 = 9.5 gm of co-ordination polymer of CP4 was taken and 100
ml of 0.5 M Cu(ClO4)2.6H20 solution poured over it. After different intervals of time, took
out small amount of solid sample from it and quenched the reaction. Washed this solid with
ethanol 3-4 times, untill whole surface deposited Cu removed and dried it. Took 0.001gm of
this dry powder, digested it with conc. nitric acid (few drops), adding water made volume 10
ml. This is sample for AAS, directly measured the amount of Cu and Cd in ppm. Initially
0.001 gm of the CP4 taken, the ppm value from AAS was considered as 100% Cd. Nearly
50% of the framework Cd** ions were replaced by Cu?" within 1 hour, and 99% of the Cd**

ions were exchanged by Cu®** within 7 hours (Figure 4.11).
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Figure 4.11: Kinetic profile of framework metal ion exchange of Cd(II) with Cu(Il) from AAS.

107



Chapter 4

Similar transmetallation study on CP3 and CP5 with Cd(ClO4), was also performed by our
group. For that we took around 10 gm of CP3 and CP5 separately and 40 ml of 0.5M
Cd(ClOs); solution poured over it. The transmetallation process was very slow; moreover,

negligible exchange was observed even after three months.
4.4.6 Wavelength Dispersive X-Ray Fluorescence Spectroscopy (WD-XRF) Study

For Wavelength Dispersive X-Ray Fluorescence Spectroscopy (WD-XRF) 5 - 10 mg of the
solid sample in fine powdered form required. Thus during transmetallation we collected solid
sample at different intervals of time, washed with ethanol to remove surface deposited metals
and powdered it. The powered samples were then analyzed with WD-XRF. We know that in
WD-XRF the Cu metal shows it’s peaks; Cu K1 at 8.047 keV and Cu Kp; at 8.904 keV and
Cd at 23.047 keV.
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Figure 4.12: WD-XREF of the Transmetallation Reaction at various intervals (Intensity vs 20)
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(a) At the start of the reaction (time = 0)

(b) After one hour of reaction
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(c) After three hours of reaction

(d) After five hours of reaction
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Figure 4.13: WD-XRF (Intensity vs Binding Energy) of the Transmetallation Reaction at various

intervals [CP4 — CP5 ]
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Then data’s collected from WD-XRF and plotted graphs using these. Both the graphs were
plotted Intensity vs 20 (Figure 4.12) & Intensity vs binding energy (Figure 4.13), further used
for quantitative estimation of Copper and Cadmium metals. Figure 4.12 (graph intensity vs
20) showed that the intensity of Cu peak increases with time while intensity the peak
corresponding to Cd decreases during metal metathesis. The wavelength dispersive X-ray
fluorescence (WD-XRF) shows nearly complete replacement of the framework Cd (II) ions
of CP4 with Cu(Il) ions and formation of co-ordination polymer CP5. Both CP4 and CP5
have similar powder XRD pattern; proved the structure integrity only the metal ion replaced.
The calculated % for both Cu(Il) and Cd(II) by WD-XRF exactly matches with the %
displayed by AAS study. Both WD-XRF and AAS results showed nearly whole (= 100%)
Cd(IT) exchanged with Cu(Il) in case of CP4. But the transmetallation was irreversible in

nature, exchange for CP3 and CPS with Cd(ClO4)> was negligible (= 0%).
4.5 Conclusions

The metal centre was shown to play an important role in assembling the components during
the formation of CPs: the size of the Cu(Il) and Cd(II) centre being one of the major deciding
factor in adjusting the conformation of the butyl spacer of the ligand. Transmetallation
studies have shown us that despite having a flexible framework, the metal exchange reaction
proceeded without changing the structure of the CPs. This may be attributed to the fact that
the looped-chain of CP4 has N—Hee*O hydrogen bonds within the loops, which made the
network robust. Furthermore, the CP synthesized via postsynthetic metal exchange could not
be obtained from a direct reaction of the metal centre and ligand. A framework-templating
strategy was used to synthesize CPS5. During transmetallation reaction of CP4 with Cu(Il),
the CP acted as a template and pre assembled the ligands.
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5.1 Introduction

In the previous chapter 4, we have discussed the effect of metal ion on geometry of co-
ordination polymers (CPs) of ligand 1b. The ligand flexibility allowed to change a 2D-
interpenetrated network of Cu(I) to 1D-looped chain network of Cd(I) on requirement of the
metal centre. The combined effect of the anion exchange and guest inclusion in co-ordination
polymers of Cu(Il) and ligand 1a was discussed in chapter 3. Thus, it was observed that the
geometry of coordination networks depended on several factors such as coordination
environment of the metal centre, metal-to-ligand ratio, nature and the geometry of the ligands
and the presence of solvents (guest molecule) and counter anions. Among all these factors,
the role of counter anions is important as they have different shape, size and hydrogen

bonding ability and coordinating ability.

In this chapter, we will discuss the effect of counter anions on the co-ordination polymers of
Cu(Il) with ligand 1b. Ligand 1b with Cu(ClO4), formed a 2D network having two-fold
parallel interpenetration (CP3), with Cu(SOs)> formed a 1D network with rectangular loops
(CP6) and with Cu(CsHsCOO); resulted in a 1D chain (CP7). Three counter anions - ClOy,
SO4%, C¢HsCOO™ were chosen in the present study; ClO4” and SO4* has tetrahedral geometry,
but the differences lie in the charge, size and coordinating ability with the metal centre. The
benzoate anion, on the other hand, with its larger size and carboxylate group can bind via
different co-ordinating modes with the metal centre and may also participate in the

framework of the CP.

In order to understand the role of anions on the network stability, the anion exchange
reactions were performed. Further the reverse exchange reactions of the CPs also performed
in order to check the reversibility of the exchange reactions. The reactivity of the counter
anions (ClOs, SO4* and C¢HsCOO") towards the formation of the CPs was monitored
through the competitive reactions, where the ligand was allowed to react with Cu(NO3)> in
the presence of all the three counter anions in one pot. Thus in this chapter, the extent of the
structural changes in the network due to the nature of the anions is studied by analyzing the

following features:-

(1) Effect of counter anions of same geometry (tetrahedral) but different size and charge, in

the overall supramolecular structure of the CP.
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(i1) Differences between weakly/non-coordinating anions and carboxylate anions, which is

involved in the framework geometry; in terms of ease of formation of CP.
(iii) The structural transformation in response to anion exchange reactions.

There are large numbers of reports on anion templating of Co-ordination Polymers, where the
counter anions of the CPs either acted as void filling species or co-ordinated to the metal
centre in a mono-dentate or bi-dentate fashion and may or may not involve in the propagation
of the network. Adonis & Stavroula converted the neutral 3D microporous Co-ordination
Polymers of adipate (- OOC-(CH2)s-COO") and Lanthanide (Pr**, Gd**, Sm**) to the ionic 1D
polymer, where the anions NO;™ or CI acted as templates. The strong hydrogen bonding
pattern between positively charged 1D lanthanide-adipate chains allowed the single-crystal-

to-single-crystal transformation during the exchange of NOs™ for CI" and vice versa.!!

Honghan Fei ef al. reported cationic metal—organic materials of Co(Il) and Zn(Il) with 4,4'-
bipyridine where 1,2-ethanedisulfonate anion (EDS?) acted as template and non-covalently
interacted with the cationic layers. This weak interaction encourage the anion exchange
reaction with toxic oxo-metal anions ( i e. CrO42, SeOs*, AsOq4> efc.), it was observed that
the toxic CrO42 was trapped selectively when non-toxic anions (e.g., NOs", SO4?) were
present along with chromate.!”! Fang et al. synthesized 1D nano-sized metal—organic tubes of
Ag(I) with multifunctional double-Schiff-base ligand (N,N'-Bis-(4-pyridin-4-yl-benzylidene)-
ethane-1,2-diamine) incorporated with anion PFg¢. Further they exchanged the anion PF¢
with ClO4 & SbFs and observed that emission intensity decreased when PFg¢ gradually
replaced by ClO4™ or SbFs"*! Shucong Ma et al. studied binding affinities of different anions
[BF4, ClO4, PF¢ and bis-(trifluoromethane)sulfonamide (NTf>)] into a cationic tetrahedral
Fe(Il) cage; metal-organic framework of Fe(II) with di-Schiff-base ligand.!* Dastidar et al.
synthesized co-ordination polymers of ZnSO4.7H>O with N,N'-bis(3-pyridyl)-p-phenylenebis-
urea and N,N'-bis(3-pyridyl)terephthalamide under identical reaction conditions; crystallized
in 2D - 2D Borromean entanglement involving 3-fold (6,3) honeycomb layers and 2D-
corrugated sheet, respectively. They separated anion SO4? from a mixture of Zn(II) salts
having mixture of various counter anions such as sulfate, nitrate, perchlorate and triflate

under competitive and non-competitive condition.[*!

The meta-position of pyridyl-N atom and the butyl spacer makes the ligand 1b more flexible,

a slight variation in any of the component of CP may results a wide-ranging structural
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transformation. Thus collective effect of ligating topology, flexible aliphatic spacer, amide
backbone and counter anions resulted in frameworks intriguing geometry and interesting
properties. The conformational adjustments of the butyl spacer of the ligand 1b in the CPs
according to the requirements of the counter anions are observed in the present study. N,N'-
(butane-1,4-diyl)dinicotinamide having more flexibility due to meta position of pyridyl-N, on
reaction with Cu(ClO4)2 form 2D layer of (4,4)-topology with ClO4 and H»O in the
rhomboidal cavities, having parallel interpenetrated via B-sheet hydrogen bonding. An
identical network obtained with Cu(NO3), but with Cu(PFs)2 an open 2D- network of (4,4)-
topology with rhomboidal cavities having PFs" and H>O packed via a-sheet hydrogen
bonding pattern.!®! The anion exchange represents the greater template effect of the PF¢™ anion
compared to that of the ClO4", may be understood given the fact that the N-HeeeF hydrogen
bond is stronger than the N-Hee*O hydrogen bond.

Lalit et al. also reported Cu(ll) co-ordination polymers of ligand N,N'-bis(4-
pyridyl)suberamide in presence of anions SO42, SiFs?2, NO5 "l Cheng et al. synthesized ten
Ag(I) complexes of ligand 1b with different anions (ClO47, BF4, NOs", PFs, CF3SOs7, p-TsO"
i.e p-toluenesulfonate) using different solvents- DMF, methanol, acetonitrile etc.®] On using
acetonitrile solvent the octahedral PF¢ anion form 1D concavo-convex chain whereas
tetrahedral BF4+ and ClO4™ anions and the triangular NO3™ anions form 1D polymeric pairs of
zigzag chains, supported by weak AgeeeAg and meeent stacking interactions. Ligand 1b with
AgClO4 and acetonitrile solvent, 1D polymeric pair involving acetonitrile obtained however
in methanol 1D zig-zag chain produced, undergo reversible single-crystal to single-crystal

transformation on removal and uptake of acetonitrile.

The butyl spacer has AAA (anti-anti-anti) confirmation in both networks only difference is in
orientations of two pyridyl-N - syn-syn and anti-anti confirmation respectively. Ag(p-TsO)
and ligand 1b in CH3CN solvent form zero-dimensional (0D) dinuclear metallocycle which
undergo irreversible SCSC transformation on removal of acetonitrile resulted a two-
dimensional (2D) pleated grid with a {4,8} topology. The networks are same in orientations
of two pyridyl-N atoms - anti-anti but differ by the butyl confirmation, having AGG (anti-
gauche-gauche) and AGA (anti-gauche-anti) respectively. Finally the authors concluded that
flexibility of the ligand 1b, nature of counter anion and solvent were essential in determining

the structural type of any network and the structural transformations were accompanied by
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the changes in the conformation of ligand 1b, which in turn adopted the conformation that

maximize the intra- and intermolecular forces.
5.2 Experimental Section

5.2.1 Synthesis of CP6, {{Cu(1b)2(SO4)]*3(H20)}x

The ligand 1b (596 mg, 2.0 mmol) dissolved in 20 ml of 1:1 mixture of water-ethanol was
layered over a 10 ml aqueous solution of copper sulphate (370.1 mg, 1.0 mmol). Blue-
colored crystals were formed after 8-10 days in 85% yield. Anal. Caled (%) for
C32H42CuNgO11S: C, 47.43 %; H, 5.22 %; N 13.83 % Found: C, 47.360 %; H, 5.325 %; N,
13.652 % FT-IR (KBr, cm'): 3964(w).3928(m), 3903(m), 3842(s), 3811(w), 3744(s),
3611(m), 3270(w), 3232(vs), 3868(m), 3147(w), 3085(vs), 2970(w), 1705(s), 1612(w),
1558(vs), 1489(s), 1427(w), 1373(w), 1296(s), 1242(w), 1134(vs), 1033(s), 964(w), 802(m),
694(w), 648(w), 624(w) (Appendix-1 Figure 28). PXRD pattern of the co-ordination
polymer CP6 was shown in (Appendix-1 Figure A29)

5.2.2 Synthesis of CP7, {[Cu(1b)(CsHsCOO):]}x

To the ligand 1b (596 mg, 2.0 mmol) dissolved in 15 ml of 1:1 mixture of water-ethanol, 5
ml aqueous potassium benzoate was added. Then 10 ml ethanolic solution of Cu(NO3)..3H,0
(241.6 mg, 1.0 mmol) was layered over it slowly. Blue-colored crystals were formed after
one week in 60% yield. Anal. Calcd (%)for C30H23CuN4Os: C, 59.64; H, 4.67; N 9.27 Found:
C, 59.003; H, 4.881; N, 9.593 (Figure S6) FTIR (KBr, cm™'): 3302(w), 3256(m), 3186(s),
3132(s), 3074(vs), 2947(s), 2860(s), 2538(m), 1967(m), 1921(m), 1867(w), 1821(w),
1697(vs), 1597(s), 1551(vs), 1485(s), 1404(vs), 1311(s), 1242(s), 1203(s), 1117(vs), 1065(s),

1018(w), 933(s), 849(s), 810(s), 764(s), 717(s), 668(s), 555(s) (Appendix-1 Figure 30).
PXRD pattern of the co-ordination polymer CP7 was shown in (Appendix-1 Figure 31)

5.2.3 Anion Exchange Reactions of CP6 with ClO4

The anion exchange reaction was performed by keeping (810.34 mg, 1 mmol ) of crystalline
CP6 in an aqueous solution of NaClOs4 (140.46 mg, 10 mmol). and resulted sample
characterized by FT-IR and PXRD. FT-IR: 3564 (s), 3278 (s), 3201 (w), 3101 (w), 2931 (w),
2862 (w), 1674 (s), 1612 (w), 1589 (w), 1550 (vs), 1488 (m), 1427 (s), 1365 (w), 1296 (m),
1242 (w), 1195 (w), 1103 (vs), 956 (w), 918 (w), 810 (m), 702 (m), 624 (m), 555 (w)
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(Appendix A-1 Figure 32). After anion exchange reactions PXRD pattern of the co-
ordination polymer CP6 was shown in (Appendix-1 Figure 33)

5.2.4 Anion Exchange Reactions of CP6 with CsHsCOO"

The procedure is similar to that of above. The crystalline CP6 (810.34 mg, 1 mmol), was
taken for the reaction and kept in aqueous solution of potassium benzoate (160.21 mg, 10
mmol). The resulted powder was characterized by FT-IR and PXRD. IR: 3302(w), 3256(m),
3186(s), 3132(s), 3074(vs), 2947(s), 2860(s), 2538(m), 1967(m), 1921(m), 1867(w),
1821(w), 1697(vs), 1597(s), 1551(vs), 1485(s), 1404(vs), 1311(s), 1242(s), 1203(s),
1117(vs), 1065(s), 1018(w), 933(s), 849(s), 810(s), 764(s), 717(s), 686(s),617(w), 555(s)
(Appendix A-1 Figure 34). After anion exchange reactions PXRD pattern of the co-
ordination polymer CP6 was shown in (Appendix-1 Figure 35)

5.2.6 Competitive Reactions

The ligand 1b (0.5 mmol) was allowed to react with Cu(NO3)> (0.25 mmol) in the presence of
different ratios of NaClOs, NaxSO4, and CsHsCOOK, condition I to VIII. After 10-15 days,
the resulted crystals were characterised by FT-IR and PXRD for each every condition. The
FT-IR and PXRD pattern for condition IV were shown in Appendix-1 Figure 36 and
Appendix-1 Figure 37.

5.3 Single Crystal X-ray Diffraction

Initial crystal evaluation and data collection were performed on a Kappa APEX II
diffractometer equipped with a CCD detector (with the crystal-to-detector distance fixed at 60
mm) and sealed-tube monochromated MoKa radiation using the program APEX2.1*!l By
using the program SAINT[! for the integration of the data, reflection profiles were fitted, and
values of F? and o(F?) for each reflection were obtained. Data were also corrected for Lorentz
and polarization effects. The subroutine XPREP! was used for the processing of data that
included determination of space group, application of an absorption correction (SADABS)?!!,
merging of data, and generation of files necessary for solution and refinement. The crystal
structures were solved and refined using SHELX 97.12! In each case, the space group was
chosen based on systematic absences and confirmed by the successful refinement of the
structure. For CP6, attempts to solve it in higher symmetry system were not successful.

Positions of most of the non-hydrogen atoms were obtained from a direct methods solution.
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Several full-matrix least-squares/difference Fourier cycles were performed, locating the

remainder of the non-hydrogen atoms.

Table 5.1: Crystal structure data of co-ordination polymers CP6 & CP7

CP CP6 CP7
Empirical formula C32H4,CuNgO11S C30H2sCuN4Og
Formula Wt. 810.34 604.1
Temperature (K) 100(2) 296(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2i/c P2i/n
a(A) 17.2590(12) 13.3810(10)
b(A) 11.5261(9) 5.8873(5)
c(A) 18.0883(14) 18.7769(18)
a(°) 90 90
B(®) 90.438(4) 100.016
v (©) 90 90
Volume (A%) 3597.6(5) 1456.7(2)
VA 4 2
Density (g/cm’®) 1.496 1.377
Absorption coefficient (mm™) 0.736 0.799
Theta(°) range for data collection 1.18 to 25.05° 1.73 to 25.01°
F(000) 1692 626
Reflections collected 26847 8246
Independent reflections 6330 2563
Reflection with 1 > 20(1) 5603 1678
Rint 0.0413 0.0616
No. of parameters refined 484 187
Goodness-of-fit on F? 1.19 1.012
Final R1/wWR2 (with 7 > 2a(1) ) 0.1294/0.2965 0.0529/0.1122
Weighted R1/wR2 (all data) 0.1361/0.2992 0.0944/0.1298
Largest diff. peak and hole (eA™) 1.845 and -1.137 0.428 and -0.456

Data were collected for CP6 at 298 K as well. The results presented here for CP6 at 100 K

are the best out these two sets. Although the highest residual electron density is close to one

117



Chapter 5

oxygen atoms (O6) of the sulphate group which has very similar thermal parameters
compared to other oxygen atoms, an attempt to consider any disorder of did not provide any
improvement in the structure. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in ideal positions and refined as
riding atoms with individual isotropic displacement parameters. The crystal data and structure
refinement parameters of co-ordination polymers CP6 and CP7 summarized in Table

5.1.(CCDC 1478590 and 1478591)
5.4 Results and Discussion

5.4.1 Structural Description of the Co-ordination Polymers

The crystal structure analysis of CP3, CP6, CP7 was done in terms of the type of the counter
anion involved, effect of structure and hydrogen bonding ability of the counter anions on the
geometry of the ligand and finally how the hydrogen bonding ability and the presence of the

amide group in the ligand is affecting the overall geometry of the CPs.
5.4.2 Structural features of CP3

The co-ordination polymer CP3, showed a two-dimensional network of (4,4)-topology and
have two-fold parallel interpenetration, discussed in chapter 4. The Cu(II) centre in CP3 has
a distorted-octahedral geometry with four units of ligand 1b occupying the equatorial
positions and two H>O molecules occupying the axial positions (Cu-O: 2.480A). The butyl
chain of the ligands in CP3 adopted gauche-anti-gauche conformation which finally resulted

in the formation of a highly corrugated 2D-network with (4,4) topology (Figure 5.1).

Figure 5.1: Illustrations of the crystal structure of CP3: 2D layer of (4,4) topology having two-fold
parallel interpenetration (Blue layer interpenetrated with violet layers); Notice the ClO4 anions are
present in thomboidal cavity, atoms colour (Cl in green and O in red colour).
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The (4,4)-network has rhomboidal-shaped cavities with diagonal-to-diagonal distances of
22.530A x 19.216A. The layers in CP3 have shown a two-fold parallel interpenetration and
ligands interact with each other via amide-to-amide hydrogen bonds which are present
throughout the structure and are not interfered by counter anions and H>O molecules as

discussed in chapter 4.
5.4.3 Structural features of CP6

CP6 has crystallized in monoclinic P2,/c space group. The crystal structure analysis showed
that the Cu(Il) center in CP6 forms a distorted square pyramidal geometry, where four units
of the ligand 1b form the base while the SO4>" occupy the apical position (Cu-N: 2.058 A,
2.042 A, 2.027 A, 2.036 A; Cu-O: 2.156 A) (Figure 5.2). To accommodate the steric
requirements of the co-ordinated SO4*, the ligand 1b adopts an arc-like geometry where the
butyl chain conformation becomes anti-anti-gauche. The four ligand 1b units connected to
the Cu(Il) centre and forms upward arc and downward arc, alternately. This results in the
formation of a 1D looped chain. The looped chains have rectangular cavities with dimension
of 12.848 A x 4.285 A (Figure 5.3). It is interesting to observe that within the loops, the two
C=0 groups of different ligand units are arranged in anti parallel manner with centroid-to-

centroid distance of 3.471A (Figure 5.2).

Figure 5.2: [llustrations of the crystal structure of CP6: 1D chain, notice the distorted square
pyramidal geometry of Cu(Il) centre with four units of ligand 1 and one SO4*" and parallel positioning
of C=0 within the loop.

The 1D looped chains are arranged in an offset fashion via aromatic meeen interactions

(centroid-to-centroid distance of 3.668 A) and N-HeseO(SO3%*) (1.954A, 2.820A, 167.65°)
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hydrogen bonding interactions to form layers (Figure 5.3(a)). Each 2D layers are further
stacked upon one another via H-bond between SO4>", NH, CO and HO to extend the network

in 3D (Figure 5.3(b)). The 2D layers stack over one another (in an ABAB..... manner) and
the adjacent planes are oriented at an angle of 53.71° (Figure 5.4).

()

Figure 5.3: Packing of the looped chains via (a) aromatic mes*r interactions and (b) N-Hes«O(SO5*)

hydrogen bonding interactions to form layers.
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Figure 5.4: Stacking of the layers to form 3D extended network; with the orientation of the layers one
over another.

5.4.4 Structural features of CP7

The asymmetric unit of CP7 consists of half unit of ligand and one benzoate anion

coordinated to Cu(II) centre (Figure 5.5(a)).

(@ ¢

(b)

~

Figure 5.5: Illustrations of the crystal structure of CP7: (a) Asymmetric unit; (b) 1D chain network.

The coordination environment of Cu(Il) has an distorted-octahedral geometry, where the two
benzoates occupy the equatorial positions through chelating binding mode and apical

positions are satisfied by the two moieties of the ligand. The butyl spacer of ligand 1b in CP7
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adopts all anti conformation and the overall structure can be viewed as 1D chain extended via

ligand 1b (Figure 5.5(b)).

Figure 5.6: (a) Packing of the chains via aromatic and N-He+«O(CO-) hydrogen bonding interactions
to form layers; (b) Stacking of the layers to form 3D. Notice the arrangement of the chains in the
adjacent layers (H atoms are removed for clarity; ligands are shown as straight lines in the top layer)

The presence of benzoate anion blocks most of the coordination sites, there by restricting the
geometry of CP7 to simple 1D chain. The 1D chains were packed via aromatic and N-
Hee+O(CO-) hydrogen bonding interactions to form 2D layers (Figure 5.6(a)). The 1D chains

are further arranged in criss-cross fashion to given a 3D extended network (Figure 5.6 (b)).
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5.4.5 Effect of Anions on the geometry of CPs

The geometry observed in CP3, CP6 and CP7 can be rationalized in terms of the counter

anions involved. Although ClOs and SO4* have tetrahedral shapes, but the resultant

coordination polymers from these have completely different geometries.

()

(i)

(iii)

(iv)

Co-ordination environment of Cu(II) centre

The coordination environment of Cu(ll) centre in CP3 is an octahedral
environment with four units of ligand 1b and two water molecules whereas
distorted square pyramidal geometry of Cu(Il) centre with four units of ligand 1b
and one SO4*" is observed with CP6. In CP7, Cu(Il) has an octahedral geometry
with benzoate groups satisfying four sites.

Conformation of butyl spacer of ligand 1b

Gauche-Anti-Gauche conformation in CP3, while Anti-Anti-Gauche conformation
in CP6. In CP7, all anti conformation of butyl chain is observed.

Amide groups of ligand 1b

In CP3, all amide groups involved in self-complementary amide-to-amide
hydrogen bonding, but in CP6, amide-to-amide hydrogen bonds are absent. The
amide groups form hydrogen bond with SO4* and H>O molecules. In CP7, amide
groups are involved in hydrogen bond interaction with the benzoates.

Overall geometry

The network observed in CP3 is a two-dimensional one with (4,4)-topology. The
layers in CP3 have shown two-fold parallel interpenetration. One-dimensional
looped chain is observed in case of CP6. Within the loops, the amide C=0 are
involved in meeem interactions. The benzoate anion (carboxylate anions) has a
greater binding affinity towards the metal centre and can have various binding
modes. The presence of benzoate anion in CP7 has resulted in assembling of the

ligand 1b in 1D chain.

5.4.6 Competitive Reactions of Anions

In order to study the effect of the anions affinity in the formation of CPs, a number of

competitive experiments were conducted, wherein Ligand 1b was reacted with Cu(NO3): (in
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2:1 ratio of ligand to metal) in presence of different ratios of ClO4,, SO4* and benzoate
(Scheme 5.2; Table 5.2). The formation of CPs in each reaction was verified by IR and
powder XRD.

H O /@ + NaClO4
|
(\TNMN NN+ Nayso,
|
H
NT ° N + C¢HsCOOK

Cu(NO3),

\j
CPp

Scheme 5.1: Reactions of Ligand 1b and Cu(NOs), in 2: 1 molar ratio in the presence of different
anions (C1047, SO4* and C¢HsCOO™ in the molar ratio of p : q :  respectively)

In the present experiment, it was observed that the SO4* anion showed the highest preference
for forming the co-ordination polymer followed by benzoate anion; while ClO4 showed least

affinity of forming the CP in presence of other anions.

Table 5.2: CPs obtained in different competitive experiments.

Reaction NaClO, N2;SO4 | CHsCOOK | Co-ordination Polymer
No. P q r obtained
I 2 1 2 CP6
I 3 1 2 CP6
I 2 1 2 CP6
v 2 1 3 CP6 & CP7
\% 2 2 2 CP6
VI 3 2 2 CP6
VII 2 2 2 CP6
VIII 2 2 3 CP6 & CP7
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The anion ClO4 have poor co-ordinating ability for Cu(Il) centre, thereby, in CP3, ClO4 act
as the counter anion to balance the charge and act as template in building up the network. The
SO4> and benzoate, on the other hand, have good coordinating ability with the metal centre
and in the present case, SO4> and benzoate are involved within the network in CP6 and CP7,
respectively. The observations of the competitive reaction is the direct consequence of the
affinity of the counter anions towards Cu(Il) centre. The reactivity of the reaction of Cu(Il),
ligand 1b and SO+ proceeds with the fastest rate as SO4>" has good co-ordinating affinity,
while the same reaction with ClO4™ has a slower rate due to poor affinity of the counter anion

with Cu(Il).
5.4.7 Anion Exchange Reactions

The anion exchange reactions were carried out by immersing the crystals of the CPs (CP3,
CP6 or CP7) in ethanolic solution of sodium or potassium salts of the ClO4, SO4* or

CsHsCOO'.

NaClO, Stucture Different from
- [CP6'CIO4] > | CP3; Some structural
resemblance with parent
CPo CP; i.e. CP6
CgHsCOOK _ [CP6-C6H5COO] — CP7
Na2$O4 N%slo;t
N/ -
7\ N No
Ie\;(::hange exchange
P ofanions | [ VT NasSO, ool
CeHsCOOK occured >
N/ N /\
/\

Scheme 5.2: Schematic showing anion exchange reactions of different co-ordination polymers
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After 10-15 days, the crystals were taken out from the solution to analyze their powder XRD

and IR spectra. Scheme 5.2 summarizes the observations of anion exchange reactions.

5.4.8 Anion exchange reactions of CP6 with benzoate

The anion exchange reaction of CP6 with benzoate resulted in complete exchange of SO4*
with benzoate anions. The IR spectra of the benzoate exchanged crystals of CP6 showed the
presence of peaks at 1551 cm’ & 1404 cm’, characteristic of benzoate and complete

disappearance of peaks at 1134 cm™ corresponding to SO4>* groups (Figure 5.7).

The powder XRD spectra of CP6 and the benzoate exchanged crystals of CP6 showed
completely different pattern, which confirms the structural transformation during anion
exchange (Figure 5.8). On comparing the powder XRD spectra of the CP6 exchanged was
compared with CP7 and it was observed that the anion exchange reaction has resulted in this

case also the formation of CP7.

(b) S0,% 1134,
o 620 Cm”
o
C
S
€
n
C
o
1 (c)
X
)
CP-4
Ben: o;t%: 1551,
1404, 717 Cp”"
Benzoate: 1551,
——"1404, 717 Cm"’
! | ! | ! | ! | ! | ! | ! |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber in cm™
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Figure 5.7: IR spectra of (a) CP6; (b) CP6 on anion exchange with Benzoate; (c) CP7.
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Figure 5.8: Powder XRD Spectra of (a) CP6; (b) CP6-C6H5COO; (c) CP7.

5.4.9 Anion exchange reactions of CP6 with Cl104

The anion exchange reaction of CP6 with sodium per chlorate resulted in complete exchange
of SO4* with ClOx4". In co-ordination polymer CP6, anion SO4> co-ordinated with Cu(II) and
showed peaks at 1134 cm™ corresponding to the sulphate group. The IR spectra of CP6
showed the presence of peaks at 1103 cm™, characteristic of ClOs and complete

disappearance of peaks at 1134 cm™ corresponding to SO4* groups (Figure 5.9).

The powder XRD spectra of CP6 and CP6-Cl04 showed some similarities which indicated
that some of the structural features of the parent CP was intact (Figure 5.10). The powder

XRD spectra of CP6-ClO4 did not show any resemblance with CP3; so the structure
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obtained from the anion exchange reaction was completely different from that obtained by

direct reaction of ligand 1b and Cu(Cl1O4)..

% Transmittance

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber in cm™

Figure 5.9: IR spectra of (a) CP6; (b) CP6 on anion exchange with ClO4; (¢c) CP3

(a)

Intensity

(c)

T T T T T T T T T T T 1
10 15 20 25 30 35 40
20

Figure 5.10: Powder XRD Spectra of (a) CP6; (b) CP6-Cl04; (c) CP3
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5.5 Conclusions

Based on the analysis of the structural features of CP3, CP6 and CP7, it is observed that the
flexibility of bis-pyridyl-bis-amide resulted in achieving diversities in the network. The role
of different types of anions in forming CPs was also seen. The benzoate and SO4* were
involved in the network framework, so reacted and rapidly formed CPs compared to ClOy4,
which acted as non-coordinating anion. Further, the network stability was also observed
during the anion exchange reaction. CP3 being an interpenetrated network is not affected

when reacted with different anions.
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6.1 Introduction

In the previous chapters, we have discussed the synthesis, characterisation and structural
analysis of the co-ordination polymers (CPs). In general, the solid state arrangement of the
molecules, decides the properties of a co-ordination polymer. The crystal structure analysis
will provide detailed information on arrangement of the molecules. Role of central metal ion,
alkyl spacer length, counter anion and the effect of anion exchange, guest inclusion and metal
metathesis is studied and analyzed. It was observed that the geometry of co-ordination
networks depend on several factors such as coordination environment of the metal centre,
metal-to-ligand ratio, nature, the geometry of the ligands, the presence of solvents (guest
molecule) and counter anions and a slight variation or modification in any of these will have

extensive effect on the overall geometry.

In this chapter, we will discuss properties of the co-ordination polymers (CPs) discussed in
the previous chapters. The thermal properties of all co-ordination polymers (CPs) were
analysed using Thermogravimetric Analysis (TGA). It was observed that co-ordination
polymers (CPs) were thermally stable up to 200 °C. The co-ordination polymers CP1 — CP7
can be utilized up to temperature 200 °C for any application. The results obtained from TGA
permitted us to obtain information, which will relate the structure of CPs to the degradation
process on increasing temperature. The presence of lattice (unco-ordinated) and co-ordinated
water molecules in co-ordination polymers and their removal on increasing temperature were
investigated by the (TG/DTG) technique. The exothermic and endothermic processes were
associated with dehydration, melting, decomposition and crystallisation. Wang et al. studied
thermal behaviour of Cu(Il) co-ordination polymer of ligand 1a, ligand 1b along with

different aromatic polycarboxylates.!!!

Ligand 1a and 1,4 — benzenedicarboxylate formed a co-ordination polymer with Cu(II),
where the lattice water molecules extended the supramolecular architecture to 3D via
hydrogen bonding. The lattice water molecules were removed first at 107 °C, followed by
removal of ligand 1a at 150 — 464 °C, while at the end 15.27 % residue of CuO remained. In
another co-ordination polymer of Cu(Il) with ligand 1a and 1,4- naphthalene dicarboxylic
acid, three lattice water molecules were present. The thermal analysis showed that water
molecules were removed in the range of 40 -140 °C, followed by degradation of organic

ligands. A co-ordination polymer of ligand 1b and 1,4 — benzenedicarboxylate with Cu(II)
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degraded in the range of 140 - 474 °C, leaving behind CuO residue. In the CP of ligand 1b
and 1,3,5 — benzenetricaboxylate with Cu(II), loss of water molecule started at 101 °C, while

degradation of organic ligands occurred between 323—543 °C.

Gong et al. reported the thermal analysis of Zn(II) co-ordination polymer of 4-pyridyl
analogue of 1b and 2,6-naphthalenedicarboxylate, where unco-ordinated dimethyl amine
molecules were present in the network. These dimethyl amine molecules were removed
easily from the network and the host framework was stable up to 170°C.!"! Biradha et al.
thermally analysed co-ordination polymers of ligand 1a and ligand 1b with Cu(SCN),, where
DMF molecules were co-ordinated with Cu(Il) and also present as unco-ordinated guest
molecule.’] They observed that the CPs looses DMF molecules at 170°C and from 170°C
onwards degradation of ligand started. In one of their co-ordination polymers, both DMF and
nitrobenzene were present as unco-ordinated guest molecules. TGA suggested that both the
guest molecules were removed at 185°C and beyond 185 °C ligand degradation started. Lin et
al. studied thermal behaviour of Cd(II) co-ordination polymer of ligand la and 5-
aminoisophthalic acid (5-H,AIP), where one co-ordinated water molecule and two lattice
water molecules were present. The first weight loss of 10.83% in the range of 139 - 212 °C
was equivalent to the elimination of the co-ordinated water and lattice water molecules. The
second weight loss was observed in the range of 220 - 360°C corresponding to the

decomposition of organic ligands.*

The structural diversity of co-ordination polymers (CPs): well-defined orientation of organic
ligands in the lattice, porous nature and host-guest interactions encourage attractive
luminescent properties in these materials.>%) Thermally stable CPs based on d'° metal
canters; Zn(II) or Cd(II) and n-conjugated organic ligands have been investigated because of
their tunable fluorescent properties.”®) The d!° metal center ions are difficult to oxidize &
reduce, their luminescent properties are originated mainly from the organic ligand (i.e. intra-
ligand charge transfer fluorescent emission), but ligand-to-metal charge transfer (LMCT)

transitions also permits to obtain tunable fluorescent properties.!*1%!1]

Wang et al. reported the fluorescent properties of ligand 1a, ligand 1b and Cu(Il) co-
ordination polymers of these ligands along with aromatic polycarboxylates.!!! The free ligand
la and 1b display intense emission bands with the maxima at 447 nm and 385 nm upon

excitation at 320 nm, respectively. The co-ordination polymer of Cu(Il) with Ligand 1a and
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1,4- naphthalene dicarboxylic acid and the co-ordination polymers of Cu(Il) with Ligand 1a
and 1,2 — benzenedicarboxylic acid showed emission bands with maxima at 399 nm upon
excitation at 320 nm. In both the cases, the absorption bands were blue-shifted by 48 nm
compared to the free ligand 1a. The Cu(Il) co-ordination polymers of ligand 1b along with 1,
2 — benzenedicarboxylic acid and Cu(Il) co-ordination polymer of ligand 1b along with 1, 3,
5 — benzenetricarboxylic have emission bands with maxima at 404 nm and 400 nm,
respectively, upon excitation at 320 nm, which are red-shifted by 19 nm and 15 nm,
respectively, compared to the free ligand 1b. It was suggested that the carboxylate ligands
have no significant contribution towards the fluorescent properties of co-ordination polymers

and the emission was associated only with N-donor ligands.[!?

Lin et al. reported photo-luminescence of Cd(II) co-ordination polymer of ligand 1a along
with 5-aminoisophthalic acid (5-H2AIP), where the emission bands showed maxima at 386
nm when excited at 300 nm. The emission bands were blue-shifted by 14 nm compared to
free ligand 1a."*) Cheng et al. studied photo-luminescence of co-ordination polymers of d'°
metal centers : Zn(II) and Cd(II) with ligand 1b along with polycarboxylates.['” Both red and
blue shift of the emission bands compared to ligand 1b were observed due to the different
conformations of butyl spacer and co-ordination modes adopted by the ligand 1b in the
CP.['?] In the co-ordination polymers of Cu(II), the luminescence may be attributed due to the
coupling of ligand-to-ligand charge transfer (LLCT) and ligand-to-metal charge transfer
(LMCT).13

The porous nature of some CPs and/or the presence of catalytically active transition-metal
centers are seen a suitable as candidate for size- and shape-selective catalytic applications of
co-ordination polymers.!'*] The application of CPs in UV-light driven photo catalysis is still
in its infancy. Some groups have demonstrated the use of co-ordination polymers (CPs) as
efficient photo-catalysts on the green degradation of organic pollutants.[!>!6171 This
development of photo-catalysis may be applied in removal of organic pollutant from waste-
water under UV-light. Wang et al. reported that the photo-catalytic activity of Cu(Il) co-

ordination polymer of ligand 1a and ligand 1b was dependent on spacer length.!!!

Further the literature studies suggested that increase in the spacer length may support the
transport of excited holes/electrons to the surface to initiate the photocatalytic decomposition

reaction of organic dyes/pollutants.!'32°) Wang et al. reported Co(II) Co-ordination Polymer
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of ligand 1a and 1b along with aromatic polycarboxylates, which, degraded Methylene Blue
(MB), organic dye by 90% under UV-light.?!! Lin et al. studied photo-catalytic behaviour of
co-ordination polymer of Cd(II) with ligand 1a along with 5-aminoisophthalic acid (5-
H,AIP). It was observed that the decomposed 45 % of MB under UV-light.[*! In the present

chapter, we will discuss the following properties of co-ordination polymers CP1 to CP7:
(1) Thermal Analysis
(11) Photo physical properties
(111)  Photo catalytic studies

6.2 Results and Discussion

6.2.1 Thermogravimetric Analysis (TGA)

The thermal properties of the Co-ordination Polymers CP1 to CP7 were investigated by
Thermogravimetric Analysis (TGA). In TGA, the sample weight loss is measured as a
function of temperature. The weight loss associated with a thermal reaction is measured
between the inflection points of the TG curve. The most important uses of TG involve
measurement of a material’s thermal stability and composition during heating and followed
by cooling. For TGA, 5-10 mg of the CPs were heated at a rate of 5°C / min under N»
atmosphere up to a temperature 800°C. The degradation of all CPs started with the removal
of lattice water, followed by the release of co-ordinated water and then decomposition of
ligand backbone in fragments, which involved a multi-step decomposition process and finally

resulted the formation of metal oxides as the residue.
6.2.1.1 TGA of Co-ordination Polymer CP1

The crystal structure of CP1 showed that the asymmetric unit contain one ligand 1a, one co-
ordinated water, half Cu(Il) and one PFs. The molecular formula derived from the structural
data of is [Cu(1a)2.2H20].2PFs and the resultant molecular weight is 930.10 g/mol. The
central metal ion, Cu(Il), has a distorted octahedral geometry with four 1a units occupying

equatorial positions & two H2O occupying the axial positions.

For TGA, 4.3689 mg of CP1 was taken and heated at a rate of 5 °C/min under N> atmosphere
up to a temperature 500°C. At a temperature 190.12°C, 0.23 mg of weight loss was observed

which is equal to 3.81 %. This may correspond to the loss of two co-ordinated water
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molecules (Calculated: 3.87 %). After 190°C, in the temperature range of 190°C - 271.08°C,
degradation of the co-ordination polymer started and weight loss of 2.7789 gm equal to 59.4
% is due to the loss of two ligands (Calculated: 58.06 %) (Figure 6.1).
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Figure 6.1: (a) TG (b) TG/DTG graph of co-ordination polymer CP1.
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Scheme 6.1: Schematic showing thermal degradation of co-ordination polymer CP1
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6.2.1.2 TGA of Co-ordination Polymer CP3

From single crystal XRD structural analysis, molecular formula of Co-ordination Polymer
CP3 was found to be {[Cu(1b)2(H20)2](Cl04)2.2(H20)}n. This resulted molecular weight
931.19 g/mol. In the structure, Cu(Il) centre adopted a distorted-octahedral geometry, in
which the coordination environment of Cu(Il) includes four molecules of 1b in the equatorial
position and two H>O molecules in the axial position. The ClO4™ anions are present as unco-

ordinated anions while two non-coordinating water molecules are also present in the network.
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Figure 6.2: (a) TG (b) TG/DTG graph of co-ordination polymer CP3.
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Scheme 6.2: Schematic showing thermal degradation of co-ordination polymer CP3
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For TGA, 10278.97 pg of CP3 was taken. It was observed that till 120°C, 818.38 pgm of
weight loss was observed which is equal to 7.743 %. This corresponds to the loss of two
unco-ordinated water molecules and two co-ordinated water molecules (Calculated: 7.74 %).
In the DTG, the stepwise loss of water molecules is observed, which clearly indicates the
different type of water molecules. From 120°C - 355°C, weight loss of 35 %, corresponding
to the decomposition of the organic ligand 1b (Calculated: 32.04 %) (Figure 6.2).

6.2.1.3 TGA of Co-ordination Polymer CP4

From single crystal XRD, molecular formula of CP4 was found to be
{[Cd(1b)2(H20)2](Cl104)2.2(H20)}n which corresponds to a molecular weight of 980.05
g/mol. The co-ordination environment of the Cd(Il) centre includes four molecules of 1b in
the equatorial sites and two H2O in the axial sites. The network also has two unco-ordinated

water molecules.

For thermal analysis, initially, 5.174 g of CP4 was heated in inert atmosphere of N> at the
rate of 5°C/min. Weight loss of 0.135 mg of sample was observed below 100°C which is
equal to 3.32 %. This corresponds to two unco-ordinated water molecules. Within a
temperature range of 100 - 120°C, weight loss of 0.154 mg was observed which is equal to
3.56 %. Thus weight loss of 8 % observed up to 220°C corresponds to the loss of two unco-

ordinated water molecules and two co-ordinated water molecules (Calculated: 7.34 %).
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Figure 6.3: (a) TG (b) TG/DTG graph of co-ordination polymer CP4.
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The anhydrous sample remained stable up to = 250°C without any weight loss. After 250°C
degradation of organic ligand started and up to a temperature of 355°C, weight loss of 51.51

%, corresponding two organic ligands (Calculated: 60.81 %) was observed.

100 -220 °C

H,0

~ Cloy clo,
Q ® R 4 ®
Cloy ClOy

250°C-355°C +

CP4 degraded

Scheme 6.3: Schematic showing thermal degradation of co-ordination polymer CP4

6.2.1.4 TGA of Co-ordination Polymer CP5

The co-ordination polymer CP5 synthesized using transmetallation on CP4. The crystal
quality of CPS was not good enough to give crystal structure. The PXRD of CP5 showed
similarities with that of CP4 and during metal metathesis Cd*? in CP4 is replaced by Cu*?,
while the framework remained intact. CP3 and CP5 are Cu(Il) co-ordination polymers of
ligand 1b, but structural difference arises as a result of different synthetic methodology. The
difference in TGA plots of CP3 and CPS also suggest that they have different crystal

structures which resulted in different thermal properties.

Initially 10587.22 pg of CP5 taken for Thermogravimetric Analysis (TGA), weight loss of
1048.2 pg (equal to 6.28 % ) was observed up to 220°C. This corresponds to loss of two
unco-ordinated water molecules and two co-ordinated water molecules (Calculated: 6.34 %).

This occurred in three steps, first the water molecules present in the lattice may be released as
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they are unco-ordinated, followed by the removal of co-ordinated water molecules on
increasing temperature to 220 °C. From 220 °C to 355°C, weight loss 0f 48.84 % is due to the
loss of one and half organic ligands (Calculated: 60.81 % for two 1b) (Figure 6.4).
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Figure 6.4: (a) TG (b) TG/DTG graph of co-ordination polymer CP5.
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Scheme 6.4: Schematic showing thermal degradation of co-ordination polymer CP5
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6.2.1.5 TGA of Co-ordination Polymer CP6

The crystal structure analysis showed that the Cu(I) center in CP6 forms a distorted square
pyramidal geometry, where four units of the ligand 1b form the base while the SO4* occupy

the apical position.
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Figure 6.5: (a) TG (b) TG/DTG graph of co-ordination polymer CP6.
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Scheme 6.5: Schematic showing thermal degradation of co-ordination polymer CP6
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Molecular formula of co-ordination polymer CP6 was found to be {[Cu(1)2(SO4)]*3(H20)}x
which resulted in molecular weight of 810.34 g. The unco-ordinated H,O molecules are

present in the network which helps in extending the network to 3D-network.

For TGA, initially 17.720 mg weight of CP6 was taken. Weight loss of 1.23 mg (equal to
6.69 %) up to 210°C corresponds to the loss of three water molecules present in lattice
(Calculated: 6.66 %). The anhydrous network is stable up to 275°C after that decomposition
of the organic components began, weight loss is 59.33 % due to the loss of two organic

ligands (Calculated: 60.81 %) (Figure 6.5).
6.2.1.6 TGA of Co-ordination Polymer CP7

The coordination environment of Cu(Il) has an octahedral geometry, where the two benzoates
occupy the equatorial positions through chelating binding mode and apical positions are

satisfied by the two moieties of the ligand 1b.

Molecular formula of co-ordination polymer CP7 was found to be {[Cu(1b)(CsH5COO)2]}n
which resulted in molecular weight of 604.1 g. The network of co-ordination polymer CP7
was stable up to 190°C, after it began to lose both benzoate anions and ligand 1b. Weight loss
of 7.74 % observed up to 250°C corresponds to the loss of CO2 molecules (Calculated: 7.28
%). From 250°C to 300°C, weight loss of 41.79 % is due to the loss of two benzoate anions
(Calculated: 40.06 %) (Figure 6.6)
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Figure 6.6: (a) TG (b) TG/DTG graph of co-ordination polymer CP7.
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Scheme 6.6: Schematic showing thermal degradation of co-ordination polymer CP7

6.2.2 Photo-Physical Properties of CPs
6.2.2.1 UV-Vis Absorption Spectra

The solid state UV-Vis absorption spectra of the free organic ligand 1a, 1b and all co-
ordination polymers (CPs) were recorded at room temperature. Both free ligands 1a and 1b
exhibits absorption in the range of 200 - 310 nm. The absorption maxima for ligand 1a at 200
nm, 250 nm and 290 nm while for ligand 1b have at 224 nm, 244 nm, 281 nm and a shoulder

at 305 nm were observed.

The 200 nm peak of 1a and 224 nm peak of 1b was due to © — m transition. It can be
observed that m — n” transition in ligand 1b is red shifted when compared to ligand 1a. The
maxima at 250 and 290 nm in 1a and 244, 281 and 305 nm in 1b corresponds to n — 7"
transition (Figure 6.7). Here also red —shift in peak positions were observed for 1b compared

to 1a. The crystal structure of 1a and 1b are reported by Biradha et al. where it was observed

142



Chapter 6

that both have similar supramolecular architecture.??! So the small shift in the peak position

may be attributed to the difference in the spacer length.
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Figure 6.7 Solid state UV absorption spectra of the ‘free’ organic (a) ligand 1a and (b) ligand 1b.

In case of octahedral co-ordination polymers of Cu(Il) (t2¢° e,°), the Laporte forbidden d (t2¢°)
— d(e,’) transition resulted in the absorption wavelength visible region, which is responsible

for blue colour of CP1, CP2, CP3, CPS, CP6, CP7 co-ordination polymer.

The UV-Vis absorption spectra of CP1 showed absorption peak at 198 nm and weak
absorptions in the range 250—400 nm with peak maxima at 292 and 360 nm (Figure 6.8(a)).
The apohost CP2 exhibited an absorption peak at 200 nm and weak absorptions in the range
250-400 nm with peak maxima at 295 and 375 nm (Figure 6.8(b)).
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Figure 6.8: Solid state UV absorption spectra (a) CP1, (b) Apohost CP2
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The CP2a showed intense peak at 254 nm (Figure 6.9(a)), which was due to the presence of
nitrobenzene in the network (“free” nitrobenzene shows a strong absorption band at 262 nm).
The presence of benzonitrile in CP2b is also confirmed by the solid state UV-VIS spectra,
where the presence of intense peaks at 219 nm, 258 nm, 274 nm and 297 nm (Figure 6.9(b))

were observed (“free” benzonitrile having peaks at 240 nm, 264 nm, 278 nm and 300 nm).
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Figure 6.9: Solid state UV absorption spectra of (a) CP2a and (b) CP2b.

The co-ordination polymers CP3, CP4 and CP5 showed absorption peaks at 250 nm, 290 nm
corresponding to n — 7 transition and were red-shifted in comparison to ligand 1b. CP3 and
CPS5 have absorption hump at 390 nm in the ultra-violet region and a strong absorption band
in visible region ( corresponding to blue colour) because of metal-to-ligand charge-transfer

(MLCT) and Laporte forbidden d (t2c®) — d(eg’) transition of Cu(II) metal ion (Figure 6.10
(a) and (¢)).

The co-ordination polymer CP5 has absorption peak at 209 nm corresponding m — 7
transition of the m- electrons of ligand 1b. This peak was absent in both CP3 and CP4
showed the structural difference of CPS from CP3. The absorption hump at 390 nm was
absent in CP4 as MLCT is not possible in Cd(II) metal ion (Figure 6.10(b)).

The co-ordination polymers CP6 showed absorption peaks at 205 nm, 252 nm, 284 nm and
absorption band in visible region responsible for blue colour of the CP6. The absorption peak
at 205 nm was corresponding to © — 7 transition of the n- electrons of ligand 1b. Peaks at
252 nm and 284 nm were corresponding to n — 7 transition and were red-shifted in

comparison to ligand 1b (Figure 6.11(a)).
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Figure 6.11: Solid state UV absorption spectra of co-ordination polymer (a) CP6 and (b) CP7.
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The CP7 showed absorption peaks at 194 nm, 246 nm and 298 nm, hump and absorption
band in the visible region. The absorption peak at 194 nm was due to of 1 — ©” transition of
the co-ordinated benzoate and ligand 1b. There was broadening in 250-300 nm region
because of two types of ligands are present in CP7, which resulted in ligand-to-ligand
charge-transfer (LLCT). The peak at 252 nm and 284 nm corresponds to n — 7" transition

and were red shifted in comparison to ligand 1b (figure 6.11(b)).
6.2.3.2 Photoluminescence

Photoluminescence properties of all co-ordination polymers (CPs) have been investigated in
the solid state at room temperature together with the free ligands 1a and 1b. The organic
ligands 1a and 1b have small chromophoric moieties separated by ethyl and butyl spacer,

respectively.

The crystal structures of 1a and 1b, reported by Biradha et al., showed that both of the
organic compounds are iso-structural.??! The molecules are packed via C-HeseN hydrogen
bonding, which results in the formation of herringbone arrangement (Figure 6.12). The angle
between amide and pyridyl plane was equal to zero, which further support the favourable n-

conjunctions leading to chromophoric properties of ligands.

Figure 6.12: Crystal Structure of Ligand 1a; Notice the Herringbone Arrangement of the molecules:
1a and 1b are iso-structural; Structure is generated from cif obtained from CCDC 650273.
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The emission spectra of these ligands in solid states and DMF solution were recorded. In

solid state, ligands 1a and 1b exhibit fluorescent emission peaks at 373 nm and 475 nm (Aex =

320 nm) respectively (Figure 6.13).
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Figure 6.13: Solid state emission spectra of (a) ligand 1a and (b) ligand 1b.

For dilute solution (1 x 10°M) the emission maxima were at 358 nm, red-shifted by 15 nm
compared to solid state but the intensity was very low. On increasing the concentration, red-
shift in the emission maxima was observed along with increase in intensity. Ligand 1a and 1b
showed Aggregation Induced Emission (AIE) behaviour. The quenching of PL peaks on

dilution may be resulted due to the non - radiative decay processes such as rotational motion

etc.
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Figure 6.14: Emission spectra at different concentration of (a) ligand 1a and (b) ligand 1b.
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On increasing the concentration, the self-complementary amide-to-amide hydrogen bond
formation will lead to restriction of intra-molecular motion and hence PL intensity increasing.
In the solid state, the molecules of ligand 1a and 1b has rigid structure leading to enhanced
emission compared to dilute solution. The emission maxima were at 366 nm for 8 x10°M
and 368 nm for 1 x 10 M for ligand 1a (Figure 6.14(a)) but at 374 nm for 4 x 10>M and 378
nm for 8 X103 M for ligand 1b (Figure 6.14(b)).

For co-ordination polymers CP1 the emission band was observed at 347 nm (blue-shifted by
26 nm compared to ‘free’ ligand 1a) (Figure 6.16(a)). The crystal structure of CP1 showed
that it is a 1D-looped chain with elliptical cavities. The amide moieties are involved in
hydrogen bonding N-HeeF (PF¢) and C=0-<++H (H20). The geometry of ligand 1a in CP1 is
twisted, where the pyridyl plane and amide planes are at an angle of 28°. This twisting of the

chromophoric moiety resulted in blue-shifted emission band compared to 1a (Figure 6.15).

(a)

Figure 6.15: Comparison of geometry of free Ligand 1a and 1a in CP1: (a) Crystal Structure of 1a;
Notice the planar geometry; Structure is generated from cif obtained from CCDC 650273; (b) Crystal
Structure of CP1; Notice the twisted geometry of 1a.

For co-ordination polymer CP2 the emission band was observed with emission maximum at
354 nm when excited at 320 nm (blue-shifted by 19 nm compared to ‘free’ ligand 1a) (Figure
6.16(b)). The ethyl spacer of ligand 1a has Anti confirmation in CP1, while Gauche in CP2.
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Figure 6.16: Solid state emission spectra of co-ordination polymer (a) CP1 and (b) CP2.

The co-ordination polymers CP3 have emission bands at emission maxima at 442 nm (blue-

shifted by 33 nm compared to ‘free’ ligand 1b) (Figure 6.17(a)).
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Figure 6.17: Solid state emission spectra of co-ordination polymer (a) CP3 and (b) CP4.

The crystal structure of CP3 is 2D parallel interpenetrated network of (4,4)- topology, where
the butyl spacer have Gauche-Anti-Gauche confirmation (Figure 6.18(b)). The amide groups
are extensively involved in self-complementary hydrogen bonding. Further the geometry of
1b in CP3 is non-planar, which explain the blue-shifted emission band. Co-ordination
polymer CP4 has Cd(II) metal ion (d'* system), where d-d transition is not possible. The
crystal structure of CP4, showed that it is 1D-chain with rectangular loops having meeen

interactions, C=0¢e*H (H20) and N-Hee*O (CIO4’), where the butyl spacer have Anti-Anti-
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Anti confirmation . As d' Cd(II) metal centre will not contribute to the emission, the
photoluminescence (PL) in CP4 is mainly due to the geometry of ligand 1b. The emission
maxima observed in CP4 is at 467 nm, while a hump at 552 nm was observed due to metal-

to-ligand charge transfer (MLCT) from metal ion Cd(II) to ligand 1b (Figure 6.17(b)).

/’\/\(\AM "\/k,/\,M

Figure 6.18: Comparison of geometry of free Ligand 1b and 1b in CP3 and CP4: (a) Crystal
Structure of 1b; Notice the planar geometry; Structure is generated from cif obtained from CCDC
650274; (b) Crystal Structure of CP3; Notice the twisted geometry of 1b (c) Crystal Structure of CP4;
Notice the twisted geometry of 1b

The co-ordination polymers CP5 have emission bands at emission maxima at 426 nm (blue-
shifted by 49 nm compared to ‘free’ ligand 1b) (Figure 6.19(a)). The structure of CP5 is
different from CP3, which is also evident from their different PL spectra. The co-ordination

polymer CP6 has emission band with emission maximum at 469 nm (blue-shifted by 6 nm

compared to ‘free’ ligand 1b).
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Figure 6.19: Solid state emission spectra of co-ordination polymer (a) CP5 and (b) CP6.

Figure 6.20: Comparison of geometry of free Ligand 1b and 1b in CP6 and CP7:

(a) Crystal

Structure of 1b; Notice the planar geometry; Structure is generated from cif obtained from CCDC
650274; (b) Crystal Structure of CP6; Notice the planar nature (Py-NH-C=0) of 1b (c) Crystal
Structure of CP7; Notice benozoate rings are arranged in parallel manner.
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From crystal structure of CP6, 1D-looped chains are packed via meeem interactions, N-
He+O(SO3*) hydrogen bonding interactions and form layers. The butyl spacer in the CP6
have Anti-Anti-Gauche confirmation and the C=0O group of amide was, not involved in any
type of hydrogen bonding (Figure 6.20 (b)). Although the ligand 1b in CP6 is non-planar but
the chromophoric unit Py-NH-C=0 adopts almost planar geometry. So the observed blue-
shift compared to1b is less than other CPs.
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Figure 6.21: Solid state emission spectra of co-ordination polymer CP7.

The co-ordination polymer CP7 have emission bands with emission maxima at 418 nm (blue-
shifted by 57 nm compared to ‘free’ ligand 1b) (Figure 6.21), highest amongest all CPs of
ligand 1b. Also the PL peak intensity are very less. In CP7 the 1D chains are arranged in a
parallel manner such that each benzoate units is in close proximity to neighbouring benzoates
(Figure 6.20(c)). The overall arrangement of 1D chains may result in exciplex formation due

to which PL is quenched for CP7.
6.2.3 Photo-Catalytic Properties of CPs

All the synthesized Cu(Il) and Cd(II) co-ordination polymers derived from the flexible bis-
pyridyl-bis-amide ligands 1a and 1b, exhibited significantly photocatalytic activities to
degrade organic dyes. i.e. Methylene Blue (MB). The photo-catalytic activity of any co-

ordination polymers was influenced by number of co-ordinated water molecules, the extent of
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the conjugation in organic ligands, co-ordination environments of the central metal ion and

the sizes of the metal-oxygen clusters formed in CPs.!16-20]

To compare the photo-catalytic activities, we investigated the decomposition of MB with
‘free’ ligands, with copper salts and Cd(ClO4): in presence of UV-light. To study the photo-
catalysis of CP1 - CP7, 150 mg powder of CPs was dispersed in the 100 ml solution of
Methylene Blue (MB) (Strength = 10.0 mg/L). For ligand 1a, ligand 1b, CP1 and CP2, 100
ml solution of Methylene Blue (MB) (Strength = 20.0 mg/L) was used. These solutions were
stirred in the dark for 30 minutes to establish an adsorption/desorption equilibrium of the

working solutions, then exposed to UV — light.
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Figure 6.22: Decmposition of MB dye in presence of (a) UV-light (b) ligand 1a (c) ligand 1b (d) co-
ordination polymer CP1

After certain time intervals (20 minute), UV-spectra was recorded to determine the amount of
MB. Absorbance was recorded vs wavelength for each samples at different intervals of time

(Figure 6.22 and 6.23). The intensity of absorption peaks of MB (609 nm and 668 nm),
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decreased with time which confirmed the degradation of MB. The degradation process was

monitored for 160 minutes for each sample.
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Figure 6.23: Decmposition of MB dye in presence of co-ordination polymer (a) CP2 (b) CP3 (¢)
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During the photo-catalysis reactions, in the catalyst, electron is transferred from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) in
the presence of UV-light. The HOMO is mainly contributed by 2p bonding orbitals of oxygen
or nitrogen of ligand 1a and 1b (valance band) and LUMO is the empty Cu(Il) d-orbitals
(conduction band). On UV-light (photo excitation) exposure, charge/electron transfer takes
place from oxygen or nitrogen of ligand 1a and 1b to Cu(II).!'"”! The electron is captured from
water molecules and converted it into the free radical (-OH), very reactive species, this free

radical, -OH cleaved MB effectively (Figure 6.24).11%]

LUMO e e e e\‘
N
Eq hv Cco, + H,0
h 4
“h*h*h*h*
HOMO

Co-ordination Polymer (CP)

Figure 6.24: Schematic showing Photo degradation of MB using co-ordination polymer.

Further, the percentage decomposition of MB vs time also plotted to compare photo-catalytic
activity of free ligands and the co-ordination polymers (CPs). The percentage decomposition
of MB after 160 minutes in presence of UV - light is 6.21 % while in visible light it 3.8 %.
For free ligand 1a and 1b, it is nearly same equal to 7.88 % and 7.90 % , respectively. The
percentage decomposition of MB was 31.89 % for CP1 and 33.74 % for CP2, (Figure 6.25)
both the CPs have same composition except the anion; means the anion perchlorate

increases the photo-catalytic activity.

The co-ordination polymer of Cu(Il) CP3 decomposed 36.52 % of MB while Cd(II) CP4
decomposed 25.76 % ; both having same anion perchlorate, differ by metal ion. Thus Cu(II)
co-ordination polymer have more photocatalytic activities than Cd(I) co-ordination
polymers. Both CPS and CP6 were Cu(Il) co-ordination polymers decomposed 40.25 % and
23.72 % of MB. Thus again their photocatalytic activity was anion dependent, co-ordination

polymer CPS have pechlorate anion good photocatalyst than CP6 having sulphate anion.

155




Chapter 6

105 -
100 p—w
A A—
90 - \
i *\
g 397 \.\o
Z a0 N T —m— MB in Visible light
o N U S— —®MB in UV-light
5 75+ \0 4\ \‘i: Ligand 1b
= . * < —w—ligand 1a
= 70 4 —~y \4\ Cp1
2z 65 N < |—<—CP2
S ] . % CP3
s> 60 o \ T | e cp4
1 —%— CP5
55 ] ° —e— CP6
50 - \ —@—CP7
J o
45 -
40 1 T T 1T ~ T T T T~ T
0 20 40 60 80 100 120 140 160 180

Time (minutes)

Figure 6.25: Percentage (%) decomposition of MB.

The co-ordination polymer CP7 having hightest photo-catalytic activity among all co-
ordination polymers , decomposed 52.15 % of MB in 160 minutes time period. This may be
because CP7 has two types of organic ligands; ligand 1b and the benzoate anion which acts
as chelating ligand and occupies two position of octahedra, may increases its photo-catalytic
activity. Thus all these co-ordination polymers can be used as photo-catalyst in degradation
of other organic dyes: Rodahamein, Methylene Orange (MO) ect., which are acting as

organic water pollutants.
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Chapter 7

7.1 Role of Ligands 1a and 1b in the Formation of CP1 — CP7

The work discussed in chapters 3-5 analyzed the nature of the ligands 1a and 1b (Scheme
7.1) and their coordination ability to form flexible CPs. The ligands are equipped with
hydrogen bond functionality and amide-to-amide hydrogen bond interactions were present in
some networks, while in some cases they were interfered by counter anions and water. In
short the co-ordination networks formed by ligand 1a & 1b in the present thesis include 1D

chain, 1D looped chain, 2D interpenetrated networks.

A A A A

| | | |
N XN (CHy), N N N (CHy)y N N
DR OORPRAY
G o) 0 = G 0 ) =

bis-(3-pyridyl)ethanediamide bis-(3-pyridyl)butanediamide
la 1b

Scheme 7.1: Ligands used in present work
The synthesis of CPs with 1a and 1b was carried out with Co(II), Ni(II), Zn(II), Cd(II) and
Cu(IT) metal salts, but Cu(Il) and Cd(II) resulted in formation of crystalline compounds. Out
of seven CPs of 1a and 1b, which are synthesized for this thesis, six belongs to Cu(II) salts.
In this chapter, the rationalization of the results obtained and future outlook of 1a and 1b in

the preparation of co-ordination polymers have been discussed.

Table 7.1 CPs of ligands 1a and 1b

Co-ordination | Ligand; Metal Type of Network Interactions in CPs Conformati
polymers salt on of alkyl
(CPs) spacer
CP1 1a; Cu(PFg), 1D- Looped Chain with C=0¢++H (H20) and N-HeeF Anti
elliptical cavities (PF¢") shrink the cavity size
CP2a 1a; Cu(ClO4), | 1D-Chain with C=0¢++H (H,0) and N-He**O Gauche
Nitrobenzene in cavities* | (ClO4")
CP2b 1a; Cu(ClO4), | 1D-Chain with C=0¢++H (H,0) and N-He**O Gauche
Benzonitrile in cavities* (CIOy)
CP2c 1a; Cu(ClOs4)» 1D-Chain with p-Xylene | C=0e¢H (H,O) and N-He*+O Gauche
in cavities* (ClOy)
Apohost CP2 | 1a; Cu(ClO4); | 1D-Chain without any C=0r¢++H (H,0) and N-He*O Gauche
guest molecules* (ClOy)
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CP3 1b; Cu(ClO4), | Two-fold parallel B-sheet hydrogen bonding Gauche-
interpenetration of (4,4) (amide-to-amide), form 2D Anti-Gauche
corrugated layers layers

CP4 1b; Cd(ClO4), | 1D-chain with rectangular | meeen interactions, C=0ee*H Anti-Anti-
loops (H20) and N-Hee+O (C104 Anti

anion)

CP5 CP4; Cu(NOs3), | 1D-chain with rectangular | weeen interactions, C=0e¢esH Anti-Anti-
loops* (H20) and N-He*+O (C1O4 Anti

anion)

CP6 1b; CuSO4 1D looped chain with meeeT interactions, N- Anti-Anti-
rectangular cavities He++O(SO5%) hydrogen bonding Gauche

interactions to form layers

CP7 1b; simple 1D chain arranged | N-HeesO(CO") hydrogen Anti-Anti-

Cu(CsHsCOO); | in criss-cross fashion bonding interactions to form Anti
layers

* Crystal structure couldn’t be confirmed by single crystal XRD. The powder XRD suggested the
mentioned structure.

7.2 Effect of Hydrogen Bonding in Assembling the Coordination Networks

Both the ligands 1a & 1b have two amide functional groups in their backbone, responsible
for amide-to-amide hydrogen bonding. In case of co-ordination polymer CP3, the B-sheet
hydrogen bonding is present throughout the network and is not affected by counter anions
(i.e. ClO4") and water molecules. In some CPs, self-complementary amide-to-amide hydrogen
bondings disturbed by counter anions, guest molecules. In co-ordination polymer CP1, anion
PFs involved in hydrogen bonding simultaneously with two N-H of same loop and resulted
interference in self complementary amide-to-amide hydrogen bonding. The co-ordination
polymer CP4, within the loop self-complementary hydrogen bonding present called intra-
chain hydrogen bonding while the adjacent chains are held together via hydrogen bonding
between the amide N-H...O(ClO3") and amide C=O and water. The intra-chain hydrogen
bonding is responsible for network stability and metal exchange led to the formation of co-
ordination polymer CP5. In co-ordination polymer CP6, the SOs? anion involved in
hydrogen bonding and the 1D-looped chains are arranged in an offset fashion via N-
H.....O(SOs?) hydrogen bonding interactions to form 2D layers. Further each 2D-layer
stacked upon one another via SO4? and N-H, C=0 and H>O to extend the network in 3D. In
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the co-ordination polymer CP7, the 1D-chains packed via N-H....O(CO") hydrogen bonding

interactions and form layers.
7.3 Effect of Counter Anions on Network Stability of Co-ordination Polymers (CPs)

In chapter 3 and 5 we have discussed the effect of counter anion on network geometry of co-
ordination polymers. The counter anions used; PFs, ClO4", SO42, C¢HsCOO" influenced the
occurrence of amide-to-amide hydrogen bonds in the co-ordination polymers of Cu(Il). The
interference in amide-to-amide hydrogen bond formation by the counter anions was observed
to be more in case of PF¢™ anions compared to the other anions. In case of PF¢", the N-H---F
hydrogen bond is stronger than the N-H---O (amide-to-amide) hydrogen bond. Hence the
interference in the amide-to-amide hydrogen bonds could be occurred more frequently in the
complexes of PFs anions. Whereas the strengths of N-H:---O(amide), N-H:---O(ClO3")
hydrogen bonds are almost similar and hence the interference of anion found to be relatively
less in case of ClO4™ anions as discussed in chapter 3. The SO42 and C¢HsCOO" are acting as
co-ordinating anions and involved in network formation while ClO4 is a non-co-ordinating
anion, present in the cavities of networks. The SO4? co-ordinated to Cu(II) in mono-dentate
fashion, while the C¢HsCOO" co-ordinated as chelating ligand and occupy two co-ordinating
sites of Cu(Il). Thus anions SO42 and C¢HsCOO" interfered in amide-to-amide hydrogen
bonding because the N-H of amide involved in hydrogen bonding with SO4? (i.e. N-
H....0(SO:3?) in CP6 and with C¢HsCOO" (i.e. N-H....O(CO") in case of CP7 co-ordination
polymers. The anions of same geometry (tetrahedral i.e. C104", SO47?) but different size and
charges showed their effect on the overall supramolecular structure of the CPs. The
competitive and anion exchange reactions confirmed the binding order and networks stability

in presence of different anions.
7.4 Effect of Alkyl Spacer Conformation on Co-ordination Polymers (CPs)

The flexibility of alkyl spacer is foremost structure directing factor in co-ordination
polymers. We have discussed in chapter 3, the ethyl spacer of ligand 1a attuned its
conformation on requirement i.e. anion exchange and guest inclusion. In co-ordination
polymer CP1, the functional group amide involved in hydrogen bonding with anion PF¢ i.e.
N-H....F (PFs) and ethyl spacer has anti conformation and shrinks the cavity, cannot
accommodate the aromatic guest molecules. On anion exchange, the ethyl spacer have

gauche conformation, swell the cavity and accommodate the aromatic guest molecules in co-
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ordination polymers CP2a, CP2b, CP2¢ and anion ClO4™ not involved in hydrogen bonding.
In Cu(II) co-ordination polymer CP3 the butyl spacer has Gauche-Anti-Gauche conformation
whereas in case of Cd(II) co-ordination polymer CP4 has Anti-Anti-Anti conformation, butyl
spacer change its conformation on requirement of metal centre. In case of co-ordination
polymer CP6, the butyl spacer having Anti-Anti-Gauche conformation while in CP7 has
Anti-Anti-Anti conformation. Thus we observed that the butyl spacer change it’s
conformation on requirement of bigger size co-ordinated SO4? anion in CP6 and chelating

benzoate anion in CP7.
7.5 Effect of Metal centre in assembling of Co-ordination Polymers (CPs)

In chapter 4 we have discussed that the metal centre also plays essential role while
assembling the co-ordination polymers. The ligand 1b form two different co-ordination
polymers CP3 and CP4 with Cu(Il) and Cd(II) respectively although other conditions -
temperature, pressure, solvent, anion ClO4", metal to ligand ratio kept similar throughout the
reaction. Thus metal ion is the structure directing in co-ordination polymers CP3 which is
perpendicular interpenetrated 2D network of (4,4)-topology and CP4 is 1D-chain with
rectangular loops. The smaller size Cu(Il) is responsible for interpenetration of network while

in case of the Cd(II) the ligand 1b stretched to maximum length and form 1D looped chains.
7.6 Future Scope of Present Works
e Novel network yet to be realised.

The ligands bis-pyridyl-bis-amides and reverse bis-pyridyl-bis-amides, although
explored to a great extent, are capable of forming novel architectures by tuning the
reaction conditions. Many geometries of 2D (Bilayer, Honeycomb) and 3D

networks of these ligands are not much explored.
e (CPs with other transition metals, lanthanides and actinides can be explored.

Present work mentioned the CPs of Cu(Il) and Cd(II). The other transition metals-
Ni(IT), Co(Il), Zn(II) can also be used for CP synthesis. As lanthanides show
interaeting fluorescent, its CPs can be explored for various photophysical

applications.

e CPs with other ligands like carboxylates and other pyridyl based ligands along
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with bis pyridyl bis amides can be explored further which can show novel

geometries and various non covalent interactions.
Application based on porous nature of CP can be explored.

The co-ordination polymers synthesized by us are porous in nature. We have
studied the photo-catalytic degradation of Methylene Blue (MB) using our CPs in
UV - light. But many other applications based on photo physical properties and

gas storage yet to be explored.

Synthesis of disulphonamide ligands (analogous of diamides) and the hydrogen

bonding patterns in their structure can be studied.
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Figure Al: IR Spectra of ligand 1a
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Figure A3: PXRD of Co-ordination Polymer CP1
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Figure AS: PXRD of Co-ordination Polymer CP2a
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Figure A7: PXRD of Co-ordination Polymer CP2b
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Figure A8: IR Spectra of Co-ordination Polymer CP2¢
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Figure A9: PXRD of Co-ordination Polymer CP2c¢
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Figure A11: PXRD of Co-ordination Polymers Apohost CP2
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Figure A12: IR Spectra of Co-ordination Polymers CP2a after Anion Exchange
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Figure A13: IR Spectra of Co-ordination Polymer CP2b after Anion Exchange
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Figure A14: IR Spectra of Co-ordination Polymer CP2c¢ after Anion Exchange
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Figure A15: PXRD of Co-ordination Polymer CP2a after Anion Exchange
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Figure A16: PXRD of Co-ordination Polymer CP2b after Anion Exchange
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Figure A17: PXRD of Co-ordination Polymer CP2¢ after Anion Exchange
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Figure A18: ORTEP of Co-ordination Polymer CP1




Figure A19: IR Spectra of Ligand 1b
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Figure A20: IR Spectra of Co-ordination Polymer CP3
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Figure A21: PXRD of co-ordination polymer CP3
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Figure A23: PXRD of co-ordination polymer CP4
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Figure A24: IR Spectra of co-ordination polymer CP5S

110
100:
90:
80:
?G:

60

%Transmittance

20
40

30 4

20 y

1427

11

L

QS
LJ]H_,_E—'—)'—

& 810
702

1103

[
Ly
L

624

4000

T
3500

T
3000

T T T
2500 2000 1500

Wavenumber in cm™

T
1000

T
500




A-1

Figure A25: PXRD of co-ordination polymer CP5
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Figure A26: ORTEP of co-ordination polymer CP3




Figure A27: ORTEP of co-ordination polymer CP4

Figure A28: IR Spectra of co-ordination polymer CP6
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Figure A29: PXRD of co-ordination polymer CP6
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Figure A30: IR Spectra of Co-ordination Polymers CP7
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Figure A31: PXRD of Co-ordination Polymer CP7
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Figure A32: IR Spectra of (a) CP6, (b) CP6 anion SO4 exchanged with Cl04™!, (c) CP3
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Figure A33: PXRD of (a) CP6, (b) CP6 anion SO4~ exchanged with ClO4™!, (c) CP3
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Figure A34: IR of (a) CP6, (b) CP6 anion SO4? exchanged with C¢HsCOO™!, (c) CP7
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Figure A35: PXRD of (a) CP6, (b) CP6 anion SO4~ exchanged with C¢HsCOO™, (c) CP7
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Figure A37: Powder XRD of Competitive Reaction Condition IV
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