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Abstract

The ideology that the property of a material is governed by its structure is a fundamental
concept in chemistry and the related fields such as medicine, biochemistry, engineering, and
materials sciences. Following this notion, we have focused our research on understanding and
delineating the factors concerning structure-property relationship in transition metal and rare
earth metal ions-based coordination compounds, which have been explored for metal ion
sensing and photoluminescence studies. The Chapter 1 of the thesis is the introduction and
review of literature where we have given an account of the history of coordination compounds,
their design strategies and crystallization techniques. Besides, we have summarized some metal
complexes of related secondary amide (-CONH-) ligands with different molecular designs and
terphenyltetracarboxylic acid-based ligands and discussed their applications. In Chapter 2 of
the thesis, a novel Co-MOF is explored as sensor for the detection of toxic metal ions using
fluorescence titrations. In addition, Zn-MOF and Ni(Il) based coordination polymer both
having intriguing three-dimensional framework have also been synthesized and characterized.
In Chapter 3 of the thesis, isostructural 1D coordination polymers of Cu(Il), Co(II), and Zn(II)
with a different naphthalene dicarboxamide ligand differing in the position of pyridine nitrogen
with respect to amide group (-CONH-) are discussed. These compounds are characterized by
various characterization techniques such as single crystal x-ray diffraction, nuclear magnetic
resonance and infrared spectroscopy, thermogravimetric analysis, UV-Vis absorption and
fluorescence spectroscopy. Moreover, chemical state identification of metal ions and chemical
environments of different elements in these complexes are depicted by XPS spectroscopy.
Chapter 4 is a review article on pyridine mono- and dicarboxamide ligands with tertiary amide
or fully substituted nitrogen atom. Here, we have compiled diverse molecular designs of this
class of ligands and grouped them into different categories based on the position of pyridine
ring in the ligand molecules. Furthermore, the pertinent metal complexes of each category of
the ligand are segregated systematically based on the dimensionality of their coordination
frameworks. Besides, an account on the coordination chemistry of the metal complexes and
their applications is also given. The Chapter 5 of the thesis involves the discussion on the
photoluminescence studies of highly porous, isomorphous Metal-organic frameworks
synthesized using terphenyl tetracarboxylic acid with Ln(IIl) ions. In this research, we have
studied the room temperature photoluminescence of the compounds to investigate the antenna
effect of the ligand. The results have shown that although ligand molecule prompts the emission

from the Ln(IIl) ions to some extent, it cannot be used as an antenna molecule owing to the



incomplete transfer of electrons from its triplet state to the excited state of Ln(III) ions. This
justification is further supported by theoretical calculations (TDDFT) performed on the ligand
molecule. Conclusions and perspectives of the thesis are presented in Chapter 6. Overall, my
research intends to portray the design strategies of the ligand and associated coordination
compounds for desired application by meticulous selection of the organic functionalities and/or

metal ions following the concept of “crystal engineering”.

Keywords: coordination polymers, Metal-Organic Frameworks (MOFs), fluorescence
titrations, metal-ion sensing, photoluminescence studies, x-ray diffraction, computational

studies.
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Résumé

L'idéologie selon laquelle la propriété d'un matériau est régie par sa structure est un concept
fondamental en chimie et dans les domaines connexes tels que la médecine, la biochimie,
lI'ingénierie et les sciences des matériaux. Suivant cette notion, nous avons concentré¢ nos
recherches sur la compréhension et la délimitation des facteurs concernant la relation structure-
propriété a I'aide de composés de coordination a base d'ions de métaux de transition et de terres
rares, qui ont ét¢ explorés pour les applications de détection d'ions métalliques et de
fluorescence. Le Chapitre 1 de la thése est l'introduction et la revue de la littérature ou nous
avons rendu compte de l'histoire des composés de coordination, de leurs stratégies de
conception et de leurs techniques de cristallisation. En outre, nous avons résumé certains
complexes métalliques de ligands d'amide secondaire (-CONH-) apparentés avec différentes
conceptions moléculaires et des ligands a base d'acide terphényltétracarboxylique, et discuté
des applications dans le contexte de ces complexes. Dans le Chapitre 2 de la thése, un nouveau
Co-MOF est exploré comme matériau de détection pour d'ions métalliques toxiques a l'aide de
titrages par fluorescence. De plus, des polymeres de coordination a base de Zn-MOF et de Ni
(IT), tous deux dotés d'une structure tridimensionnelle intrigante, ont également été synthétisés
et caractérisés. Dans le Chapitre 3 de la these, des polymeres de coordination 1D isostructuraux
de Cu(Il), Co(Il) et Zn(II) avec un ligand naphtaléne dicarboxamide différent différant par la
position de l'azote de la pyridine par rapport au groupe amide (-CONH- ) sont discutés. Ces
composés sont caractérisés par diverses techniques de caractérisation, par exemple : diffraction
des rayons X sur monocristal, spectroscopie de résonance magnétique nucléaire, spectroscopie
infrarouge, analyse thermogravimétrique, spectroscopies d’absorption UV-Vis et fluorescence.
De plus, I’'identification de 1’état chimique des ions métalliques et des environnements
chimiques de différents ¢léments de ces complexes est réalisée par spectroscopie XPS. Le
Chapitre 4 est un article de synthese sur les ligands pyridine mono- et dicarboxamide avec un
amide tertiaire ou un atome d'azote entiérement substitué. Ici, nous avons compilé diverses
conceptions moléculaires de cette classe de ligands et les avons regroupés en différentes
catégories en fonction de la position du cycle pyridine dans les molécules du ligand. De plus,
les complexes métalliques pertinents de chaque catégorie de ligand sont systématiquement
séparés en fonction de la dimensionnalité de leurs cadres de coordination. En outre, un exposé
sur la chimie de coordination des complexes métalliques et leurs applications est également
présenté. Le Chapitre 5 de la thése concerne la discussion sur les études de photoluminescence

de structures métallo-organiques isomorphes synthétisées a l'aide d'acide
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terphényltétracarboxylique avec des ions Ln(III). Dans cette recherche, nous avons étudié les
propriétés de photoluminescence a température ambiante des composés afin d’étudier I’effet
d’antenne du ligand. Les résultats ont montré que, bien que la molécule de ligand provoque
dans une certaine mesure I’émission des 1’ions Ln(III), elle ne peut pas étre utilisée comme
molécule d’antenne en raison du transfert incomplet des électrons du triplet a I’état excité des
ions Ln(IIl). La justification de cela est donnée a l'aide des calculs théoriques (TDDFT)
effectué sur la molécule de ligand. Les conclusions et les perspectives de la thése sont
présentées dans le Chapitre 6. Dans 1'ensemble, mes recherches visent a décrire les stratégies
de conception du ligand et des composés de coordination associés pour l'application souhaitée
par une sélection méticuleuse des fonctionnalités organiques et/ou des ions métalliques en

suivant le concept de “l'ingénierie cristalline”.

Mots clés : polymeres de coordination, cadres métallo-organiques, titrages par fluorescence,
détection d'ions métalliques, études de photoluminescence, diffraction des rayons X, calculs

théoriques.
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46, and c) unique coordination unit of the complex 48. (Note — Counter anions are not shown
in the coordination units of complexes 46 and 48. Oxygen atoms of water molecules in the
Figure 25b are shown in yellow, while hydrogen atoms are shown in blue.)

Figure 26 Pictorial presentation of a) coordination environment of Ni(Il) ion in the complex
49, b) nitrate ions showing monodentate coordination and ionic mode in the complex 50, ¢)
bidentate chelating mode of nitrate ions in the complex 51, and d) mono- and bidentate modes
of nitrate ions in the complex 53. (Note — Uncoordinated nitrate ions have been deleted for
clarity in the complex 49)

Figure 27 View of a) distorted square-pyramidal geometry of Cu(Il) ion in the complex 54, b)
2D hydrogen bonded network of 54 constructed by C—H'**O and C—H"*"F interactions involving
triflate ions and methylene groups, c) octahedral coordination of Cu(Il) ion in the complex 57,
and d) 2D hydrogen bonded network of the complex 57 involving triflate ions, and lattice and
coordinated water molecules. (Note — In all figures, chlorine atoms are shown in cyan and
fluorine atoms are shown in dark green colour. Lattice water molecules are shown in
maroon/violet colour in the Figure 27d.

Figure 28 View of a) octahedral environment of Cu(Il) ion in the complex 58, b) 3D hydrogen
bonded framework of 58 constructed by hydrogen bonding between the octahedral units and
the lattice acetonitrile molecules (violet colour), ¢) octahedral coordination of Cu(Il) ion in the
complex 59, and d) 2D hydrogen bonded network of 59 involving coordinated thiocyanate ions
and ethanol molecules.

Figure 29 View of a) distorted pentagonal bipyramidal geometry of UO>(IV) ion of the
complex 60, b) distorted mono-capped square antiprism environment of Eu(Ill) ion of the
complex 62, and c) centrosymmetric unit [La(NO3)3(L'?):] containing 12-coordinated La(III)
ion in the complex 64. (Note- Amide nitrogen atoms and substituted groups on it have been

deleted in the Figure 29b).
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Figure 30 Pictorial view of a) mononuclear unit of the complex 65 and b) 1D polymeric chain
(inset) of the complex 66, ¢) coordination environment of UO2(IV) ion in the complex 67, and
d) coordination environment of UO>(IV) ion in the complex 68. (Note- The counter-anions
have not been shown in the Figure 30c and 30d.)

Figure 31 View of a) distorted square-pyramidal geometry of Cu(Il) ions in the
centrosymmetric dimeric unit of the complex 69, b) tetrahedral geometry of Hg(II) ions in the
complex 71, c¢) semi-localized type Lp *m interactions among adjacent dimeric units of the
complex 71, and d) representative dimeric unit of the complexes 72-74 supported by semi-
localized type Lp*'m interactions.

Figure 32 View of a) tetrahedrally coordinated Hg(II) ion in the complex 75, b) ligand driven
1D coordination chain of the complex 75, c¢) square-pyramidal coordination environment of
Hg(II) ion in the complex 76, and d) 1D coordination chain involving bridged halide ions and
L'¢ molecules of the complex 76.

Figure 33 View of a) 2D sheet involving [HgClz]n and [Hg(L'7)Clz]a chains connected by CI-
bridges in the complex 78, b) 2D network containing edge sharing [Hg(L'")X2], units
connected by po-bridged L!'7 molecules in the complexes 79 and 80, c) ligand driven 2D
network of the complexes 81 and 82 containing ps-bridged L' molecules with no halide

bridges, and d) 2D framework of the complex 78 endorsed by mercurophillic interactions.

Figure 34 View of a) metallacycle of the complex 83 containing tetrahedrally coordinated
Hg(Il) ions, b) 2D sheet of stacked metallocyclic units in the complex 83, ¢) 3D hydrogen
bonding framework of 84 involving hydrogen bonding between water molecules and Cu(Il)
metallacycles, and d) hydrogen bonded tape motif with T6(6)4(4)4(3)4(3) type aggregation of
lattice water molecules of the complex 84. (Note- The oxygen atoms of water molecules are
shown in mustard colour in the Figure 34b, while it is yellow colour in the Figures 34c and

34d. Hydrogen atoms of water molecules are shown in orange colour).

Figure 35 View of a) centrosymmetric unit containing octahedral Cd(II) ion in the complex 85,
b) 1D coordination chain of the complex 85 containing GG-conformation of ligand molecules,
c¢) coordination unit containing tetrahedral Cd(II) ion in the complex 86, and d) 2D hydrogen

bonding framework of 86 involving C—H:--S interactions.

Figure 36 View of a) octahedral coordination environment around Co(II) ion in the complex

88, b) 1D coordination chains connected by short Sncs'**Omethanol contacts in the complex 88,
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c¢) octahedral geometry of Co(Il) ion in the complex 89, and d) 2D hydrogen bonded network

involving 1D coordination chains, nitrate ions and water molecules in 89.

Figure 37 View of a) 2D layered structured comprising zig-zag 1D chains of the complex 90,
b) octahedrally coordinated Co(II) ions in the cationic and anionic units of the complex 92, ¢)
hydrogen bonded 1D tape of anionic [Co(hmph)2(L*?)],>™ and cationic [Co(H20)4(L?*)]s>"" of
the complex 92, and d) 3D hydrogen bonded network of the complex 94 with a rare topology
(6%) (6°8).

Figure 38 View of a) 2D grid containing 14- and 24-membered macrocycles of the complex
95, b) 3D hydrogen bonded network comprising sandwiched SUL anions between 2D
coordination sheets in the complex 96, c¢) 2D coordination network with zig-zag arrangement
of bridged ligand molecules in the complex 97 and d) pyridine rings oriented out of plane

relative to mercaptoimidazoline moiety in the complex 97.

Figure 39 View of a) 2D framework of the complex 98 containing 60-membered Zna(L?!)s
rings, b) 2D coordination network supported by argentophilic and n---m interactions in the

complex 100, c¢) 2D framework of the complex 101 and d) 2D framework of the complex 102.

Figure 40 View of a) 2D framework of the complex 103 containing 14- and 24- membered
metallo-cyclic rings, and b) stacked 2D sheets showing AAAA type pattern.

Figure 41 View of a) centrosymmetric unit of the complex 106, b) 2D network comprising
Cd(II) ions bridged by p-1,3-azide ions, ¢) 3D framework involving 2D sheets of Cd(II) ions
connected by bridged trans-L?! molecules, and d) tetragonal prism channels cut off by Cda(N3)4
grids in the complex 106.

Figure 42 Pictorial presentation of a) bi-capped square antiprism coordination geometry around
Gd(III) ion in the complex 109 b) compression of M-L**bonds due to the substitution of phenyl
rings at 3, 5-position in the complex 111, c) elongation of M-L?® bonds due to substitution of
methyl groups at 2,5- position of phenyl rings of L* in the complex 112. (Note- The
mononuclear complex in Figure 42a is the representative unit of isostructural complexes of

Pr(I1I) (107), Nd(IIT) (108), and Tb(III) (110)).

Figure 43 View of a) 12-coordination geometry of La(Ill) ion in the complex 113, b) 10-
coordination geometry of Gd(IIl) ion in the complex 115, c) tetragonal pyramid geometry

around Cu(II) ion in the complex 117, and d) 7-coordinated Cd(II) ion in the complex 118.
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(Note- Tertiary nitrogen atoms of amide group and the respective substituents appended to it
have been deleted for clarity in the complexes 113, 116, and 118. Both the solvent molecules,

and the counter anions crystallized in the lattice have also been deleted.)

Figure 44 View of a) 8-coordination geometry of U(VI) ion in the complex 119, b) 12-
coordination geometry of Th(IV) ion in the complex 120, ¢) coordination environment around
La(Il) ion and the elongation of M-Lami¢ze bonds in the complex 121, and d) coordination
environment of Eu(IIl) ion and the compression of M-Lamide bonds in the complex 122. (Note-
The solvent molecules and counter anions crystallized in the lattice have been deleted for

complexes 119 and 120.)

Figure 45 View of a) centrosymmetric unit of the complex 123, b) dihedral angles between
amide planes, and between amide and pyridine planes in the complex 123, and c) representative

mononuclear unit of the complexes 124-128.

Figure 46 View of a) cationic unit [Cuz(phtH)2(L**)2(H20)4]"? containing L** molecules
oriented in U-conformation, and b) 2D network of tubular channels formed by hydrogen

bonding between neighbouring cationic units in the complex 129.

Figure 47 View of a) repeating centrosymmetric unit of the complex 130, b) orientation of
pyridine ring w.r.t amide plane, and c¢) 1D coordination polymer containing bridged L

molecules between Cu(Il) paddlewheel units.
Chapter- 5

Figure 1- View of a) ORTEP representation of asymmetric unit of the compound 1, b) Ho(III)
paddlewheel units connected by bridged ps-L ions to form 4- and 8c nodes, 3) polyhedral

presentation of three-dimensional framework down the c-axis, and d) 4,8-c bi-nodal net.

Figure 2- Showing characteristic emission bands of L1, and Ln(III) ions in all complexes.
Figure 3- Simplified scheme showing the photosensitization of Ln(II) ions in the compounds
1 and 4 by L1 molecule, with associated photophysical phenomenon. (IC — Internal conversion,

ISC — Intersystem crossing, ET — Energy-transfer/Photosensitization, BT- Back transfer of

energy)

Figure 4- Colour coordinates of compounds 1-4 in the CIE 1931 color space.
Annex- 1: Supplementary Information of Chapter 2 (Article 1).
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Figure S1- Comparison of PXRD pattern of asynthesized 1 and patterns recorded after exposing

the MOF (1) to different metal ions solutions with the simulated pattern.

Figure S2- Comparison of PXRD pattern of asynthesized 2 and its simulated pattern.
Figure S3- Comparison of PXRD pattern of asynthesized 3 and its simulated pattern.
Figure S4- BFDH morphologies of .1, compound 1 and 2.

Figure S5- 'H-NMR of L1.

Figure S6- 3*C-NMR of L1.

Figure S7- IR spectra comparison of L1, H2BDC, 1 and 3.

Figure S8- IR spectra comparison of L1, L3, and compound 2.

Figure S9- a) ORTEP diagram of L1 at 30% probability, b) showing dihedral angle between

naphthalene and amide plane.

Figure S10- ORTEP diagram of compound 1 at 30% probability.
Figure S11- ORTEP diagram of compound 2 at 30% probability.
Figure S12- ORTEP diagram of compound 3 at 30% probability.
Figure S13- Thermal stability curve of compound 1, 2 and 3.

Figure S14- Electrostatic potentials mapped on electron iso-density surface at 0.01 au. MEP

plot a) for L1, and b) compound 1.

Figure S15- Quenching of fluorescence intensity of 1 by Cu*?, Fe*?, Pb*2, Cd*2, Co*?, and Cu*

ions.

Figure 16- Emission spectra and the corresponding Stern-Volmer plots of 1 in different a) Ru*,

b) Fe™ and ¢) Hg™ concentrations in DMF.
Figure S17- Quenching of fluorescence of 1 by Ni*2, Be*2, Mn"2, and Zn*? ions.

Figure S18- Showing the comparison of fluorescence quenching of 1 with a) different Fe(III)

and b) Cu(II) salts.

Figure S19- Illustrates negligible change in fluorescence intensity upon the addition of ClO4’,

SCN-, and Br ions.
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Annex- 2: Supplementary Figures of Chapter 3 (Article 2).

Figure S1- Comparison of PXRD pattern of asynthesized compound 1 with the simulated

pattern.

Figure S2- Comparison of PXRD pattern of asynthesized compound 2 with the simulated

pattern.

Figure S3- Comparison of PXRD pattern of asynthesized compound 3 with the simulated

pattern.

Figure S4- BFDH morphologies of L1, compound 1.

Figure S5- Diffraction data plots showing weak diffraction from the crystal at higher angles.
Figure S6- 'H-NMR of L1.

Figure S7- 3*C-NMR of L1.

Figure S8- ORTEP diagram of L1 at 40% probability.

Figure S9- Showing the dihedral angle between pyridine and naphthalene ring planes of L1.
Figure S10- ORTEP diagram of compound 1 at 40% ellipsoidal probability.

Figure S11- ORTEP diagram of compound 2 at 40% ellipsoidal probability.

Figure S12- ORTEP diagram of compound 3 at 40% ellipsoidal probability.

Figure S13- Supramolecular synthons generated in a 2D sheet and 3D hydrogen bonded

framework of compound 1.

Figure S14- XPS spectral peaks for compound 2.
Figure S15- XPS spectral peaks for compound 3.
Figure S16- EDS spectra of compound 2.

Figure S17- EDS spectra of compound 3.

Figure S18- Thermogravimetry curves for L1 and 1-3.

Figure S19- Energy gap between excited and ground states of compounds 1 and 3.

Annex- 3: Supplementary Figures of Chapter 5 (Article 4).
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Figure S1- IR spectra of L and compounds 1-4 .
Figure S2- ORTEP representation of compound 2 at 30% ellipsoidal probability.
Figure S3- ORTEP representation of compound 3 at 30% ellipsoidal probability.
Figure S4- ORTEP representation of compound 4 at 30% ellipsoidal probability.
Figure S5- Absorption spectra of L1 and compounds 1-4.

Figure S6- Simplified scheme showing the photosensitization of Ln(III) ions in the compounds

2 and 3 by L1 molecule, with associated photophysical phenomenon.
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1.

Introduction

By the International Union of Pure and Applied Chemistry (IUPAC) definition [1] a
coordination complex/compound is best described as a coordination entity: ‘an
assembly consisting of a central atom (usually metallic) to which is attached a
surrounding array of other groups of atoms (ligands)’. In inorganic/ coordination
chemistry, the central atom is a metal ion and the ligand is: ‘the atoms or groups joined
to the central atom’ [1al.

The field of coordination chemistry has flourished after the seminal work of Alfred
Werner in 1893 [1b], who described the octahedral coordination sphere of Co(II) ion in
the complex [Co(NH3)s]Clz and thus established the basis for the illustration of

coordination environments using polyhedral shapes.

1.1 Classification of coordination complexes

Coordination complexes can be classified into three categories based upon the

dimensionality (Scheme I) [2]

Zero-dimensional coordination complexes- This category includes the mononuclear or
dimeric complexes, in which extension to higher dimension is brought about by
hydrogen bonds and other non-covalent interactions such as metallophillic, n--n, C-
H---m, halogen bonding etc.

Coordination polymers- These are crystalline materials comprised of infinite one-
dimensional chain constructed from metal ion nodes coordinated to bridged organic
struts. Extensions to higher dimensions can be achieved by various non-covalent
interactions.

Coordination network solids- These are crystalline materials in which bridging of
ligands (bridging) between metal centres leads to two- and three-dimensional
coordination compounds.

Metal organic frameworks (MOFs)- MOFs are the subclass of coordination network
solids that own a special status of being porous 2D or/and 3D networks in which carbon
containing ligands bridged among mono-nuclear, polynuclear or 1D coordination

entities.
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Scheme I- Classification of coordination complexes [2]

1.2 History of coordination polymers and MOFs

The term “Coordination polymer” was coined by J. C. Bailar in 1967 after he drew a
comparison between organic polymers and a class of inorganic coordination
complexes, which he called “coordination polymer” [3]. In this exceptional piece of
work, he has described and established a set of rules to synthesize coordination chain
compounds. Since then, coordination polymers have lured the interest of researchers
owing to their fascinating framework structures and applications in the fields of
luminescence, catalysis, nonlinear optics (NLO), magnetism etc. [4-6], and the
fundamental chemistry and physics behind them. Various properties such as electrical,
optical and magnetism of coordination polymer have a direct relation to their chemical
composition i.e the type of metal ion and organic ligand, electronic environment, and
framework structure [7]. In contrast to coordination polymers (CPs), the interest in
porous coordination complexes also known as MOFs started around 1990 following
the seminal work done by Hoskins and Robson [8].

In their research work, they have discussed the formation of a range of stable and
crystalline microporous solids synthesized using structure-directing agents. They also

have given an account of gas sorption, catalytic properties etc., which further allowed



post-synthetic modifications in the existing MOFs. The field of MOF got actual
attention in the year 1995 by Yaghi et al. [9], where sorption properties of a layered
Co(II) MOF was shown. Following this, syntheses of MOF-5 [10] have revolutionized
the field. The feature that makes MOFs special over CPs is their highly porous nature
together with large internal surface area [11-12] and the presence of pores/open spaces
that grants them widespread properties. These features make them suitable materials
for catalysis, gas storage, drug delivery, gas vapor separation, lithium-ion batteries,

water treatment, and carbon dioxide capture applications [13].

1.3 HSAB principles

The compatibility between metal ion and the donor atom of ligand is an important
parameter that decides whether an extended coordination framework could be formed
or not. For instance, Ln"™ and Zr** prefers to bond linear ligands that contain oxygen
as a donor atom. In contrast, transition metal ions such as Ni*?, Co™, Cu*?, Zn™ etc.
are capable to coordinate to ligands whether linear or/and chelating containing
oxygen, nitrogen, and sulfur atom. Why these ions have versatile coordination
potential than trivalent lanthanide ions? Why zirconium and lanthanide ions prefer
oxygen atom? These questions could be explained considering the acidic and basic
behavior of both metal ion and the ligand donor atoms, respectively. In 1963, R. G.
Pearson qualitatively gave generalized correlation between Lewis-acid (metal ions)
and Lewis bases (N, O, S etc.) and classified them as hard and soft based on the Hard
and soft Acids and Bases principles [14]. According to HSAB, Class ‘a’ acids prefer
to bind to Class ‘a’ bases, while class ‘b’ acids prefer to bind to ‘class b’ bases. Class
‘a’ acids also known as Hard Acids are small, less polarizable metal ions in higher
oxidation states that forms stable complexes with ligands whose donor atoms are Hard
Bases i.e elements that are small, highly electronegative and not polarizable.
Conversely, Class ‘b’ acids also called Soft Acids are metal ions having large ionic
radius, low oxidation state and easily polarizable in nature prefers to bind Soft Bases
1.e the elements (donor atom) that have large ionic radius, less electronegativity and
are highly polarizable. Between these two extremes, there are some metal ions and
non-metals that have intermediate properties for example lower charge and larger size
than hard acids and higher charge and smaller size than soft acids. Table 1 shows some
examples of of metal ions and anions/ligand species (in terms donor element)

classified based on Hard and Soft criteria.



Table 1 — Classification of Hard-Soft acids and bases [14].

Hard Acids and Bases
(Class ‘a’)

Borderline Acids and Bases

Soft Acids and Bases
(Class ‘b’)

Acids - Na*, Fe™, Co®, Ln™
(Lanthanide ions), Zr™, Al

Ti™, Cr™

Acids - Fe™, Co™, Ni'?,

Cu™, Zn™, Ru®, Ir"

Acids - Cu', Pb™, Cd7?
Hg'?, Pt Ag’

Bases — COO", NH3, H»O,
ROH, OH, F, CI, NO;*,
C032', PO43', ClOy4

Bases — Pyridine, CsHsNH>,
N2, N3°, NO>", Br, SOz, SO3
2 NO*

Bases — Benzene, ethylene,
CO, CN-, S*, RS, SCN,
RSH, R3S, I

1.4 Design strategies of CPs and MOFs
1.4.1 Building blocks- The building blocks viz. metal centers/connectors and organic

ligands/linkers are the building bricks that self-assembles in a predetermined way to

construct infinite one-, two-, and three-dimensional coordination frameworks depending

upon the coordination geometry of the metal ions and the donocity of the ligand

molecules [15].

a) Metal ions or connectors — Metal ion has a great impact on the self-assembly process

as it directs the coordination of ligand molecules in the crystal lattice. Thus, it affects
the dimensionality of resulting coordination framework. The metal ion should have
compatibility with the donor atoms of linker in terms of HSAB principles and must
have vacant or labile coordination sites that can accommodate linker molecules to
form a coordination network. In addition, the factors such as size, coordination
geometries and crystal field effects of metal ion are also important. Most widely used
connectors in the synthesis of CPs and MOFs correspond to transition metal ions
owing to their coordination flexibility and versatile coordination geometries. These
geometries are related to coordination numbers (CN): for instance, coordination
number 2 can be named as linear and coordination number 7 as pentagonal-
bipyramidal geometry. Different coordination geometries and corresponding
coordination numbers are listed in Scheme III.

Frequently used transition metal ions are Cu*, Ag®, Cu™?, Cd™, Zn*?, Hg"? and Ni*2.
Among these, Cu”, Ag’, Zn"?, and Hg"? ions are labile and thus display coordination
flexibility. For example, Cu’ display tetrahedral or trigonal geometries whereas

tetrahedral, square pyramidal or trigonal-bipyramidal, and octahedral geometries are



b)

observed for Zn"? ion, depending on the reaction conditions i.e. solvent, counter anion
and ligand used. Labile metal ions are often helpful in obtaining crystallized products
due to the rearrangements i.e. reversible bond breaking/formation between metal ion
and ligand molecule in the initially formed kinetic product to give a final
thermodynamically favored product. In contrast, metal ions such as Ni*? and Cu*? stick
to square planar and octahedral geometries (also square planar and square pyramidal
due to Jahn-Teller distortions), respectively. Besides transition metal ions, lanthanide
ions (Ln*®) with high coordination numbers from 7 to 10 can be used to construct
variety of coordination networks with interesting network topologies. The advantage
of using Ln" ions in coordination compounds especially MOFs is that coordinatively
unsaturated vacant sites can by generated by the removal of coordinated solvent
molecules that can be used for adsorption, sensing, and catalytic applications [16].

Organic ligands or struts — These are rigid bridging units that forms connections
between metal centers. Rigidity of organic ligands means prohibition of orientation
freedom of the lone pairs on donor atoms. For instance, in 4,4’-bipyridine molecule,
rotation about C-C bond does not affect mutual orientation of lone pairs on nitrogen
atoms of pyridine rings. Besides, the rigidity could be attributed to absence of linkages
containing sp” oxygen or sp> carbon atoms or both about which the molecule can bend.
Apart from the rigidity, the bridging nature of ligand molecules, donocity (number of
donor sites) and divergent character is required for possible infinite expansion of the
framework. Most common ligand molecules used are neutral in nature with N-, O- or
S-donors. The final topology of the coordination framework is dependent upon the
shape (symmetric or chiral), length (number of carbons between donor atoms) and
functionalities (aliphatic and aromatic backbones, presence of hetero atoms etc.) of
the ligand. Scheme II summarizes the different types of organic linker that are often

used in the fabrication of CPs and MOFs [15-16].
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Scheme II — Examples of the ligand molecules used to synthesize coordination
networks [15-16].
Sometimes counter ions forms bridges between adjacent metal centres to form anion
driven coordination chains. Thus, they can help in extending the dimensionality of
ligand driven coordination chains formed by bridging organic linkers. Most common
anions that form bridges are halide ions viz. F, CI', and I". Some ions such as NOs3,
ClO4, CF3SO™ etc. including halide ions can also direct the self-assembly of
coordination complexes through hydrogen bonding. The counter ions or anions help in
stabilization of the positive charge on metal ion either by coordination (such as halide
ions) or by crystallizing as free anion (perchlorate, benzoate etc.). Furthermore, co-
crystallized solvent molecules can also affect self-assembly process through hydrogen
bonding. In case of MOFs, these molecules grant porosity to these materials by filling
up the vacant spaces as space fillers between the polymer constructs and protects the
framework from collapsing. The solvent molecules can then be removed once a final
stabilized network is formed.
1.5 Motifs and dimensionality
Motif is a unique pattern formed by organization of connectors and linkers in the
crystal structure. Depending upon on the connectors and linkers used, self-assembly
of these building blocks process can lead to coordination network of various

dimensionalities: 1D, 2D and 3D frameworks. Simplest representation of principal



components with which the overall framework is constructed by self-assembly process

is shown in scheme III [17]
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Scheme III — Metal nodes and organic linkers used for the construction of
coordination networks [17].

It is worth mentioning here that when the ligand/linker is linear, it is the metal centre
(node) that determines the dimensionality of final coordination network: for instance,
if the metal node is coordinated to two organic linkers, then an infinite 1D chain with
alternate metal and ligand units is generated; a two dimensional sheet can be obtained
if a metal node is coordinated to three or four linker molecules; three dimensional
architectures can be obtained using the above combination but with higher
coordination number (CN) of metal ion (CN: 4-6). Owing to the huge choice of metal
ions with coordination diversity and variety of synthesizable organic ligands, a lot of
different one-, two- and three-dimensional coordination architectures with complex
topologies are possible (Scheme IV). To illustrate the better overview of design
strategies of CPs and MOFs and the resulting motifs, we present herein the systems
constructed using different types of connectors (with different geometries) and linear

linker due to their simplicity [15].
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Scheme IV — View of different motifs constructed using linear likers with different types of

connectors [15].

1.6 Synthetic routes for the synthesis of coordination polymers and MOF's

As mentioned previously, the design strategy involving the understanding of
building blocks viz. functionality of multi-dentate organic linkers and metal
coordination environment works well to predict the dimensionality of self-
assembled network and associated topologies. However, the kinetics of
crystallization involving the interactions between building blocks sometimes affects
the appropriate nucleation and growth of the desired phase which in turn influences
the structure of final self-assembled network. It is worth mentioning that besides
coordination bonds or bonds with different degrees of covalency between the metal
and the organic ligand, there are various non-covalent interactions that governs the
assembly of these units in a crystal. The understanding of these interactions aids in
predicting the way these molecules are arranged in a crystal lattice, which in turn
helps in designing new solid materials with desired physical and chemical properties
[18]. The ideology of “crystal engineering” [19] contains information on various

intermolecular interactions that direct the self-assembly process in the molecular



solids and, therefore, serves well in guiding the design strategy of a material with
desired properties [19].
From the above discussion, it is now clear that the understanding of crystal packing
of molecules and associated intermolecular interactions involved can help in
investigating the structure-property relationship of solid materials, but it is possible
only if these materials are crystallized into a highly ordered crystal system. The
crystal is then studied by single crystal X-ray diffraction (SCXRD), which is a
primary tool to see the actual structure of coordination complexes. It is important to
remember that with the same combination of a metal ion and an organic ligand,
different crystallization techniques could result in different products. The common
techniques that are used for the synthesis and crystallization of extended
coordination networks (1D, 2D and 3D CPs) and/or MOFs are presented in the sub-
sections 1.6.1 to 1.6.4 [15].
1.6.1 Saturation methods
In this technique, a solution containing mixture of reactants is heated to saturation in a
beaker or conical flask by increasing temperature. The beaker is then (partially) covered
and kept for slow evaporation which can result in crystals. The quality and the size of
crystals are dependent on the rate of cooling and on the rate of evaporation. This is a
conventional method of growing crystals of simple compounds or ionic crystals and
most of the time it is a successful technique in the synthesis of CPs.
1.6.2 Diffusion methods
Sometimes reaction between metal salt and ligand in a given solvent is so fast that
insoluble non- or polycrystalline products not suitable for diffraction studies are
obtained. Two diffusion methods are available that involve slow contact of reacting
species, which results in single crystals suitable for SCXRD. These methods are:
a) Solvent or Liquid diffusion. This method is generally used in cases where
an instant reaction between metal and organic ligand results in precipitation.
In this method, each reactant is dissolved separately in two different solvents
that are miscible to some extent. The solvent with the lighter density is then
layered on the high-density solvent. The slow mixing of these solvents can
then result in crystal formation at the interface because more time will be
available for the mixing of reactants and for the crystallization process to

get better quality crystals.
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b) Vapour diffusion. This method is used when the precipitate of metal
complex is soluble in high density solvent such as DMF, DMSO etc. In this
method, the powder product is dissolved in one of these solvents in a vial.
This vial is then kept in a closed vessel in which vapours of low-density
precipitant solvent are made to diffuse, resulting in crystal formation.

1.6.3 Hydrothermal/Solvothermal synthesis

In this method, the reaction between the metal salt and ligand takes place in

closed vessels, for example, a capped dram vial or a bomb vessel under high

pressure above the boiling point of the solvent in a temperature range of 120-

150 °C. This method is mostly used for the synthesis of MOFs. The concept of

high-temperature synthesis of these materials i.e. solvothermal and

hydrothermal conditions, use of modulators or mineralizers, and microwave-

assisted synthesis comes from their analogy with porous zeolites [20].

It should be noted that when water is used as synthesis medium then the reaction

is called hydrothermal synthesis, while use of solvent other than water is

solvothermal synthesis. In general, polar aprotic solvents viz. DMF, DMA, DEF

etc. (N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMA), N,N-

diethylformamide (DEF)) are often used in solvothermal synthesis because: 1)

at room temperature they keep the reactants far apart owing to their high

dielectric constant values thus limiting the chance of precipitation, 2) at high
temperatures (above 120 °C) they generate an amine base that deprotonates the
ligand molecules (especially carboxylic acid) to facilitate the formation of
metal-organic complex, and 3) they keep the solution clear by dissolving all

reaction components at higher temperatures to promote crystallization.
1.6.4 Other methods

These methods are: microwave, mechano-chemical, and ultra-sonication
methods, which are used to improve the solubilities of reactants (by
pulverization of particles to mm/nm levels) and to facilitate suitable reaction
rates of kinetically inert systems. By optimizing the reaction conditions, a single
crystal can be obtained in microwave synthesis.

Although these techniques illustrate better energy efficiency and a considerable

reduction in reaction time, the main drawback is that the nano-sized crystals
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obtained by these techniques do not diffract on the SCXRD machine.
Conversely, they can be used in bulk synthesis of the compounds.
1.7 Structure property relationship
The ideology that structure and composition of a material reflects its properties is an
important conception in chemistry and material sciences. For instance, properties
like magnetism, catalysis, luminescence, adsorption etc. can be depicted by looking
at framework structure and their associated components viz. type of the metal ion
and organic ligand used. For example, a given material can show magnetic
properties (paramagnetic, ferromagnetic, antiferromagnetic etc.) if it has transition
metal ions with partially filled d-orbitals or trivalent lanthanide ions with partially
filled f-orbitals. Likewise, luminescence properties from the material can be
expected if it has highly conjugated system of aromatic rings and/or aliphatic chains,
or luminescent trivalent lanthanide ions in its structure. These luminescent materials
can be used as sensitizers, catalysts in the photodegradation of dyes, sensing probes
in fluorescence sensing applications etc. [21-22].
Highly porous materials like MOFs are primarily used in gas adsorption, voc
(volatile organic compounds) and toxic metal ions adsorption applications [23-24],
but depending upon the metal ion and organic ligand present in the framework they
can explored for diverse applications [25-27].
1.8 Pore tuning/modification in MOFs

The potential application of MOFs in the gas adsorption-separation applications is
directly related to the pore size and porous surface area. These materials are so
fascinating that even few grams of them have the surface area that could exceed the
surface of a football ground [28].
Based on the pore size they can be classified into [29-31]:

a. Micro-porous — pore diameter is < 20 A.

b. Meso-porous — pore diameter lies between 20-500 A.

c. Macro-pores — pore diameter is greater than > 500 A.
Besides MOFs, there are other classes of micro-porous inorganic materials known
as zeolites or aluminosilicates containing Na* or K" ions in the cavities, which are
also being used industrially as cation exchangers, selective catalysts and moisture

absorbents or deodorizers [32a].
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Although zeolites are cost effective, stable and have good adsorption capacity, lack
of structural diversity (low pore size and pore geometry) and hence pore tuning to
accommodate molecules with steric preference restricts their application.
Conversely, the structure of MOFs and hence the pore size could be modulated
hierarchically using different organic struts varying in length while maintaining the
structure prototype (i.e the ligand connectivity and the over contour of the pore)
thanks to the development of efficient methods of organic synthesis that permit the
synthesis of analogous organic building blocks differing in overall length. The
modulation of the pore size and hence the overall surface are of the compound could
be studied using BET technique. BET stands for Brauner-Emmett-Teller, a model
that assumes multi-layer adsorption of the inert gas specifically nitrogen gas on the
surface of porous sample to determine the specific surface area including pore size
measurement. In this method, the physisorption of the gas is depicted as a plot of the
amount of gas adsorbed on the surface of the sample as a function of the relative
pressure of the gas. The surface area of the sample obtained is expressed in m?/g
[32b].

In the MOF chemistry, a series of structures with the same topology but different
pore sizes constructed using different derivatives of organic struts differing in length
are called isoreticular MOFs. The initial work on the synthesis of isoreticular MOFs
was pioneered by Yaghi et al. [30], in which a series of MOFs called IRMOFs were
obtained by the coordination of BDC, BPDC, PDC, and TPDC linkers (defined in
abbreviation section) differing in length to zinc oxo-cluster viz. Zn4O(CH3COO)s to
give IRMOF-1, IRMOF-10, IRMOF-14, and IRMOF-16, respectively. It was
observed that the pore diameter was transformed gradually from 3.8 A to 28.8 A
without any change in shape of the pore, which in this case was cubic (Figure 1).

In another work, MOF-399 isoreticular to HKUST-1 [33] was prepared by Yaghi et
al. [34]. Both were constructed using the unique building unit comprising
paddlewheel Cux(CO»)4, and triangular viz. BTC anions in HKUST-1 and BBC
anions in MOF-399, respectively, to yield a non-interpenetrated 3D framework with
tbo topology. It was observed that inner diameter of the pore was increased from
11.1 A in HKUST-1 to 43.2 A in MOF-399 and the void volume was changed from
72% to 94% (Figure 1).
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Figure 1 — Change of pore diameter with the variation in the length of organic

linkers [30, 33-34].

1.9 Activation of MOFs and classification

MOFs have been studied extensively for their gas adsorption and separation
potential, but these materials could be used for such applications only if the
entrapped solvent molecules (used during synthesis) are completely removed from
the cavities without affecting the ruggedness of the framework to result in permanent
porosity [35]. The process of isolating porous crystalline solids with accessible pores
upon the removal of adsorbed solvents and other guest molecules is called activation
of MOFs. However, most of the times the activation of MOFs result in the materials
with low crystalline and collapsed pores following the solvent exchange and vacuum
drying at certain temperatures. The rationale for this fact is that the coordination
bond strength cannot withstand with the surface tension and capillary forces brought
about by adsorbed molecules while transiting from liquid-to-gas phase [36]. There
is an alternative way available to activate fragile MOFs using supercritical carbon
dioxide (SCO) which involves its transition to gas phase under reduced pressure
with minimal capillary forces exerted on the MOF framework [37]. Besides,
sequential washing with low boiling solvents followed by activation under nitrogen

flow could also results in the activation of MOFs.
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On the contrary, not all MOFs are stable upon the removal of solvent molecules i.e.

their framework collapses and thus cannot be use in adsorption applications. Based

on the stability of the framework after the solvent evacuation, MOFs have been

classified as follows [38-39]:

a. 1% generation MOFs — These are micro-porous materials that show permanent
decomposition of their framework following the removal of solvent molecule,
yielding an amorphous solid. Besides, in some MOFs porosity is regained during
the adsorption of guest molecules.

b. 2" generation MOFs — These materials have rigid framework; retain permanent
porosity on the adsorption/desorption of the molecules of interest.

c. 3" generation MOFs — This class represents the present-day MOFs, which shows
reversible deformation of their frameworks relative to external stimuli. This
means that they can flexibly tune their pore size while keeping the crystalline
nature. This dynamic character is not seen in zeolites, making MOFs versatile
materials to be used in various applications such catalysis, adsorption-

separation, toxic metal ion sensing etc.

1.10 Analytical techniques for the characterization of organic and

coordination compounds
1.10.1 Single crystal X-ray diffraction (SCXRD)
SCXRD is a non-destructive analytical tool, which gives a photograph of
internal crystal lattice (reciprocal lattice) of a single crystal. Important
information related to the crystal such as bond lengths, bond angles, unit cell
dimensions, type of unit cell etc. can be obtained with precision [40]. Crystal
lattice contains well-ordered sites called lattice points that are occupied by
atoms and can diffract X-ray, thus specific crystal structure information can be
obtained. X-ray diffraction is the result of constructive interference of
monochromatic X-rays diffracted from the crystalline sample. The constructive
interference takes place when the interaction of incident rays with the crystal
sample satisfies Bragg’s law, which is presented by equation 1 as-
(nd = 2dsin6) (equation 1)

The Bragg’s law is a mathematical expression that relates wavelength of
incident radiation with diffraction angle ‘sinf’ and interplanar spaces ‘d’ in the

sample. The diffracted rays or reflections from the lattice points produce a

14



15

characteristic diffraction pattern, which is then detected and processed to get
information about the spatial arrangement of atoms. Each reflection is
designated by miller indices ‘hkl’ that indicate its position in the diffraction
pattern. The X-ray single crystal diffraction (SCXRD) instrument is fabricated
based on this theory and comprises the emitter, goniometer, and detector. The
emitter is a cathode ray tube from which electrons are accelerated toward target
materials most common of which are molybdenum and copper to generate
MoK, = 0.71073 A and CuK, = 1.5154 A radiations, respectively. The sample
used for SCXRD is a single crystal of regular shape without cracks and
imperfections. A typical size of the crystal between 0.3 mm to 0.7 mm is
reasonable. Details pertaining to the diffractometer used for the single crystal
data acquisition of the compounds discussed in the thesis are given in the

experimental section of Chapter 2, 3 and 5.

1.10.2 Powder X-ray diffraction

As the molecular structure obtained from single crystal diffraction studies
corresponds only to the crystal used for analysis, the information about the
homogeneity of the bulk sample relative to same structure is obtained by powder
X-ray diffraction (PXRD). Powder X-ray diffraction is also a non-destructive
analytical technique that follows the principles of Bragg’s law and is used for
the identification of phase purity in bulk sample [41]. Besides, information
about lattice parameter, grain size, and interplanar spacing (Miller indices) can
also be obtained. The most common X-ray source used is usually copper. PXRD
differs from SCXRD in sample preparation and instrumentation. In contrast to
SCXRD where a single crystal is used, a finely grounded homogenous powder
sample is used in PXRD with a particle size less than ~10 um in diameter.
Another difference is that the data from SCXRD is a bit easy to interpret because
discrete diffraction peaks are observed in SCXRD whose positions can be
transformed into meaningful series of coordinates to recuperate the related
lattice dimensions, whereas powder sample tends to give continuous diffraction
rings due to the diffraction from randomly oriented crystallites or crystal planes,
which results in uncertainty in the data interpretation and thus needs different
fitting to the reference data (Joint committee on powder diffraction standards

database (JCPDS)) to obtain the final structure. Details pertaining to the
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diffractometer used for the powder data acquisition of the compounds discussed
in the thesis are given in the experimental section of Chapter 2, 3 and 5.
1.10.3 Infrared spectroscopy

Infrared spectroscopy is a technique utilized for qualitative analysis of different
functional group in a given material. The prerequisite for a molecule to absorb
IR radiations is that the bonds involved should have polarity or dipole moment.
The basic principle of infrared spectroscopy involves shining the sample with
IR radiations over a range of wavelengths and measuring the absorptions that
correspond to the vibration of different bonds in the molecules. The IR spectrum
spans 4000-600 cm! region of the electromagnetic spectrum and is reported as
plot of % transmittance vs. wave number. The IR region is further divided into
a functional group region (4000-1430 cm™) and a fingerprint region (1400-700
cm™), and the corresponding vibrations in these regions are specific to a given
compound [42]. Details pertaining to the IR spectrometer used in my research

is given in the experimental section of Chapter 2, 3 and 5.

1.10.4 CHN elemental analysis

CHN analysis is an analytical technique that provides a precise and accurate
measurement of the total carbon, hydrogen, and nitrogen percentage in a given
sample [43]. These percentage compositions can then be compared to
theoretical figures obtained from tentative structure in order to confirm whether
the desired product is obtained or not. In addition, the information about
additional solvent molecules, impurities etc. can also be obtained after careful
comparison of the results. This information is sometimes used to calculate
percentage yield of the product too. The elemental analysis involves
combustion of the sample to a gaseous form in the furnace at a temperature as
high as 1050 °C. The sample is combusted with the aid of oxygen gas and
undergoes further catalytic redox processes to convert C, H, and N to CO», H>O,
and N> gases. These gases are sent to a chromatography column with an inert
helium gas for separation followed by their detection. The carrier gas is helium
(99.99% purity) and the combustion gas is oxygen (99.99% purity). The
accepted accuracy of the results is < 0.4 — 0.5%. Details pertaining to the CHN
elemental analyzer used in my research is given in the experimental section of

Chapter 2, 3 and 5.
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1.10.5 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique used

to determine the structure of organic compounds and is based on the magnetic
resonance of atomic nuclei with nuclear spin quantum number I # 0 by the
interaction with externally applied radiofrequency in the presence of variable
magnetic field [44]. This interaction leads to exchange of energy resulting in
flip of nuclear spin to excited state. The NMR spectra provide valuable
information about magnetically equivalent nuclei, chemical environment
around a NMR active nuclei (electronegative or electropositive atoms),
functional groups in the molecule of a sample, coupling between nuclei, etc.
with the aid of chemical shift values obtained relative to a reference material
such as TMS (tetramethyl silane). The most common NMR analysis recorded
are 'H and '3C spectra because principal elements of an organic compound are
carbon and hydrogen whose nuclear spin values are I = 4. The integration of
peak areas in 'H-NMR gives information about the number of protons
producing a respective signal. '>C-NMR spectra gives information about
different types of carbon atoms in different chemical environment. Details
pertaining to the NMR spectrometer used in my research is given in the
experimental section of Chapter 2 and 3.
1.10.6 Thermo-gravimetric Analysis

Thermo-gravimetric analysis (TGA) is a technique that gives information about
physical and chemical phenomenon involved as a function of mass loss on
exposing the sample to an increased temperature [45]. These phenomena can be
vaporization, sublimation, desolvation and decomposition. The common use of
TGA involves characterization of material through its decomposition pattern,
study of degradation mechanism, determination of organic and inorganic
content of the sample. These processes are accompanied by sharp decline in the
thermogravimetric curve of the sample, which corresponds to loss of solvent
molecules, organic molecules etc. In case of MOFs, TGA can give valuable
information about its thermal stability that can be used during their activation.
Details pertaining to the TGA apparatus used in my research is given in the

experimental section of each of Chapter 2 and 3.
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1.10.7 Scanning electron Microscopy/Energy dispersive X-ray spectroscopy
Scanning electron Microscopy (SEM) is a technique used to produce the high-

resolution images of the surface of a sample to see the surface morphology of
the particles [46]. In the SEM analysis, very thin high-energy electron beam is
used to scan the surface of a particular region of the sample that is mounted on
a stub using a conductive adhesive material, which results in the generation of
secondary electrons, Auger electrons, characteristic X-rays, and other
microscopic particles. The secondary electrons usually come from 5-10 nm
deep of the surface, have low energy, typically 1-10 eV, and can efficiently
show the sample morphology. The SEM instrument is comprised of an electron
gun, magnetic lens system, a vacuum system and a detector for signal collection.
Most of the SEM equipment are equipped with Energy dispersive X-ray
Spectroscopy (EDS) analysis that enables surface mapping and semi-
quantitative analysis of the elemental composition of an area scanned of the
material. The EDS analysis differs from SEM with the fact that X-rays emitted
by sample are detected by an additional X-ray detector in contrast to secondary
electrons in SEM. Details pertaining to the SEM used in my research is given

in the experimental section of each Chapter 3.

1.11 Applications of CPs and MOFs

Prime interest in the synthesis of coordination polymers is the fabrication of
new functional materials possessing properties of both metal ion and ligand
molecule. Besides, the strength of coordination bond ranges from 50 kJ/mole in
pyridyl complexes [47] to 180 kJ/mole in carboxylate complexes [48] of
transition metal ions that makes these compounds appealing. Metal-organic
lattices grant numerous advantages over sole organic counterparts, such as the
periodic arrangement of alternate metal ions and ligand units, ordered
organization of organic linkers in the framework, better mechanical strength,
and the presence of catalytically active sites of metal ions. An attractive feature
of coordination polymers is the availability of 90° (in case of 2, 5, and 6 metal
coordination geometries) joints for constructing a polymeric network (in case
of two- and three dimensional) with macrocyclic boxes [49-51] where
interesting inter-play of non-covalent interactions between host-guest
molecules can be observed. The metal centers can be thought of as template

species that helps to organize and rigidify the organic ligand in a specific
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orientation that otherwise is not possible in a free ligand molecule. Furthermore,

coordination frameworks have numerous practical applications owing to the

delocalization of the electron densities over the framework, which otherwise are
concentrated on the unligated ligand molecules.

The popularity of these materials could be identified from different industrial

applications of some MOFs. For instance, MOF-5 adsorbent has been

commercialized successfully by TruPick in 2016 to limit the fruit ripening by
storing and immediately releasing 1-methylcyclopropene (1-MCP) into the air,

a competitive suppressor of naturally occurring ripening agent ethylene in fruits

[52]. Besides, MOF-5 is also used in a cylinder system called ION-X by NuMat
to store toxic dopant gases viz. arsine, phosphine, and boron trifluoride, which
are used to mount dopants in the manufacture of electronics [53]. Likewise,

HKUST-1 or Basolite C-300 by ‘Sigma Aldrich’ is used in stream crackers to

separate ‘C5 olefins from paraffin [54].

Although there is a colossal literature available on CPs and MOFs, and their

practical applications, we will present a few examples of CPs and MOFs

synthesized from ligands analogous to those we have used in our research. The
coordination compounds discussed below are based on:

1. Mixed-ligand coordination complexes of transition metal ions comprising
neutral ligands containing pyridine ring with secondary amide linkage
(Figure 2), and carboxylic acid ligands.

2. Lanthanide MOFs synthesized using terphenyl tetracarboxylic acid ligand.

The ligands used in the synthesis of coordination complexes reviewed here are

listed in Figure 2.

19



20

Amide based ligands Carboxylic acid ligands
N‘ e N o oM - i OY\/\/\(‘)
AN N i |
o @ il Sl = o o oH oH
N P 0
" t-1,4-H,cd i
3-pina hdn sede H,adp
N OH OH OH OH
I ] H o Z N & &
%Nﬁ RN Mf\/\/\,H < OJUKO J\Q/K
(o] z | H
N N~ o M
oy ek Hip H,hip
° Q o o Z g & i OH OH
NH HN H I
= N NSNS N N HO \ / OH o o
/A [ i
\ 7 = p o
N N N
3-bpah bbn Hytde 5-H,mip
O, OH
o
o Q o} o P HO OH
NH HN n s I Z OH I
] I\ Bl Bl 9 o
N =N N = "
4-bpah bbin 3,4-H,pdc 1,2-H,pda
o (o]
o ,—~ ©O ” & HO OH
KN /N -
SUH HAIG -0
N N= T 5
[e] (o]
4-bpfb 3-bpcb H,tpte

Figure 2 — List of analogous ligands used in the synthesis of coordination
compounds reported in the literature. Note: The protonated form of carboxylic acid
ligands is shown above.

For simplification, these complexes are classified based on their applications,
followed by a brief account on the molecular structure and the noteworthy results of

their applications.

1.11.1 Magnetism
A 3D coordination polymer {[Cux(t-1,4cdc)2(3-pina)>(H20)]-5H20}, (1) has two

different Cu(Il)/1,4cdc chain motifs comprising two isolated square pyramidal
Cu(II) ions (Cul and Cu2) in {Cuz02} dimeric units (Figure 3a ). These dimeric
units were linked together in a three-dimensional self-penetrated 4,6-connected
binodal net by 3-pina molecules (Figure 3b). Conversely, a simple three-
dimensional binodal 3,5-connected network was obtained in the complex [Cu(t-

1,4cdc)(3-pna)]s (2) containing isomeric 3-pna molecule [55].
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Figure 3 — View of a) chain motifs of {Cu20,} dimeric units of complex 1, b) three-
dimensional framework of complex 1, ¢) 2D layer of complex 2 comprising anti—
syn axial-equatorial bridged [Cu(OCO)], motifs, and d) 2D layers pillared by 3-pna
molecules to form a three-dimensional network in complex 2 [55]. (Note: t-1,4cdc
ions are shown in yellow and magenta colour while 3-pina and 3-pna are shown in
green colour).

The complex [Cu(t-1,4cdc)(3-pna)]. contains Cu(t-1,4cdc)]s layers comprising anti—
syn axial-equatorial bridged [Cu(OCO)]. chain motifs (Figure 3¢ ) that were pillared
by anti-conformation 3-pna ligands to yield a 3D network (Figure 3d). The variable
temperature magnetic studies reveal that the complex {[Cux(t-1,4cdc)2(3-
pina)2(H20)].5H20}, has weak anti-ferromagnetic coupling between Cu(Il) ions
within {Cu202} dimeric units with the values of characteristic parameters as g =
1.906(3), and J = —3.4(3) cm . Whereas the complex [Cu(t-1,4cdc)(3-pna)]s has
shown weak ferromagnetic coupling among Cu(Il) ions of dimeric units with the

values of g =2.01(1), J = 0.04(1) cm ™! [55].
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Figure 4 — View of a) hybrid three-dimensional network formed by non-
interpenetrated three-dimensional net and a two dimensional 7-connected slab of
complex 3, b) two-dimensional slab of complex 3, c¢) one-dimensional tape of
complex 4 containing adpA and adpB ions, and d) three-dimensional network of
complex 4 [56]. (Note: adpB molecules are shown in magenta colour while 3-pina
and 3-pna are shown in green colour).

In the similar study, Duca et al. synthesized two new Ni(Il) coordination polymers
using 3-pina and 3-pna molecules, and studied their magnetic behavior [56]. The
complex {[Ni2(adp)2(3-pina)>(H20)]-:2H20}, (3) was a 3D coordination polymer
(Figure 4a), hybrid of a non-interpenetrated three-dimensional net and a two
dimensional 7-connected slab with pillared (3,6) triangular topology (Figure 4b).
The molecular structure of complex 3 contains {Ni2(12-H20)(OCO).} dimeric units
in which octahedral Ni(Il) ions were linked to each other by a bridged water, and
exotetradentate adpA ions. These dimeric units were interconnected by major
disordered component of adpB molecules in a bis(monodentate) fashion together
with 3—pina molecules to form a 2-connected chain patterns resulting in a 3D cubic
type peu (primitive cubic) network (Figure 4a). Whereas the minor disordered
component of adpB forms a 3-connected pattern, which results in 2D slab (Figure
4b). The molecular structure of the complex {[Niz(adp)2(3-pna)2(H20)]-H20}, (4)
contains {Ni2(p12-H20)(OCO)>} dimeric units, bridged by a water molecules and

exotetradenate adpA and adpB ions to form a 1D tape (Figure 4c). These tapes were
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connected by 3-pna molecules to form a three-dimensional network (Figure 4d).
These two complexes were further studied for variable temperature magnetism
studies. Weak ferromagnetic coupling was observed among Ni(Il) ions in the
complex 3 with the values g = 2.034(7), J = 0.51(2) cm™'. On the contrary, anti-
ferromagnetic coupling with the values g=2.077(1), J=-0.36(1) cm ™! was observed

in complex 4 due to the change of the ligand molecule [56].

Mfﬁdﬁf
SRR,

ﬁ&@%ﬁ Y.

Figure 5 — View of a) 1D chain (inset) and two-dimensional grid of complex 5, b)
three- dimensional framework of complex 6 with octahedral Cu(Il) ions, and c)
three-dimensional framework of complex 7 with pecu topology [57]. (Note: ip and
hip ions are shown in light blue colour while 3-pina and 3-pna are shown in violet

and green colours, respectively).

The effect of pyridyl nitrogen donor disposition in dipyridylamide ligand and the
steric bulk of the substituent of the isophthalate aromatic ring on the final topologies
of Cu(II) based coordination polymers have been studied [57]. In this pursuit, three
Cu(Il) based coordination polymers were synthesized viz. [Cu(ip)(3-pna)l. (5),
{[Cu(ip)(3-pina)]-H20},(6), and [Cu(hip)(3-pina)], (7) differing in the position of
pyridyl nitrogen in the dipyridylamide molecule, and the type of isothalate anions
used. The bridging of exotridentate isophthalate anions among adjacent Cu(Il)

centers in the complex [Cu(ip)(3-pna)]n (5) has led to the formation of a one-
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dimensional chain of square-pyramidal [Cux(OCO).] dimeric units bridged by ip
anions (inset, Figure 5a). These chains were linked into a two-dimensional (4,4) grid
structure by bridged 3-pna molecules (4-connecting, Figure 5a). In contrast, a three-
dimensional network with eds (cadmium sulphate) topology was obtained in the
complex {[Cu(ip)(3-pina)]-H20}. (6) due to change in the position of nitrogen atom
in one of the pyridyl ring (Figure 5b). Furthermore a 3D network with pcu topology
was obtained in the complex [Cu(hip)(3-pina)], (7) using 3-pina ions (Figure 5c¢).
The complex 5 was chosen as a representative of these complexes for variable
temperature magnetism studies because all these complexes have same [Cu(OCO):]
dimeric units. The results display a weak anti-ferromagnetic coupling among Cu(Il)
ions in the dimeric units with the values of relevant characteristic parameters as J =
-0.96(1) cm™ and g =2.041 (1) [57]
1.11.2 Sensing/Detection
A one-dimensional chain comprising [Cd(tdc)(H20)], chain motifs (Figure 6a) was

constructed by  bridged chelating/monodentate tdc ions in  the

complex {[Cd(tdc)(hdin)(H20)]-H20}, (8) [58].
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Figure 6 — Pictorial depiction of a) 1D chain of octahedral Cd(II) ions of complex
8, b) two-dimensional grid of complex 8, and c¢) two-dimensional herringbone sheet
of complex 9 with (6,3) grid motifs [58]. (Note: tdc ions are shown in yellow colour

while hdin and hdn are shown in green colours.
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These one-dimensional chains were pillared into a two-dimensional (4,4) grid sheet
containing [Cd(tdc)(hdin)(H20)], motifs by hdin ions oriented in a gauche-anti-
gauche conformation relative to their six member aliphatic tethers (Figure 6b). On
the contrary, a two-dimensional herringbone sheet with (6,3) grid motifs was
obtained in the complex {[Cdx(tdc)2(hdn)(H20)4]-H20}, (9) with pentagonal
bipyramidal Cd(II) ions using isomeric hdn ions (Figure 6c). Here, the
hexamethylene tethers of hdn ions display anti-anti-anti conformation. These
compounds were tested for the detection of nitrobenzene in ethanol/DMSO. The
decrease in the emission intensity of these compounds on the addition of puL aliquots
of nitrobenzene was ascribed to electron transfer from pyridyl ring of hdin/hdn ions
to the LUMO of electron accepting nitro group. The values of quenching constant
‘K, obtained were 6.4x10° and 8.4x10° M™! for the complexes 8 and 9, respectively.
The relatively high value of the later was attributed to stacked, non-interpenetrated,

and non-interdigitated structure of the compound that permits best approach of the

analyte molecules for electron transfer [58].

1.11.3 Adsorption and Photo-degradation of dyes

a)

A Zn-MOF with the formula {[Zny(tptc)(DMF)3]-2DMF-2H>0} (10) was studied
for the photocatalytic application towards degradation of organic dyes viz. MB and

RhB [59].
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Figure 7 — View of a) binuclear {Zn2(CO>)s} molecular building blocks of complex
10 bridged by three carboxylate groups from three tptc anions, and b) three-
dimensional framework of complex 10 [59].

The molecular structure of the complex contains binuclear {Zn»(CO2)s} molecular
building blocks in which octahedral Zn(II) ions were bridged by three carboxylate
groups from three tptc anions (Figure 7a). These binuclear building blocks were

connected to each other by bridged tptc anions to form a 3D framework with
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elliptical channels of the dimensions 11.5x14.8 A% (Figure 7b). The overall topology
of the framework was of the type uninodal 4-c lonsdaleite (ion). This compound has
demonstrated a good degradation efficiency of 72.5% and 92.8% towards MB and
RhB, respectively, within 100 min. The associated rate constants calculated for the
photo-degradation using Langmuir-Hinshelwood model were 1.67x102 and
2.12x102 min™! for MB and RhB dyes, respectively [59].

Wang et al. reported a two-dimensional complex [Cu(4-bpah)(5-mip)(H20)]-H20 (

11) containing a 1D chain of square-pyramidal Cu(Il) ions,

a)

1D-chain of 5-mip ions

c)

Arched 3-bhap molecules Cuon
Figure 8 — View of a) one-dimensional network formed by 5-mip and Cu(II) ions in
complex 11, b) two-dimensional (4,4) grid framework of complex 11, c) one-
dimensional meso-helical chain containing arched 3-bpah molecules in complex 12,
and d) two-dimensional (4,4) grid framework of complex 12 with different
orientations of 5-mip ions relative to complex 11 [60]. (Note: 5-mip ions are shown
in magenta colour while 3-bpah and 4-bpah are shown in green colour).

fabricated by 5-mip ions bridged in a bis(monodentate) mode between adjacent
metal centers (Figure 8a) [60]. On the other hand, bridging 4-bpah molecules forms
a left helical 1D chain with Cu(II) ions. These two different chains further weave an
undulate 2D (4,4) network (Figure 8b). Likewise, a 2D (4,4) grid framework
differing in the orientation of 5-MIP ions along with arched arrangement of 3-bhap
molecules in the 1D meso-helical chain (Figure 8c and 8d) was obtained in the
complex [Cu(3-bpah)(5-mip)]-2H>0 (12) synthesized using 3-bpah ligand. These

complexes were tested for their photo-catalytic activity towards dye degradation
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using methylene blue (MB), rhodamine (RhB) and methyl orange (MO) dyes. The
results illustrate that 65-80% catalytic efficiencies were obtained in 240 minutes

using these complexes [60].

b)

Cu1
=13

d)

Figure 9 — View of a) two-dimensional network of complex 13 comprising two
different Cu(Il) ions, b) three-dimensional framework of complex 13, c) two-
dimensional network of complex 14 comprising two different Cu(Il) ions complex
14, and d) three-dimensional framework of complex 14 [61]. (Note: 3,4-pdc ions are
shown in light blue and magenta colour, whereas 3-bbn and bbin molecules are
shown in green colour).

The complex [Cua(3,4-pdc)4(bbin)(H20)4].8H20}n (13) has two crystallograhically
independent square pyramidal Cu(II) ions, connected to each other by exotridentate
(3-connected) 3,4-pdc ions in a two-dimensional layer motif  [Cus(3,4-
pdc)4(H20)s]n (Figure 9a) [61]. These layers were aggregated by exotetradentate (4-
connected) bbin ligands into a non-interpenetrated 3,3,4,5-connected three-
dimensional coordination network (Figure 9b). While in complex [Cux(3,4-
pdc)2(bbn)(H20)2].7H20} s (14), a non-interpenetrated 3,3,4 connected tri-nodal
network was formed by bridged exotetradentate 3,4-pdc anions (Figure 9c) and
bis(monodentate) bbn molecules (Figure 9d). These compounds were explored for
their photocatalytic dye degradation using “Congo Red” and hydrogen peroxide.
The results illustrate a 99% degradation of the dye using complex 13 after 120 min

elapsed time, whereas it was 92% for complex 14 after 120 min [61].
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Dimeric units of Cu(ll)
Figure 10 — View of a) two-dimensional of complex 15 comprising bridged 1,2-pda
ions, b) three-dimensional framework of complex 15, c¢) dimeric units of Cu(II) ions
formed by bridged 1,2-pda ions and 3-bpcb molecules, respectively in complex 16,
and d) two-dimensional network of complex 16 [62]. (Note: 1,2-pda ions are shown
in light pink colour, whereas 3-bpcb and 4-bpfp molecules are shown in green
colour).

In another work, Wang et al. reported two coordination polymers of Co(Il) and
Cu(II), [Co(4-bpfp)o.s(1,2-pda)(H20)] (15) and [Cu(3-bpcb)(1,2-pda)]-2H20 (16),
respectively, using bpfp and 3-bpcb ligands [62]. The complex 15 containing
octahedral Co(II) ions was a three-dimensional coordination polymer, constructed
by bridged tridentate 1,2-pda ions (3-connected linkers) that connect Co(II) centers
(4-connected nodes) into a two-dimensional coordination sheet (Figure 10a). These
two-dimensional sheets were linked to each other by bridged bpfp ligands to form a
three-dimensional network with a 3,4-connected topology (Figure 10b). The
complex 16 was also a two-dimensional coordination polymer with Cu(Il) ions in a
trigonal-bipyramidal geometry. The two-dimensional framework was formed
because of the dimeric units of Cu(Il), which were absent in Co(II) complex (Figure
10c). These dimeric units were linked to each other by 1,2-pda anions and 3-bpcb
molecules (bridging bidentate) to form a 3,5-connected two-dimensional network

(Figure 10d). These complexes were studied for their adsorption capacity towards
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organic dyes such as Congo red, Methyl orange etc. The results illustrate that the
Co(Il) complex was a better adsorbent for these dyes than Cu(Il) with good
selectivity towards Congo red ca. 200 mg/g after 60 minutes [62.]

1.11.4 Photoluminescence studies
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Figure 11 — View of a) two-dimensional network of complex 17 comprising
bimetallic Eu(IIl) units, and b) three-dimensional framework of complex 17 [63].
The complex {[DMF]:[Eux(tptc)>(H20)(DMF)].1.5 DMF.7H>0}, (17) synthesized
using europium(III) sulfate with p-terphenyl-3,3",5,5"-tetracarboxylic acid (H4tptc)
was a 3D coordination polymer [63]. The molecular structure of the complex 17 has
two crystallographically independent Eu(IIl) ions each in a distorted tricapped-
trigonal prism environment, which were linked into a bimetallic unit by a bridged
tptc ions. These bimetallic units were cross-linked into a two- and then to a three-
dimensional framework by bridged ps-tptc anions (Figure 1la and 11b). The
complex was studied for photoluminescence application, which show bright red
luminescence from the complex owing to characteristic *Do«'Fy (J = 0-4)
transitions. In addition, the relevant quantum yield ‘@’ observed was 16.

1.11.5 Acetone Sensor
a) b)

Tri-nuclear SBU

Tetragonal

channel J ) E ¥ A
o= = p }#
2 - X
-

29



30

Figure 12 — View of a) trinuclear secondary building unit (SBU) containing two
different Cd(II) ions in complex 18, and b) three-dimensional framework with
tetragonal channels of complex 18 [64].

A three-dimensional Cd-MOF with the chemical formula {[(CH3)>NH2]>Cds(tptc)2}
(18) was explored as a luminescent sensor for acetone and picric acid. Molecular
structure of complex 18 shows two independent Cd(II) ions in the crystal lattice: an
octahedral Cdl and a decahedral Cd2 ion, connected by eight tptc ions to form a
trinuclear [Cd3(COO)s]*” secondary building unit (SBU) (Figure 12a) [64]. The
adjacent SBUs were connected to each other by p7-bridged tptc ions to form a 3D
framework with 1D square and tetragonal channel (Figure 12b). This compound was
deposited on the paper to be used as a paper-based sensor in acetone sensing. The
results show a good sensitivity towards acetone vapors at the detection limit of 86
ppm. Besides, it was also sensitive to picric acid even at nano-molar levels (200 nM)
with good selectivity towards picric acid over other analytes viz. metal ions, KMnOs,

K>Cr207, other nitro-group containing compounds.

1.11.6 Gas separation
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Figure 13 — View of a) tri-nuclear [Nas(u>-MeOH)3(u3-DMSO)]** cationic unit
surrounded by three binuclear [NiNa(COO)4] anionic unit in complex 19, and b)
three-dimensional framework of complex 19 [65].

Li et al. synthesized a enneanuclear bimetallic NbU-2 Metal-organic framework via
two-step crystallization involving post-synthetic uptake of Ni(II) ions by Na(I)
based framework. The secondary building unit [Ni3Nas(DMSO)(MeOH)s(COO)12]a
(19) was comprised of a trinuclear [Na3(u2-MeOH)3(u3-DMSO)]** cationic unit, and

three binuclear [NiNa(COQ)4] anionic unit connected by tptc anions (Figure 13a)
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[65]. Topologically, the resulting 3D framework contains 3- and 9- connected nodes
with the topology (3,9) connected network (Figure 13b). The N> gas adsorption
studies showed the Langmuir surface area of 421.3 m? g'! with the pore size
distribution in the range 5-7 A. The studies involving the adsorption of CO2 and CHa
at 273 K have shown that the uptake of CO, by NbU-2 is 5 times more than for CHs
gas with the adsorption values of 58.2 and 12.5 cm? (STP) g’!, respectively.

1.12 Present work
In this thesis, I have compiled the results of my research work on the coordination

compounds with intriguing molecular architectures used for metal-ion sensing and
fluorescence/photoluminescence applications. In the fabrication of materials for the
sensing and photoluminescence applications, I have meticulously chosen the metal-
ligand combination by implementing the ideology of “crystal-engineering”. For the
metal-ion sensing studies, I have opted mixed-ligand approach using carboxylate
ion and dicarboxamide based ligands to introduce more sticky/interacting sites in
the coordination framework to facilitate more sensor-analyte interactions during
fluorescence titrations. Besides, Co(II) ion of 1% transition series was chosen to
construct porous coordination framework because it is coordinatively flexible and
thus can accommodate two different ligands. This strategy also worked well using
Zn(ID) ion that has resulted in an appealing porous framework, but the lack of stable
fluorescence signal precludes its use for sensing studies. Finally, a three-
dimensional coordination polymer is obtained using Ni(II), which is also interesting
from structural viewpoint. The detailed description of this work is given in Chapter
2 of the thesis. I have also tried a mixed-ligand strategy using the same metal and
carboxylate ion combination as mentioned above with a dicarboxamide ligand
differing in the position of nitrogen atom in pendant pyridine ring to construct
coordination compounds for the comparison of molecular structures and the
resulting frameworks. Unfortunately, I got three isostructural one-dimensional
coordination polymers containing Co(Il), Cu(Il) and Zn(II) ions, respectively. The
reason for this result could be ascribed to the absence of steric effects owing to the
para position of the pyridine nitrogen atom with respect to the amide group, which
results in the coordination of solvent molecules at the remaining coordination sites
of the metal ions thereby blocking the approach of carboxylate ions toward metal
ions. This work is discussed in Chapter 3, which is completely dedicated to the

characterization of these compounds using different techniques such as SCXRD,
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XPS, EDS etc., and the comparison among the compounds. Moreover, DFT
calculations are done on these complexes to have an information of the orbitals
involved in the ground and excited states of the ligand and the complexes as well,
and to understand the nature of metal-ligand bonds. Chapter 4 is a review article on
the coordination chemistry and applications of the complexes of pyridine-based
ligands containing fully substituted or tertiary amide moiety (-CONRR-). Library of
ligands with diverse molecular structures are compiled and classified based on the
position of pyridine ring in the ligand molecule. In addition, a critical discussion on
the coordination chemistry and the relative applications has also been given. Chapter
5 includes a discussion on the room temperature photoluminescence studies of
isomorphous coordination compounds of Ln(III) ions (Ln = Ho, Er, Tm, Yb) with a
symmetric ligand viz. terphenyltetracarboxylic acid. Here again, | have implemented
the ideas of “crystal-engineering” in fabricating self-assembled three dimensional
networks (Ln-MOFs) containing the combination of photoluminescent Ln(III) ions
and the photosensitizer ligand molecule containing fluorophore moieties. Single
crystal X-ray diffraction studies have shown that these compounds are highly porous
Metal-organic frameworks with solvent accessible voids volumes >50%. Although
the characteristic peaks of Ln(III) ions are observed in the emission spectra of the
corresponding compounds, the presence of a broad ligand-centered emission band
(due to back energy transfer) relative to weak Ln(IIl) emissions illustrates that the
terphenyl tetracarboxylic acid is not an ideal ligand to be used as an antenna
molecule. Besides, the factors affecting the intensity and the broadness of emission

bands are also discussed.
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2.1 Introduction
From the past few years, industrial advancements have come up with a variety of new

products and technologies that are beneficial to human beings, but the usage of
chemicals has led to the devastating effects on the environment, including surge in the
diseases in the flora and fauna. In almost all daily products, heavy metal-ions have been
used quite frequently. The term “Heavy metals™ is ascribed to non-biodegradable, high
atomic weight elements whose density is relatively greater than water. Some transition
metals, metalloids (As, Pb etc.), lanthanides and actinides belong to this category.
Metal-ions such as Fe*?, Fe™, Cu™, Hg"?, Cr*>, Pb*? etc. can be fatal beyond even at
low concentrations, causing various detrimental health effects on humans. Although
there are different analytical equipments available for the quantification of these ions
along with good detection limits (ppm level), rapid quantification is not achieved using
these techniques. Besides, requirement of large sample quantities (5 mL or more),
costly stationary equipment and skilled staff are some associated drawbacks.
Coordination complexes especially porous Metal-Organic Frameworks (MOFs) with
preorganized coordination sites around the cavities can be utilized as potential sensing
material for rapid detection of analyte molecules using fluorescence technique. MOFs
contain metal nodes and organic linkers both of which can be modulated to allow both
fine chemical and structural control. Thus, various properties such as porosity, particle
morphology, stability and photophysical properties can be tailored for desired
applications. Owing to these features, these materials have become an interesting class
for scientific community with ever-expanding practical application scope.

In a sensing experiment, greater sensitivity/or selectivity can be achieved with MOFs
than the uncoordinated organic ligands because in the coordination framework of
MOFs, the ligand molecules are immobilized and preorganized to facilitate more
interactions with analyte molecules. Moreover, the porous framework of MOFs allows
free passage to analytes, thus maximizing their interactions with preorganized organic
functional groups around the pores. Hence, greater sensitivity can be achieved in
detection experiments. Consequently, MOFs containing highly conjugated moieties or
fluorophores also known as luminescent metal organic frameworks (LMOFs) have been
used as potential chemo-sensing materials in fluorescence sensing. In this research
work we have explored the novel Co-MOF, fabricated by the coordination of

naphthalene anchored dicarboxamide ligand (L1) and benzene dicarboxalate ions
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(BDC) to Co(II) ions to produce a porous 3D framework for the sensitive detection of

toxic metal ions (detection at ppm levels). In addition factors that make this material

more sensitive to some metal ions over others has also been investigated with the aid

of DFT studies.
2.2 Objective

>

Design and synthesis of novel transition metal-based coordination compounds
using mixed ligand strategy for the sensitive detection of toxic metal ions using
fluorescence.

Implementation of the ideas of “Crystal engineering” while choosing the
ligand/metal ions combinations to fabricate the coordination compounds for the
sensing application.

Meticulous selection of the ligands and the metal-ions to attain intriguing
porous framework comprising sticky sites in the cavities to enhance sensor-
analyte interactions.

Investigation of the structural diversities obtained using different metal ions and
the mixed ligand combinations.

Characterization of the ligand and the related coordination compounds using
single crystal x-ray diffraction technique, and its correlation with other

analytical techniques viz. IR, NMR, CHN, TGA etc.

2.3 Authors contribution

>

v VvV VY Vv VvV V V V

Conceptualization — Love Karan Rana

Data curation — Love Karan Rana and Thierry Maris (SCXRD Data)
Formal analysis — Love Karan Rana

Funding acquisition — Dr. Adam Duong

Investigation — Love Karan Rana

Methodology — Love Karan Rana

Supervision — Dr. Adam Duong

Visualization — Love Karan Rana

Writing - original draft — Love Karan Rana
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Introduction

In the past few years, industrial advancements have come up
with a variety of new products and technologies in multiple
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An insight into sensitive detection of metal ions
using a novel cobalt MOF: single crystal,
photoluminescence, and theoretical studiest

Love Karan Rana, Prabhjyot Kaur,? Thierry Maris @° and Adam Duong @ **

In this work, sensitive detection of various metal ions and anions using cobalt metal-organic frameworks
has been studied. Furthermore, various sensor-analyte interactions that prompt changes in the
fluorescence emission have been investigated and discussed in the realm of “crystal engineering”. In this
pursuit, three novel mixed ligand coordination compounds with the molecular formula {[Cos(L1)(u-
BDC)(BDC),(L1)-(DMF)2l-DMF},, (1), {[Zng(u>-BTB)3(BTB)(O),(L1)(DMF),]-4DMF},, (2) and {INi(L1)(BDC)(EtOH/
DMF),]-EtOH}, (3) have been synthesized using a new naphthalene dicarboxamide ligand L1 (N?N6-
bis(pyridin-3-ylmethyl)naphthalene-2,6-dicarboxamide) and two carboxylic acid-based ligands, viz. H,BDC
(L4-benzene dicarboxylic acid) and HzBTB (1,3,5-tris(4-carboxyphenyl) benzene). Among these, 1 and 2
have solvent-accessible voids in the crystal structure but a single and stable fluorescence signal is observed
only in the case of 1 and therefore it has been utilized for sensing studies. Various metal cations have been
used in fluorescence titrations to test the sensing ability of 1, which is also referred to as Co-MOF in the
following discussion. It was found that 1 is highly responsive to Fe*3, Ru*®, Pd*?, and Hg*? ions and
moderately responsive to Pb*?, Cd*?, Ni*?, Co*?, and Fe*? ions. Interestingly, 1 gave no response upon the
addition of Zn*2, Mn*2 Be'? and all alkaline earth metal ions. Fluorescence experiments were also
performed using different salts of Fe(n) and Cui) ions with different counterions. Distinct trends in the
decrease in fluorescence intensity of 1 on varying the counter anions prompted us to perform anion
sensing experiments. Addition of BF,, I, NOs, and (SO,)2 ions have caused a slight decrease in the
fluorescence intensity of 1, while no response was observed towards ClO,, Br, and SCN™ ions. The
potential mechanism of sensitive detection was proposed with the aid of DFT calculations performed on a
model Co() complex, which illustrates that the excited state has a dominant contribution from
naphthalene and carbonyl moieties and that the electron transfer can occur only if the analyte ions interact
with either of the moieties or both. SCXRD reveals that compound 3 is a 3D coordination polymer with no
solvent-accessible voids. Various characterization techniques, vizz. NMR, SCXRD, PXRD, IR, TGA, and
photoluminescence, were used to determine the structure and properties of L1 and 1-3.

fields, viz. domestic, agricultural, industrial, medical, etc."”*
Although these developments are beneficial to human beings,
the usage of chemicals has led to devastating effects on the
environmental system, including a surge in diseases in
plants, humans, and animals. Among these, heavy metal ions
have been used quite frequently in almost all daily products.
“Heavy metals” are non-biodegradable elements with high
atomic weight and relatively greater density than water. Some
transition metals, metalloids (As, Pb etc.), lanthanides and
actinides belong to this category. These toxicants pose adverse

1 Electronic supplementary information (ESI) available: ORTEP diagrams, Table
S1 showing IR peak assignments, and Table S2 showing pertinent atomic
parameters of compounds 1, 2, and 3 are given. In addition, 'H NMR and **C
NMR of L1, PXRD patterns of the complexes along with TGA plots and their
description and some fluorescence graphs are shown. CCDC numbers 1982228,
2130355, 2130357 and 2127996. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d2¢e00385f

5460 | CrystEngComm, 2022, 24, 5460-5473

effects on humans even at lower concentrations.™ They enter
into biogeochemical cycles via industrial effluents and/or by
leaching from the soil into water bodies.” Metal ions such as
Fe'?, Fe'?, cu'?, Hg'? Cr'®, Pb'? etc. can be fatal beyond
certain concentrations, causing various detrimental health
effects.”” Presently, analytical methods reported for the

This journal is © The Royal Society of Chemistry 2022
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quantification of metal ion contaminants are inductively
coupled plasma optical emission spectrometry (ICP-OES),*
electrochemical detection,” or atomic absorption
spectrophotometry  (AAS)."" These methods have good
detection limits (ppm level), but the requirement of large
sample quantities (5 mL or more), costly stationary
equipment and skilled staff are some associated drawbacks.
Moreover, rapid quantification is not achieved using these
techniques. In contrast, coordination complexes especially
porous metal-organic frameworks (MOFs) with preorganized
coordination sites around the cavities can be utilized as
potential sensing materials for rapid fluorescence detection of
analyte molecules. MOFs are composed of metal nodes and
organic linkers both of which can be modulated to allow both
fine chemical and structural control. Thus, various properties
such as porosity, particle morphology, stability and
photophysical properties can be tailored for desired
applications. Owing to these features, these materials have
become an interesting class for the scientific community**™"*
with an ever-expanding practical application scope.

In a sensing experiment, greater sensitivity/or selectivity can
be achieved with MOFs than the uncoordinated organic ligands
or nonporous materials because analyte molecules can
concentrate significantly towards the pores, maximizing their
interactions with preorganized organic functional groups
around the pores. Hence, greater sensitivity can be achieved in
detection experiments. Consequently, MOFs containing highly
conjugated moieties or fluorophores, also known as
luminescent metal-organic frameworks (LMOFs), have been
used as potential chemo-sensing materials'>'® in fluorescence
sensing. Since the emission intensity of MOFs is sensitive to
solvent change and analyte concentrations, a noticeable change
in fluorescence signal can be detected."”" As a result, MOFs
have potential applications in detection of heavy metals,”
volatile organic carbons (VOCs),*® and explosives.”' There are
plenty of reports in the literature on the use of mixed ligand
MOFs for the detection of toxic metal ions, for instance, two
mixed ligand Zn-MOFs, vizz UMCM-1 and NH,-UMCM-1
(comprising 4,4',4"-benzene-1,3,5-triyltribenzoic acid (BTB) and
terephthalic acid (BDC) in UMCM-1 or 2-amino-1,4-benzene
dicarboxylate (NH,-BDC) in NH,-UMCM-1), were explored as
luminescent probes in metal ion sensing.*” It was observed that
high selectivity was achieved for Fe™ ions using amino
functionalized MOFs (NH,-UMCM-1). In another work, a mixed
ligand Zn-MOF containing tetrakis(4-pyridyloxymethylene)-
methane (TPOM) and 2-aminoterephthalic acid (NH,-BDC)
ligands was found to be selective for Cr™ ions through
fluorescence enhancement and to Cr'® ions due to quenching
of fluorescence.*

A mixed ligand Cu-MOF (TMU-48S) comprising S-linker
(N',N’-di(pyridine-4-yl) ~ malonamide), = H,oba  (4,4-
oxybis(benzoic acid) and N,N-bis-(4-pyridylformamide)-1,5-
naphthalenediamine (bpfn) was synthesized using a solvent-
assisted ligand exchange (SALE) technique. The material has
shown high detection ability for Hg** ions.”* Apart from this,
there are many reports in the literature on the use of MOFs

This journal is © The Royal Society of Chemistry 2022
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with one ligand system for metal ion detection. One such
example is as an amine-free Zr™-based MOF (UiO-66)
containing one ligand, viz. 1,4-benzodicarboxylic acid, and
[Zrg04(OH),] secondary building units (SBUs) that have
shown selective and rapid reduction in fluorescence intensity
upon the addition of Cu? ions.*

A literature survey shows that the research is more
dedicated to quantitative analysis of metal ions. Nevertheless,
qualitative analysis is also equally important to provide an
idea about the design of mnew materials for further
development of MOF-based sensors. Currently, our research
interest is twofold: (1) to study the versatility of compound 1
in the sensitive detection of various toxic metal ions using
fluorescence studies and (2) to secrutinize the factors that
make this material more sensitive to some metal ions over
others. Compound 1 is fabricated by the coordination of L1
and BDC (deprotonated form) to Co(u) ions to produce a
porous 3D framework, which is explored as a sensing
material to achieve rapid (<2 min) and sensitive (detection at
ppm levels) toxic metal ion detection by fluorescence
techniques. To the best of our knowledge, this type of Co(n)
MOF with the ligand combination L1/BDC is unique and has
never been utilized for such sensing applications. The
observed solvent-accessible void volume of ca. 57 A* (2% of
unit cell volume)*® is anticipated to provide free passage to
analyte molecules through the material to allow sensor-
analyte interactions to occur to attenuate the fluorescence of
the material. The low void volume observed might be due to
the diagonal coordination of flexible L1 molecules to Cof(i)
ions in the adjacent 2D sheets (formed by Co(u) ions and
BDC ligands) that has resulted in the low pore volume and
hence small solvent-accessible voids (SAVs). The flexibility in
L1 stems from the free orientation of pyridine rings around
sp® carbon atoms (next to amide nitrogen) while coordinating
to Co(u) ions.

In this work, we have carefully implemented the ideas of
“crystal engineering™’ ™" while choosing the ligand/metal
ion combinations to fabricate the coordination compounds
for sensing applications. The naphthalene dicarboxamide
ligand (L1) was chosen because it can bestow sensing
properties to coordination compounds to be used in
fluorescence titrations with different metal ions due to
potential M™*-+-O,iq. (Lewis base) and M™":--n interactions.
Among these complexes, only Co-MOF (1) was explored in
sensing experiments owing to its single/stable fluorescence
emission along with its porous nature.

Materials and methods

2,6-Napthalenedicaboxylic  acid, 3-(aminomethyl)pyridine,
thionyl chloride, dimethylformamide (DMF), and the
following ionic compounds were purchased from Sigma-
Aldrich: NaOA¢, NaNQ;, NaClO,, NaBF,, CuBr, CuCl,, ZnCl,,
NiCl,, FeCl,, FeCl,, Fe(NO;);, Fe(Cl0,);, RuCl,, CdI,, MnCl,,
Pbl,, Cul, HgBr,, BeCl,, MgCl,, CaCl,, SrCl,, BaCl,, and
Na,S0,. All materials were used as received without further

CrystEngComm, 2022, 24, 5460-5473 | 5461
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purification. Fluorescence experiments were performed on a
Cary spectrofluorometer using a UV-quartz cuvette with a 1
cm  path length. Thermogravimetric analysis for all
compounds was done using a Diamond Pyris 6000 TGA/DTA
apparatus from Perkin-Elmer from 30 °C to 850 °C under a

N, flow at a heating rate of 5 °C min .

Diffraction studies

Single-crystal data for L1 were collected on a sealed tube
Bruker APEX II CCD DIFFRACTOMETER equipped with a
graphite monochromator. The single crystal data for 1 and 2,
respectively, was collected on a Bruker Venture Kappa
geometry diffractometer equipped with a Gallium Liquid
Metal Jet Source, a Photon 100 CMOS Detector, and a Helios
MX mirror optics monochromator. The data collection for L1
was done at 296 K using MoKa radiation (1 = 0.71073 A), at
150 K for 2 using GaKo radiation (4 = 1.34139 A) and at 100
K for 1 using CuKa radiation (4 = 1.54178 A). The data were
integrated with SAINT V8.38A and a multi-scan absorption
correction using SADABS was applied. Diffraction data for 3
was collected on a Rigaku New Gemini four-circle
diffractometer equipped with a fine-focus sealed X-ray tube
and an EosS2 detector with a CCD plate. The data was
integrated using CrysAlisPro 1.171.40.84a software and a
multi-scan absorption correction was applied using spherical
harmonics, implemented in SCALE3 ABSPACK scaling
algorithm. The structures were solved with the SHELXT
structure solution program and refined with the SHELXL*'
refinement package using least squares minimization in a
graphical user interface OLEX2.** All non-hydrogen atoms
were refined with anisotropic displacement parameters,
except atoms from the main framework that were disordered
and atoms from disordered solvent molecules. The hydrogen
atoms were refined isotropically on calculated positions
using a riding model with their Uiy, values constrained to
1.5 times the U, of their pivot atoms for terminal sp®
carbon atoms and 1.2 times for all other carbon atoms. The
sample selected for 1 turned out to be a two-component
twin. The reflection data were integrated using both
components. The best result was obtained with a single
component integration dataset with an HKLF5 reflection file
type generated wusing the TWINROTMAT routine of
PLATON?® to account for the remaining second component
contribution. One complete DMF molecule was located, but
residual density sitting over the inversion centre in the
middle of the unit cell could not be modelled properly. A
solvent mask was calculated using the PLATON/SQUEEZE
routine®® adapted for twinned datasets, and 88 electrons
were found in a volume of 324 A* within a single void per
unit cell. This is consistent with the presence of 2.2 DMF
(C3H;NO) solvent molecules.

For compound 2, some included DMF molecules were
located and fully refined, but akin to 1, the amount of
residual electron density that cannot be properly modeled
was accounted for by a solvent mask, which corresponds to

5462 | CrystEngComm, 2022, 24, 5460-5473
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1441 electrons in a volume of 9906 A® per unit cell. This is
consistent with the presence of 36 DMF (C3H,NO) solvent
molecules which account for 1440 electrons per unit cell.

In 3, a disordered coordinated solvent position was
assigned to EtOH and DMF molecules to give a total site
occupancy of 1.0. Similarly, in the crystal lattice, an EtOH
molecule has shown disorder, which was resolved by splitting
and assigning the respective atoms two positions with a total
site occupancy of 1.000. The thermal parameters and site
occupancies for these disordered molecules were refined as
free variables. Refinement of 3 showed a residual electron
density peak of 1.35 e A® close to one of the methyl carbons
of disordered ethanol molecules. An attempt to refine it as a
methyl group of DMF molecules did not help as it led to an
unstable refinement. Powder X-ray diffraction for 1, before
and after soaking in different metal ion solutions, was
performed on a Bruker D8-Discover instrument (6-¢
geometry) equipped with an XYZ platform and a HI-STAR gas
detector. X-rays were generated using a conventional sealed-
tube source with a copper anode producing CuKa radiation
(A = 1.54178 A). The data collection involved acquisition of
two different sections with increasing angular position,
giving two different 2D frames. These frames were integrated
and combined to produce the final 2D X-ray diffraction
powder pattern. Powder patterns for 2 and 3 were recorded
on a Rigaku New Gemini four-circle diffractometer equipped
with a fine-focus sealed X-ray tube and an EosS2 detector
with a CCD plate. CuKa radiation (4 = 1.54178 A) was passed
through a graphite monochromator for data collection.
Powder patterns from single crystals were generated using
Mercury software of the Cambridge Crystallographic Data
Centre.” To verify the structural integrity of 1 after the
sensing experiments, powder patterns were recorded after
exposing to the highest concentration of some metal salts,
which are given in Fig. S1,f while the PXRD data for 2 and 3
are given in Fig. 52 and S3.f The BFDH morphologies
showing the planes involved in the growth of crystal are given
in Fig. S4f for L1, 1 and 2.

Photoluminescence studies

In all sensing experiments 1 mg of finely ground 1 was taken
in 2 mL of DMF to minimize light scattering from the sample
and to optimize the fluorescence signal. The mixture was
sonicated for 40 minutes before being transferred to a UV-
quartz cuvette with a 10 mm path length for analysis. For L1,
2 ml of 1 mM solution was taken for fluorescence studies.
Emission spectra were acquired in the range 330 to 500 nm
using an excitation wavelength of 265 nm on a Cary eclipse
fluorescence  spectrophotometer. The stability of the
fluorescence signal manifests that the structural integrity of 1
was maintained in the presence of different analytes. To
further verify that the material remains stable in the
fluorescence titrations without any framework collapse, PXRD
patterns were taken after subjecting 1 to the highest
concentration of 10 mM solution of some metal salts for 10

This journal is © The Royal Society of Chemistry 2022
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minutes. The consistency of the PXRD peaks with as-
synthesized material reveals the structural integrity of the
material and hence no structure damage (Fig. S17).

Computational details

DFT calculations were performed using the ORCA quantum
chemistry suite 4.2.1.*' The geometry of L1 and a model
Co(n) complex was optimized using the hybrid PBE0
exchange-correlation function® with basis set def2-SVP.*
The D3BJ empirical dispersion correction was used to
evaluate the binding energies.”’ " An additional polarized
triple-zeta function def2-TZVP'® with core effective potential
was used for cobalt to account for relativistic effects. The
auxiliary basis set used was def2/]."' Electrostatic potential
was mapped on the electron isodensity surface of L1 and
Co(i) complex at 0.01 au using Avogadro software.**

Synthesis of L1

In a 100 ml round bottom flask, a solution of 2,6-napthalene
dicarboxylic acid (4.6 mmol, 1.0 g) in SOCl, (20 ml) was
refluxed for 1 h at 90 °C. Dry toluene was added to the
resulting clear solution and excess SOCl, was removed by
vacuum distillation. After the reaction mixture was cooled to
room temperature, 3-aminomethyl pyridine (1000 mmol, 0.94
ml) and pyridine (731 mmol, 0.75 ml) were added to the
reaction mixture and stirred for 1 h. The reaction mixture
was left undisturbed for a few hours. The organic layer was
washed with distilled water followed by a saturated solution
of NaHCO; five times and dried over Na,SO,. The crude
product was recrystallized using MeOH, whereupon slow
evaporation gave light colourless crystals of L1. Yield (82%).
Anal. calc. for L1 (396.4 g mol™), found (%): C, 72.79; H,
5.01; N, 14.19, requires (%): C, 72.71; H, 5.08; N, 14.13. 'H
NMR (700 MHz, DMSO, d from TMS) (Fig. S51): dy 9.35 (t,
1H, J = 5.9 Hz), 8.62 (s, 1H), 8.55 (s, 1H), 8.50 (m, 1H), 8.47
(m, 1H), 8.13 (d, 1H, J = 8.5), 8.03 (dd, 1H, J = 8.5, 1.3), 7.79
(d, 1H, J = 7.9), 7.38 (dd, 1H, J = 7.8, 4.8), 4.58 (d, 2H, J = 5.9).
“C NMR (175 MHz, DMSO, ¢ from TMS) (Fig. S61): d. 166.74,
149.38, 149.34, 148.62, 148.58, 135.71, 135.48, 133.84, 133.45,
129.55, 127.80, 125.38, 124.00, 41.05. HRMS m/z, 396.167 [M
+1]' (cale. 397.168). FT-IR (em™) (Fig. S7, Table S1t): 3105
(m), 1675 (s), 1575 (s), 1509 (s), 1171 (s), 727 (s).

Synthesis of 1, 2 and 3

All the compounds were synthesized solvothermally in a
capped dram vial. A mixture of L1 (0.01 g, 0.025 mM for 1, 2
and 3), H,BDC (0.004 g, 0.025 mM for 1 and 3) or H;BDC
(0.011 g, 0.025 mM for 2) and Co(NO;),-6H,0 (0.0184 g, 0.063
mM) for 1, Zn(NO;),-6H,0O (0.0187 g, 0.063 mM) for 2, and
Ni(NO;),-6H,0 (0.0183 g, 0.063 mM) for 3 in 3 ml DMF was
sealed in a 5 ml dram vial for 1 day in a normal heating oven
at 80 °C. Next day, dark pink crystals for 1 (yield 76%),
colourless crystals for 2 (yield 83%), and light green crystals
for 3 (yield 59%) were obtained. All the samples were washed
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with fresh DMF at least four times before doing further
analysis.

Anal. calc. for 1 (1284.85 g mol™) found (%): C, 53.38; H,
4.07; N, 7.72, requires (%): C, 53.28; H, 4.16; N, 7.63. For 2
(3131.53 ¢ mol™) found (%): C, 57.73; H, 3.73; N, 4.56,
requires (%): C, 57.53; H, 3.93; N, 4.47. For 3 (816.30 g mol ')
found (%): C, 59.41; H, 6.15; N, 7.53, requires (%): C, 59.53;
H, 6.04; N, 7.65. FT-IR (cm™") (Fig. S7, Table S17): 3298 (m),
2936 (w), 1677 (s), 1509 (s), 1419 (s). For 2 (Fig. S8, Table
S$1%): 3057 (w), 1661 (s), 1591(w), 1520 (s), 1523 (s). For 3 (Fig.
S7, Table S1t): 3343 (m), 1644 (s), 1587 (w), 1520 (s), 1440
(m), 1397 (w).

Results and discussion
Selection of the ligands

The rationale of using a mixed ligand system is twofold: (1)
L1 ligand has been chosen because it can potentially interact
with the analytes through cation--'n (naphthalene ring)
interactions and/or through amide oxygen (-CONH-) which
would either lead to quenching or enhancement in
fluorescence signal of the sensor (Scheme 1). In addition, L1
imparts fluorescence properties to 1, which renders this
material useful in photoluminescence studies. Apart from
this, the flexible nature of L1 due to the presence of sp’
carbons (-CH,-) can render free orientation of the ligand to
facilitate more sensor-analyte interactions. On the other
hand, H,BDC/H;BTB ligands on deprotonation stabilize the
+2 charge on metal ions, provide rigidity to the framework
and extend its dimensionality (Scheme 1).

Coordination modes of ligands

The coordination modes shown by the above ligands in the
complexes discussed in this work are shown in Scheme 2.

Structure of L1

The crystal structure shows that L1 is centrosymmetric with
the centre of inversion lying on a C-C bond naphthene ring
(Fig. S9af). The amide side arms are slightly twisted out of
plane with respect to the naphthalene ring as apparent from
a dihedral angle of 37° (Fig. S9bf). In the crystal lattice,
pyridine and amide moieties undergo extensive hydrogen
bonding using R3(22), R(7), and R3(8) synthons and C3(22)
graph set to yield a 3D framework (Fig. 1).

L

L1 BDC BTB

Scheme 1 Molecular structures of ligand L1 and deprotonated forms
of carboxylic ligands with corresponding codes.

% f
°
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Scheme 2 Coordination modes shown by the ligands (1) (1o-x%-n'm?) in all complexes, (2) (na-k*-n"mn'n') in complex 1, (3) (wa-x*-n'n*n?n?)
in complex 1, (4) (uz-x>-n"m") in complex 3, and (usz-x®-n*n*ntninn’) in complex 2.

Structure of 1

Single-crystal  analysis illustrated a three-dimensional
coordination framework of 1. The asymmetric unit of 1
contains two dimeric units composed of four unique Co(n)
ions, viz. Col Co2, Co3 and Co4 (Fig. 2a and $107).

In the first unit, Co(u) ions (Co3 and Co4) are linked by
two unique and a centrosymmetric BDC ligand, while in the
second unit, Col and Co2 are connected by two BDC ligands,
a unique and a centrosymmetric ligand (Fig. 2a). These
dimeric units are further held together by a p,-bridged BDC
molecule to form a Co4 (BDC) metallic unit (Fig. 2a). Within
each metallic unit, a centre of inversion is present on Col
and Co3 ions, which resulted in the transformation of
dimeric units (composed of Col or Co3) to centrosymmetric
trimeric units (Fig. 2b). These trimeric units are further
linked to nearby units by L1 and BDC molecules in the
framework (Fig. 2b). In each trimeric unit, Co(i1) ions are in a
distorted octahedral environment granted by six BDC
molecules in the case of Col and Co3, whereas three BDC

€3 (22) graph set

| S

Fig. 1 Pictorial presentation of (a) ring synthons involving amide
moieties, (b) catemer synthons, (c) ring synthons involving pyridine
rings and (d) 3D hydrogen bonded framework in L1, Colour codes -
carbon: green, nitrogen: blue, oxygen: red.

5464 | CrystEngComm, 2022, 24, 5460-5473

molecules, L1 and a DMF molecule grant a distorted
octahedral geometry to Co2 and Co4 ions (Fig. 2¢). A 2D
sheet of trimeric units is formed by p,-bridged BDC
molecules (Fig. 2d), which is connected to adjacent sheets by
a Mp-bridged L1 molecule to form a 3D framework
(Fig. 3a and b). Topologically,” the framework has a 4-nodal
net with stoichiometry (4-c)(4-c)2(4-c)2(6-c) (Fig. 3c).

Structure of 2

Eight unique Zn atoms present in an asymmetric unit with
Zn1, Zn2, Zn3 and Zn4 form a tetranuclear cluster, which is
connected to neighbouring Zn5, Zn6, Zn7 and Zn8 ions by
three BTB molecules (Fig. $111). The crystal structure of 2 is
composed of two tetranuclear clusters, ie cluster 1
comprising Zn1, Zn2, Zn3 and Zn4 ions and cluster 2 with
Zn5, Zn6, Zn7 and Zn8 ions, which are linked to each other
by six ps-bridged BTB molecules and one p,-bridged L1
molecule (Fig. S11t). Among the Zn(u) ions, Zn1, Zn2, Zn3,

Fig. 2 Pictorial depiction of (a) asymmetric unit in the structure of 1, (b)
trimeric unit surrounded by L1 and BDC molecules, (c) coordination
environment around Co3 and Co4 and (d) pictorial depiction of 2D
coordination sheet of trimeric units. Colour codes in L1, carbon: green, and
in BDC, carbon: magenta and nitrogen: blue, oxygen: red, cobalt: yellow.
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Fig. 3 Perspective view of 3D framework parallel to (a) the bc plane
and (b) the ac plane and (c) the topological view of the framework of
complex 1. Colour codes - L1: green, BDC: magenta, and cobalt in
yellow/orange in the topology picture (c).

Zn7 are tetracoordinated (orange colour), whereas Zn5, Zn6
and Zn8 are pentacoordinated (cyan) (Fig. 4a). Zn4 is the only
ion that is hexacoordinated (yellow, Fig. 4a). The octahedral
coordination environment around Zn4 can be described as
follows. The square planar arrangement around Zn4 is
provided by three unique BTB molecules using 03, O4 and
07 atoms and an 010 atom of a DMF molecule, while the
axial sites are occupied by an O1 atom which is bridged in a
tetramer formed by four Zn atoms and a pyridinic N4 atom
of an L1 molecule. The coordination environment around the
Zn5 ion is trigonal bipyramidal (r = 0.8), whereas it is square
pyramidal in Zn6 and Zn8 (cyan) (r = 0.53, 0.39). Two
different cyclic chains generating metallacycles, viz. 62 (~23
% 24 A) and 72 (~16 x 32 A) membered, grant a twofold
interpenetrated net-type structure to Zn-CP (Fig. 4b and c). In
the crystal lattice, the tetranuclear clusters are linked to each

Fig. 4 (a) Different coordination geometry around Zn(u) ions, (b) and
(c) interpenetrated chains and corresponding macrocycles generated
along the framework, and (d) pictorial presentation of 3D framework
of complex 2. Colour codes - L1: green, BTB: purple and zinc in yellow
(octahedral), cyan (square pyramidal or trigonal bipyramidal) and
orange (tetrahedral).
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Fig. 5 (a) 3- and 7-branch points and (b) topological view of the 3D
net of complex 2

other by L1 and BTB molecules to form a 3D coordination
framework (Fig. 4d).

Topological analysis shows that the structure consists of a
tritopic ligand BTB with four 3-¢ branch points or the linker
with four 3-c nodes linked to two Zn,O(CO)sN metal SBUs
with seven points of extension to give a (3,7)¢ net. The
topology™ can be best described as a 7-c vertex linked to 6
(3-c) vertices and one 7-c¢ vertex with minimum transitivity
(3,2) (Fig. 5a). Topologically, the 3D framework is a 3,7-¢c net
in clusters which is the representation of valence-bonded
MOFs having stoichiometry (3-¢)2(7-c). The point symbol for
the net is {4°2-6}2{4"4-6"6:8"10-10}. The topographic view of
the framework parallel to the ab plane is shown in Fig. 5b.

Structure of 3

The crystal structure of 3 shows that in the asymmetric unit,
the Ni(u) ion is coordinated to a half L1, half BDC, and a
disordered solvent molecule (DMF/EtOH with a total sof of 1)
(Fig. 8127). A disordered ethanol molecule is crystallized as
solvent of crystallization. In addition to this, a centre of
inversion is passing through a Ni(n) ion, a naphthalene ring
of L1 and a benzene ring of BDC ligand about which a
centrosymmetric complex is generated comprising three
symmetry-related Ni(iu) ions connected to each other by pi,-
bridged L1 and BDC ligands (Fig. 6a). The octahedral
coordination geometry around each Ni(u) ion is granted by
symmetry-related L1, BDC and a disordered solvent molecule
(DMF/EtOH). In the crystal lattice, adjacent Ni(u) ions are
connected in a 1D chain by BDC molecules, which act as a 2¢
linker. The neighbouring 1D chains are further interlinked to
each other by L1 (2c linker) molecules in a pattern - chain 1
of row 1 to chain 2 of row 3 and so on - to weave a 3D
coordination framework. Topological analysis illustrates that
the structure consists of (1 2 1) layers containing 4c-uninodal
metal nodes with point symbol {4°4-6”2} and sql/Shubnikov
tetragonal plane net-type topology. Pertinent bond lengths
and angles for all these complexes are given in Table S2.}

A summary of the metal-ligand combination used,
coordination mode of the ligands and the related framework
topologies are tabulated in Table 1.

Thermal stability

The thermal stabilities of compounds 1-3 and ligand (L1)
were studied in the temperature range from 30 °C to 850 °C
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Row 1

Row 2

Fig. 6 (a) Picture showing a centrosymmetric unit of 3, (b) pictorial presentation of the linkage of 1D chains, (c) perspective view of 3D
coordination framework parallel to the ab- and (d) ac-planes. Colour codes - L1: green, BDC: magenta, nickel: blue.

Table 1 Summary of the metal-ligand combination used, coordination mode of the ligands and the related framework topologies of complexes 1-3

Compound Ligand 1 Ligand 2 Coordination modes Dimensionality Topology
1 2-C, 4-C 3D 4-Nodal net
O
- -
QO
-
2 - 2-C, 3-C 3D 3,7-c net
2-C, 2-C 3D 4c-Uninodal

using thermogravimetric analysis (TGA) (Fig. S13t). The
thermal decomposition curve for L1 shows 9% weight loss
around 90 °C that corresponds to the loss of one methanol
molecule (theoretical loss 8.2%) followed by complete
decomposition at 425 °C. Compound 1 was stable up to ~150
°C with the first weight loss of 17.5% at 203 °C
corresponding to the loss of two coordinated and a lattice
DMF molecule (theoretical loss 17.3%). Next, the weight loss
of 9.6% till 389 °C can be attributed to loss of one BDC

5466 | CrystEngComm, 2022, 24, 5460-5473

molecule followed by complete decomposition at ~600 °C
leading to the formation of cobalt oxide residues. In the case
of 2, gradual decomposition was observed from 50 °C
onwards with 28.8% weight loss at 125 °C corresponding to
the loss of six DMF molecules and an L1 molecule
(theoretical loss ~27.5%). Following this, complete
decomposition was observed at 585 °C. Compound 3 has
started decomposing at 70 °C to give a weight loss of 24% at
295 °C that corresponds to the loss of coordinated DMF

This journal is © The Royal Society of Chemistry 2022
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molecules and a lattice ethanol molecule (theoretical loss
~23.5%). The next weight loss of 13% at 375 °C might be
due to the decomposition of a BDC molecule. Following this,
complete decomposition of the complex takes place at 600 °C
to yield nickel oxide residues.

Photophysical studies

To probe the ion sensing ability of Co-MOF (1) towards
various cations and anions, fluorescence experiments were
performed.** In the sensing experiments, homogenous
dispersion of the sample, its long-term stability in the solvent
and consistency in its fluorescence emission are some
important factors that need to be considered. In addition,
the emission from the fluorophores is sensitive to the
polarity of the solvent.” Thus, to ascertain the effect of
different solvents on the emission signal of 1 and its stability
and to find out the optimal solvent for sensing, we performed
the initial screening using different solvents (Fig. 7). Prior to
screening, the material was soaked in different solvents for a
few hours and after that the emission was measured. It was
observed that only in strongly coordinating solvents, viz. ACN
and DMF, a characteristic emission peak at 368 nm was
observed (Fig. 7). Among these, DMF was chosen for the
experiments owing to even dispersion of 1 and long-term
stability of its suspension (>10 min). Conversely, in the case
of dichloromethane, chloroform and ethyl acetate, multiple
different emission wavelengths were observed, suggesting
that fluorescence occurred via multiple relaxation pathways.
No emission was observed in the case of benzene and toluene
(Fig. 7) because the sample was not well dispersed (based on
the visual observation). Alcoholic solvents and water as well
were excluded for such studies because leaching of Co(u) ions
was observed, which led to decomposition of the framework.
Emission spectra of L1 and 1 were acquired from 330 to
500 nm using an excitation wavelength of 265 nm on a Cary

800 5
——ACN

_ 100 |—— Benzene
= |—— Chloroform
> 6004 ——DCMm
[ . —— DMF
% ——— EtOAC
E a00.) ~——Toluene
[
S 20l
w

100 4

300 350 400 450 500
Wavelength (nm)

Fig. 7 Fluorescence emission of 1 in different solvents.
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Fig. 8 Emission spectra of L1 and 1.

Eclipse fluorescence spectrophotometer. For L1, the spectrum
was recorded in the solution state because it is soluble in
DMF (Fig. 8). The emission spectra of L1 showed two peaks,
an intense peak at 368 nm due to intraligand n-n*
transitions and a weak shoulder at 392 nm due to n-n*
transitions. Compound 1 has shown similar emission,
demonstrating that the emission is dominated by the L1
ligand when it is excited at 265 nm (Fig. 8). In addition, an
increase in fluorescence intensity was observed because
immobilization of L1 prevents energy losses due to its
rotational and/or translational motions resulting in
fluorescence enhancement of 1.

Theoretical studies

To further investigate the frontier molecular orbitals (FMOs)
involved in electronic transitions, we have performed DFT
calculations on L1 and a model Co(n) complex containing a
combination of L1 and protonated HBDC molecules. Due to
the complexity of 1, the model complex was chosen to
simplify the system, to speed up the calculation and to obtain
information about the excited state involved in electronic
transitions (Fig. 9). It is apparent from Fig. 9 that the excited
state of L1 is dominated by naphthalene and carbonyl
moieties, while the ground state involves only the
naphthalene moiety. The corresponding bandgap between
the excited and the ground state was found to be 4.8 eV,
which corresponds to the absorption by L1 at 265 nm. In the
case of the model complex, the excited state is dominated by
both naphthalene and carbonyl moieties akin to L1. The
bandgap calculated for this system was 4.27 eV. These results
can be assumed to support the trend observed in
fluorescence studies that the excited state of 1 from which
emission takes place after excitation at ~265 nm is primarily
dominated by L1 molecules. These findings can be utilized to
illustrate that after the addition, the analyte ions can interact
with Co-MOF (1) at the naphthalene and carbonyl moieties of
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Fig. 9 Frontier molecular orbitals of L1 and the model Co(i) complex, respectively, and the associated bandgaps.

L1 to cause fluorescence quenching. The MEP plot (Fig.
S14at) for L1 shows that the regions of high electron density
(red colour) are located on the amide oxygen and the
naphthalene  ring, indicating that metal cations
(electrophiles) can potentially interact with these electron-

Intensity (a.u.)

340 360 380 400 420 440
Wavelength (nm)

FeCl,

Intensity (a. u.)

340 380 380 400 420 440
Wavelength (nm)

RuCl,

rich sites. Thus, it may be concluded that compound 1 can
interact with M"" ions probably through L1 via
cation * Myaphehatene OF M™ +*Oyiqe interactions or both. The
MEP plot of the model Co(n) complex with the respective
regions of electron densities is shown in Fig. S14b.}
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Fig. 10 Quenching of fluorescence intensity of 1 by different metal ions (note: blank refers to the emission from 1 before the addition of

analytes).
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Sensing experiments

To explore the sensitivity of 1 towards different metal ions,
suspension steady-state photoluminescence (PL) studies were
performed. To further investigate if the associated counter
anions interfere with the changes in emission intensity of the
material, fluorescence studies were performed using different
counter anions. In all experiments, 1 mg of 1 in 2 ml of DMF
was taken to minimize light scattering because of its solid
nature. The heterogeneous solution was sonicated for at least
40 minutes to obtain evenly dispersed particles of compound
1 which was then transferred to a quartz cuvette. Solutions at
10 mM concentration of different M"" ions (where M = Fe,
Cu, Na, Be and so on, and n = oxidation state, +1, +2 and +3)
in DMF were titrated with the suspension of 1 successively in
20, 40, 60, 80, 100, 120, 140 pL aliquots and so on, and the
changes in fluorescence intensity were observed. After the
addition of analyte to the suspension of 1, the mixture was
agitated. The whole process of addition, agitation and
detection took approximately 2 minutes; thus the detection
was rapid. Apart from these experiments, the L1 molecule
was also tested with different metal ions for comparison.
Various interactions between the sensor and the analytes that
are responsible for the observed trends in variation of
fluorescence intensity are explained using the concept of

“crystal engineering”.”” >’

Metal M"" sensing using PL studies

M" salts used for sensing are BeCl,, FeCl,, FeCls, Fe(NO,)s,
Fe(Cl0,)s, NiCl,, MnCl,, CuCl,, Cu(NO;),, CuBr, PbCl,, ZnCl,,
Cdl,, Cd(NOj),, HgBr,, RuCl; and some alkaline earth
metals.

On addition of a 20 pL aliquot of analyte, a decrease in
the intensity of the fluorescence signal was observed for
cu*, Co™, cu™, Fe'?, Pb™, and Cd** ions (Fig. $157), but it
was much pronounced for Pd", Fe", Ru"™, and Hg'” ions
(Fig. 10). Subsequent addition of analytes in the 40, 60, 80,
100, 120, 140, 160, 180 uL aliquots and so on resulted in
rapid and complete turn off in fluorescence intensity for Fe'?
and Ru"® ions at ~100 pL and 96% for Hg'* at 160 uL and
98% for Pd'? at 160 ulL (Fig. 10), whereas 98% fluorescence
quenching for the Cu'? ion, ~93% for Cd'* and Pb™ ions
and 85% for the Cu’ ion at ~300 pL was observed (Fig. S157).
Although these ions are potentially good at quenching and
have shown excellent quenching efficiency (>85%), the
volume of the analyte required was very large when compared
to Pd*?, Fe"?, Ru™, and Hg" ions. Thus, it can be inferred
that 1 is highly sensitive to the latter ions and hence can be
used for rapid detection of the same.

This trend can be visualized by comparing the quenching
efficiencies of different analytes after five additions (100 pL)
of 20 uL each (Fig. 11). Based upon these findings, the Stern-
Volmer equation was used to calculate K, values for 1
towards Fe'®, Ru'?, and Hg'? ions in the concentration range
of 20 to 260 ppm, which were found to be 9126, 8987 and
7219 M, respectively (Fig. S16f). For Ni'%, Fe'*, and Co™
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Fig. 11 Comparison of quenching efficiency of analytes after the first
five additions to the suspension of 1.

ions, saturation in quenching efficiency at 57%, 79% and
64%, respectively, was observed (Fig. S15 and $17t), while
negligible or no response was observed for Be'”?, Zn'* and
Mn'? jons, suggesting that 1 is insensitive to these ions (Fig.
S$171). Relative quenching efficiencies of different analytes
are summarized in the graph of % quenching efficiency vs.
volume of analyte (in pL) (Fig. 12).

Anion A" sensing using PL studies

In the metal ion sensing studies, especially for Fe(m) and
Cu(n) ions, different metal salts were studied in order to
probe the effect of counter anions on the fluorescence
quenching of 1 (Fig. S18t). After the first addition of 20 pl, it
was found that 30% to 60% quenching was observed on

(—=— BeCl,
—e— Cdl,
—e— Co(NO;),
[—e— CuBr
—e— CuCl,
|~ Cu(NO,),
|—e—FeCl,
FeCly
+— Fe(ClO,),
—e— Fe(NOy),
[—a— HgBr,
Mn(NOs),

% Quenching efficiency

0 50 160 IéO ZCIIU 2\;)0 300
Volume of analyte added (in pl)

Fig. 12 Percent quenching efficiency of various analytes after some
additions. Note that the sample was excited at 265 nm and the
emission was observed at 378 nm.
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Fig. 13 Fluorescence intensity change upon addition of NaBF,, Nal and KNOj; to a suspension of 1 (note: blank corresponds to the emission from

1 before the addition of analytes).

varying the Fe(m) metal salts with 33% quenching using
NO; ", 40% using ClO,, and 60% with CI” salts (Fig. S187).
Similarly, 15% and almost double (32%) quenching in
fluorescence signal was observed by using CI” and NO;™ salts,
respectively, of Cu(n) ions (Fig. $18%). These results indicate
that the counter anions can affect the quenching of the
fluorescence intensity of 1, which encouraged us to perform
sensing studies with anions. We have chosen some salts of
sodium and potassium as anion sources, viz. NaNO3, NaBF,,
Nal, Na,S0,, NaClO,, KNO;, KBr, and KSCN, for fluorescence
titration experiments. The concentration of these ion-
containing solutions in DMF was set to 10 mM, and a small
(less than 200 pL) amount of water was also used to dissolve
the salts. For these experiments too, 1 mg of 1 in 2 mL DMF
was sonicated for 40 minutes, and the suspension was
carefully pipetted into a new vial for further use. Next, these
solutions were titrated in the following aliquots: 20, 40, 60,
80, 100 and 120 pl. A noticeable decrease in fluorescence
intensity was observed upon the addition of BF,, T, and
NO;™ ions (Fig. 13), whereas negligible to no response was
observed using ClO,”, Br, SCN™, and SO,*” ions (Fig. $19%).

Metal ion sensing using L1

Fluorescence studies have illustrated that the emission from
1 is dominated by the L1 molecule, which signifies that
sensor-analyte interactions could take place principally at the
L1 molecule. Thus, it is preferable to study the behaviour of
the ligand molecule alone towards various analytes and see
how the ligand behaves when it is free or uncoordinated. We
have tested FeCl;, HgBr,, CuCl,, and Cdl, salts for the
fluorescence titrations with L1 solution. Among these M""
salts, a consecutive decrease in intensity was observed with
the addition of Fe™ ijons that led to 50% quenching of
intensity after the first five additions in the 20, 40, 60, 80 and
100 ul aliquots (Fig. 14). The addition of Hg', Cu', and
Cd" ions does not cause a drastic change in fluorescence
intensity, which is ~15% at 100 pl addition (Fig. 14).
Although like 1, the ligand is also responsive to Fe'® ions
than other ions, the number of additions required were more
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(~100 pl) in the case of L1. In contrast, an extensive decrease
in fluorescence intensity was observed for 1 than L1 after the
first addition (20 pl). The highly responsive nature of 1
towards Fe™* jons can be explained by the fact that after
coordination to Co(u) ions, the ligand molecules (L1) are
immobilized in a favourable orientation in the framework,
which maximizes interactions with analyte ions.

Thus, it can be concluded that the observed rapid
response of 1 towards Fe™ ions might be due to the very
responsive nature of L1 molecules towards these ions.

Proposed mechanism of sensor-analyte interactions affecting
fluorescence intensity

Metal ion sensing experiments illustrated that 1 is responsive
to most of the metal ions, therefore it can be considered as a
versatile chemo-sensor material. The responsive nature of 1
toward various analytes can be explained based on hard-soft
acid and base (HSAB) principles, which illustrate that hard
acid prefers to interact with hard base and soft acid with soft
base.”® Compound 1 contains L1 and BDC, and within these
ligands the core motifs, viz. benzene ring, naphthalene ring
and carbonyl groups of amide and carboxylic groups, are
borderline Lewis bases. Because of the presence of these
borderline bases, 1 is sensitive to most of the metal ions and
hence acts as a versatile chemo-sensor. Moreover, theoretical
and fluorescence studies have elucidated that the excited
state and the emission from 1 is dominated by L1. Hence,
diminished fluorescence intensity of 1 after the addition of
different metal ions is supposed to occur by the interaction
of different metal ions with carbonyl or naphthalene moieties
or both of L1. Due to their flexible nature, the adjacent L1
molecules in the framework orient themselves in a way so as
to have concomitant M""--Oypige (Lewis-base) and M""---n
interactions™ with different metal ions (Fig. 15), which alters
the fluorescence signal of 1. The highly sensitive nature of 1
towards Fe™, Ru™, and Hg" ions than other ions might be
due to the high affinity of its recognition sites (L1 molecules)
for these ions, which led to high influx or diffusion of them
even at low concentrations towards accessible parallelogram-

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Fluorescence intensity change upon addition of (a) FeCls, (b) HgBr,, (c) CuCl,, and (d) Cdl, to L1 solution (note: blank corresponds to the

emission from 1 before the addition of analytes).

shaped pores to concentrate ions to a high level. These
trapped ions can now interact with 1 via the aforementioned

—— 2D sheet of Co(I)
and BDC

OO0
AY-OL-O<A

Fig. 15 Tentative mechanism of the sensor-analyte interactions
proposed for 1 with different metal ions.

This journal is © The Royal Society of Chemistry 2022

interactions, resulting in the quenching of the fluorescence
signal. In the case of Pd'?, Cu'?, Cd'?, Pb"* etc., the diffusion
of ions increases at high concentration of analytes as
apparent from the large number of additions, ~160 pl for
Pd'* and 280 pl for the rest. Saturation in the fluorescence
quenching was observed in the case of Ni'?, Co'?, and Fe'?,
indicating that the accessible volume of 1 is fully drenched
with ions while not a very negligible response was observed
towards Be™, Mn™, and Zn"” ions.

In 1, trimeric units with two coordinatively unsaturated
Co(n) sites (occupied by DMF molecules) can be assessed by
anions in a fluorescence titration experiment. The interaction
of anions with the open coordination sites of Co(u) ions can
be explained on the basis of polarizability and anisotropy in
the distribution of electron densities on Co(u) ions. It is a
well-known fact that metal ions with partially filled d-orbitals
can undergo electronic interaction with organic linkers by
participating in ligand to metal charge transfer (LMCT)-based
transitions, which intensifies the electron densities on the
metal ion. Conversely, the displacement of these electron
densities towards ligand (or m-acceptor) molecules generates
partially electron-deficient sites on the Co(u) ions, which can

CrystEngComm, 2022, 24, 5460-5473 | 5471
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then lure anions. Thus, minor changes in the fluorescence
signal of 1 upon addition of different anions can be
attributed to the same reason. In general, the most
reasonable hypothesis for fluorescence quenching is either
(1) the energy transfer from donor (compound 1) to acceptor
in a bimolecular excited state or (2) bimolecular excited states
involving electron or energy transfer from excited donor to
nonexcited analyte ions or quenchers.””

Conclusion

In the present study, three new mixed ligand coordination
compounds of Co(n) 1, Zn(n) 2 and Ni(u) 3 were synthesized
using solvothermal methods and characterized by various
analytical techniques. Due to the presence of some pores
(SOVs) and stable fluorescence emission, compound 1 was
investigated for its sensing ability. Although 1 has shown
some response to different metal ions during fluorescence
titrations, the response is much more pronounced for Hg'?,
Fe', and Ru™ ions. The highly sensitive nature of 1 towards
these ions than others might be due to its high affinity,
which leads to high influx or diffusion of these ions at even
low concentrations towards accessible pores to have more
M""---Oymide (Lewis base) and M"'- -7 interactions with metal
ions, resulting in drastic changes in fluorescence signal.
Theoretical studies were performed on a model Co(u)
complex to determine the active orbitals involved in the
excited state. The results illustrated that the excited state is
dominated by naphthalene and carbonyl moieties of L1, and
thus after the excitation of 1, electron transfer to the analyte
ions can take place only if the ions interact with either of the
moieties or both. Fluorescence titrations were also performed
with different anions following distinet quenching patterns
observed with different Fe(m) and Cu(u) salts. The studies
have shown that only slight changes were observed on the
addition of BF,, I, NO;, and (SO,) * ions. Compound 1 is
also interesting from a structural point of view because it has
a new topology (4-c)(4-c)2(4-c)2(6-c) with a 4-nodal net. In
addition, a structure containing Co(u) ions in a trinuclear
system has never been reported. Similarly, 2 has a novel 3D
framework with a (3,7)-c net topology that contains
interesting tetranuclear Zn(u) clusters with four different
coordination geometries around Zn(u) ions. Compound 3 has
also shown an interesting pattern of interlinking of adjacent
1D chains to give a 3D framework of a sql/Shubnikov
tetragonal plane net-type topology having the point symbol
{474-6"2}.
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Chapter — 3
Isostructural coordination polymers of
tethering naphthalene anchored bis(2-
methylpyridinecarboxamide) ligand: Single
crystal, XPS, EDS and theoretical studies.
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3.1 Introduction
Coordination polymers (CPs) have received immense attention from the scientific

community during the past few decades owing to their interesting structures and
properties. The properties of CPs are directly related to the type of the metal ion and
organic ligand present: for instance, magnetism can be obtained using metal ions with
partially filled d or f-orbitals, while luminescence properties could be related to the
degree of unsaturation in the aliphatic/aromatic systems of the ligand and/or the
presence of chromophores and/or auxochromes. It is always challenging to anticipate
the structures of the coordination networks because the parameters such as the
coordination modes of ligands, the geometric preferences of the metal ions, the solvent
systems, pH values and the counter anions affect the self-assembly process.

Although there are plenty of reports in the literature on 1D coordination polymers
synthesized using different classes of organic ligands containing divergent coordination
sites, the compounds synthesized using dicarboxamide ligands containing secondary
amide nitrogen (R-CONH-) with pendent pyridyl group are interesting owing to their
ability to govern the self-assembly of coordination networks by virtue of their strong
coordination potential alongside non-covalent interactions such as hydrogen bonding,
and 7 -7 interactions to yield molecular networks of different dimensionalities. Also,
the amide group is known to regulate the orientation of ligand molecules to direct the
coordination to metal ions, and hence to control the primary structure in the solid state.
These structures are further reorganized into supramolecular networks (secondary
structure) through various non-covalent interactions (e.g., metallophillic and
metal---halogen interactions, ligand-based interactions), which in turn depend upon the
functionalities present in the ligand molecules.

In view of the above discussion, we have reported the synthesis of a symmetric
dicarboxamide ligand (L1) containing a naphthalene core appended to two methyl
pyridyl groups at 2,6-positions. Moreover, a series of coordination compounds have
been synthesised by reacting L1 molecule with MX; salts (M = Cu(Il), Co(Il) and
Zn(Il), X = ClOy4). The diffraction studies reveal that these compounds are
isostructural, which is also confirmed by dissimilarity index measurement using XPac
software. In addition, the oxidation states of metal ions in the relative complexes have
been investigated by XPS (X-ray photoelectron spectra) analysis. Moreover,

information on the different chemical environments of non-metals (e.g., C, N, O and

55



56

Cl) has been obtained using the same technique. Besides, EDS (Energy-dispersive X-
ray spectroscopy) analysis was performed to see the elemental composition of bulk
samples. At last, DFT (Density Functional theory) calculations are performed on the
L1 and complexes to see the orbitals composition of ground and excited states. Also,
the total energy (E7.1) of metal ligand coordination bond in the complexes is calculated
and its decomposition into different energies viz. Epauii, Eclectrostatic, Edispersion €tc. 18 done.
The results obtained show that the energy of metal-ligand bond in the copper complex
is more negative than others, which can be attributed to prevalent Jahn-Teller
distortions that results in shorter metal-ligand bond distance. These observations are
also in good agreement with the metal-ligand bond distances obtained from single
crystal x-ray diffraction. Furthermore, the crystal structure of the ligand and the
corresponding complexes discussed in this research are novel and have never been

reported in the literature, which further adds value to this thesis.

3.2 Objective

» Design and synthesis of isostructural one-dimensional coordination polymers
(1D-CP) using transition metal-ions and the naphthalene dicarboxamide ligand,
differing from the one discussed in the Chapter 1 in the position of the pyridine
nitrogen with respect to amide group.

» Characterization of the coordination compounds using different analytical
techniques such as SCXRD, XPS, EDS etc. and establishing critical correlation
among them.

» Chemical state identification of the transition metal-ions, and the information
on chemical environments on different elements using XPS analysis.

» Investigation of bulk elemental composition of these compounds using EDS
analysis.

» Investigation of the effect of DMF molecules on the HOMO-LUMO energy gap
of these compounds using DFT studies.

» Theoretical studies to examine the strength of metal-ligand bond with the

change in the metal-ion.

3.3 Authors contribution

» Conceptualization — Love Karan Rana
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» Data curation — Love Karan Rana, Gurpreet Singh Selopal (XPS) and Alborz
Bavandsavadkouhi (TGA)

Formal analysis — Love Karan Rana

Funding acquisition — Dr. Adam Duong

Investigation — Love Karan Rana

Methodology — Love Karan Rana

Supervision — Dr. Adam Duong

Visualization — Love Karan Rana

Writing - original draft — Love Karan Rana
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Writing — review and editing — Love Karan Rana and Prabhjot Kaur, and Dr.

Adam Duong

3.4 Article
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Isostructural coordination polymers of

the tethering naphthalene anchored
bis(2-methylpyridinecarboxamide) ligand: single
crystal, XPS, EDS and theoretical studiest

Love Karan Rana, () *? Prabhjyot Kaur,® Alborz Bavandsavadkouhi,®
Gurpreet Singh Selopal@b and Adam Duong ®:

This research work reports the synthesis of three novel coordination compounds with the formula
{IM(L1)(C3zH;NO)41(CIO4)2}, (M = Culi) 1, Col) 2, and Zn(i) 3), using M(ClO4)»-6H,O metal salt with L1
(where L1 = (N2 N®-bis(pyridin-4-ylmethylinaphthalene-2,6 -dicarboxamide). Diffraction study shows that
these compounds are isostructural 1D coordination polymers which is also confirmed using XPac 2.0
software. In addition, information on the chemical state of metal ions, and chemical environments
around different elements viz. C, N, O and Cl was obtained by the XPS analysis of these compounds.
EDS analysis was done on these compounds, which further supports the findings of XPS and single
crystal diffraction studies by showing the presence of respective elements of the ligand, perchlorate ion,
and metal ions in the bulk samples. DFT studies on L1 and compounds 1-3 were performed considering
the effect of solvent molecules on the HOMO-LUMO energy gap. which shows the order of 4.609 eV
(2) < 4737 eV (3) < 4742 eV (1) < 4.752 eV (L1). Furthermore, the total energy (Etowa) of the metal
ligand coordination bond in the compounds 1-3 is calculated, which is further decomposed into various
contributing energies. A more negative value of Eqy, in 1 reflects the effect of Jahn-Teller distortions
and is in good agreement with the crystallographic metal ligand bond distance. Besides, various analyti-
cal techniques viz. NMR, IR, etc. were used to characterize the ligand and compounds as well. The phase

rsc.li/njc

Introduction

Coordination polymers (CPs) are non-porous inorganic-organic
hybrid materials comprising an infinite array of metal nodes
tethered by organic struts to give repeating coordination motifs
extending in one, two and three dimensions." They represent
an important interface between synthetic chemistry and mate-
rials science with interesting structures and properties®” due
to which they have received attention from the scientific

“ Département de Chimie, Biochimie et physique, Institut de Recherche sur
I'Hydrogene and Laboratory of Functional Materials for Energy and
Nanotechnology (Duonglab), Université du Québec a Trois-Riviéres, Trois-Riviéres,
Québec, G9A 5H7, Canada. E-mail: love.karan@ugtr.ca

® Institut national de la recherche scientifique, Montréal, Québec, H2X 1E3, Canada

1 Electronic supplementary information (ESI) available: ORTEP diagrams,

Tables S1 showing IR peaks assignments, and Tables $2-85 showing information

on hydrogen bonding in L1 and compounds 1-3. In addition, the '"H NMR and '*C

NMR spectra of L1 and the PXRD patterns of the compounds. Furthermore, XPS,

SEM and EDS spectra of 2 and 3. CCDC numbers are 2236996 (L1), 2190880 (1),

2045249 (2) and 2063340 (3). For ESI and crystallographic data in CIF or other

electronic format see DOI: https://doi.org/10.1039/d3nj00038a

This journal is © The Royal Society of Chernistry and the Centre National de la Recherche Scientifique 2023

purity of these compounds was determined using PXRD.

community for the past few decades. A careful selection of
metal ions and a meticulously designed ligand can impart
desired properties to materials (CPs); for instance, magnetic
properties can be invoked in coordination polymers by incor-
porating transition metal ions with partially filled d orbitals
such as Mn(u),” Co(i)*® Ni(u),"” Cu(u)"" and some rare earth
metal ions.**** However, for the applications such as lumines-
cence, photodegradation of dyes etc., characteristics like degree
of unsaturation in the aromatic rings and the presence of
auxochromes, in the organic ligand imparts absorption/emis-
sion characteristics to the coordination polymers.* *®

Despite the immense progress that has been made in the
design and synthesis of CPs, it is still a challenge to anticipate
the structures of the resultant frameworks'”'® because the
crystallization process of coordination polymers is affected
by parameters, such as the coordination modes of ligands,
metal ions, solvent systems, pH values and counter anions.** !
In general, the outcome and topology of the product self-
assembled from an inorganic metal centre and organic
spacers depends on the (1) functionality of the ligand which
involves flexibility, length, and symmetry of organic ligands,

New J. Chem., 2023, 47, 5477-5487 | 5477
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and (2) valences and the geometric needs of the metal ions
used.*

There are plenty of reports in the literature on 1D coordina-
tion polymers, synthesized using different organic ligands with
divergent coordination sites.”®> Among these, the dicarboxa-
mide ligand containing secondary amide nitrogen (R-CONH-)
with pendent pyridyl groups™~* is of particular interest due to its
ability to direct the self-assembly of coordination networks by the
virtue of its strong coordination potential and different non-
covalent interactions such as hydrogen bonding and n- - -m inter-
actions to yield molecular networks of different dimensionalities.
The amide group with well-known patterns of self-assembly
(Scheme 1) has the potential to regulate the orientation of ligand
molecules to govern the coordination to metal ions, thus affecting
the primary structure in the solid state.***® These structures
are further reorganized into supramolecular networks (secondary
structure) using various non-covalent interactions involving
metallophillic and metal---halogen interactions, and ligand-
based interactions depending on the functionalities present in
ligand molecules.*®***

In view of the above discussion, we have synthesized a new
dicarboxamide ligand L1 containing a naphthalene core
appended to two methyl pyridyl groups at the 2,6-position
and used it to obtain a series of 1D coordination compounds
with MX, salts (M = Cu(u), Co(u) and Zn(u), X = ClO, ). The
SCXRD analysis reveals that they are isostructural in nature,
which is also confirmed by the dissimilarity index measurement
using XPac software.”®* In addition, XPS analysis was per-
formed on these compounds to see the oxidation state of metal
ions and to investigate the influence on chemical environments
of different elements of L1 and the perchlorate ion after coordi-
nation to metal ions. Besides, the EDS analysis was performed
on these compounds to see the elemental composition of bulk
samples with respect to L1, the perchlorate ion and the metal
ion. The results obtained supplement the information obtained
by single crystal diffraction and XPS studies. Finally, DFT
calculations were performed on L1 and compounds 1-3 by
taking into account solvent effects to study the orbital composi-
tions of the HOMO and LUMO states and the effect of a solvent
(DMF) on these states. We would like to mention here that
although the ligand has been used elsewhere,*™" the crystal
structure of the same and the corresponding compounds

5478 | New J Chem., 2023, 47, 5477-5487

included in this article have never been reported, which makes
the present work novel.

Materials and methods

All materials viz. 2,6-napthalenedicaboxylic acid, 3-(amino-
methyl)pyridine, thionyl chloride, dimethylformamide (DMF),
pyridine and all perchlorate salts M(Cl0O,),-6H,0 (M = Co(u),
Cu(u), and Zn(i)) were procured from Sigma-Aldrich and were
used as received without further purification. The NMR data of
L1 was recorded using a Varian Oxford 200 MHz instrument.
X-ray photoelectron spectra (XPS) was acquired using a VG Scien-
tific Escalab 220i XL system, equipped with an aluminum mono-
chromatic source of 1486.6 eV energy. Casa XPS and origin software
were utilized for the elemental analysis and interpretation of
characteristic binding energies, The thermogravimetric analysis of
all compounds was performed using a Diamond Pyris 6000 TGA/
DTA apparatus from Perkin-Elmer from 30 "C to 850 "C undera N,
flow at a heating rate of 5 °C min ™",

Diffraction studies

The single crystal data for L1 was collected using an Agilent
Supernova, dual four circle diffractometer equipped with a
mirror monochromator. The diffraction data for 1-3 were
collected using a Rigaku New Gemini, four-circle diffractometer
equipped with a fine-focus sealed X-ray tube and an EosS2
detector with a CCD plate. The data were integrated with
CrysAlisPro 1.171.40.84a and a multi-scan absorption correction
was applied using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm. The structure of compound
1 was solved using the SIR-92%* structure solution program and
the structure of L1 and compounds 2 and 3 using SHELXT.**”
The data were refined with the SHELXL®® refinement package
using least squares minimization in a graphical user interphase
Olex2.”* All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were refined isotropically on calculated
positions using a riding model with their Uiso values con-
strained to 1.5 times the Ueq of their pivot atoms for terminal
sp® carbon atoms and 1.2 times for all other carbon atoms. In
compound 1, the high thermal parameter of atoms in coordi-
nated DMF molecules is fixed by splitting the respective atoms

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Identification code L1 1 2 3

Empirical formula Caq Hyy Ny O C3zs Hyg Cl; Cu Ng Oy, C36 Hayg Cl; Co Ng Oy, Cz6 Hyg Cl; Zn Ng 044
Formula weight 396.44 951.27 946.65 953.11

Temperature 150K 150K 150) K 150(2) K
Wavelength 0.71073 A 1.54184 A 1.54184 A 1.54184 A

Crystal system Triclinic Triclinic Triclinic Triclinic

Space group P1 P1 Pi Pi

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data
collection

Index ranges

Reflections collected/

unique

Completeness to theta
full

Absorption correction

Max. and min.
transmission
Refinement method

Data/restraints/
parameters
Goodness-of-fit on F*
Final R indices [ >

@=9.779(9) A = = 103.64°
b =10.072(10) A f§ = 98.53"

¢ = 11.6525(15) A 7 = 113.08°

988.1(2) A

2

1.332 Mg m*
0.087 mm ™’
416

0.23 % 0.19 x 0.11 mm®
3.162 to 25°

-1l <h<i1l,-11<k< 11,
-12<1<13

7397/3465 [R(int) = 0.0547]
99.7%

Semi-empirical from
equivalents

0.7456 and 0.6352

Full-matrix least-squares on

3465/0/271

1.064
Ry = 0.0911, wR, = 0.3047

a =9.249(8) A x = 95.50(7)°
b=10.877(8) A f = 107.674(8)

€=11.2251(10) A y = 100.68(7)°

1043.3(2) A°

1

1.514 Mg m~?
2.574 mm™?
495

0.15 % 0.14 x 0.12 mm*
4.189 to 72.451

“11<h=<11,-13 <k <11,
-13<1<13

7014/4000 [R(int) = 0.0345]
99.8%

Semi-empirical from
equivalents

1 and 0.89999

Full-matrix least-squares on

4000/110/396

1.029
Ry = 0.0545, R, = 0.1457

a=9.1612(6) A x = 95.171(5)°

b=10.9721(8) A § =
105.936(5)
c=11.5145(4) A y =
103.407(6)°
1067.87(12) A®

1

1472 Mg m~*
4,943 mm™!
493

0.21 x 0.19 x 0.17 mm®
1.048 to 72.405"

11 <h<11,-13<k<
12,-14 <1 <9
7666/4109 [R[int] = 0.0288]
99.6%

Semi-empirical from
equivalents

1 and 60350

Full-matrix least-squares on
P{I

4109/0/281

1.026
Ry = 0.0434, wR, = 0.1155

a=9.196(4) A x = 95.18(4)°
b=10.976(6) A f§ =
106.101(4)

c=11.4963(4) A y =
103.357(4)°

1069.8(9) A

1

1.479 Mg m~*
2.587 mm™*
196

0.20 % 0.18 x 0.16 mm’
1.058 to 71.866°

“10<h<11,-13<k<
13,-14<1<8
7064/4059 [R(int) = 0.0235]

99.0%

Semi-empirical from
equivalents
1 and 0.72216

Full-matrix least-squares on
F‘Z
4059/0/281

1.057
R, = 0.0388, wR, = 0.1026

2sigma(7)]

R indices (all data)
Largest diff. peak and
hole

CCDC

Ry = 0.1365, wR, = 0.3399
0.467 and 0.405 e A™'

2236996 2190880

into two positions to give a total site occupancy of 1.000 for each
DMF molecule. The respective site occupancies and Uy, values
were refined as free variables. In addition, the disorder in
perchlorate ion was resolved by splitting the respective oxygen
atoms into two positions with a total site occupancy factor of 1.
The powder diffraction patterns (PXRD patterns) of all com-
pounds (Fig. S1-S3, ESIt) were obtained using a D8 Focus Bruker
X-ray powder diffractometer with Cu Ku radiation (1 = 1.54178 A).
Powder patterns from single crystals were generated using the
Mercury software of the Cambridge Crystallographic Data
Centre.”> The crystallographic information of all compounds is
shown in Table 1. The BFDH morphologies showing the planes
involved in the crystal growth are given in Fig. $4 (ESIT) for L1 and 1.

Computational details

DFT calculations of L1 and all compounds were performed
using the ORCA quantum chemistry suite 4.2.1.°® by taking into
account solvent effects of DMF using a conductor like polariz-
able continuum model (CPCM).>” In the case of compounds
1-3, geometry optimization was performed considering the
fragment [M(L1),(DMF),] (M = Co(n), Cu(n) and Zn(n)) as the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Ry = 0.0654, WR; =

0.1558
0.628 and 0.438 e A

Ry = 0.0461, wR, = 0.1184
0.454 and 0.429 e A

Ry = 0.0456, WR, = 0.1070
0.511 and 0.344 e A™*

2045249 2063340

representative unit, in which the coordinates of respective ele-
ments were directly taken from the respective cif files. The
geometries of L1 and 1-3 were optimized using a hybrid PBEO
exchange-correlation function® with a basis set def2-SVP.” The
empirical dispersion correction D3B] was used to evaluate the
binding energies.®*"®* Besides, a polarized triple-zeta function
def2-TZVP®* with core effective potential was used for metal ions
to account for relativistic effects. In addition, the auxiliary basis
set used was def2/].% The energy decomposition analysis (EDA)**
was performed using the fragment [M(L1),(DMF),] to obtain a
better understanding of metal-ligand coordination bond ener-
gies in 1-3 and interaction energies involved in hydrogen
bonded fragments of L1. Decomposition of total binding ener-
gies was computed using the BLYP exchange-correlation
function®® with a D3 empirical dispersion correction.®* In addi-
tion, all electron triple-zeta basis set with two polarization
functions, TZ2P, has been applied to all atoms. Core electrons
were treated by frozen core approximation. Scalar relativistic
effects were considered by zeroth-order regular approximation
(ZORA).*” Fragments considered for this analysis were directly
taken from the cif file without further optimization.

New J. Chem., 2023, 47, 5477-5487 5479
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Synthesis of L1

A mixture of 2,6-naphthalene dicarboxylic acid (4.6 mmol, 1.0 g)
in SOCI, (20 ml) was refluxed for 1 h at 90 °C in a 100 ml round
bottom flask. Following this, dry toluene was added to the
resulting clear solution and the excess of SOCI, was removed by
vacuum distillation. The reaction mixture was cooled down to
room temperature and then 4-aminomethyl pyridine (1000 mmol,
0.94 ml) and pyridine (731 mmol, 0.75 ml) were added to the
reaction mixture followed by stirring for 1 h. The reaction mixture
was left undisturbed for few hours. The organic layer was washed
with distilled water followed by a saturated solution of NaHCO,
five times and dried over Na,SO,. The crude product was recrys-
tallized using MeOH whereupon slow evaporation gave light-
colourless crystals of L1 (yield: 0.75 g, 75%). Although the
molecular structure of L1 was obtained from one of these crystals,
the data quality was not good as apparent from the deviation of
data from the straight line in the Wilson plot and a low signal-to-
noise ratio at higher angles (beyond 20 = 43"), even though a high
exposure time of 25 second per frame with a scan width of 1 was
used. This can be related to the intrinsic nature of the crystal. The
associated graphs illustrating weak diffraction data are shown in
the ESIt (Fig. S5). Anal. cale for L1, C23Ho,N,04 (%): C, 66.65; H,
5.59; N, 12.95. Found: C, 66.70; H, 6.39; N, 12.79. 'H NMR
(200 MHz, DMSO, & from TMS), (Fig. S6, ESI{): 0y 9.38 (s, 2H),
8.58 (s, 2H), 8.52 (s, 2H), 8.14 (s, 2H), 7.36 (s, 4H), 4.57 (s, 4H). °C
NMR (200 MHz, DMSO, & from TMS), (Fig. 57, ESIT): ¢ (200 MHz,
DMSO) 166.60, 149.78, 148.70, 133.63, 133.13, 129.36, 127.61,
125.14, 122.39, 42.10. FT-IR (cm™") (Fig. S8 and Table S1, ESIt)
3272 (s), 3068 (w,b),1639 (s),1597 (s),1533 (b), 2937(m), 1487 (w)

Synthesis of 1-3

All the compounds were synthesized by the vapour diffusion
method of crystallization. Mixture of L1 (0.01 g, 0.025 mM)
and Cu(ClO,),-6H,0 (0.0187 g, 0.050 mM) for compound 1, L1
(0.01 g, 0.025 mM) and Co(ClO,),-6H,0 (0.0185 g, 0.050 mM) for
compound 2, and L1 (0.01 g, 0.025 mM) and Zn(ClO,),.6H,0
(0.0188 g, 0.050 mM) for compond 3 was dissolved in DMF at
room temperature. Next, the solution of 1 was exposed to ethyl
acetate, whereas EtOH was used as a diffusion solvent for 2
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and 3. Light blue and pink crystals were obtained for 1 and 2,
respectively, while colourless crystals were obtained for 3. All the
samples were washed with fresh DMF for at least four times
before performing further analysis.

Yield for 1:0.0080 g (80%). Anal. calc for 1, C36H gNgOy4-
Cl,Cu (%): C, 46.22; H, 4.48; N, 12.52. Found: C, 45.45; H, 5.09;
N, 11.78. FT-IR (em '), (Fig. S8 and Table S1, ESI{) 3076 (w),
2932 (vw), 1645 (s), 1615 (w), 1532 (m, b), 1494 (w), 1105 (w),
1081 (m), 1060 (w).

Yield for 2:0.0088 g (88%). Anal. calc for 2, C;,H,sNgO,,-
CL,Co (%): C, 45.68; H, 5.11; N, 11.84. Found: C, 45.43; H, 4.98; N,
11.45. FT-IR (cm '), (Fig. S8 and Table S1, ESI) 3069 (w), 2940 (vw),
1640 (s), 1611 (w), 1533 (s), 1493 (w), 1112 (w), 1058 (w), 1019 (w).

Yield for 3:0.0073 g (73%). Anal. calc for 3, C36HysNgOqy
CLZn (%): C, 45.37; H, 5.08; N, 11.76. Found: C, 45.12; H, 4.92; N,
11.34. FTIR (em™ "), (Fig. $8 and Table S1, ESIT) 3071 (w), 2935 (vw),
1643 (s), 1612 (w), 1529 (s), 1492 (w), 1114 (w), 1061 (w), 1021 (w).

Results and discussion
Crystal structure of L1

The crystal structure of L1 shows a unique ligand molecule in
the asymmetric unit (Fig. 1a and Fig. S9, ESIY). Within the
molecule, amide moieties are slightly oriented with respect to
the naphthalene ring as apparent from a dihedral angle of 35.5°
between naphthalene and amide planes (Fig. S10, ESIt). The
adjacent L1 molecules are held together by R}(6) synthons® 7"
involving naphthalene and pyridine moieties to form a 1D chain
of hydrogen bonded ligands (Fig. 1b). A 2D sheet is formed by
hydrogen bonding between neighbouring 1D chains via R3(10)
synthons composed of naphthalene and amide moieties
(Fig. 1c). The adjacent 2D sheets are piled upon one another
by R}(7) and R3(10) synthons to form a 3D framework (Fig. 1d).

Crystal structure of compound 1

As all three compounds are iso-structural 1D coordination poly-
mers, the crystal structural description of only 1 is given below.
The details of hydrogen bonds of 1-3 are given in Tables 3-S5
(ESIT). The ORTEP diagrams of 1-3 are shown in the ESIt

Fig.1 (a) Asymmetric unit of the ligand. Pictorial presentations of the (b) 1D chain, (c) 2D sheet and (d) 3D hydrogen bonded framework

5480 | New J Chem., 2023, 47, 5477-5487
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(Fig. $11-S13). In the asymmetric unit of the compound
(Fig. S11, ESIt), the Cu(u) ion is coordinated to a half L1 and
two unique DMF molecules with the centre of inversion present
on the metal centre and the naphthalene ring of the ligand as
well. Besides, perchlorate ions are crystallized as counter anions
outside the coordination sphere. A unique coordination unit
containing Cu(u) ion octahedrally coordinated to a complete L1
molecule and symmetry related DMF molecules is generated
around these centres of inversion (Fig. 2a). The octahedral
geometry around the Cu(u) ion is granted by pyridine nitrogen
atoms of two symmetry related L1 and oxygen atoms of four DMF
molecules, two unique and two symmetry related. In all com-
pounds, the amide moieties of L1 molecules are twisted out of the
plane with respect to the plane of the naphthalene rings by 25.5"
(the dihedral angle between the naphthalene plane and the amide
plane). Whereas pyridine rings are oriented at 62.5° relative to the
plane of the naphthalene ring. The amide and pyridine moieties
of L1 molecules exhibit the same orientation in all compounds as
apparent from the overlay diagram (Fig. 2b). Due to the divergent/
bridging nature of L1, the adjacent metal centres are connected to
each other by p,-bridged L1 molecules to generate a 1D coordina-
tion chain (Fig. 2a). These chains are further extended to 2D and
3D hydrogen bonding networks (Fig. 2c and d) via extensive
hydrogen bonding between perchlorate anions and, the naphtha-
lene and amide moieties of L1, and coordinated DMF molecules.
In the 3D network, the metal ions are arranged in such a way to
give an arrangement of edge sharing multiple parallelograms
(Fig. 2d). The respective ring synthons that hold the hydrogen
bonding networks are shown in Fig. S$14a and 14b (ESIT).

Isostructurality of compounds 1-3

The degree of similarity among 1, 2 and 3 based on their
subassemblies or “supramolecular construct” (SC) was investi-
gated using XPac 2.0 software.**™** Supramolecular constructs
are the subcomponents of crystal structures that have
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geometrical closeness with respect to the geometrical confor-
mation and position of molecules. The comparison of the
structures is merely based on the geometrical basis that takes
an account of angular, planar, and distance relationships
between the kernel molecule (central molecule) and cluster
molecules (surrounding molecules) of a given coordination
sphere of molecules generated around a central molecule by
relative symmetry operations of space groups of each structure
considered for comparison. For comparison, the template struc-
ture was generated using compound 3, which was then used to
define equivalent atoms in 1 and 2 to be compared. The XPac
dissimilarity index (X)*® caleulated for a coordination sphere
comprising a kernel (central molecule) and 18 shell molecules
shows 3D similarly between 1 and 3 with a value (X) of 4.
Likewise, compounds 2 and 3 have 3D similarly to a dissimilarity
index (X) value of 0.3. The pertinent values of geometrical
parameters ie. angles [a] and planes [p] used to calculate X’
for 1 and 3 are 1.7 and 3.7°, respectively, whereas these values
are 0.1" and 0.2°, respectively, for 2 and 3. In addition, interest-
ing information can be derived from the graphs as shown in
Fig. 3a and b. In the plot of dp (%) vs da () (Fig. 3a), more data
points close to the origin (ie. data points at lower angles [a])
signify more similarity among the crystal structure. Thus, com-
pound 2 is more alike compound 3 than compound 1.

In addition to this, the plot of X vs dd (A) gives the stretch
parameter ‘D’ that signifies the extent of stretching in one
structure relative to other. Lower the value of ‘D’, more will be
the similarity that again illustrates that compounds 2 and 3 are
structurally very similar (Fig. 3b). The values obtained are
0.22 A and 0.02 A, respectively, for the comparison between 1
and 3 (Fig. 3a) and 2 and 3 (Fig. 3b).

XPS and EDS analyses

The chemical state identification and the investigation of elec-
tronic states of different elements have been studied using XPS.

Fig. 2 (a) 1D coordination chain of 1. (b) Overlay diagram showing the crientation of L1 in all compounds. Pictorial presentations of the (c) 2D sheet and

(d) 3D hydrogen bonding networks of 1.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 (a) and (b) Plots of da (*) vs op (°) and X vs. dd (°) for the comparison of the structures of 1 and 3 and 2 and 3.

In the XPS spectra of compound 1 (Fig. 4 and Table 2), the Cu
bands 2P;;, at 933.8 eV with a charge transfer satellite peak at
942.6 eV and 2P,;, at 953.9 eV with a charge transfer satellite

peak at 962.1 eV illustrate the presence of the divalent copper
ion.”! The low intensity peaks at 575 eV and 649 eV, respectively,
corresponding to the Auger LMM transition of the Cu(u) ion,”

LMM

f (Auger)

z

g

£
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Fig. 4 Characteristic binding energies (eV) of the respective elements present in compound 1.
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are also observed (Fig. 4, Table 2). Apart from this, the sp”
hybridized N 1s core level binding energy observed at 398.4 eV
shows the presence of the coordinated pyridine nitrogen atom.

The peak is slightly shifted towards a lower energy” (0. 3 V)
because of the delocalization of electrons towards the pyridine
ring due toM — L back bonding. For Cu-O bonds (DMF), the O
1s peak at 530.4 eV is observed at a lower binding energy”* due
to either M — L back bonding or the displacement of electron
density towards the carbonyl group by electron releasing
methyl groups attached to amide nitrogen of DMF molecules.
The fully resolved Cl 2p peaks viz. 2P5;, at 196.8 eV and 2P, at
198.9 eV for O 1s at 531.5 eV confirm that ClO, ions are
present in the material as counter anions. The shift in the
position of the Cl 2Pz, peak towards a lower binding energy
(~11 eV) with respect to NaClO,  (208.9 eV for C1 2P;,,)"* might
be due to strong electrostatic interactions between electron
deficient Cu(u) ions (due to back bonding) and one of the
oxygen atom of perchlorate ions. These interactions cause the
scarcity of electrons on the chlorine atom resulting in the
displacement of electron density from the rest of oxygen atoms
towards chlorine, thus making it electron rich and tunes the
effective nuclear charge. Thus, a shift towards lower binding
energy is observed. This trend is further supported by a shift of
2 eV (533.5 eV)™ at the position of the O 1s peak (Cl-O- - -Cu)
towards lower binding energy due to the displacement of
electron cloud from chlorine towards oxygen.

As it is a well-known fact that the local physical/chemical
environment and the hybridization of the element have a
significant effect on the binding energies. Analogous trends
have been observed in a broad C 1s region encompassing
several peaks viz. 281, 283.8 and 287.2 eV assigned to methy-
lene (sp*), aromatic (sp*) and amide carbons (attached to N and
O atoms), respectively.”” Furthermore, in compound 2, the XPS
bands 2P;;, at 780.3 eV and 2P, 798.6 eV’"7® with corres-
ponding satellite peaks at 785.2 and 802.3 eV, respectively,
illustrate the presence of divalent Co(u) ions (Fig. §15, ESIf
and Table 2). Conversely, the well resolved 2P;, and 2P,
bands at 1021.2 eV and 1044.5 eV, respectively, confirm the
presence of Zn(u) ions in compound 3 and are in accordance
with the reported values in the literature (Fig. S16, ESIT and
Table 2).””"® The binding energies associated with different
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elements of L1 and the perchlorate ion in 2 and 3 are tabulated
in Table 2.

Besides XPS, the EDS analysis was performed to see the
elemental composition in the bulk samples of 1 (Fig. 5), 2 and 3
(Fig. S17 and S18, ESIt) Besides, the intention behind the
analysis is to sec if all the elements and the metal ions are
present in the bulk samples as observed in their crystal
structure. The results obtained support the findings of SCXRD
and XPS studies. The relevant SEM images and the corres-
ponding percentage of different elements in these compounds
obtained after surface mapping at 100 pm are shown in Fig. 5
for 1, and Fig. S17 and S18 (ESIF) for 2 and 3, respectively.

Thermal stability

Thermal stability studies were performed in the temperature
range 30 to 850 °C for L1 and all compounds as well (Fig. 519,
ESIf). The thermal decomposition curve for L1 illustrates its
stability up to 110 °C, beyond which a steady weight loss takes
place with a complete loss was observed at ~450 “C. The gradual
decomposition after 90 “C was observed for 1 with 70% weight
loss at ~280 °C, corresponding to decomposition of L1 and three
DMF molecules (theoretical wt. loss 68.4%). The compound
was decomposed completely at around 750 “C. Compound 2
has shown the highest thermal stability up to 230 °C, followed
by irregular trends in decomposition patterns. Compound 3 was
stable up to 115 “C with first 15% weight loss at 265 °C corre-
sponds to the loss of two DMF molecules (theoretical wt. loss
15.4%), Following this, the gradual decomposition was observed.

Theoretical studies

Before discussing the results of DFT calculations in detail, we
would like to mention that the HOMO-LUMO energy gaps
calculated here cannot be used to rationalize the colours of
compounds 1-3, which is light green for compound 1, light
burgundy for 2, and colorless for 3. The rationale for this is that
all the calculations were performed considering the effect of DMF
molecules on the HOMO-LUMO states of these compounds, due
to which anomalies in the energy gap values are observed with an
energy value of the Zn(u) compound (3) being little bit less than
that of the Cu(u) compound (1) that otherwise should have shown
the reverse trend in the absence of solvent effects. The geometry

Table 2 Values of the core level binding energies of different elements involved in 1, 2 and 3

Metal 2p Peak N 1s Peak
Compound M" ion peaks assignment peak assignment

O 1s Peak Cl2p  Peak C1s Peak
peak assignment peaks  assignment peaks  assignment

i Cu”  933.8eV Cu2P;;,
942.6 €V Cu (+2) satellite
953.9 eV Cu 2P,
962.1 eV Cu (+2) satellite
780.3 eV Co 2P,,

785.2 eV Co (+2) satellite

398.4 eV Pyridine nitrogen 528.7 eV Amide (C—0) 196.8 eV Cl 2Py,

398.5 eV Pyridine nitrogen 530.3 eV Amide (C—0) 197.3 eV Cl 2P,

281.4 eV Methylene
530.4 eV Coordinated 198.9 eV Cl 2Py, 283.2 eV Aromatic
DMF 284.4 eV Pyridine
531.5 eV Perchlorate ion 287.2 eV Amide
282.8 eV Methylene

531.1 eV Coordinated 283.3 eV Aromatic

3 Zn™*

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

798.6 eV Co 2Py
802.3 eV Cu (+2) satellite
1021.4 eV Zn 2P;),

DMF 198.9 eV Cl 2P;,,
533.1 eV Perchlorate ion
398.8 eV Pyridine nitrogen 529.7 eV Amide (C=0) 197.1 eV Cl 2P;,,
531.1 eV Coordinated
1044.6 eV Zn 2P, DMF
532.5 eV Perchlorate ion

198.8 eV Cl 2Py,

New J. Chem., 2023, 47, 5477-5487

284.3 eV Pyridine
287.6 eV Amide
280.5 eV Methylene
283.4 eV Aromatic
284.5 eV Pyridine
287.4 €V Amide
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Fig. 5 Results of the SEM and EDS analyses of 1.

optimization of the ligand and compounds 1-3 using DFT studies
(Fig. 6 and Fig. S20, ESI{) shows that the energy gap between the
HOMO and LUMO states follows the order 4.609 eV (2) < 4.737 eV
(3) < 4.742 eV (1) < 4.752 eV (L1), which can be attributed to (1)
the tuning of electron densities in the ligand molecule upon
coordination to metal ions, and (2) the effect on the energies of
these states due to the interaction with DMF molecules (solvent
effect).

The variation in the energies of the HOMO-LUMO states of
these compounds relative to the HOMO-LUMO of L1 has been
tabulated below (Table 3). The irregularity in the HOMO-LUMO
energy gap between compounds 1 and 3 could be explained
by referring to the information given in Table 3. Owing to the
interaction of HOMO-LUMO states with DMF molecules, the
energy of the HOMO state is increased by 0.07 eV in case of 3
(Zn(u) compound) relative to L1. Whereas, it is 0.064 eV in 1
(Cu(u) compound). Similarly, the increase in the energy of
LUMO state is 0.054 eV in 3 and 0.053 ¢V in 1. Considering

e

LUMO

4.752 eV
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these trends, it can be concluded that the energy of the HOMO
state is uplifted in the Zn(u) compound than the Cu(u) com-
pound by 0.006 eV than the energy of the LUMO, which is just
increased by 0.001 eV than the Cu(u) compound resulting in a
little decrease in the energy gap of the Zn(u) compound. In
contrast, the solvent effects in the compound containing the
Co(u) ion (2) have resulted in a lower HOMO-LUMO gap of
4.609 eV, owing to the increase in the energy of the HOMO by a
value of 0.194 eV than its LUMO (0.05 eV) as shown in Table 3.

Furthermore, to gain better understanding of binding ener-
gies involved in the metal-ligand coordination bond of all
compounds and in hydrogen bonded L1 fragments, the energy
decomposition analysis (EDA) was performed at the BLYP-D3/
TZ2P level.*"*® In this regard, the total interaction energy was
decomposed into various contributions of electrostatic interac-
tions, orbital interactions, Pauli repulsion, and dispersion
interactions in accordance with the framework of Kohn-Sham
molecular orbital theory. The results of the analysis are shown

LUMO
4.609 eV

Y —

HOMO

HOMO

Fig. 6 View of the increase in energies of the HOMO-LUMO states of 2 affected by the interaction with solvent molecules relative to the HOMO-LUMO
states of L1. (Note — Fig. 6 shows the speculative extent to which the HOMO-LUMO states of 2 are affected by solvent effects relative to the HOMO-
LUMO states of L1. In compound 2, the solvent effect of DMF has led to an increase in energy of the HOMO by 0.194 eV than that of the LUMO (0.05 eV)).

5484 | New J Chem., 2023, 47, 5477-5487

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifigue 2023

65



Published on 28 February 2023. Downloaded by Université du Québec a Trois-Riviéres on 2/8/2024 9:44:12 PM.

NJC

Table 3 Variation in the HOMO-LUMO energies of compounds 1-3 relative to L1

View Article Online

Paper

Increase in the energy

Increase in the energy

Compound HOMO (eV) LUMO (eV) Egp (V) of HOMO relative to L1 of LUMO relative to L1
L1 —6.862 —2.109 4.752 = =

1 (Cu(u) compound) —6.798 —2.056 4.742 0.064 0.053

2 (Co(n1) compound) —6.668 ~2.059 4.609 0.194 0.05

3 (Zn(n) compound) —6.792 —2.055 4.737 0.07 0.054

Table 4 Energy decompaosition analysis on L1 and 1-3

Compound Type of bond/interaction

M-=Nypyrigine (L) bond length

Eypoa) decomposition into associated

Erotar (Keal mol ™) components (Keal mol ")

L1 L-- L (Hydrogen bond) —

1 Cu < Npyridine (L) 2,018 (3)

2 €0 « Npyridine (L) 2.1601 (18)

3 Zn « Nyiaine (L) 2.1640 (19)

in Table 4, which shows that among all compounds, the total
bonding energy (Epow) is more negative for 1 than those for
compounds 2 and 3. This trend can be attributed to Jahn-Teller
distortions that are more prevalent in compound 1. In contrast,
between compounds 2 and 3, more negative total bonding
energies in 2 are due to significant M — L back-bonding than
those in 3. The energy values obtained for M=Npyrigine coordina-
tion bonds are in good agreement with corresponding bond
lengths (Table 4) obtained from the crystal structures of these
compounds. It is worth mentioning that the orbital interaction
component (Eymica) is the largest attractive term in 1 that plays
an important role in the stabilization of the Cu « Npyrigine (L1)
coordination bond, whereas it is the electrostatic component
(Betectrostatic) in 2 and 3.

Conclusion

Three new 1D coordination polymers synthesized using L1
struts are characterized by SCXRD. The diffraction studies
showed that these compounds are isostructural in nature,
which is further confirmed from ‘X’, a dissimilarity index, using
XPac 2.0 software. The single crystal structure of L1 illustrates
that hydrogen bonding networks are strengthened by non-
covalent interactions such as r- - -w and H- - -H. Similarly, exten-
sive hydrogen bonding is observed in these compounds
between 1D chains and perchlorate anions in a hydrogen
bonded 2D sheet and a 3D framework. The XPS studies illus-
trate that divalent metal ions are present in these compounds

This journal is € The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

. Epaui = 4.57
Exjectrostatic = —3.63
Eorbital = —2.13
Epispersion = —5.98
Epqui = 123.57
Eglectrostatic = —96.76
Eopital = —121.25
Epispersion = —15.58
—-52.34 Epouti = 71.49
Efiectrostatic = —63.63
Eorbital = —47.48
Epispersion = —12.72
Epauii = 67.89
Electrostatic = —61.50
Eorial = —17.65
Epispersion = —12.83

—110.01

—24.09

and also provided the information about chemical environments
of various non-metals present. The elemental composition
obtained by EDS studies further supplements the information
obtained by single crystal diffraction and XPS studies. DFT studies
have shown a strange trend in the HOMO-LUMO energy gaps of
compounds 1 and 3, which can be attributed to solvent effects on
these states, which are more in compound 3 than in compound 1.
The total bonding energy Eqq (Kcal mol ') values obtained from
the energy decomposition analysis on representative molecular
fragment, [M(L1),(DMF),] shows that Jahn-Teller distortions are
more prevalent in compound 1, which resulted in a more negative
value, However, between compounds 2 and 3, metal to ligand
back bonding M — Npyrigine (L) is dominant in 2 than 3, resulting
in a more negative energy value. These results are in good
agreement with the observed crystallographic M-Npyrigine (L1)
bond lengths of respective complexes.
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4.1 Introduction

Pyridine ring is a popular coordination moiety used in ligands to synthesize a variety
of coordination complexes with different metal ions. Among these, ligands with
carboxamide secondary (CONHR)/tertiary (CORR) linker moiety have been widely
used in the fabrication of a variety of metal complexes owing to: 1) biological
importance (construction unit of primary structure of proteins) and 2) medicinal
properties (antifungal, antitumor, and anticancer activities) of bioactive compounds
containing the amide group. Besides, some metal complexes pertaining to this class of
ligands have been explored as bio-memetic structural models of several metallo-
enzymes viz. nitrile hydratase, nickel superoxide dismutase etc. This review discusses
the coordination chemistry of carboxamide ligands with fully substituted amide
nitrogen atom (-CONRR), in which pyridine ring is either an anchor moiety or part of
it, or a free pendent group appended to anchor moiety, or both. Literature reports some
review articles on pyridine carboxamide ligands with secondary nitrogen atoms (-
CONHR-), however, to the best of our knowledge, there has been no discussion or
report so far on the carboxamide/dicarboxamide ligands containing pyridine ring and
tertiary amide nitrogen atoms and their complexes, which makes this review article a
pioneer in the field. Besides, in this article, structure chemistry and applications of only
those coordination complexes (along with the ligands) are discussed whose crystal data
details are available in CSD database, right from the first entry up to the most recent
one. While the ligand molecules have been systematically classified based on the
position of pyridine moiety, the relevant complexes have been segregated based upon

the dimensionality of the coordination networks.

4.2 Objective

» To give a brief account on the coordination chemistry of carboxamide ligands
with fully substituted amide nitrogen atom (-CONRR), in which pyridine ring
is either an anchor moiety or part of it, or as a free pendent group appended to
anchor moiety, or both.

» To provide a better overview to the researchers about the above-mentioned

interesting ligand designs and the application of their coordination complexes.
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Abstract — Pyridine ring is the popular coordination moiety after carboxylic group,
frequently used in the ligands to synthesize a variety of coordination complexes with
different metal ions. Among these, ligands with carboxamide secondary
(CONHR)/tertiary (CORR) linker moiety have been widely used in the fabrication of a
variety of metal complexes. Profuse interest in new ligand designs comprising amide
motifs as a structural unit could be credited to its 1) biological importance as it serves
as main construction unit of primary structure of proteins, and 2) medicinal properties
as it is a common structural motif of various bioactive compounds displaying
antifungal, antitumor, and anticancer activities. Besides, some metal complexes
pertaining to this class of ligands have been explored as bio-memetic structural models
of several metallo-enzymes viz. nitrile hydratase, nickel superoxide dismutase etc. This
review discusses the coordination chemistry of carboxamide ligands with fully
substituted amide nitrogen atom (-CONRR), in which pyridine ring is either an anchor
moiety or part of it, or a free pendent group appended to anchor moiety, or both. A
considerable amount of research has been conducted using these ligands owing to the
fascinating coordination networks formed by their complexes and their remarkable
applications all of which has been compiled and presented in this present review.
Literature reports some review articles on pyridine carboxamide ligands with secondary
nitrogen atoms (-CONHR-), however to the best of our knowledge there has been no
discussion or report so far on the carboxamide/dicarboxamide ligands containing
pyridine ring and tertiary amide nitrogen atoms and their complexes, which makes this

review article a pioneer in the field. Besides, in this article, structure chemistry and
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applications of only those coordination complexes (along with the ligands) are
discussed whose crystal data details are available in CSD database, right from the first
entry up to the most recent one. While the ligand molecules have been systematically
classified based on the position of pyridine moiety, the relevant complexes have been
segregated based upon the dimensionality of the coordination networks. The CSD
version 2021.3 was used to conduct crystal data search. This work is intended to
compile interesting ligand designs to keep the researchers aware of the library of ligands
available along with the development made in this field vis-a-vis coordination
complexes and relevant applications. We believe that researchers will get a better
insight into the work that has already been done in this field, which will help them to
come up with novel ideas of what else could possibly be done that could help in further

advancements from both synthetic and practical point of view.

Designation of Ligands

L!: N,N-diisopropylpyridine-2-carboxamide, L2: N,N-diisobutylpyridine-2-carboxamide, L3:
N,N-diethylpyridine-3-carboxamide  (nicotinamide), L*: N ,N-diisopropylpyridine-4-
carboxamide, L3: N,N-diisobutylpyridine-4-carboxamide, L®: N,N,N' N'-tetramethylpyridine-
2,6-dicarboxamide, L7: N,N,N',N'-tetraethylpyridine-2,6-dicarboxamide, L3: N,N,N',N'-
tetrabutylpyridine-2,6-dicarboxamide, L’: N,N,N',N'-tetraisopropylpyridine-2,6-
dicarboxamide, L!°: N,N,N',N'-tetraisobutylpyridine-2,6-dicarboxamide, L'": N,N,N'N'-
tetrabenzylpyridine-2,6-dicarboxamide, L!'?:  N,N'-dimethyl-N,N'-diphenylpyridine-2,6-
dicarboxamide, L'3: N,N'-diethyl-N,N'-diphenylpyridine-2,6-dicarboxamide, L!*: N,N'-
diethyl-N,N'-ditolylpyrridine-2,6-dicarboxamide, L'S: N,N,N',N'-tetraisopropylpyridine-3,5-
dicarboxamide, L®: N,N,N'N'-tetraisobutylpyridine-3,5-dicarboxamide, L!7: N,N,N'N'-
tetraisopropylpyridine-3,4-dicarboxamide, L!8: N,N,N',N'-tetraisobutylpyridine-3,4-
dicarboxamide, L'°: N,N’-bis(3-pyridylformyl) imidazolidine-2-thione, L2%: N,N'-bis(4-
pyridylformyl) imidazolidine-2-thione, L2!: N,N'-bis(3-pyridylcarbonyl)piperazine, L*2: N,N'-
bis(4-pyridylcarbonyl)piperazine, L?3: N,N'-diethyl-N,N'-bis(R-phenyl)-[2,2'-bipyridine]-6,6'-
dicarboxamides, = L?**:  N,N'-diethyl-N,N'-bis(R-3,5-diMephenyl)-[2,2'-bipyridine]-6,6'-
dicarboxamides,  L2*:  N,N'-diethyl-N,N'-bis(R-2,5-diMephenyl)-[2,2'-bipyridine]-6,6'-
dicarboxamides, L26; N,N'-diethyl-N,N'-bis(4-ethylphenyl)-1,10-phenanthroline-2,9-
dicarboxamide, L?7 : N,N'-diethyl-N,N'-ditolyl-1,10-phenanthroline-2,9-dicarboxamide, L8 :
N,N,N',N'-tertaethyl-4,7-(bis(pentoxy)-1,10-phenanthroline-2,9-dicarboxamide, L*»%: 4,7-
dichloro-N,N'-diethyl-N,N'-bis(4-hexylphenyl)-1,10-phenanthroline-2,9-dicarboxamide, L3':
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N,N'-dimethyl-N,N'-bis(2'-pyridinecarboxamide)-1,2ethane,  L3':  7,16-bis(pyridine-4-
carbamoyl)-1,4,10,13-tetraoxa-7,16-diazacyclo-octadecane, L32: 13,18-
Dihexyll,2,3,4,4a,8b,9,10,11,12,12a,13,18,18a-tetradecahydro-1,4:9,12-
dimethanodiquinolino[3,4-b:4',3'-j][1,10]phenanthroline-14,17-dione, L33: 2,11-Dihexyl-
3,4,9,10-tetraphenyl-2,11-dihydrodipyrido[3,4-b:4',3'-j][1,10]phenanthroline-1,12-dione.

Abbreviations for Ancillary ligands/anions

NCS: Isothocyanate, SCN: Thiocyanate, Pmb: 4-methylbenzoate, Benzo: Benzoate, N2Sz:
Diacetyl-bis-hydrazonato-S-methyl-carbodithioate, Clof: Clofibriate, Deab: 4-(diethylamino)
benzoate, Dmab: Dimethylaminobenzoate, Cl-Ac: Chloroacetate, Cbenz: Chlorobenzoate,
NS: S-methylisopropylidenehydrazinecarbodithioate, Bpfp: 4-pyridylformyl) piperazine, Mal:
Malonic acid, Hmph: Homophthalate, Mip: 5-methylisopthalate, MeQip: 5-
methoxyisophthalate, SUL: 5-sulphosalicylic acid, PhtH: Phthalate (singly protonated), OAc:
Acetate, NPOE: o-nitrophenyloctyl ether, 2F2N: 2-fluorophenyl 2-nitrophenyl ether, KTFPB:
tetrakis[3,5-bis(trifluoromethyl)-phenyl borarate.

Graphical Abstract
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General Overview

In coordination chemistry the dimensionalities of coordination networks are determined
explicitly by the position of the donor atoms with respect to each other in a ligand
molecule, and the coordination requirements of metal ions. Consequently, the ligand
molecules with convergent coordination sites lead to mononuclear chelating complexes
of zero dimensionality while those with the divergent sites leads to binuclear to
polymeric complexes. The key prerequisite is that the ligand molecule should bridge
between metal ions, and this will be possible if it is multidentate i.e., with more than
one coordination sites, which must be positioned distant from each other (divergent in
nature). Among various organic linkers the rigid bridging linkers are important as they
control certain steric effects in the self-assembly process. By varying the ligand linker
molecules and/or associated functional groups, diversity in structural topology can be
achieved [1, 2].

The polymeric complexes are often referred to as coordination polymers (CPs)
primarily due the presence of adhesive force viz. coordination covalent bond. The term
coordination polymer can be defined as a self-assembled infinite array comprising
metal nodes connected by certain organic linkers [3]. Metal-coordination polymers
show remarkable structures, properties, and reactivities that are not present in
mononuclear complexes. They are functional materials with wide range of potential
applications in catalysis, molecular adsorption, magnetism and nonlinear optics [4].
The term coordination polymer generally covers a broad range of architectures varying
from simple 1D chain involving small ligands to large mesoporous networks [5].

As 1s well known that the self-assembly process, and the type and topology of final
product depends on the nature of metal ion and associated counter anion. In this context,
transition metal ions have been extensively used as versatile connecting nodes in the
coordination polymers because these metal ions display different geometries ranging
from low coordination linear, T-shapes, and tetrahedral to high coordination square-
pyramidal, trigonal-bipyramidal, octahedral, trigonal-prismatic, and pentagonal-
bipyramidal geometries [6]. This feature of metal ions introduces structure element not
usually seen in organic ligands which helps in fabricating efficient materials with
valuable properties and definite topologies [7-13]. Moreover, the use of labile metal
ions such as Cu™?, Ag®, Ni*2, Zn™, Cd*? and Hg"? favour the crystalline product/single
crystal formation by facilitating reversible bond formation between metal ions and

ligand molecules so that the initial kinetically controlled products can rearrange
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themselves to more ordered, thermodynamically favoured crystalline product [14],
which can be used for structure elucidation by diffraction studies.

Sometimes inorganic anions such as —CN-, (R,H)O", —CI", -N3°, -(R,0)SOs", —
(R,0)POs3" etc. break infinite metal-ligand assembly via bridging among adjacent metal
nodes. This way organic—inorganic hybrid materials are obtained [15]. In the view of
the role of rigid organic ligands in the self-assembly of coordination networks, the
coordination complexes of the ligands with fully substituted nitrogen atom (tertiary
nitrogen) of amide moiety (CONRR’) are quite appealing owing to their interesting
architectures, which involves coordination networks and/or hydrogen bonding
networks or both, and diversity of applications associated with them. The important
advantage of this class of ligands over others is their solubility in almost all organic
solvents, and thus negligible chance of the precipitation of the resulting complex on the
addition of metal salt. This could be attributed to the absence of hydrogen atom on
amide nitrogen in contrast to secondary amides (CONHR) that precludes the possibility
of hydrogen bonding between neighbouring ligand /solvent molecules (in the complex
too) resulting in a clear solution. Thus, there is a high probability to crystalize these
ligands and their associated complexes to be studied by single crystal x-ray diffraction
(SCXRD) for structure elucidation. Among these ligands, pyridine-2-carboxamide and
2,2'-bipyridine-6,6'-dicarboxamide ligands form one [16-18], while pyridine-2,6- and
phenanthroline-2,9-dicarboxamides forms two and three 5-membered stable chelate
rings, respectively, in their metal complexes by utilizing bidentate NO and tridentate
ONO systems [19-32] (Figure 1). The convergent coordination sites of these ligands

lead to mononuclear chelating complexes.
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Figure 1 Mononuclear complexes of different fully substituted dicarboxamide ligands
due to convergent coordination sites.

On the contrary, pyridine-3- and 4-carboxamide ligands containing carboxamide side
arm positioned at the meta and para position relative to the pyridine nitrogen [16, 33-
61] and, imidazolidine-2-thione or/and piperazine anchored bis(3- or 4-pyridylformyl)
ligands form coordination polymers of higher dimensionality owing to the disposition
of donor sites far from each other (divergent coordination sites) [62-76] (Figure 2).
These ligand molecules bridge between adjacent metal centres to form variety of

structures ranging from dimeric complexes to 1D, 2D, and 3D polymers.
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Figure 2 Divergent coordination sites of different fully substituted dicarboxamide

ligands that lead to coordination complexes of higher dimensionality.
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This review focusses on the discussion of structural chemistry and applications of the
coordination complexes synthesized using carboxamide/dicarboxamide ligands
containing tertiary amide linkage (CONRR’), and pyridine ring, which can either be a
central anchor moiety or part of it (bipyridyl or phenanthroline etc.), or as a free pendent

moiety (Scheme I).

Scheme I

Class 1 and Class 3 ligands Class 2 ligands

(2

Anchor moiety

Pyridine ring as a part Free Alkyl/Aryl Pendent pyridine ring
of anchor moiety substituents

So far, a few review articles on pyridine carboxamide ligands with secondary nitrogen
atoms (-CONHR-) have been reported in literature. However, there have been no
reports or reviews so far on carboxamide/dicarboxamide ligands with tertiary amide
nitrogen atoms and their complexes, which makes the present review the first of its kind
[77-78]. Also, we want to mention here that along with the discussion on structural
chemistry and properties of complexes, we have tabulated the bond lengths of M-L, M-
Xanion, and M-Ssolvent bonds of the complexes in Table 1, which could be helpful for the
researchers interested in crystallographic parameters. Furthermore, to make the crystal
data search easy for the researchers on CSD database we have included the CSD codes
in Table 1. Finally, the applications of the complexes, and the notable results obtained

are tabulated in Table 2.
2. Classification of Ligands

The ligands are chiefly classified into three classes (Chart 1) based upon the type of
anchor moiety and the position of pyridine ring with respect to it. The classification of
the ligands is as follows:

a. Class 1: This class comprises mono- and dicarboxamide ligands containing

pyridine ring as an anchor moiety with fully substituted amide nitrogen atom
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having free aliphatic or/and aromatic groups (Scheme I). This class is further
divided into following types-
i. Type 1 - Pyridine mono-carboxamide ligands containing an amide
side arm with free aliphatic groups such as methyl, ethyl, isopropyl,
and isobutyl on nitrogen atom of amide group. (L!- L3, Chart 1).

ii. Type 2 - Pyridine dicarboxamide ligands (two side arms) with free
substituents such as aliphatic, benzyl, or both aliphatic and aromatic
groups. (L% L8, Chart 1).

b. Class 2: Ligand molecules containing pyridine rings as a pendent moiety
(Scheme I). This class contains two types-

i. Type 3 - Ligand molecules having pendant pyridine rings connected
to imidazolidine-2-thione anchor moiety (L'® and L2°, Chart 1).

ii. Type 4 - Ligand molecules containing pendant pyridine rings
connected to piperazine anchor moiety (L?! and L?2, Chart 1).

c. Class 3: These ligand molecules contain pyridine ring as a part of fused ring
system or/and bipyridine system (Scheme I). This class again contains two
types-

i. Type S - Ligands with 2,2°-bipyridine anchor moieties connected to
free aliphatic, or both aliphatic and aromatic substituents together
(L®-1L%, Chart 1).

ii. Type 6 - Ligands containing phenanthroline anchor moieties
connected to free aliphatic, or both aliphatic and aromatic
substituents together (L26- L?°, Chart 1).

d. Miscellaneous - This class contains complex ligand molecules such as

crown ether, bis-lactam based ligands etc. (L3°- L34, Chart 1).

The coordination modes shown by these ligand molecules in the metal complexes are depicted

in the scheme II.
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Scheme II- Coordination modes of ligands.
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2.1 Coordination complexes of Class I ligands
2.1.1 Type 1 Ligands

2.1.1.1 Monomeric complexes

In these complexes, the ligand molecules display coordination modes 1-4 (Scheme II).
Mononuclear complexes [Co(L').Cl>] (1) and [Ag(L')2NOs3] (2) were synthesized using L!
molecule with Co(II) and Ag(I) ions, respectively. The complex 1 contains Co(II) ion in a
distorted octahedral environment shaped by two chelating L! molecules, and two chloride
anions (Figure 3a). Conversely, complex 2 has Ag(Il) ion in a square planar geometry (t
(Geometry index) = 0.2 ) provided by two chelating L' molecules, and a nitrate ion (Figure 3c).
The 2D hydrogen bonded network in 1 was produced by C-H:*Cl interactions involving
terminal methyl and methine groups, and the coordinated chloride ions (Figure 3b), while weak
C-H'-O and C-H'''m interactions in 2 weaves a 2D hydrogen bonded network in ac plane
(Figure 3d). In both these complexes, L' molecules display coordination model. The
complexes [Zn(L")2(Cl04)2] (3) and [Cu(L?)2(ClO4)2] (4) were isostructural to 1, differing in

the type of metal ion and ligand molecules present [16].

81



82

Figure 3 a) Unique crystallographic unit of the complex 1 showing coordination environment
around Co(II) ion, b) 2D hydrogen bonded network of 1 supported by C-H**Cl and n'*'n
interactions, c) coordination environment around Ag(I) ion in complex 2, and d) hydrogen
bonded 2D sheet of the complex 2.

The octahedral complex [Cu(L')(Cl)] (5) has two crystallographically independent
molecules, rotated through an angle of ca. 45° relative to each other (Figure 4a). These
coordination units form 1D hydrogen bonded chains along a axis, which were connected
through C-H'*O, C-H***Cl and C-H'**m interactions to yield a 2D hydrogen bonded network
(Figure 4b). Isostructural complex [Cu(L')2(ClO4)2] (6) differs in the axial coordination with
perchlorate ions positioned at axial sites instead of chloride ions in 5 [17]. An octahedral Zn(II)
complex [Zn(L*)2(NCS)2(H20)2] (7), reported by Bigoli et al. has a square planar arrangement
of two water molecules and two isothiocyanate ions. Whereas monodentate L3 molecules (in
mode2) were located at axial sites (Figure 4c). The Ow-H*O and Ow-H'"'S interactions
between isothiocyanate ions and water molecules connect these units into a 2D hydrogen

bonding sheet (Figure 4d) [34].
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Figure 4 a) Crystallographic independent units of the complex 5 and coordination environment

around Cu(Il) ions, b) 2D hydrogen bonded network of 5 supported by C-H--*Cl and C-H 'n

interactions, ¢) coordination environment around Zn(II) ion in the complex 7, and d) 2D
hydrogen bonded sheet of the complex 7 involving coordinated water molecules and
isothiocyanate ions.

Mononuclear complex [Co(L3)2(pmb)2(H20)2] (8) has an inversion centre located on Co(1II)

ion (Figure 5a).

P
interaction

c

N1 Ccu®

02 01

Figure 5 a) Unique crystallographic unit of the complex 8, b) perspective view of 2D hydrogen
bonded sheet containing mononuclear units connected by O-H-O, C-H-'O, and n'n

interactions in the complex 8, and c¢) view of coordination unit of the complex 9.
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The adjacent octahedral Co(II) units were linked into a two-dimensional sheet parallel to ab
plane by O-H--O and C-H---O hydrogen bonding interactions, endorsed by n**'m interactions
~3.5441 A between pyridine rings (Figure 5b) [35]. Working on the series of complexes
containing benzoate salt, transition metal ions and L? molecules, T. Hokelek et al. have
synthesized a centrosymmetric monomeric complex [Cu(Benzo)2(L3)2] (9) containing Cu(II)
ion coordinated to two monodentate L? molecules in mode2, and two bidentate chelating
benzoate ions (Figure 5c). Based on the weak interaction between Cu(Il) ion and benzoate
oxygen atoms, extremely tetragonally distorted octahedron coordination geometry was
suggested around the Cu(Il) ions [36].

Pannu et al. have reported two mononuclear complexes [Cu(L#)2(H20)4][CuL#Cls]2 (10), and
[Cu(L*)4(C3Hs0)2].(C104)2] (11) [37]. The cationic structural unit [Cu(L*)2(H20)4]*" of 10 has
octahedral Cu(II) ion whereas it was tetrahedral in the anionic unit [Cu(L*)(Cl)3] (Figure 6a).
In both complexes, L* molecules have shown coordination mode3. The overall charge
neutrality of the complex was maintained by electrostatic interaction between octahedral

[Cu(L*)2(H20)4]*" unit surrounded by two anionic units [Cu(L*)(Cl)3] units (Figure 6b).
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Figure 6 a) View of crystallographic unit of the complex 10 with Cu(Il) ions in different
chemical environments, b) pictorial view of hydrogen bonded trinuclear units of the complex
10, ¢) coordination environment around Cu(Il) ion in the complex 11, and d) perspective view

of 2D hydrogen bonded sheet comprising metallic units and perchlorate anions.
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These three ionic entities were held together by hydrogen bonding interactions to form a 1D
chain containing Cu(Il)(74)***Cu(Il)(On)ee*Cu(Il)(74) hydrogen bonded tri-nuclear units
(Figure 6b). The octahedral Cu(Il) ion in the complex 11 lies on the two fold axis of rotation
(Figure 6¢). A highly disordered perchlorate ion outside the coordination sphere interconnects
neighbouring octahedral units by intermolecular hydrogen bonding interactions to form a 2D
hydrogen bonded sheet (Figure 6d) [37]. The complex [Cu(L#)2(NO3)2(H20)15] (12) has two
crystallographic independent units crystallized in the crystal lattice, comprising octahedral
Cu(1I) ions surrounded by two L* molecules coordinated in mode3, two nitrate anions, and two

water molecules (Figure 7a).

Figure 7 a) View of a) crystallographic independent units of the complex 12 containing Cu(II)
ions in octahedral geometry, b) hydrogen bonded between adjacent units of the complex 12, ¢)
crystallographic independent units of complex 13 with Co(Il) ions in different chemical
environments, and d) 2D hydrogen bonded sheet comprising trimeric units and water molecules
(in red spheres). (Note- In the Figure 7b, the ligand molecules of crystallographic units are

shown in blue and green colours for better visualization of 2D network).

Moreover, extensive hydrogen bonding involving coordinated nitrate ions, water molecules,
and carbonyl groups of neighbouring mononuclear units form a 2D hydrogen bonded network

[16] (Figure 7b).
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Similar to complex 10, a new complex [Co(L3)2(H20)4][Co(L%)Br3]2.2H20 (13) has ionic

2* and a tetrahedral anionic

product containing an octahedral cationic [Co(L3)2(H20)4]
[Co(L3)(Br)s] unit crystallized in the unit cell (Figure 7¢). In both units, L3 molecules were
coordinated to Co(II) ions in mode3. A 1D hydrogen bonded chain running diagonally to ab
plane containing both ionic structural units and lattice water molecules was constructed via
O-Br and O O interactions (Figure 7d). This chain was comprised of hydrogen bonded
trinuclear Co''rq***Coon**Co''rq units involving octahedral cationic unit surrounded by two
tetrahedral [Co(LL3)(Br)3] anionic units to maintain overall charge neutrality. The adjacent

parallel chains were further held together by C—H-'Br interaction to form a 2D hydrogen
bonded sheet along ab plane (Figure 7d) [38].
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Figure 8 Single crystal to single crystal transformation (SCSC) of the complex 12 to complex
14 on heating.

Singh et al. have studied single crystal to single crystal transformation between the complexes
induced thermally and/or by anion exchange. The mononuclear complex
[Cu(L#)2(NO3)2(H20)1 5] (12) synthesised using Cu(NO3): and L* in 1:1 molar ratio at room
temperature underwent irreversible thermal single crystal to single crystal (SCSC)
transformation to alD coordination polymer [Cu(L*)>(NOs).]» (14) by the loss of water
molecule upon heating (Figure 8) [39]. Although both complexes were synthesized using L*
molecules, different coordination modes of L* molecules viz. mode3 (monodentate) in complex

12, and mode4 in complex 14 have resulted in different structures.
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2.1.1.2 Dimeric complexes

Coordination modes shown by the ligand molecules in here are mode 2-5. A metal exchange
reaction involving replacement of Cu(Il) ion in [(L3)CuCl]sO, with Zn(II) ions using
[Zn(N2S2)]> complex was reported by Davies ef al.. In this pursuit, the complex [L3CuCl]s02
was reacted with 2 moles of [Zn(N2S2)]> to give an intermediate product [Zn(N2S2)L?] on
stirring the mixture for 10 minutes, and a stable dimeric complex [Zn,Cls(L3)2] (15) while

stirring it for three hours at room temperature.
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tetrahedral geometry, b) complex 16 with Cu(Il) ions in trigonal-bipyramidal geometry, c)
complex 17 with Zn(Il) ions in tetrahedral geometry and d) complex 18 with Zn(II) ions in
square pyramidal geometry.

In the crystal structure of centrosymmetric dimeric unit [ZnClo(L?)]», tetrahedral Zn(II) ion was
coordinated to two terminal chloride ions, and two bridged L3 ligands in mode4 (Figure 9a).
Besides crystallographic analysis, the kinetics of transmetallation reaction has also been well
demonstrated [40]. In the dimeric complex [(L3)>CuCl]> (16), the Cu(Il) ions in a trigonal-
bipyramidal geometry were bridged by L3 molecule in mode 4 (Figure 9b). While symmetry
related L? molecules were coordinated axially in mode2 [41]. Bigoli et al. have reported a
dimeric complex [Zn(L3)2(NCS)2] (17) containing tetrahedral Zn(II) ion, obtained as a stable

transformed product when the crystals of complex 7 were kept undisturbed in the mother liquor
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(Figure 9¢) [42]. Necefoglu et al. have synthesized the dimeric complex [Zn(L3)2(Benzo):]»
(18) to study the coordination behaviour of L3 molecule with Zn(IT) metal. The complex has
Dsn symmetry of the Znz(N)2(0O2C)4 core owing to square pyramidal arrangement of
symmetrically bridged benzoate ions (no variation in C-O bond length), and a terminal L3
molecule in mode2 (Figure 9d) around Zn(II) ions. The bridging of benzoate anions has also

resulted in weak Zn-**Zn interaction of the order of 2.886(4) A [43].

Figure 10 View of a) crystallographic unit of the complex 19, b) 3D hydrogen bonded
framework of 19, ¢) octahedral Cu(II) ions connected to each other (Cu***Cu'=2.6481(9) A) in
a binuclear paddle-wheel of complex 20, and d) interlinked binuclear paddle-wheel units in a
3D hydrogen bonded network of the complex 20.

The complex [Zn(L3)2(pmb):]> (19) has isostructural Zna(N)2(02C)s core as complex 18
(Figure 10a and 11), differing in the counter anion present [44]. In the crystal lattice of 19, a
three-dimensional hydrogen bonded framework was constructed through C-H"--O interactions
between adjacent dimeric units, stabilized by n***m interactions (Figure 10b).

J. Moncol et al. have prepared and characterized a binuclear paddle-wheel Cu(Il) complex
[Cu(Clof)2(L*)]2 (20) with a centrosymmetric tetracarboxylic dimeric core (Figure 10c). The
symmetrical syn-syn bridging of clofibriate anions results in short Cu-Cu' (2.6481(9) A)
contacts. The paddle-wheel Cu(II) units were linked by weak C-H"--O interactions to form a

three-dimensional hydrogen bonded framework (Figure 10d) [45].
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Figure 11 View of the combination of metal ions and carboxylate ions used in dimeric paddle
wheel complexes 18-24.

The complex [Co(Deab)2(L3)]2 (21) has a paddle-wheel structural unit (Figure 11) as
complexes 19 and 20, respectively, with each Co(Il) ion in distorted square-pyramidal
geometry. The dihedral angles between carboxylate groups and benzene rings of Deab anions
were 7.06(11)° and 4.42(9)°, respectively [46]. In the dimeric complex [Zn(Mab)(L?)]2.H.O
(22) with square pyramidal Zn(II) ions (Figure 11), the dihedral angles between coordinated
carboxylate anions and benzene rings in 22 were 10.57(10)° and 16.63 (12)° while between
pyridine and benzene rings the angles were 40.49(6)° and 51.25(6)° [47]. Likewise in complex
[Zn(Dmab)>(L3)]> (23), the carboxylate anions were slightly tilted with respect to adjacent
benzene rings as illustrated by dihedral angles of 5.31(8)° and 11(9)°. Similarly, pyridine rings
of L3 ligands were oriented at an angle of 66.26(6)° and 37.88(7)° relative to benzene rings
[48]. Holelek et al. have reported a centrosymmetric complex [Cu(Benzo)2(L3)]2 (24) (Figure
10) [49]. The benzoate bridges led to smallest Cu'**Cu (2.613A) interaction between square-
pyramidal centres due to weak orbital overlap between Cu(Il) ions. The dimeric structure of
complex 24 synthesized using same molar ratio of reactants might be due the change of the

solvent i.e. ethanol in 24 and methanol in monomeric complex 9 [36].
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Figure 12 View of a) centrosymmetric dimeric unit of the complex 25, and b) 3D hydrogen

bonded framework involving C-H***O and & --& (inset) interactions.

The dimeric complex [Zn(L5)2.(NO3)2]2 (25) has Zn(II) ions coordinated to three L3 molecules
displaying different coordination modes; mode3 and mode5 (Figure 12a). The remaining
coordination sites were occupied by two nitrate anions, with one nitrate group coordinated as
a bidentate chelating ligand while other remained monodentate. The dihedral angles of 54.1(2)°
and 85.5(3)° between pyridine rings and amide groups display gauche and perpendicular
orientation of pyridine rings with respect to amide groups. Furthermore, the C-H-O
interactions between nitrate anions and ligand molecules has led to a 3D hydrogen bonded

network, supported by strong n---n between pyridine rings (Figure 12b) [16].

2.1.1.3 Trinuclear complexes

A trinuclear CaZn, complex [CaZnz(L?)2(Benzo)s] (26) was obtained as a side product in the
reaction mixture of [Zn(L?)(Benzo):]> (18) due to the calcium containing impurity in the
reactants. The metal ion trio Zn-Ca-Zn was unsymmetrically bridged by benzoate ions to form
a linear array. Two types of coordination geometries were observed: octahedral for Ca(II) ion
provided by six benzoate ions, and tetrahedral for Zn(II) ions provided by three benzoate ions

and a monodentate L3 molecule coordinated in mode2 (Figure 13) [43, 50].
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Figure 13 Pictorial presentation of centrosymmetric CaZn: trinuclear unit of the complex 26.

2.1.1.4 1D-Polymeric complexes

In 1D polymeric complexes, the coordination modes shown by the ligands are mode 4 and
mode5. Reversible phase transition on cooling the complex [Fe(NCS)2(L3)2]n (27) from 230K
to 150K was reported by Ondrejkovicova ef al. This transition has affected the Z value (no. of
molecules in the unit cell) from one unit of the complex at high temperature phase (HT) to two
units at low temperature (LT) phase. The phase transition has also resulted in the loss of centro-
symmetry (about Fe(II) ion) due to the rotation of one of the ethyl groups around N-C(ethyl)
bond, causing changes in the ligand molecule. In both phases, the complex has ligand driven
1D coordination chain comprising L3 molecules bridged (in mode4) between octahedral Fe(II)
centres, supported by weak C-H' ' w interactions between the chains (Figure 14a and 14b) [51].
Mautner et al. have reported an anion driven 1D polymer [Cd(L3)(Cl)2(H20)]. (28) (Figure 14c
and 14d) containing edge sharing planar Cd2Clz2-rings sharing. These chains were linked into a
2D-supramolecular sheet in bc-plane by strong O-H:**O hydrogen bonds, supported by n-n
stacking interaction of the order 3.601(2) A between pyridine rings (Figure 14d) [52].
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Figure 14 View of a) octahedral environment of Fe(Il) in the complex 27, b) 1D coordination
chain reinforced by C-H'**& interactions in the complex 27, ¢) unique crystallographic unit of
the complex 28, and d) 2D hydrogen bonded sheet of the complex 28 constructed by Ow-H*-O

and supported by n- - interactions.

The complex [Mn(L3)2(NCS)2]n (29) has octahedral Mn(II) nodes (Figure 15a) coordinated to
bridged L3 molecules (Figure 15a and 15b), and free isothiocyanate ions displaying linear

coordination as depicted by N(1)-C(1)-S(1) angle of 178.4(3)° [53].

Figure 15 View of a) octahedral environment of Mn(II) ion in the centrosymmetric unit of the
complex 29, and b) 1D coordination chain of the complex 29.

The polymeric catena complex [Mna(Pmb)s(L3?)2(H20)]n (30) has two crystallographically
independent dimeric units containing Mn(II) ions in the crystal lattice (Figure 16a). In each
unit, the octahedral coordination around Mn(Il) ions (Mnl/Mn2 in first and Mn3/Mn4 in

second unit) was provided by O atom of monodentate Pmb™ ion, O:O atoms of two bridged
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Pmb™ ions, O:N atoms of two unique L3 molecules, and a O atom of bridged water molecule.
In each unit, the L3 molecule (coordinated via N atom) was in frans-position relative to the
water molecule while the monodentate Pmb™ anion, and L3? molecule (coordinated using O
atom) were in frans position to bridged Pmb™ anions (Figure 16a). These dimeric units were
connected by L3? molecules bridged in mode4 to form a 1D coordination chain (Figure 16b)
[54]. The extended 1D zig-zag chain of the complex [Cuz(Cl-Ac)4(L3)]a (31) has paddle-wheel
Cuz(Cl-Ac)4 units of square pyramidal Cu(Il) ions (Figure 16c). In each paddle-wheel unit,
short Cu'**Cu distances of the order of 2.741(1) and 2.6751 were observed due to bridged
chloroacetate anions. Due to the different orientations of bridged L3 molecules, a pattern —
[Cuz(Cl-Ac)s-(L3-O,N)-Cux(Cl-Ac)s-(L3-N,0)]- (Figure 16¢) was observed along the 1D
chain. The adjacent parallel chains were linked into a 2-D hydrogen bonded network by weak
hydrogen bonding C-H-*-O interactions (Figure 16d) [55].

%gsr %ﬂ ppé

Figure 16 Perspective view of a) crystallographic independent dimeric units of the complex 30,
b) 1D coordination chain formed by bridged Pmb anions and water molecules in the complex
30, ¢) unique crystallographic unit of complex 31 along with the 1D chain (inset), and d) 2D
hydrogen bonded sheet of the complex 31. (Note- side groups on amide nitrogen atom have

been deleted for structural clarity).
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The complex [{Co(L*)2(H20)2} (Cl04)2(CH3COCH3)2(H20):2]n (32) has octahedral Co(II) ions
in the cationic [Co(L*)2(H20)2]»"% double chain containing bridged L* molecules in mode5.
Along the chain, antiparallel orientation of pyridine ring facilitates n-n interactions to support
the 1D chain (Figure 17a, inset). In the hydrogen bonded framework, the hydrogen bonding
between cationic chains, and anionic chains involving hydrogen bonding amid perchlorate
anion, acetone and lattice water molecules (Figure 15b) generates a 2D sheet structure with

ABABAB.... type arrangement of these chains in ab plane (Figure 17b) [56].

a
o1W / 1D chain
N1
*'m Co
&
c d Water
molecule

Double layer
of 1D chains

Figure 17 Pictorial presentation of a) centrosymmetric unit and the 1D chain of complex 32, b)
2D hydrogen bonded sheets with ABAB.... pattern involving 1D coordination chain (A) and a
hydrogen bonded chain formed by perchlorate, acetone and water molecules (B) of the complex
32, c¢) unique crystallographic unit of 33 comprising distorted pentagonal-bipyramidal
geometry around Cd(II) ion, and d) 1D tape formed by hydrogen bonding between coordinated

carboxylate groups and water molecules of adjacent coordination chains in the complex 33.

Bozkurt et al. have reported a 1D catena-[Cd(Cbenz)>(L3)(H20)n]n (33) complex containing
Cd(II) ions in pentagonal-bipyramidal geometry (Figure 17 c). The benzyl rings in the adjacent
chains were slightly oriented relative to each other as depicted by dihedral angle of 1.89(13)°
(Figure 17d). In the crystal lattice, Ow—H'*O interactions between water molecules and

carboxylate groups connect the adjacent chains into a double layer parallel to bc-plane (Figure
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17d). The -+ -m interactions between benzyl rings (3.912 (2) A) and weak C—H**O interactions
between L3 molecules and carboxylate groups further reinforce the hydrogen bonded double

chain [57].
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Figure 18 View of a) 1D coordination chain of tetrahedral Co(II) ions of the complex 34, b)
hydrogen bonded 2D sheet involving C—H-**Cl interactions between 1D coordination chains in
the complex 34, c) 1D tape of the complex 35 supported by = 7 interactions, and d) 2D
hydrogen bonded corrugated sheet of the complex 35. (Note- Nitrate ions have not been shown
in the Figure 18c and atoms not participating in hydrogen bonding have been deleted for clarity

in the figure 18d).

The complex [Co(L3)(Cl):]n (34) has 1D chains of tetrahedral cobalt (IT) ions (Figure 18a),
which were connected into a 2D sheet in ab plane by intermolecular C—H**Cl hydrogen
bonding interactions between terminal chloride ions and L3 molecules (Figure 18b) [38]. The
1D polymeric tape of complex [Co(L3)2(H20)2]1.2NO3 (35) has octahedral Co(II) ions linked
together by bridged L3 molecules (mode5) [16]. The 1D tape was stabilized by m'n
interactions between adjacent pyridine rings (Cg---Cg = 3.468 A, Figure 18c). The amide
moiety of L3 molecule was twisted out relative to the plane of pyridine ring as illustrated by

dihedral angle of 74.39 (23)°. Furthermore, a 2D corrugated hydrogen bonded chain in ac plane
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was constructed by the hydrogen bonding interactions between adjacent chains involving

lattice nitrate ions, LS and coordinated water molecules (Figure 18d) [16].

Figure 19 Pictorial view of a) 1D coordination chain of the complex 36 supported by n---w
interactions, b) corrugated hydrogen bonded 2D sheet of the complex 36, ¢) 1D chain of the
complex 37 supported by m--m interactions, and d) 2D hydrogen bonded network of the
complex 37 with ABAB.... pattern of coordination chains (Note- Nitrate ions have deleted in

the Figure 19a for the sake of clarity).

The 1D tapes of octahedrally coordinated Cu(Il) ions in the complexes
[{Cu(L%)2(H20)2}(NO3)2]n (36) and [Cu(L*)2Br:]n (37), respectively, were supported by n**nt
interaction between anti-parallelly oriented pyridine rings (Figure 19a and 19c). Extensive
intermolecular hydrogen bonding interactions involving nitrate ions and coordinated water
molecules in complex 36 connects parallel adjacent 1D linear tapes to generate 2D sheets
parallel to the bc plane (Figure 19b). While in complex 37, C—H"*Br interactions involving
terminal bromide ions and L molecules of neighbouring chains weaves a 2D sheet parallel in
bc plane (Figure 19d). This 2D sheet contains ABABA..... type arrangement of 1D tapes due
to different orientation of neighbouring chains relative to each other (Figure 19d) [37].
Complex [(Co)3(L4)4Cls]n (38) has linear Co(T4)~Co(On)~Co(Tq) tri-nuclear units bridged by
L#molecules along the 1D chain (Figure 20a). The central Co(II) ion has octahedral geometry
with the inversion centre passing through it, whereas the terminal Co(II) ions has tetrahedral

geometry (Figure 20a).
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Figure 20 a) View of a) mixed Co(T4)—Co(On)—Co(Tqg) assembly in the 1D chain of complex
38, b) 2D sheet formed by C—H-**Cl hydrogen bonding interactions between adjacent chains in
the complex 38, and c) transformation of the complexes on varying counter anions or/and
reaction conditions (Note- Some atoms have been deleted from Figure 20b for the sake of

clarity).

The unsymmetrical bridging of the chloride ions b/w the successive Co(On)-Co(Tq) ions has
led to the formation of linear trinuclear unit 7¢—On—T4 with corner sharing polyhedron [58].
The neighbouring 1D chains were held together into a 2D sheet structure in ac plane by C—
H--Cl hydrogen bonding interactions (Figure 20b). The complex [Cu(L*)(NO3)2]n (39)
obtained using 3:1 M:L ratio [39] has shown irreversible transformation to a 1D complex
[Cu(L#)2(Br)2]n (37) when mixed with KBr (Figure 20c¢) [37, 39]. In both complexes the L*
molecules were bridged in mode5. Furthermore, the room temperature change of 1D complex
37 to a mononuclear complex [Cu(L*)2(NO3)2(H20)15]> (12) (ligand coordinated in mode3)
was observed on reacting with KNO3 (Figure 20c) [16, 39]. On further heating, the complex
12 underwent thermal SCSC (single crystal to single crystal) transformation to a 1D
coordination polymer [Cu(L*)2(NO3)2]x (14) (Figure 20c) [39].
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2.1.1.5 2D-Polymeric complexes

A 2D polymeric system trans-[Mn(L?*)2(N3)2]. (40) has octahedral Mn(II) ions coordinated to

two L3 molecules in mode2, and four azide ions in trans-arrangement (Figure 21a).

a b

N3

N1

Figure 21 Pictorial representation of a) centrosymmetric unit of the complex 40, and b) 2D
coordination sheet of the complex 40 formed by pi3-azido bridges. (Note- Amide chains have

been deleted for better visualization of the structure.)

The 1 3-azido bridges between successive Mn(II) ions constructs a two-dimensional polymeric
sheet in the bc plane (Figure 21b). Two types of azido bridges have been observed in the
complex; one with Mn-N-N bond angle of 148.4(2)°, while the other with the 171.7(2)° [59].
2.1.1.6 3D-Polymeric complexes

Figure 22 View of a) unique crystallographic unit of the complex 41 with N,N and S,S pairs of
thiocyanato ions in cis-position, and b) 3D coordination framework of the complex 41.

The complex [Cd(L3¥)(NCS)2]n (41) has a three-dimensional network of octahedral Cd(II) ions,
each coordinated to bridged L3 molecules (in mode4) and thiocyanate ions (Figure 22a and
22b). The thiocyanate anions were coordinated in linear fashion, displaying torsion angles of

178.5(4)° (N(1)-C(1)-S(1)) and 177.1(4)° (N(2)-C(2)-S(2), respectively [60]. The complex 41
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has three-dimensional structure in contrast to 29 (1D chain) [53] due to the bridging of

thiocyanate anions between octahedral Cd(II) centres (Figure 22b).

2.1.1.7 Metal cluster
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Figure 23 Pictorial presentation of a) tetra-nuclear cluster of trigonal bipyramidal Cu(II) ions
of the complex 42 with two-fold axis passing through oxo and one of the chloride ligands, and
b) tetrahedrally distorted cubane core Cusls of tetrahedrally coordinated Cu(I) ions of the
complex 43.

Toukhy et al. analytically (spectrophotometric titrations) studied the transmetallation of a
tetranuclear complex [(L?*)sCusClsO] (42) using Ni(NS): in methylene chloride. The complex
42 was obtained as a side product of the crystallisation of some Cu(II) tetrameric complexes
viz. [(L¥)CuCl]402, (L3)CuCl]4(CO)3 and (L3)CuCl]4Cls) of L3. In the complex, Cu(Il) ions
with trigonal bipyramidal geometry were lying at the corners of the tetrahedron, connected to
each other by p-chloro bridges (Figure 23a). At the centre of tetra-nuclear metal cluster, a ps-
oxo ion was tetrahedrally coordinated to four Cu(Il) ions [61]. Air stable Cu(l) cluster
[Cul(L?)]4 (43) has tetrahedrally distorted Cusls4 cubane core with alternating Cu(T) and iodide
ions (Figure 23b). Each Cu(l) ions was tetrahedrally coordinated to the three triply bridged
iodide ions and a N atom of the pyridyl ring of L3 molecule. The Cu**Cu nonbonding distances
observed in the Cusls cubane core were in the range 2.6301(21) - 2.6964 (20) A [62]. In both

these complexes, the L3 molecules were coordinated in mode2.

2.1.2 Type 2 Ligands

2.1.2.1 Monomeric complexes

Coordination modes shown by the ligands are mode 6 and 7. The complexes [Cu(L7)Cl>] (44)
and [Cu(L7)CI(ClO4)] (45) have five coordinated Cu(I) ion with trigonally distorted
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rectangular bipyramidal arrangement (7 = 0.18 (7) and 0.41 (8)) of L7 molecule and the

counter anions around the metal ion (Figure 24a and 24b).
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Figure 24 Pictorial view of the trigonally distorted rectangular bipyramidal environment of

Cu(II) ions in a) complex 44, and b) complex 45.

In both the complexes, chelating L7 molecule was coordinated in mode6 using ONO donor set.
Molar conductance measurements in ethanol and nitrobenzene have illustrated that complex
44 was a non-electrolyte while the complex 45 was a uni-univalent electrolyte, ionized as
[CuCIL7]": ClOy4 pair in nitrobenzene and acetonitrile [20]. Three octahedral complexes viz.
[Co(L7)2(H20)2](C104)2.H20 (46), [Co(L7)2(H20)2](PF¢)2.H,O (47) and
[Co(L7)2(CH3CN)](PF¢). (48) were reported by Kapoor et al. Among these, complexes 46
(Figure 25a) and 47 contains isostructural [Co(L’)2(H20),]*" cationic units with twofold axis
of symmetry passing through Co(II) ion. Both complexes have L7 molecules coordinated in a
bidentate chelating mode7. These cationic units were hydrogen bonded to the lattice water
molecules to form a 1D chain running perpendicular to the ac plane. These 1D chains were
linked to a 2D hydrogen bonded network via perchlorate anions entrapped in the flexible linear
columns generated by these chains (Figure 25b). The complex 48 differs from 46 in the
coordination modes shown by L7 molecules; mode6 and mode7 using ON and ONO sets,

respectively, in the cationic unit [Co(L7)>CH3CN]*" (Figure 25¢) [21].
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Figure 25 Pictorial view of a) octahedral coordination of Co(II) ion in the complex 46, b) 2D
hydrogen bonded sheet involving lattice water molecules and perchlorate ions of the complex
46, and c) unique coordination unit of the complex 48. (Note — Counter anions are not shown
in the coordination units of complexes 46 and 48. Oxygen atoms of water molecules in the

Figure 25b are shown in yellow, while hydrogen atoms are shown in blue.)

Five new complexes [Ni(L®)(H20)3:](NOs).] (49), [Ni(L7)(H20)2(NO3)](NO3) (50),
[Co(L6)(NO3)2] (51), [Co(L7)(NO3)2] (52) and [Cu(L®)(NOs)2] (53) were synthesized using LS,
L7, and L® molecules (Figure 26a — 26d) [22]. Different coordination geometries were observed
in all complexes ranging from distorted pentagonal-bipyramidal in Co(Il) complexes (51 and
52), octahedral in Ni(Il) complexes (49 and 50) to distorted square pyramidal in Cu(Il) complex
(53). These discrepancies were due to the diverse coordination modes shown by nitrate ions
with bidentate chelating mode in Co(II) complexes (Figure 26¢), and mono- and bidentate
modes in Cu(Il) complex (53) (Figure 26d). Whereas in Ni(II) complexes, the nitrate ions were
ionic (uncoordinated) in 49 (Figure 26a), and both monodentate and ionic in 50 (Figure 26b).
Though complexes 49 and 50 were isostructural, they differ in the composition of first
coordination sphere with coordinated water molecule in complex 49 was replaced by nitrate

ion in 50.
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Figure 26 Pictorial presentation of a) coordination environment of Ni(Il) ion in the complex
49, b) nitrate ions showing monodentate coordination and ionic mode in the complex 50, ¢)
bidentate chelating mode of nitrate ions in the complex 51, and d) mono- and bidentate modes
of nitrate ions in the complex 53. (Note — Uncoordinated nitrate ions have been deleted for

clarity in the complex 49)

Four Cu(Il) complexes [Cu(L7)CI(CF3SO3)] (54), [Cu(L®)(CI)(CIO4)] (55),
[Cu(L)(CI)(Cl04)] (56), and [Cu(L®)(CF3S03)2(H20)] (57) were reported by Kapoor ef al..
Among them, complexes 54 (Figure 27a), 55, and 56 have five coordinated Cu(Il) ion with
distorted square-pyramidal geometry (t = 0.057, 0.134 and 0.344 ) whereas it was octahedral
in 57 (Figure 27c). In all complexes, ligand molecules were coordinated to Cu(Il) ions in
chelating mode6. In addition, lowering of local site symmetry of CF3SO3 from Csy to Cs, and
from Tq to Csv for ClO4 ions was also observed in the L.LR spectra of these complexes.
Interestingly, complexes of the type [CuCl(X)(L)2) with square pyramidal Cu(Il) ion was
formed when 1 mole of counter ion was consumed while 2 mole of it has resulted in an
octahedral complex [CuX>(L)2(H20)] [23]. In the crystal lattice of complex 54, adjacent
dimeric units were held together by C—H'*-O interactions to form 1D chains stacked in a parallel
fashion, which were further interconnected by C—H**F hydrogen bonding interactions to form

a 2D sheet in ab plane (Figure 27b).
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Figure 27 View of a) distorted square-pyramidal geometry of Cu(Il) ion in the complex 54, b)
2D hydrogen bonded network of 54 constructed by C—H'**O and C—H"*"F interactions involving
triflate ions and methylene groups, c¢) octahedral coordination of Cu(II) ion in the complex 57,
and d) 2D hydrogen bonded network of the complex 57 involving triflate ions, and lattice and
coordinated water molecules. (Note — In all figures, chlorine atoms are shown in cyan and
fluorine atoms are shown in dark green colour. Lattice water molecules are shown in

maroon/violet colour in the Figure 27d.

However, in complex 57 a 2D hydrogen bonded network parallel to ac plane was generated
due to extensive hydrogen bonding between lattice and coordinate water molecules, and triflate

ions as well (Figure 27d).
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Figure 28 View of a) octahedral environment of Cu(Il) ion in the complex 58, b) 3D hydrogen
bonded framework of 58 constructed by hydrogen bonding between the octahedral units and
the lattice acetonitrile molecules (violet colour), ¢) octahedral coordination of Cu(Il) ion in the
complex 59, and d) 2D hydrogen bonded network of 59 involving coordinated thiocyanate ions

and ethanol molecules.

Variations in the coordination geometries of Ni(II) ions in different solvents were investigated
for two complexes of the composition [Ni(NCS)2(L7)(CH3CN)].CH3CN (58) and
[Ni(NCS)2(L7)(C2HsOH)] (59) [24]. Both complexes were isostructural containing octahedral
Ni(II) ions and L” molecules coordinated in mode6, and differs with respect to the coordinated
solvent molecules (Figure 28a and 28c). Weak hydrogen bonding interactions involving C-
H:'S interactions among octahedral units, and C-H-**N interactions with acetonitrile molecules
construct a 3D framework in complex 58 (Figure 28b) [24]. Likewise, a 2D hydrogen bonded
network was constructed in the complex 59 via O-H--'S, C-H-'S, and C-H'**O interactions
between the octahedral units and ethanol molecules (Figure 28d). The use of the tridentate
ligand L? for the enforced synthesis of uranyl(VI) cis-dihalide complexes of the type UO>XoL
(X = Cl, Br) was demonstrated by Duval et al. [25]. Complexes [U(O2)(Cl2)(L?)] (60) and
[U(O2)(Br2)(L?)] (61) were isostructural, with each of them containing U(VI) centre in a
distorted pentagonal bipyramidal geometry provided by oxide and halide ions, and tridentate
(mode6) ligand L°® molecules (Figure 29a). The halide ions in both complexes were showing

cis-equatorial coordination to U(VI) ions [25].
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Figure 29 View of a) distorted pentagonal bipyramidal geometry of UO»(IV) ion of the
complex 60, b) distorted mono-capped square antiprism environment of Eu(IIl) ion of the
complex 62, and ¢) centrosymmetric unit [La(NO3)3(L?)2] containing 12-coordinated La(III)
ion in the complex 64. (Note- Amide nitrogen atoms and substituted groups on it have been

deleted in the Figure 29b).

A new 1:2 (M:L) complex [Eu(L?)2(H20)2(CF3S03)](CF3SO03)2(THF); 5 (62) containing a nine
coordinated Eu(IIl) centre was synthesized by Borgne et al. [26]. The coordination sphere
around Eu(IIl) ion was a distorted mono-capped square antiprism (MSA) with one of the
tetragonal faces capped by water molecule (Figure 29b). Isostructural complex
[GA(L)2(H20)2(CF3S03)](CF3S03)2('BuOMe): (63) has analogous coordination environment
around Gd(III) ion, differing in relation to the coordinated ligand molecule, and solvent of
crystallization. The lanthanum complex [La(NO3)3(L!?),] (64) has a 12-coordinated La(III) ion,
surrounded by two L!> molecules (in mode6) and three bidentate nitrate ions (Figure 29¢). The
complex was symmetric about a (; axis of symmetry passing through the La(IIl) ion and a
nitrate ion. The other symmetry related nitrate ions (C> symmetry) were positioned on the

hemisphere opposite to axial nitrate ion lying on C>axis [27].

105



106

bt

/ 1D polymeric chain

Figure 30 Pictorial view of a) mononuclear unit of the complex 65 and b) 1D polymeric chain
(inset) of the complex 66, c) coordination environment of UO2(IV) ion in the complex 67, and
d) coordination environment of UO>(IV) ion in the complex 68. (Note- The counter-anions
have not been shown in the Figure 30c and 30d.)

The effect of the substituents on the coordination behaviour of ligand molecules L'3 and L3 in
UO2(IV) complexes was investigated by Alyyapyshev et al. The complex
[(L13)UO2(NOs3)2].CH2Cl: (65) containing ethyl and phenyl groups as substituents on amide
nitrogen atoms was a mononuclear complex with UO>"? cation surrounded by two nitrate ions
and a chelating L!3 molecule (mode6) in the equatorial plane (Figure 30a). Whereas bulky butyl
groups on L3 in the complex [(L¥)UO2(NOs):2]n (66) hinders the formation of simple

*2 cation in 66 was

mononuclear complex, resulting in a 1D polymeric chain. Each UO;
surrounded by symmetry related nitrate ions and bridged L# molecules in mode8 (Figure 30b).
The SCXRD analysis illustrated a 1:1 M:L complex for both ligands, which was also supported

by DFT calculations and extraction experiments [28].

Yong et al. studied the coordination and extraction mechanism of U(VI) ion with L'* molecule
using room temperature ionic liquids (RTIL, see the application section). In this pursuit, they
have synthesized complexes [Uo.s(O)2(L*)]2(NTf) (67) and [U(O2)(L'#),](PF¢) (68) in LINTf,
and KPFs ionic liquids, respectively. Both these complexes contain eight coordinated UO>(IV)
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ion bounded to two L!* molecules in mode6, and two oxide ions (Figures 30c and 30d). The
complex 67 differs from 68 in the presence of inversion centre on the UO2(IV) ion, which was

absent in complex 68 [29].

2.1.2.2 Dimeric complexes

Coordination modes shown by the ligand molecules are mode 7 and mode 9. The binuclear
complex [Cuz(C1)4(L?),].2CH3CN (69) containing bridged Cl” ions and chelating L® molecules
has a weak anti-ferromagnetic coupled Cu(Il) pair with nonbonding Cu---Cu distance of
3.424A. The local geometry around each Cu(Il) ion was distorted square-pyramidal (t = 0.36,
Figure 31a) with the ligand molecules coordinated in mode7 using NO set [79]. Akin to 69,
complex [{CuCIl(L")}2(u-Cl)2] (70) was a centrosymmetric dimer comprising square-
pyramidal Cu(Il) ions surrounded by bridged chloride ions and terminal chloride ions, and a

L! molecule (model) [17].

dcenrrold’

Figure 31 View of a) distorted square-pyramidal geometry of Cu(Il) ions in the
centrosymmetric dimeric unit of the complex 69, b) tetrahedral geometry of Hg(II) ions in the
complex 71, c¢) semi-localized type Lp'*'m interactions among adjacent dimeric units of the
complex 71, and d) representative dimeric unit of the complexes 72-74 supported by semi-

localized type Lp  'm interactions.
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Rana et al. studied the effect of bulky groups of the ligand, counter anions and various non-
covalent interactions on the final structure of Hg(II) complexes. In the series of six complexes
synthesized using L.'7 and L8, the only dimeric complex obtained was [Hg(L®)I>]» (71) (Figure
31b) while rest of the complexes (discussed in 2D polymer section) were 2D coordination
polymers [80]. The rationale of the formation of dimeric complex was attributed to the control
of primary structure by large size and soft nature of bridged and terminal iodides together with
the steric congestion of isobutyl groups that resulted in the formation of Hg>l» bridge and
monodentate coordination of ligand molecule in mode9. The dimeric unit was further supported
by Lp - m (f~74°, Semi-localized type i,e the electronegative atom lies above one of the bond
of aromatic ring) interactions between coordinated iodide ions and pyridine rings of adjacent
dimeric units (Figure 31c). In a similar work, different interactions, and their effect on final
structure of self-assembly process was discussed using the notion of “Crystal engineering”. For
this, six new complexes of Hg(I) were synthesized using !5 and L!¢ molecules. Among them,
complexes 72-74 were dimers comprising bridged L'S molecules (modell) in the
centrosymmetric [Hg(L'%)Xz]> (X= CI', Br,, and I') unit. These dimeric units were supported
by Lp'm interactions between halide anions and pyridine rings (f ~61-74°, Semi-localized

type) (Figure 31d) [81].

2.1.2.3 1D coordination polymers

Coordination modes shown by the ligand molecules are model2 and model3. Rana et al.
discussed the factors governing the bridging of ligand molecules and/or halide ions or both
between Hg(Il) ions in the 1D chain [81]. The complex [Hg(L'¢)Cl2]n (75) (Figure 32a)
containing tetrahedral Hg(II) ions was a ligand driven coordination polymer owing to steric
congestion imposed by isobutyl groups, which results in the bridging of L!® molecules (3-¢
linker) in mode13 between adjacent metal centres, and thus compensates for the halide bridging
(Figure 32b). Conversely, the complexes 76 and 77 involve the bridging of both ligand
molecules and halide ions in the 1D coordination chain. In both complexes, centrosymmetric
[Hgo(p2-L%),X5]n units (X = Br™ in (76), and I" in (77)) containing square-pyramidal Hg(II)
ions (Figure 32¢) bridged by L!® molecules in model2 (2-c linker) were connected by halide
ions to form a 1D zig-zag chain (Figure 32d). Additionally, role of anions, solvent molecules,
and various non-covalent interactions in the self-assembly process were well demonstrated

[81].
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Figure 32 View of a) tetrahedrally coordinated Hg(II) ion in the complex 75, b) ligand driven
1D coordination chain of the complex 75, c¢) square-pyramidal coordination environment of
Hg(II) ion in the complex 76, and d) 1D coordination chain involving bridged halide ions and

L6 molecules of the complex 76.

2.1.2.4 2D coordination polymers

Coordination modes shown by the ligand molecules are mode10 and modell. The effect of
coordination mode of counter anions, divergent nature of ligands, steric factors, and various
non-covalent interactions on the self-assembly of HgX> (X = CI', Br’, and I') units with L!” and
L!¥ molecules have been reported [80]. It was observed that the five complexes containing L7
molecules were 2D coordination polymers (CPs, Figure 33 a-d) with the ubiquitous Hg>X>
bridges and bridged ligand molecules (model0, 2-c linker) were present in a double salt
[[Hg(L'7)Cl2][HgCl2]]a (78), and isostructural complexes 79 and 80 containing [Hg(L'7)X>]x
(X =Brin 79 and I in 80) units. The complex 78 has two different 1D chains comprising
[HgCl>] and [Hg(L'7)Cl,] moieties, respectively, which were linked together in a 2D network
by wo- and ps-bridged chloride bridges.
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Figure 33 View of a) 2D sheet involving [HgCl,]n and [Hg(L'7)Cl:]a chains connected by CI°
bridges in the complex 78, b) 2D network containing edge sharing [Hg(L!7)X2]> units
connected by po-bridged L!” molecules in the complexes 79 and 80, ¢) ligand driven 2D
network of the complexes 81 and 82 containing ps-bridged L!® molecules with no halide

bridges, and d) 2D framework of the complex 78 endorsed by mercurophillic interactions.

(Figure 33a). Two types of coordination geometries were observed for Hg(Il) ions, a distorted
octahedral geometry in the 1D chain of [HgClz2], units and a distorted square pyramidal
environment in the chain of [Hg(L!'7)Clz]n units. Conversely, the complexes 79 and 80 have
edge sharing [Hg(L!7)X2]> units (X = Br™ in 79, I" in 80) of square pyramidal Hg(II) ions,
connected by bridged L'” molecules (model0, 2-¢ linker) in the 2D framework (Figure 33b).
The complexes of L!8 molecules with the structural formula [Hg(L'®)X,], (X = CI" in 81 and
Br in 82) were ligand driven polymer owing to the steric congestion offered by isobutyl groups
that results in bridging of L'® molecules in mode11 (3-c linker) thereby avoiding halide bridges
(Figure 33c). Additionally, various non-covalent interactions viz. C-H-"X, Lp'n (8 ~74°,
Semi-localized type) in complex 78, n'*'m in complexes 81 and 82 and C-H-**& interactions in
complexes 79, 81 and 82 further reinforce the 2D sheets. Mercurophillic interactions (3.81,
3.96 and 4.01 A) were also found to strengthen 2D framework in the double salt 78 (Figure
33d) [80].
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2.2 Coordination complexes of Class II Ligands

2.2.1 Type 3 Ligands

2.2.1.1 Dimeric complexes
Coordination modes shown by the ligand molecules are model14 and model7. Li et al.
reported a centrosymmetric complex [Hg(I)2(L!)]2.3H20 (83) containing cisoid L
molecules, bridged (in model4) between symmetry related tetrahedral Hg(II) ions to
form a metallamacrocycle (Figure 34a). The adjacent metallacycles were parallelly
stacked into 1D columns and then to a two-dimensional supramolecular architecture
with the help of short contacts between uncoordinated water molecules and terminal I

ions (Figure 34b) [63].
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Figure 34 View of a) metallacycle of the complex 83 containing tetrahedrally
coordinated Hg(II) ions, b) 2D sheet of stacked metallocyclic units in the complex 83,
¢) 3D hydrogen bonding framework of 84 involving hydrogen bonding between water
molecules and Cu(Il) metallacycles, and d) hydrogen bonded tape motif with
T6(6)4(4)4(3)4(3) type aggregation of lattice water molecules of the complex 84.
(Note- The oxygen atoms of water molecules are shown in mustard colour in the Figure
34b, while it is yellow colour in the Figures 34c and 34d. Hydrogen atoms of water
molecules are shown in orange colour).

The complex {[Cuz(mal)2(L2?)2(H20)2].10H20} 4 (84) has a 32 membered metallacycle

containing square pyramidal Cu(II) ions. Around each Cu(II) ion, symmetry related L?2
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molecules, and cis basal mal ions were positioned in a square planar arrangement
(Figure 34 c) [64]. While the water molecule located at the axial sites completes the
coordination geometry. The entrapped water molecules, mal ions, and L??* molecules
participate in  extensive hydrogen bonding to allow neighbouring
[Cuz(mal)2(L2%)2(H20)2] units to interact in a ‘head to tail’ fashion (Figure 34 c).
Moreover, hydrogen bonding among water molecules generates an infinite tape of
repeating T6(6)4(4)4(3)4(3) type aggregation comprising alternating six-membered
chair and four membered rings (Figure 34d). This hydrogen bonded pattern further
generates nanotubular channels occupying 22.8% (SOV) of the total unit cell volume.
2.2.1.2 1D-Polymeric complexes

Coordination modes shown by the ligand molecules are model4-17. The complex
{[CA(SCN)»(L"):]-2(CH30H)}» (85) has a 1D helical chain of octahedrally
coordinated Cd(II) ions (Figure 35a and 35b) connected by L!® molecules bridged in
model5 [65]. Along the chain, 24-membered metallocyclic rings were generated in
which L!” molecules display GG-conformation (Figure 35b). Conversely, the complex
[CdIx(L?")]a (86) contains 1D zig-zag chains of tetrahedral Cd(II) ions (Figure 35¢ and
35d), which were held together into a 2D framework by weak C—H:--S (2.658A)
interactions  (Figure = 35d) .  Isostructural to 85, the complex
{[CA(NO3)2(L")2]-2(CH30H)}» (87) differs in the composition of the octahedral
environment of Cd(II) ion at axial sites (nitrate ions in 87, and thiocyanate ions in 85)
[65]. Complexes [Co(NCS)2(CH30H)2(L*M)]a (88) and
{[Co(H20)2(CH30H)2(L?*)](NO3)2}n (89) were synthesized using pyridyl/piperazine
based L?! and L?2 ligands by Xu ef al. [66].
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Figure 35 View of a) centrosymmetric unit containing octahedral Cd(II) ion in the

complex 85, b) 1D coordination chain of the complex 85 containing GG-conformation
of ligand molecules, c) coordination unit containing tetrahedral Cd(Il) ion in the
complex 86, and d) 2D hydrogen bonding framework of 86 involving C—H:-'S
interactions.

These compounds have 1D polymeric chains differing in the construction of octahedral
coordination sphere around the Co(Il) ions. In the complex 88, the octahedron was
shaped by two methanol molecules, and two nitrogen atoms of the isothiocyanate ions
in square planar fashion (Figure 36a) while the square plane in 89 involves two water
and two methanol molecules (Figure 36¢). The axial coordination in both complexes
was provided by L2! molecules coordinated in model6. The 1D chains in 88 were
linked into a 2D network in ac plane by Sncs'**Omethanol contacts (S++*O 3.243 A, 130.4°)
(Figure 36b). Whereas in complex 89, the 2D hydrogen bonded network was
constructed through Ow—H"**O hydrogen bonds involving water and ligand molecules,

and nitrate ions (Figure 36d) [66].
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Figure 36 View of a) octahedral coordination environment around Co(Il) ion in the
complex 88, b) 1D coordination chains connected by short Sncs'**Omethanol cOntacts in
the complex 88, ¢) octahedral geometry of Co(Il) ion in the complex 89, and d) 2D
hydrogen bonded network involving 1D coordination chains, nitrate ions and water
molecules in 89.

The complex [ZnClx(L*!)]. (90) has 1D wave like infinite chains (Figure 37a) of
tetrahedral Zn(II) ions linked to each other into a 2D layered structure via weak C—
H--Cl (3.850A) interactions (Figure 37a) [67]. Isostructural to 90, the complex
[Hgl2(L2Y)]a (91) was comprised of 1D zig-zag chains of tetrahedral Hg(IT) ions [68].
The Co(Il) ions of the alternating 1D chains of anionic [Co(hmph),(L?2)],>™ an
cationic [Co(H20)4(L2?)]s*™" units of the complex
{[Co(H20)4(L?2)][Co(hmph)>(L2?)].6H20}n (92) have octahedral geometry in the
respective chains (Figure 37b and Figure 37c). Each Co(II) ion of anionic unit was
coordinated to cis-hmph anions, and frans 12> molecules (model7) whereas the Co(1I)
ions in cationic unit were coordinated to four water molecules, and two frans L2
molecules. Hydrogen bonding between coordinated water molecules in cationic chain
and oxygen atoms of hmph ions in the anionic chain connects these alternate
coordination chains into a 1D tape (Figure 37¢) [69]. The [NiO4Nz] core of the complex
{Ni(Hmip)2(L??)(H20).].2H>mip} s (93) has octahedral Ni(II) ion, coordinated to trans-
Hmip ions, trans-L?* ligands, and two water molecules. The singly protonated Hmip
ions displayed monodentate coordination to Ni(IT) ion whereas L?? molecules were

bridged among Ni(II) ions in model7 [70].
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Wilseck et al. reported a coordination polymer
{[Cu(H2MeOip)(HMeOip)2(L2%)].3H,0} 1 (94) containing 1D polymeric ladder motifs
[71] containing Cu(Il) ions in a distorted square pyramidal environment. Besides,
hydrogen bonding between hydroxyl groups of ligated HMeOip ions and unligated
HMeOip carboxylate groups of the adjacent chains construct a twofold interpenetrated

binodal supramolecular hms net with rare (6*)(6°8) topology (Figure 37d).

Figure 37 View of a) 2D layered structured comprising zig-zag 1D chains of the
complex 90, b) octahedrally coordinated Co(II) ions in the cationic and anionic units
of the complex 92, ¢) hydrogen bonded 1D tape of anionic [Co(hmph)2(L??)],*" and
cationic [Co(H20)4(L?2)]x>™" of the complex 92, and d) 3D hydrogen bonded network
of the complex 94 with a rare topology (6°) (6°8).
2.2.1.3 2D-polymeric complexes

Coordination modes shown by the ligand molecules are mode15, model8, and mode19.
The 2D grid of the complex [CuBra(L??)], (95) has 14- and 24-membered circuits
comprising octahedral Cu(Il) ions and exotetradentate L22 molecules (model8). The
14-membered circuits were stabilized by supramolecular n-n stacking interactions
between pyridyl rings of L2 molecules, while no such interactions were observed in
24-membered circuits (Figure 38a) [72]. L. Liu ef al. have hydrothermally prepared a
2D coordination polymer{[Cd(L2?*)(H20):](SUL)(H20)0.5}n (96) with (4,4) thomboid
grid structure akin to complex 95. Furthermore, the free SUL anions sandwiched

between adjacent 2D layers in a head-to-end arrangement interconnects adjacent 2D
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layers into a 3D hydrogen bonded network through sulfo and carboxyl groups (Figure
38b) [73]. A 2D complex [CACl2(L2%)4]s (97) has a zig-zag arrangement of bridged L2°
molecules (model5) around the octahedral Cd(Il) ions. The pyridine rings of L2

molecules were twisted relative to each other as depicted by the dihedral angle of 61.8°

24-memhchM ’
macrocycle /
| ) P

14-membered
macrocycle

Figure 38 View of a) 2D grid containing 14- and 24-membered macrocycles of the
complex 95, b) 3D hydrogen bonded network comprising sandwiched SUL anions
between 2D coordination sheets in the complex 96, ¢) 2D coordination network with
zig-zag arrangement of bridged ligand molecules in the complex 97 and d) pyridine
rings oriented out of plane relative to mercaptoimidazoline moiety in the complex 97.

while the dihedral angles amid 2-mercaptoimidazoline moiety and pyridine rings were
65.2° and 74.2°, respectively (Figure 38d) [65]. The complexes
{[Zn(NCS)2(L2")2].2H20}» (98) and {[Mn(H20)2(SO4)(L*")](H20)3(CH30H)}» (99)
have a 2D layered rhombohedral grid structure [68]. The rhombohedral grids of 98 were
composed of 60-membered Zn4(L2")4 rings with the dimension 14.231 x 15.586 A along
the 2D coordination network in ac-plane (Figure 39a). Conversely, the 2D structure of
the complex 99 contains two types of chains viz. -Mn1-L?!-Mn1-L2!- and -Mn2-L?!-
Mn2-L2!- along the ¢ direction. These alternating parallel chains were linked by

sulphate anions into a 2D corrugated rhombohedral grid structure [68].
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Figure 39 View of a) 2D framework of the complex 98 containing 60-membered
Zn4(L2')4 rings, b) 2D coordination network supported by argentophilic and 77
interactions in the complex 100, c) 2D framework of the complex 101 and d) 2D
framework of the complex 102.

The linear 1D coordination chains -~L2“Ag-L?"Ag of the complex
{[Ag(L*")].NOs. H2O}x (100) comprising 2-coordinated Ag(I) ions were linked into a
2D double-crossed corrugated structure by strong Ag---Ag interaction of the order of
3.29 A (Figure 39b). These axial Ag:--Ag separations were shorter than the sum of the
van der Waals radius for silver (3.44 A). The argentophilic interactions were further
enforced by these strong m-m stacking interactions of the order of 3.553 A between
pyridine rings of the adjacent chains [74]. Two dimensional coordination polymers viz.
[Co(C1)(L*")o5]» (101) and {[NiClx(L?")0.5(L2")0.5](H20)2}n (102) differs in the final
topology of the framework with the 2D coordination network in complex 101 has
rhomboidal distribution of four neighbouring Co(II) ions (Co---Co distance, 8.369 A")
bridged by exotetradentate L2! molecules (Figure 39c). Whereas the complex 102 has
rhombohedral grids Nis(L?")4 with the Ni(Il) ions located at the vertices (Figure 39d).
In addition, two slightly different kinds of L?! molecules differing in the orientation of
pyridine rings with respect to piperazine unit were observed. In L2 (1) molecule, two
parallel pyridine rings were reclined at an angle of 121.3° relative to NC; trigonal planes

of the piperazine unit, whereas the dihedral angle with the C4 plane of the piperazine
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unit was 138.8°. In L2! (2) molecule, the corresponding angles were 54.7 and 38.7°,

respectively [67].

Figure 40 View of a) 2D framework of the complex 103 containing 14- and 24-
membered metallo-cyclic rings, and b) stacked 2D sheets showing AAAA type pattern.
The octahedral Co(II) ion of the complex [Co(NCS)2(L??)]a (103) was surrounded by
trans-isothiocyanate anions, and four symmetry related trans-L** molecules (Figure
40a). Besides, the exotetradentate L?> molecules (mode 18) connect four Co(II) ions
related to each other by inversion symmetry. Along the 2D sheet, alternating 14- and
24-membered metallo-cyclic rings viz. {CoOC4N}2 and {CoOCN(C)2N(C)sN}2 display
through space Co-**Co distances of 7.805 A (in first ring) and 12.030 A (in second ring),
respectively, across the circuits (Figure 40a). Among metallo-cyclic rings, the small
ring circuits (14 membered) were also supported by n**n stacking interactions (3.699(3)
A) between pyridyl rings. The adjacent 2D layers were stacked over one another with
the isothiocyanate ions projecting above and below the layer planes to give AAA type
pattern (Figure 40b) [75]. The complexes [CdCl2(L2%)]n (104) and [CA(NO3)2(L*2)]x
(105) differing in the metal and counter ions present were topologically similar to
complex 103 [76].
2.2.1.4 3D-polymeric complexes

Coordination mode shown by the ligand molecule is model9. A three dimensional
layered coordination polymer [Cd(N3)2(L?")2]n (106) with tetragonal prism channels
was reported by Hou et al.. In the crystal lattice, four p-1,3-azide ions in the square
planar arrangement, and the two pyridine nitrogen atoms from symmetry related L2!

molecules at the axial positions provide the octahedral environment around each Cd(II)
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ion, which sits on the inversion centre (Figure 41a). The adjacent Cd(Il) ions were
bridged by azide ions to form 2D layers (Figure 41b), which were further linked to each
other into a 3D framework by 2C (2-connecting, mode16) frans-L*! molecules (Figure
40c). In the 3D framework, L2! molecules were present at the four edges of tetragonal
prism channel, which was cut off by 2D layers of Cd(II) ions comprising rhombohedral
grids Cds(N3)s (Figure 41d) [68].
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Figure 41 View of a) centrosymmetric unit of the complex 106, b) 2D network
comprising Cd(II) ions bridged by p-1,3-azide ions, ¢) 3D framework involving 2D
sheets of Cd(II) ions connected by bridged frans-L2! molecules, and d) tetragonal prism
channels cut off by Cds(N3)4 grids in the complex 106.

2.3 Coordination complexes of Class III Ligands

2.3.1 TypeS and Type 6 ligands

2.3.1.1 Monomeric complexes
Coordination modes shown by the ligand molecule are mode20 and mode 21. A series
of isostructural mononuclear complexes [Ln(L23)(NO3)3] (Ln = Pr (107), Nd (108), Gd
(109), and Tb (110)) of L2® were synthesized to compare and comprehend the

differences between Am'/ Eu"!

extraction by its congeners, differing in the type of
substituents on amide nitrogen atom. Crystal structure of the complexes show that the
chelating (mode20) L2?3 molecule, and three nitrate ions displaying bidentate

coordination mode grant bi-capped square antiprism geometry to Ln(III) ions (Figure
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42a). In all complexes, the M-N bonds of bipyridine unit and M-O bonds of
carboxamide groups have different bond lengths owing to the steric hinderance between
nitrate ions and carboxamide groups of L23. Thus, inequivalent bond lengths were
independent of the nature of metal ion and lanthanide contraction as well. The variation
in the torsion angle N2-C1-C1'-N2' of 5° and 4.6° for Nd and Pr complexes, and 12.8
and 11° for Gd and Tb complexes, respectively, was the probable reason for such
discrepancies. Moreover, DFT calculations have shown that s-s-s conformer of L3
molecule was most prone to metal ion binding with minimum potential energy surface
(PES) value of 3.64 kcal/mol. Formation of 1:1 Metal:Ligand complexes were further
supported by UV-Vis spectrophotometric titrations [18].
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Elongation of M-L?5 bonds

Figure 42 Pictorial presentation of a) bi-capped square antiprism coordination geometry
around Gd(III) ion in the complex 109 b) compression of M-L?* bonds due to the
substitution of phenyl rings at 3, 5-position in the complex 111, ¢) elongation of M-L?3
bonds due to substitution of methyl groups at 2,5- position of phenyl rings of L2 in the
complex 112. (Note- The mononuclear complex in Figure 42a is the representative unit
of isostructural complexes of Pr(III) (107), Nd(IIT) (108), and Tb(III) (110))

Borisova et al. studied the impact of secondary coordination sphere of 2,2’-bipyridyl-
6,6’-dicarboxylic dimethylanilides on the structure and stability of its lanthanide
complexes and compared the results with unmethylated ligand derivative. In this

pursuit, some lanthanide complexes have been synthesized. In the complex
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Dy(NO3)3(L2#)] (111), substitution of methyl groups at 3,5- position of the phenyl rings
led to significant compression of the Ln—O and Ln-N bonds (Figure 42b), which
facilitates metal ions to enter deeper into the cavity of the ligand whereas substitution
at 2,5- position of phenyl rings (Figure 42¢) has caused steric hinderance in complex
[GA(NO3)3(L%%)] (112), which led to the elongation of Ln—O and Ln—N bonds compared
to unmethylated complexes of L2} molecule. In both complexes, the flexibility of the
ligand molecules and the disposition of carboxamide oxygen atoms in or out of the

mean plane of bipyridyl moiety has led the ligands to adopt lariat crown ether [19].

Figure 43 View of a) 12-coordination geometry of La(IIl) ion in the complex 113, b)
10-coordination geometry of Gd(III) ion in the complex 115, c) tetragonal pyramid
geometry around Cu(Il) ion in the complex 117, and d) 7-coordinated Cd(II) ion in the
complex 118. (Note- Tertiary nitrogen atoms of amide group and the respective
substituents appended to it have been deleted for clarity in the complexes 113, 116, and
118. Both the solvent molecules, and the counter anions crystallized in the lattice have
also been deleted.)

In another work, Alyapyshev et al. synthesized few lanthanide (La(III), Nd(III) and
Gd(I11)) and transition metal complexes (Cu(II) and Cd(Il)) using L2® molecule to
understand the M-L complex formation [30]. In the centrosymmetric complex
[La(L26)2(NO3)2]NO3.2DCM (113), the 12-coordination geometry around La(III) was
granted by two L2¢ molecules (mode21), and two nitrate ions, while an uncoordinated
nitrate ion was crystallized outside the coordination sphere to balance the charge

(Figure 43a). Moreover, carbonyl groups of carboxamide moieties were not coplanar
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with respect to phenanthroline plane. In contrast, isostructural Nd(I1I) (114) and Gd(III)
(115) complexes [Ln(L26)(NOs)3]. 2DCM have 10-coordination geometry around
Ln(III) ions, provided by chelating L2¢ molecule (mode21), and three nitrate ions
(Figure 43b). From diffraction studies it was observed that the small lanthanide ions
(Nd(ITI) ions and Gd(III)) complex with one L26 molecule while bigger ion (La(III))
prefer to complex with two L2 molecules. Apart from the lanthanide complexes, some
transition metal complexes of L2¢ with Cu(II), Cd(II), and Zn(II) have also been studied.
Among them, [Cu(L?%),].2NOs (116) and [Zn(L?6):].2NO; (117) complexes were
isostructural containing metal ions in tetragonal pyramid environment (6-coordinated)
(Figure 43c). Whereas the complex [Cd(L?%),].2NO3 (118) has pentagonal-bipyramidal
coordination environment (7-coordinated) around Cd(II) ion (Figure 43d). This trend
in the change of coordination number further supports the higher extraction ability

towards Cd(II) over Cu(II) and Zn(II) ions [30].
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Figure 44 View of a) 8-coordination geometry of U(VI) ion in the complex 119, b) 12-
coordination geometry of Th(IV) ion in the complex 120, c¢) coordination environment
around La(Il) ion and the elongation of M-Lamidse bonds in the complex 121, and d)
coordination environment of Eu(Ill) ion and the compression of M-Lamide bonds in the
complex 122. (Note- The solvent molecules and counter anions crystallized in the
lattice have been deleted for complexes 119 and 120.)

Xiao et al. studied the solvent extraction and complexation behaviour of phenanthroline

based L?7 ligand towards actinides and lanthanides [31]. The complexation mechanism
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of L*7 towards Th(IV) and U(VI) was studied by single crystal analysis. The complex
[UO2(NO3)(L?")].(CH3)N").(H20)2 (119) has eight coordination geometry around
U(VI) granted by two oxide ions, a chelating L?7 (mode21), and a nitrate ion (Figure
44a). Whereas Th(IV) ion of the complex [Th(NOs3)4(L?")].H.O (120) has 12-
coordination geometry, provided by four nitrate anions, and a L2’ molecule in mode 21
(Figure 44b). Both complexes have shown 1:1 (M:L) stoichiometry. Furthermore, the
extraction studies in acidic medium illustrate high selectivity of L2” molecule towards
actinides compared to the lanthanides due to the covalent nature of An-N bonds as
illustrated by DFT calculations.

In another study, Borisova ef al. studied the effect of substituents on the complexation
behaviour of phenanthroline ring and amide moieties of the ligands L?® and L?°,
respectively, towards the lanthanides. In this quest, monometallic complexes
[La(L?%)(NOs)3] (121) and [Eu(L?*)(NOs)3] (122) were synthesized (Figure 44¢ and
44d). Both the complexes have their metal ions in distorted bicapped square antiprism
geometry. The elongation of La-Oamidze (~2.560A, Figure 44c) in the complex 121
compared to Ln-Oamide bond in the complexes with aryl-alky substituents illustrate the
lower affinity of amidic-ethyl substituents towards the Ln(III) ions. Conversely, shorter
Eu-Oamidze (~2.400A, Figure 44d) bond distances in complex 122 with aryl-alky
substituents on L?* molecule indicates the higher affinity towards Ln(IIT) ions that

enhances the effectiveness and selectivity of Ln(III) extraction [32].
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2.4 Coordination complexes of Ligands with complex structure (Miscellaneous)

2.4.1 Monomeric complexes
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Figure 45 View of a) centrosymmetric unit of the complex 123, b) dihedral angles
between amide planes, and between amide and pyridine planes in the complex 123, and
¢) representative mononuclear unit of the complexes 124-128.

Coordination modes shown by the ligand molecule are mode22 and mode 23. A rare
N»-trans-bidentate coordination mode was observed for L3 molecule in the square
planar complex [Pd(L3%)Cl,] (123) (Figure 45a). The picolinamide moieties were non-
planar relative to each other as illustrated by dihedral angles of 66.2 and 86.1° between
amide group planes and pyridine ring planes (Figure 45b). In addition, the ethane link
was in staggered conformation with N-C-C-N torsion angle of 58.8° [82]. Popova et al.
reported some lanthanide complexes of rigid 2,9-bis-lactam-1,10-phenanthroline based
ligands, and studied the selectivity of L3? (with saturated d-lactam rings) and L3 (with
unsaturated d-lactam rings) molecules towards Am (III)/Eu (III) ions. The mononuclear
complexes of L2, synthesized with the structural formula [Ln(L32)(NO3)3] (Figure 45c¢)
(Ln = Pr(III) (124), Nd(I11) (125), Eu(I1I) (126), Gd(III) (127) and Tb(III) (128)) were
isomorphous. The 10-coordinated Ln(III) ion in each complex was surrounded by three
nitrate anions and a chelating L2 molecule (mode23) to give a 1:1 (M:L) stoichiometry.

In all complexes, shorter M-Oamide distances than M-Nphenanthroline 11lustrated the stronger
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binding affinity of the oxygen atoms. Besides, it was observed that L33 with unsaturated
-lactam rings was the most selective extractant of Am(II) over Eu(IIT) than L3 with
saturated o-lactam rings. The selectivity of the ligands for Am(III) was also studied by
DFT calculations [33].

Dimeric complexes

Tubular channel

N1j Cu1
04

Figure 46 View of a) cationic unit [Cux(phtH)2(L34)2(H20)4] containing L** molecules
oriented in U-conformation, and b) 2D network of tubular channels formed by hydrogen
bonding between neighbouring cationic units in the complex 129.

Coordination mode shown by the ligand molecule is mode24. Murray et al. reported a
cyclic complex {[Cuz(phtH)2(L3*)2(H20)4](NO3)2.H,O (129) containing square
pyramidal Cu(II) ion coordinated to singly protonated phtH molecule, two trans-L34
(mode24) and two cis-aqua molecules (Figure 46a). In the cationic unit
[Cuz(phtH)2(L3**)2(H20)4] 2, the L3 molecules were oriented in U-conformation with
¥ angle of 9.9°. In the ring motif [Cux(L34):], phtH anions were projected towards the
ring and the Cu'*Cu non-bonding distance observed was 12.34 A. The neighbouring
cationic units were associated to each other by the hydrogen bonding between the
carboxylate anions of adjacent units to form a supramolecular tube motif along the a-
axis. The adjacent tubular channels were aggregated via the hydrogen bonding between
aqua ligands and carbonyl groups of L3* molecules to form a 2D framework (Figure
46b) [83].

1D polymer

Coordination mode shown by the ligand molecule is mode25. The 1D chain of
[Cu2(OAC)4(L3")2]n (130) has alternating diazatetraoxa macrocyclic backbone and
Cu2(OAc)s units (Figure 47a and b) [84]. The pyridine rings of L3! were slightly tilted
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relative to amide junctions with NCCC torsion angle of -82° and 82°. Each paddlewheel
Cuz(OAc)s unit has square pyramidal Cu(Il) ions coordinated to four bridged OAc
anions, and neutral L3! molecule (mode25). In addition, the bridging of acetate ions in

the paddlewheel also resulted in shorter Cu-*Cu distance of the order 2.611 A.

a b g;‘:".\'. ‘
4

. Amide plane

y
y
. & A
véu.' !
A i > v Pyridine plane

Figure 47 View of a) repeating centrosymmetric unit of complex the 130, b) orientation
of pyridine ring w.r.t amide plane, and c) 1D coordination polymer containing bridged
L3 molecules between Cu(Il) paddlewheel units.

3. Applications

3.1 Solvato- and Thermochromism
Mononuclear complex [Cu(L1)2(Cl)2] (5), and a dimeric complex [ {CuCl (L")} 2(u-Cl),]
(71) were obtained from the same reaction mixture exhibited solvatochromism in
various solvents [17]. The UV-Vis spectra of blue coloured solution of the dimeric
complex 71 in methanol was same as that of monomeric complex S, which illustrates a
six coordinated tetragonal structure involving the breaking Cu-Cl bridges followed by
the coordination of solvent molecules. Whereas the yellow-green solution in
acetonitrile involving LMCT (Clgrigged —Cu) and d-d bands have dimeric structure of
the complexes 5 and 71. Similarly, the green coloured solution of these complexes in
chloroform and dichloromethane involving charge transfer transition was due to the
presence of dimeric structure. The colourless solution of these complexes in the polar

solvents viz. DMF and DMSO has a monomeric six coordinated structure due to strong
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coordination of the solvent molecules at the axial position, causing the red shift of d-d

bands due to the destabilisation of d-electrons. In addition, the complex 5 has also

shown irreversible thermo-chromism upon heating, which involves colour change from

blue to green on heating at 160° C with the transformation from octahedral to dimeric

square pyramidal complex with bridged chloride ions [17].

3.2 Magnetism and Magnetic properties

3.2.1

3.2.2

Room Temperature Magnetism

Paramagnetic behaviour of the complexes [Cu(L7)Cl,] (44) and [Cu(L7)CI(ClO4)]
(45) was assessed by magnetic moment studies that illustrate the magnetic moment
of 1.95 B.M and 1.88 B.M, respectively, after diamagnetic correction. The observed
paramagnetic behaviour involves no spin-spin interactions [20]. In the complexes
[Co(L7)2(H20)2](Cl04)2.H,0  (46), [Co(L7)2(H20)2](PFe)2.HO  (47), and
[Co(L7)2(CH3CN)](PFs)> (48) a high spin octahedral structure was established
through room temperature magnetic moment studies that give the values in the
range 4.75-5.01 up, consistent with the presence of three unpaired electrons [21].
Magnetic measurements performed at 300 K on the complexes
[Ni(NCS)2(L7)(CH3CN)]. CH3CN (58) and [Ni(NCS)2(L7)(C.HsOH)] (59) display
magnetic moment values of 2.82 and 2.88 ug ,respectively [24].

Variable Temperature Magnetism

Variable temperature magnetic susceptibility measurement was done on a dimeric
complex [{CuCI(L")}2(u-Cl)2] (70) to investigate the type of coupling between the
Cu(Il) ions, and to determine magneto-structural correlation. The high x,, 7 values
0f 0.92 cm® mol™! K and 1.12 cm® mol™! K, at 300 K and 15 K (in the plot x,, T vs,
7), respectively, along with magnetic exchange coupling parameter ‘J’ with the
value of 43.1 cm’! illustrates the presence of ferromagnetically coupled Cu(II) ions.
In addition, the molecular structure of 70 display a distortion from a SP geometry
with coplanar bases to TBP (Cu-Cl-Cu angle ‘o’ = 93.6° and bifold angle ‘¢’ =34.9
°) [17]. The solid state, variable temperature magnetic susceptibility data was
collected for the complex [Cux(Cl)4(L?)2].2CH3CN (69) using 1.0 T field. In the
temperature range of 5-300 K, the observed ymT value of 0.88 cm® mol! K at 300
K was higher than that expected for two uncoupled spins S =1/2, which upon

cooling decreases slowly upto 50 K followed by a steep drop off in the value up to
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0.56 cm® mol™! K at 5K. The single electron on each Cu(Il) ion involved in the
coupling belongs to the d-orbital (x>-y?), and the interaction between these magnetic
orbitals occurred through bridged Cl° ions. The anti-ferromagnetic exchange
interactions were observed owing to the large Cu-Cl-Cu angle (95.3°) and a rather
small bifold angle (c = 13.84°), which increases the energy difference between
magnetic orbitals [79]. Magnetic properties of the complex [Co(L3)(Cl)2]n (34) was
analysed in the temperature range 2 K to 300 K by considering each Co(7y) ion in
the chain as an isolated system, and taking into account a considerable zero-field
splitting contribution due to tetrahedral distortions. The magnetic interactions
through the bridging ligands were ruled out [37]. In the plot of x, T vs. 7, gradual
decrease in ;T values was observed from 2.62 cm® mol™! K at 300 K to 2.27 cm?
K mol™! at 50 K. Below this a steep drop to 1.15 cm® K mol! was observed. The
M/Nyg vs. H/T plot showed the zero-field splitting (ZFS) of the ground state as
there was no overlap of isofield lines [38]. Important parameters obtained by the
fitting of experimental data is tabulated in Table 2.

A high spin Co(Tq)—Co(On)—Co(Tq) trinuclear system was considered to explain the
magnetism of [Co(L%)2(H20)4][Co(L3)(Br)3]2.2H20 (13). The magnetic behaviour
was illustrated as a plot of yMT vs. T in which a plateau was observed on cooling
the sample from 9.32 cm?® K mol™! at 300 K up to 75 K followed by a sharp drop to
4.74 cm® K mol'l at 1.99 K, which was attributed to zero-field splitting (ZFS) of
ground states due to intermolecular interactions. Owing to the complexity of the
system, the interpretation of data was done in two parts using: MAGPACK-fit
programme (below 80 K) and VPMAG programme (above 80K) [38]. The results
(Table 2) illustrate weak antiferromagnetic interactions between Co(Or) and Co(Tq)
centres. Akin to complex 13, a trinuclear system Co(T4)-Co(On)—Co(Tq) was found
in the complex [Co3(L*)4(Cl)s]x (38) with Co(II) bridged by chloride ions [58]. The
magnetic behaviour of the complex in the temperature range 2 to 300 K displays
ymT value of 8.95 cm® K mol! at RT, followed by abrupt drop to a value of 5.39
cm® K mol ™! at 1.99 K on cooling the sample. The data illustrates that Co(Tq) and
Co(On) centres were interacting ferromagnetically with the central position of the
trinuclear unit occupied by high spin Co(Il) ion (S = 3/2) at high temperature.
Herein too, magnetic data was analysed using the programs MAGPACK-fit and
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VPMAG FORTRAN to obtain the best fit. The most significant effects examined
at each interval of the temperature shows spin—orbit coupling of Co(On) dominating
at high temperatures, while the zero-field splitting parameters of the Co(7%)
becomes significant at the low temperature. The spin—spin magnetic interaction was
however detected for the whole range of temperature [58].
A drop in ymT values from 3.54 cm® mol™! K at RT to 2.36 cm® mol™! K at 1.8 K on
cooling the complex [Fe(NCS)2(L3):]a (27) was observed. This trend was attributed
to the presence of zero-field splitting effect and weak anti-ferromagnetic coupling
at low temperature range between Fe(Il) centres (Table 2). These results
demonstrated the presence of high-spin octahedral Fe(II) with >Tag as ground state
[51]. Magnetic susceptibility measurements on frans-[Mn(L3)2(N3)2], (40) in the
range 300 K - 2 K have illustrated anti-ferromagnetic interactions between the metal
centres. Two super exchange pathways (exchange coupling constants ‘J’) based on
azido bridges were proposed that showed an exchange through the bridge N(11)-
N(12)-N(11C) involving overlap of dx, and dy, orbitals of Mn(II) with the
nonbonding m-orbitals of the azido ligand, whereas the other bridge N(21)-N(22)-
(N21A) with the lower bond angle enhances the overlap of dz? and m-molecular
orbitals of the ligand [59]. Likewise, lower Mn-N-N bond angle (148.4°) promotes
overlap of dz* of the Mn(1II) ion and m-molecular orbitals of azido group. Whereas
higher Mn-N-N bond angle (171.7°) enhances overlap of dx, and dy, of Mn(II) and
n-molecular orbitals of azido group.
3.3 Non-linear optical properties
The third order NLO studies on the complex [Hg(I)2(L')]2.3H20 (83) in the DMF
solution using 532 nm laser pulse showed the strong NLO self-focussing effect with
third order susceptibility ‘" and hyperpolarizability (y) of the order 2.23 x107!! esu
and 3.24x10% esu, respectively [63]. Nonlinear optical properties of
[Co(NCS)2(CH30H)2(L2Y)], (88) were studied in DMF using Z-scan technique. The
NLO refractive index ‘nz’value of 3.05 x 107'° esu and the non-linear absorption
coefficient value ‘o2’ = 1.41 x 10'® mW! illustrate third order non-linear optical
property of the polymer [66]. Non-linear absorption coefficient ‘0" = 9.00 x107!! mW-
! obtained from normalized transmittance vs Z mm plot, and the NLO refractive index

‘ny’of the order 3.24 x 107'¢ esu illustrates the self-focusing performance of the polymer

129



130

{[Co(H0)2(CH30H)2(L??)](NO3)2}n (89) with a third order nonlinear optical
behaviour [66]. Similarly, complexes [ZnCly(L*")]x (90), [CoCI(L?")os], (101) and
{[NiCl2(L121).5(L121).5](H20)2} s (102) exhibited third order NLO effects with the n>
(third order refractive index) value calculated as 1.73x107!, 1.65x107" and 1.47x107!!
esu, respectively [67]. Among these the complex 101 exhibited strong non-linear
absorptive properties with the non-linear absorption coefficient ‘a’ value of3.31 x 107!
m WL The presence of extensive n-delocalisation and increased conjugation in the
chains of 101 compared to 102 was responsible for large strong NLO effects. The
complexes {[Zn(NCS)2(L?1),].2H20} 1 (98), {{Mn(H20)2(SO4)(L*")](H20)3(CH30H) }»
(99), and [CA(N3)2(L21)2]a (106) exhibit third order NLO properties as depicted by az
(non-linear absorption coefficient) values of the order of 6.9 x 10° mW~', 9.2 x 10
mW!, and 7.1 x 10° mW! for 98, 100, and 106, respectively. The hyper-polarizability
() values for these polymers showed them to be good NLO materials (Table 2) [68].
Third order NLO effect (02 = 2.24x1071%) for the complex {[Ag(L?")].NO3(H20)}x
(100) was observed due to the incorporation of photoactive Ag(I) ions, which enhances
nonlinear absorptions by introducing more sublevels in the energy hierarchy to allow
spin-orbit couplings and ISC (intersystem conversion) in the excited states. The
contributions of the Ag(I) ion and the L2! molecule towards the optical non-linearity of
the complex was confirmed from the theoretical calculations, which illustrates that the
LUMO orbital was primarily silver based (68.46% contribution) whereas the LUMO-1
(30.77% contribution) and the HOMO orbitals were ligand based [74].
3.4 Biological applications

To test the biological activity of the complex [Cu(Clof)2(L3):2]2 (20) various strains of
bacteria (S. aureus and E. Coli.) and fungi (A. alternate, B. cinerea and M. gypseum)
have been cultured. The antimicrobial activity was measured by ICso and MIC values.
The complex 20 has shown antibacterial inhibition activity towards G* S. aureus with
the ICso and MIC (Minimum inhibitory concentration) values of 3.05 mmol L™ and ~
>5 mmol L', respectively. Whereas it remains inactive towards G~ E. Coli bacteria.
Among various strains of fungi, the complex has shown excellent activity towards M.
gypseum with 1Cso and MIC values of 2.5 mmol L and 5% mmol L, respectively (‘a’
stands for the concentration inducing microbicidal effect (MMC) [45].
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In other study, complexes [Co(L')2Cl2] (1), [Ag(L)2NO3] (2), [Zn(L')2.(C104)2] (3),
[Cu(L?)2A(Cl04)2] (4), [Cu(LH)2(NO3)(H20)15] (12), [Zn(L¥)(NO3)]2 (25), and
[Co(L?)2(H20)2]n.2NO3 (35) were explored for their antibacterial and antifungal

activities [16]. They were tested against G* S. aureus, G E. coli, K. pneumoniae and P.

aeruginosa bacterial stains. Although most of them have shown inhibitory response

towards different bacterial strains but the MIC values were high as shown in Table 2.

The best response was observed for the complexes 2 and 4 towards K. pneumoniae

bacteria with MIC values 0.01 and 0.025 mg/ml, respectively. In addition, complexes

1, 3, 12, 25, and 35 have shown excellent inhibitory response towards the fungus C.

albicans with MIC values in the range 0.007-0.008 mg/ml.

3.5 Sensing Studies

3.5.1

3.5.2

Metal complex as sensor

A 2D coordination polymer {[Cd(L?*)(H20)2](SUL)(H20)o:5}n (97) was explored
as a metal sensing probe in the aqueous solution containing various cations. The
cations Co™?, Cd*?, Ba™, Ag"™, Ca** Zn™?, Sr2, Pb™ Mn™?, Ni"?, Hg'?, Fe™ and
Cu*? ions tested were at 10 M concentration using fluorescence titrations. Among
these cations the complex 97 was selective for Cu*? ions [73].

Ligand as sensor

Ligand L?6 was used as an ionophore material in the potentiometric sensor
fabricated by incorporating L2® molecule into the polymeric membrane using two
solvent plasticizers viz. o-nitrophenyloctyl ether (NPOE) and 2-fluorophenyl 2-
nitrophenyl ether (2F2N), along with an ion-exchanger tetrakis[3,5-
bis(trifluoromethyl)-phenyl borarate (KTFPB). The potentiometric measurements
with respect to standard Ag/AgCl electrode shows good Nernstian response for
Zn(1l), Cu(Il), Cd(II), and Pb(II) illustrating good sensitivity towards these ions
(Table 2), while no response was observed for Co(Il) and Ni(II). The L6 molecule

have shown high sensitivity over selectivity towards these metal ions [30].

3.6 Extraction applications

3.6.1

Extraction of lanthanides by ligand molecules
The selectivity of L2* and L?* towards lanthanide series was studied using 1x10™
M solution of lanthanides in nitric acid (except 3 M solution for promethium), and

0.05 M solution of ligands in nitrobenzene. For L2 molecule with ortho substituted
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methyl group, there was a decrease in extraction of heavier Ln(III) ions and increase
in extraction of lighter ions. Conversely, a nonlinear increase in the metal extraction
(maximum for Nd ions) was observed using L2 molecule with meta substituted
methyl groups on the phenyl ring. The rationale for the selectivity of ortho
derivative (L?%) towards small ions was attributed to the repulsion between the
nitrate ions and ortho-methyl groups or the steric hindrance for larger Ln(III) ions.
However, higher selectivity of L5 molecules towards Nd(I11) and Sm(III) ions was
due to the lariat crown ether like conformation of ligand in the complexes. Akin to
selectivity factor, the stability constants were also affected by the electronic effects
of methyl groups. Good correlations between distribution ratios and stability
constants were observed in “dry” acetonitrile for light lanthanide region (La-Gd)
with the values 0.85 for L* and 0.96 for L3, showing that the extraction is
dependent upon stability of the complexes (Table 2). Moderate correlation was
observed for heavy lanthanide region (Tb-Lu) with the values 0.54 for L (in wet
acetonitrile) and 0.96 for L3 in “dry” acetonitrile, illustrating that the extraction
experiments for the former are governed by hydration effects [19].
Extraction ability of L2¢ towards lanthanides displayed a drop from La(IIl) to
Lu(IIl) ions. On the contrary, its tetraalkyl-diamide derivative displays no
selectivity towards lanthanides [30].

3.6.1.1 Extraction of Am(III) and Eu(III)
Ligand L2® was studied for the extraction of Am(IIT) and Eu(III) in the nitric acid
solution. It was observed that, the extraction ability of the ligand was increasing
with the increase in nitric acid concentration from 0.5 to 3M. In addition, metal
extraction or distribution ratios were increasing with the increase in ligand
concentration in the organic phase. Solvation number of Am(IIl) and Eu(IIl)
obtained from distribution ratios data was 1.8 and 1.6, respectively. The dialkyl-
diaryl-diamide L?¢ has shown almost double extraction ability towards actinides
(Ac) than its tetraalkyl-diamide counterpart, owing to the low pre-organization
energy required to form a chelating complex with the metal ions (Table2) [30].

3.6.1.2 Extraction of Am(III) and other lanthanide ions
The L2 molecule at 0.05 M concentration has shown a decrease in the extraction of

lanthanide ions with the decrease in the ionic radii (La to Lu) in low concentration
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nitric acid solutions (Table 2). The rationale for this trend was given with the aid of
DFT calculations that illustrate decrease in metal-to-ligand binding energies with
increase in the atomic number of Ln(IIl) ions in the complex with the formula
[(L*)Ln(NOs3)]. Also the distribution ratios for Am(IIl) and lighter lanthanides
(Table 2) were similar for L6 at the different acid concentrations (1M, 3M, and
5M), thus it was impossible to separate them. The increase in Am/Ln separation
factor values for the selective recovery of Am(IIl) was observed with the increase
in nitric acid concentrations (5M and 6M). The solvation number values (Table 2)
obtained from the experimental data demonstrate a predominant complex
Ln(L2%)2(NO3); in the organic phase [30].
3.6.1.3 Extraction of transition metal ions and lead

Ligand L2 and its tetraalkyl-diamide derivative have shown high distribution ratios
(>100, Table 2) for Cu(Il) and Cd(Il) ions in 3M nitric acid solution, even at
concentration as low as 0.01 M. The distribution ratio values were much lower for
Zn(II) and Pb(II) ions with the observed order of extraction as Cd>Cu>Pb>Zn for
L2 molecule, while the order Cu>Cd>Zn>Pb was observed for its tetraalkyl-
diamide counterpart [30].

Yong et al. have studied the extraction of U(VI) ion using L?7 molecule as an
extractant in the room temperature ionic liquids (RTILs) viz. [Csmim][PFs] and
[C4mim][NTf2] (nonaqueous phase), under acidic conditions. Besides, the
extraction experiments were also conducted in organic solvents such as chloroform
for comparison purpose. It was observed that, with the increase in nitric
concentration the extraction efficiency (Table 2) was increased slightly from 93%
to 96% for L*7/[C4smim][PF¢] system, and 94% to 98% for L?7/[C4smim][NTf]
system illustrating negligible role of nitrate anions in extraction process. However,
for L*7/chloroform system, the extraction efficiency was too low (~10 to 56 with
increase in acid concentration, Table 2). Even in the absence of nitric acid, these
ionic liquid-based extraction systems have shown higher extraction values than the
organic solvent-based system (phenyltrifluoromethyl sulfone, F-13). The UV-vis
measurements have illustrated a cation exchange mechanism involved in the
extraction process due to the linear increase in concentration of C4mim" ions in the

aqueous phase with the increase in extraction percentage of U(VI) ions. Also, the
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FTIR and EXAFS studies demonstrate that the weakly coordinating anions NTf>"
and PF¢ of RTILs promotes the formation of 1:2 complex [UO, (L?"),]? by
crystallizing as counter-anions in addition to cation exchange mechanism [31].
Furthermore, the L*” molecule has exhibited high selectivity towards MA(III) ions
(minor actinides) and light actinides viz. Th, U, Np and Pu over lanthanides in the
acidic medium because of the presence of soft nitrogen and hard oxygen atoms of
the amide moieties. In the extraction system with 1M HNOs/cyclohexane, high
values of distribution ratios (Table 2) for Th(IV), U(VI) and Am(III) ions viz. 205,
25 and 6, respectively, along with the high values of separation factors (SF)) (Table
2) relative to Eu(IIl) ions display selective nature of L27 towards actinides. The
stability constant ‘log £’ value of ~4 for Th(IV) and U(VI) complexes calculated
from UV-Vis titrations further supports the higher selectivity of L?7 molecule [31].
The unprecedent affinity of L3? and L33 molecules towards Am(III) was revealed in
the liquid-liquid distribution experiments performed in nitric acid/1,2-
dichloroethane mixture. It was observed that the rigid L3? and L3 ligand molecules
have shown remarkable extraction of Am(III) and Eu(III) ions with the distribution
ratio values (Table 2) six times more than less preorganized ligand with free
tetraoctyl side chains. While the L3* molecule surpassed the limits of reported
radioanalytical method, the L3} ligand with unsaturated lactam rings displayed
unprecedent selectivity for Am(III) in preference to Eu(Ill) ion even at the low acid
concentration (0.3 M nitric acid) as depicted from SF4m/e. value of the order of
~500, and high distribution ratios (Table 2). The low SF4m/e. value (~200) at the
high acid concentration (3M nitric acid) was due to the competitive acid extraction
that affects the selectivity of the ligand [33].
4. Conclusions

In this review, we have presented different molecular designs of the ligands
comprising pyridine moieties and carboxamide linkages with tertiary amide
nitrogen atoms (OCNRR”), which were used to synthesize coordination complexes
with variety of applications. We have gathered the literature pertaining to this very
class of the ligands and associated complexes to illustrate the progress made till
date. To simplify the things, we made classification of the ligands based on the

position of pyridine ring with respect to the anchor moiety and subsequently
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relevant coordination complexes were systematically grouped under the categories
viz mononuclear complexes, 1D, 2D, and 3D coordination polymers, metal clusters
etc, based on the dimensionality of coordination networks. Careful analysis of the
complexes illustrates that the dimensionality of the coordination networks is
primarily dictated by the nature of coordination sites where convergent sites have
resulted in chelating mononuclear complexes while divergent sites resulted in
coordination polymers of higher dimensionality. But in few cases, counter anions
among adjacent metal centres and non-covalent interactions have played vital role
in extending the dimensionality of coordination network. In addition, lattice anions
and solvent of crystallization also participate in extending the dimensionality of
coordination frameworks through hydrogen bonding. Variety of applications
displayed by the coordination complexes such as sensor, chromic, magnetic, optical
materials etc. could be related to chemical/electronic structure of the ligand,
coordination requirements of metal ions, and framework structures. For instance,
magnetic properties were observed in complexes containing transition metal ions
with partially filled d-orbitals; chromism was observed in complexes with
coordinatively unsaturated metal ion; fluorescence property was introduced owing
to fluorophores in organic ligand; antimicrobial activities due the presence of metal
ions etc. In general, the coordination complexes/polymers can be tailored to
fabricate efficient materials with wide variety of applications by the meticulous
selection of metal-ligand combination. Besides, some ligand molecules with
phenanthroline core moiety in which pyridine rings are fused to benzene ring have
successfully been explored for the separation/extraction of Am(II)/Ln(IlI), with
high affinity achieved towards Am(III) over lanthanides owing to the presence of
bulky groups on amide nitrogen atom. We believe that there could be more possible
ways to design ligands with the combination of fully substituted amide group and
pyridine ring to fabricate promising materials for various emerging applications.
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Table 1- Relevant crystallographic parameters of the complexes.
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Complex Binding mode | Binding M-N Ppridine M-Oamide M-XAnion M-Ssotvent Geometry Structure | CSD code | Ref
of ligand mode of type
anion
[Co(LM:Cl>] (1) Bidentate 1P 2.094 (13) 2.131(1) 2421 (3) - Octahedral Monomer FAQSAU
chelating
[Ag(L"):NOs] (2) Bidentate 1P 2.273 (2) 2.667 (3) 2.571 (3) - Square Monomer FAQSEY
chelating, 2.223 (2) 2.500 (3) pyramidal
monodentate
[Zn(LY)2.(ClO4)2] (3) Bidentate 1P 2.067 (3) 2.277 (3) 2.037 (3) - Octahedral Monomer FAQSIC
Chelating 16
[Cu(L?)2(ClO4),] (4) Bidentate 1P 1.973 (2) 1.92 (2) 2.612 (2) - Octahedral Monomer FAQSOI
chelating
[Cu(L*)2(NO3)2(H20)1 5] Monodentate 1P 2.017(5) - 2.012 (4) 1.764 (5) Octahedral Monomer FAQFIP (16,
(12) 2.007 (4) 2.008 (5) 2.234 (5) 39)
[Zn(L3),(NOs),]2 (25) Bridging 1P 2.144 (3) 2.195(3) 2.031 (4) - Octahedral Dimer FAQFEL
bidentate, 2.078 (3) 2.144 (3)
Monodentate 2377 (3)
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148

Bridging
[Co(L¥)2(H20)2]n.2NO3 (35) bidentate CS 2.144 (3) 2.160 (3) - 2.062 (3) Octahedral | 1D-Polymer | FAQSUO
[Cu(L")2(Cl)2] (5) Bidentate 1P 2.002 (1) 2.661 (1) 2.279 (5) - Octahedral Monomer PIHFIX
chelating 1.971 (1) 2.543 (1) 2313 (5)
[Cu(L"2(Cl04)1] (6) Bidentate 1P 1.971 (1) 1.948 (1) 2.458 (1) - Octahedral Monomer PIHFAP
chelating
[{CuCI(LY}2(-Cl),] (70) Bidentate 1P 2.003 (2) 2.249 (2) 2.270 (8) - Distorted Dimer PIHFET 17
chelating 2.419 (8) square
pyramidal
[Zn(L3)(NCS)2(H20).] (7) Monodentate IP 2.171(4) - 2.107 (5) 2.129 (3) Octahedral Monomer | AENAZN
10 34
[Co(L3)2(pmb)2(H20)2] (8) Monodentate 1P 2.1439 (14) - 2.0885 (12) | 2.1209 (12) Octahedral Monomer NUPBOQ 35
[Cu(Benzo)(L?)] (9) Monodentate 1P 2.004 (3) - 1.995 (2) - Octahedral Monomer TEKDOC 36
2.451 (4)
[Cu(L#)(H20)4].[CuLACl;], Monodentate 1P, CS 2.062 (2) - 2.213 (3) 2.002 (3) Octahedral, Monomer ORITUF
(10) 2.031 (2) 2.252 (2) 2.113 (2) Tetrahedral
2273 (5)
[Cu(L*)4(C3H350)2].C104),] Monodentate CS 2.030 (3) - - 2.490 (3) Octahedral Monomer ORIVAN 37
(11) 2.033(3)
[{Cu(L%)2(H20)2} (NO3)2]a Bidentate 1P 2.018 (3) 2.328 (2) - 2.045 (3) Octahedral | 1D-polymer | ORITOZ
(36) bridging
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149

[Cu(L*:2Br,], (37) Bidentate 1P 1.994 (4) 2.753 (3) 2.4456 (9) - Octahedral | 1D-polymer ORITIT (37,
bridging 39)
[Co(L¥)2(H20)4][Co(L3)(Br) Monodentate IP, CS 2.061 (6) - 2.294 (1) 2.08 2(5) Octahedral, | Monomer RAJSOM
3]2.2H>0 (13) 2.134 (5) 2.318 (1) 2.112 (5) Tetrahedral
2.370 (1) 38
[Co(L5)(Cl)2]. (34) Bidentate 1P 2.052 (5) 1.989 (4) 2.217 (2) - Tetrahedral | 1D-polymer | RAIJSIG
bridging 2.222 (1)
[Cu(L*)2(NO3)2]a (14) Bidentate IP 1.988 (2) 2.665 (15) 2.010 (15) - Octahedral | 1D-polymer | WIPZIH
bridging 39
[Cu(LH(NO3)2]. (39) Bidentate IP 1.985 (2) 1.968 (2) 2.598 (5) - Octahedral | 1D-polymer | WIPRIZ
bridging 1.957 (5)
[ZnCL(L¥)] 2 (15) Bidentate 1P 2.073 (6) 2.010 (5) 2.203 (2) - Tetrahedral Dimer CIKHAF 40
bridging 2.199 (2)
[(L3)2CuCl], (16) Bidentate IP 2.007 (4) 2475 (3) 2.254 (1) - Trigonal Dimer CURRUC 41
bridging 2.012 (3) 2.282 (1) bipyramidal
[Zn(L*)2(NCS),] (17) Bridging 1P 2..006 (5) 2.014 (4) 1.921 (5) - Tetrahedral Dimer DENTZN1 42
bidentate 1.929 (4) 0
[Zn(L?*)2(Benzo),]2 (18) Monodentate 1P 2.0254 (14) - 2.0130 (14) - Square Dimer FACQOQ 43
2.0417 (14) pyramidal
2.0471 (13)
2.0530 (13)
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150

[Zn(L3)2(pmb)2]2 (19) Monodentate 1P 2.0340 (10) 2.0235(9) Square Dimer KUSHIQ 44
2.0420 (9) pyramidal
2.0264 (9)
2.1196 (9)
[Cu(Clof)(L3),]2 (20) Monodentate 1P 2.179 (3) 1.968 (2) Square Dimer OBONOJ 45
1.980 (2) pyramidal
1.985(2)
1.987 (2)
[Co(Deab)x(L¥)]2 (21) Monodentate IP 2.0702 (2) 2.029 (15) Square Dimer QAHNOE 46
2.0262 (2) pyramidal
2.035 (15)
2.0223 (15)
Zn(Mab)(L¥)12.H,0 (22) Monodentate IP 2.052 (14) 2.0224 (13) Square Dimer RUDWUIJ 47
2.021 (13) pyramidal
2.046 (13)
2.082 (14)
[Zn(Dmab)(L3)]2 (23) Monodentate 1P 2.045 (13) 2.0265 (12) Square Dimer RUGVOF 48
2.027 (12) pyramidal
2.067 (12)
2.046 (12)
[Cu(Benzo),(L¥)]2 (24) Monodentate 1P 2.162 (6) 1.981 (6) Square Dimer ZENFAZ 49
1.976 (6) pyramidal
1.970 (5)
1.969 (5)
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151

[CaZny(L3)2(Benzo)s] (26)

Monodentate

1P

2.077(2)

1.942 (2)
1.959 (2)
1.943 (2)
2273 (2)
2311 (2)

Tetrahedral
and

Octahedral

Trinuclear

Complex

FACQUW

50

[Fe(NCS)(L):]a (27)

Bridging
bidentate

1P

2261 (2)
2.260 (2)
2.265 (2)

2.119 (2)
2.124 (2)
2.133(2)

2.118 (2)
2.107 (2)

Octahedral

1D-Polymer

OGAHUA

51

[CA(L)(CD2(H20)]x (28)

Monodentate

1P

2.360 (3)

2.620 (8)
2.644 (8)
2.663 (9)
2.661 (8)

2.354(2)

Octahedral

1D-Polymer

LIFXAA

52

[Mn(L3)(NCS)]n (29)

Bridging
bidentate

1P

2.167 (4)

2.177 (4)

1.149 (5)
1.626 (4)

Octahedral

1D-Polymer

ENCTMN

53

[an(Pmb)4(L3)2(H20)]n
(30)

Bridging
bidentate

1P

2.3152(2)
2.2854 (2)
2.282(2)
2.2710 (2)

2.194 (14)
2.1755 (14)

2.153 (14)
2.143 (15)
2.1743 (15)
2.185 (15)
2.1482 (15)
2.111 (15)
2.1694(14)
2.203 (14)
2.172 (14)
2.161 (14)
2.181 (15)

2.2109 (13)
2.1990 (13)

Octahedral

1D-Polymer

QUXFOF

54
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152

2.1913 (14)
2.1071 (15)
2.142 (15)
2.154 (15)
2.207 (14)
[Cux(Cl-Ac)s(L¥)]a (31) Bridging P 2.194 (2) 2.162 (2) 1.968 (2) Square ID-Polymer | XEKXIV 55
bidentate 1.966 (2) pyramidal 01
1.977 (2)
1.987 (2)
1.995 (2)
2.003 (2)
2.002 (2)
[{Co(L*)2(H20),}(Cl04)2(C Bridging IP 2.172 (4) 2.132 (3) - 2.093 (3) Octahedral | 1D-Polymer | IQAGAJ 56
H3COCH3)2(H20)2]n bidentate
(32)
[Cd(Cbenz)>(L¥)(H20)u]a Bridging 1P 2.305 (3) 2.410 (3) 2.504 (3) 2.314 (3) Pentagonal- | 1D-Polymer | AGACOC 57
33) bidentate 2.323 (3) bipyramidal
2421 (3)
2.360 (3)
[Cos(L*)4Clgn (38) Bridging IP 2.064 (8) 2278 (7) 2.732 (3) - Octahedral, | 1D-Polymer | LABQEM 58
bidentate 2.528 (2) 2.282 (4) Tetrahedral
2.204 (4)
2217 (3)
trans-[Mn(L*)2(N3)2], (40) Monodentate 1P 2.291 (3) - 2.210(3) - Octahedral | 2D-Polymer | WEYKEQ 59

152




153

[CA(L*)(NCS):]a (41)

Bridging

bidentate

1P

2.355 (4)

2.373 (4)

2.292 (6)
2.295 (4)
2.621 (3)
2.704 (5)

Octahedral

3D-Polymer

ENICCD

60

[(L?)4CusCls0] (42)

Monodentate

1P

1.968 (2)

2.335(2)
2.433 (2)
2.503 (2)

1.903 (2)
(Oxo-group)

Trigonal

bipyramidal

Tetranuclear
Metal

cluster

COBLOU

61

[Cul(L3)]4 (43)

Monodentate

1P

2.042 (8)
2.032 (8)
2.028 (8)

2.656 (2)
2.736 (2)
2.6953(2)
2.743 (2)

2.6424 (17)

2.6921 (16)
2.728 (2)
2.649 (2)

2.7214 (17)
2.704 (2)

2.7493 (17)
2.621 (2)

Tetrahedral

Tetranuclear
Metal

cluster

BEPDAB

62

[Cu(L7)Cly] (44)

[Cu(L7)CI(CIO4)] (45)

Tridentate

chelating

Tridentate

Chelating

1P

1P

1.973 (2)

1.933 (2)

2.177(2)
2.143(2)

1.990 (2)
2.021 (2)

2.321 (1)
2.187 (1)

2.1632 (9)
2.448 (3)

tdp

tdp

Monomer

Monomer

WIYBOV

WIYBUB

20
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154

[Co(L7)2(H20),](Cl04)2.H,0O Bidentate CS 2.198 (2) 2.035(2) - 2.094 (2) Octahedral Monomer JEDHEG 21
(46) chelating
[Co(L")2(H20),] (PF¢)2.H,O Bidentate CS 2.189 (3) 2.041 (3) - 2.101 (3) Octahedral Monomer JEDHAC
47) chelating
[Co(L")2(CH3CN)](PFs)2 Bi-, tridentate CS 2.088 (4) 2.106 (3) - 2.072 (9) Octahedral Monomer JEDGUV
(48) chelating 2.190 (4) 2.079 (3)
2.060 (3)
[Ni(L®)(H20)3](NOs),] (49) Tridentate IP, CS 1.989 (2) 2.109 (2) - 2.047 (2) Octahedral Monomer IKIBIO 22
chelating 2.008 (3)
[Ni(L7) (H20)2(NO3)](NO3) Tridentate 1P, CS 1.999 (3) 2.067 (2) 2.052 (2) 2.071 (2) Octahedral Monomer IKIBOU
(50) chelating 2.078(2) 2.043 (2)
[Co(L&)(NO3).] (51) Tridentate 1P 2.066 (3) 2.175 (3) 2.258 (4) - Pentagonal Monomer IKIBAG
chelating 2.179 (3) 2.188 (3) bipyramidal
2.148 (3)
2.177 (3)
[Co(L7)(NOs).] (52) Tridentate 1P 2.071 (3) 2.152 (3) 2.284 (5) - Pentagonal Monomer IKIBEK
chelating 2.185(4) 2.208 (4) bipyramidal
2.087 (4)
2.162 (4)

154




155

[Cu(L*)(NOs)2] (53) Tridentate 1P 1.934 (5) 2.061 (5) 1.972 (5) - Square Monomer IKIBUA
chelating 2.063 (5) 2.122 (6) pyramidal
[Cu(L7)(CI)(CF5S05)] (54) Tridentate 1P 1.948 (3) 2.026 (3) 2.188 (1) - Square Monomer FADDOF 23
chelating 2212 (3) pyramidal
[Cu(L®)(CI)(CIO4)] (55) Tridentate 1P 1.956 (5) 1.986 (4) 2.175(2) - Square Monomer FADFEX
chelating 2.007 (4) 2.350 (5) pyramidal
[Cu(L)(CI)(Cl04)] (56) Tridentate IP 1.937 (4) 1.987 (3) 2.173 (2) - Square Monomer FADDUL
chelating 1.982 (3) 2.539 (4) pyramidal
[Cu(L®)(CF5S03)2(H20)] Tridentate 1P 1.900 (6) 1.966 (6) 2.584 (2) 2.172 (2) Octahedral Monomer FADFAT
57 chelating 1.952 (7)
[Ni(NCS)2(L7)(CH;CN)]. Tridentate 1P 2.023 (3) 2.023 (3) 1.995 (3) 2.141 (4) Octahedral Monomer HATXIK 24
CH;CN (58) chelating 2.085 (3) 2.043 (4)
[Ni(NCS)2(L")(C-HsOH)] Tridentate 1P 2.030 (3) 2.123 (2) 1.980 (3) 2.078 (3) Octahedral Monomer | HATXOQ
(59) chelating 2.137 (2) 2.045 (3)
[U(02)(CL)(L*)] (60) Tridentate 1P 2.634 (2) 2.379 (2) 2.668 (8) - Pentagonal Monomer NIXGAD 25
chelating 2.404 (2) 2.681 (8) bi-pyramid
1.760 (2)
1.763 (2)
[U(O2)(Bra)(L%)] (61) Tridentate 1P 2.648 (5) 2.405 (5) 2.847 (8) - Pentagonal Monomer NIXGEH
chelating 2.383 (5) 2.864 (8) bi-pyramid
1.756 (5)
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1.757 (5)
[Eu(L%)2(H20)2(CF3S03)](C Tridentate IP, CS 2.594 (3) 2.386 (3) 2.459 (3) 2438 (3) Msa"™ Monomer ILOREG
F3S03)2(THF)15 ) (62) chelating 2.600 (3) 2419 (2) 2.444 (3) 26
2.403 (3)
2.463 (3)
[GA(L™)2(H20)2(CF3S03)]( Tridentate IP, CS 2.586 (3) 2411 (2) 2.410 (3) 2430 (3) Msa"™ Monomer ILOROQ
CF3S0;3)2('BuOMe). (63) chelating 2.592 (3) 2377 (3) 2.409 (3)
2.485 (3)
2.389 (3)
[La(NO3)3(L!%),] (64) Tridentate IP 2.781 (3) 2.745 (3) 2.636 (3) - 12- Monomer | YUMKIB 27
chelating 2.606 (3) 2.644 (3) coordinated
2.755 (3)
[(LB)UO»(NO3),].CH:Cl, Tridentate 1P 2.640 (3) 2.396 (2) 1,758 (3) - 9- Monomer | DAPXEA 28
(65) chelating 2.431 (2) 1.759 (2) coordinated
2.504 (3)
2.515(3)
2.615(3)
2.835(3)
[(L})UO2(NO3)2]s. (66) Bidentate IP - 2414 (2) 1.759 (2) - coorcigi_nate d 1D-polymer | DAPXIE
bridging 2379 (2) 2.521 (2)
1.758 (3)
2.507 (3)
2.509 (3)
2.529 (2)
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[U12(0)2(L*)](NTE) (67) Tridentate IP, CS 2.716 (2) 2411 (2) 1.749 (2) 8 Monomer | SOSHUF | 29
chelating 2413 (2) coordinated
[U(O2)(L')2](PFs) (68) Tridentate IP, CS 2.681(2) 2.455(2) 1.764 (2) 8 Monomer SOSJAN
chelating 2.687 (2) 2417 (2) 1.768 (2) coordinated
2.435(2)
2412 (2)
[Cuz(C1)4(L)2].2CH3CN Bidentate Ip 2.025(4) 2.444 (2) 2.297 (2) Square Dimer OKOTOY 79
(69) chelating 2.335(2) pyramidal
2214 (2)
[Hg(L®¥)(1)]2 (71) Monodentate 1P 2.443 (8) - 2.986 (8) Tetrahedral Dimer RUYWUF 80
2.712 (1)
[Hg(L')CL][HgCly] (78) Bidentate cs 2.174 (6) 2.738 (6) 2.326 (2) Square 2D RUYVUE
bridging 2.290 (4) pyramidal
2.640 (2)
2.831(2)
2.297 (3)
3.121 (2)
3.196 (3)
3.156 (3)
3.456 (5)
[Hg(L'7)Br2], (79) Bidentate IP 2.382 (4) 2.697 (4) 2.443 (1) Square 2D RUYWAL
bridging 2.468 (1) pyramidal
3.361 (2)
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[Hg(L'):]. (80) Bidentate 1P 2.391 (4) 2.948 (4) 2.613 (5) Square 2D RUYWEP
bridging 2.638 (5) pyramidal
3.446 (6)
Tridentate 1P 2.628 (1) 2.757 (3) 2.3045 (1) Square 2D RUYWIT
[Hg(L'®)Cly] (81) Bridging 2.641 (3) 2.3080 (1) pyramidal
[Hg(L®)Br,], (82) Bidentate IP 2.611 (6) 2.748 (4) 2.452 (1) Square 2D RUYWOZ
bridging 2.616 (5) 2.447 (1) pyramidal
[Hg(L'S)(Cl),]..CH;CN Bidentate IP 2412 (3) 2.545(2) 2.322 (1) Tetrahedral Dimer CEMVUO 81
(72) bridging 2.317 (1)
[Hg(L'%)Br;],.C2HsOH (73) Bidentate 1P 2.426 (5) 2.538 (5) 2.441 (1) Tetrahedral Dimer CEMWAV
bridging 2.446 (8)
[Hg(L')1;],.C,HsOH (74) Bidentate 1P 2437 (5) 2.549 (5) 2.616 (6) Tetrahedral Dimer CEMWEZ
bridging 2.618(7)
[Hg(L'Cl]a (75) Tridentate IP 2.444 (2) 2.592 (2) 2.327 (1) Square 1D CEMVID
bridging 2.864 (2) 2.313 (1) pyramidal
[Hg(L'®)Br2], (76) Bidentate IP 2.461 (3) 2.719 (2) 2.4519 (8) Square 1D CEMWO/
bridging 2.498 (7) pyramidal
3.346 (9)
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[Hg(L'%)(12)]n (77) Bidentate IP 2.455(9) 2.676 (8) 2.611(1) - Square 1D CEMWUP
bridging 2.615(1) pyramidal
3.661 (2)
[Hg(D)2(L')]2.3H,0 (83) Bidentate 1P 2418 (7) - 2.638 (1) - Tetrahedral Dimer JAPHEO 63
bridging
{[Cuz(mal)2(L*?),(H,0),]-10 | Monodentate 1P 2.005 (2) - 1.9530 (2) - Square Dimer FOKJEW 64
H>O}, (84) 2.018 (2) 1.921 (2) pyramidal
2316 (2)
{[Cd(SCN)(L"*),]-2(CH;0 Bidentate 1P 2.386 (4) - 2.284 (4) - Octahedral | 1D-polymer | TEBXAB 65
H)}. (85) bridging 2.420 (4)
[CdL(L*)], (86) Bidentate IP 2.292 (4) - 2.697 (9) - Tetragonal | 1D-polymer | TEBXIJ
bridging 2.325 (4) 2.712 (4)
{[Cd(NO3)2(L"),]-2(CH;0 Bidentate 1P 2.369 (3) - 2.460 (3) - Octahedral | 1D-polymer | TEBXEF
H)}. (87) bridging 2.379 (3)
[CACL(L*)4], (97) Bidentate 1P 2.464 (3) - 2.535(11) - Octahedral | 2D-polymer | TEBXOP
bridging 2.484 (3)
[Co(NCS)2(CH3;0H)2(L*)], Bidentate 1P 2.157 (4) 2.148 (3) 2.089 (4) - Octahedral | 1D-polymer | BICNIL 66
(88) bridging
{[Co(H20)>(CH30H)>(L??)|( Bidentate CS 2.176 (3) 2.090 (4) - 2.093 (3) Octahedral | 1D-polymer | BICNEH
NOs3)2}4 (89) bridging
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[ZnCLy(L*Y]. (90) Bidentate IP 2.064 (2) - 2.233 (1) - Octahedral | 1D-polymer | SEDQAU 67
bridging
[CoCI(L?")5], (101) Tetradentate P 2.153 (2) 2.149 (2) 2.453 (8) - Octahedral | 2D-polymer | SEDPOH
bridging
{[NiClx(L12Y)g 5(L12Y)g 5](H2 Bidentate P 2.164 (4) - 2.424 (1) - Octahedral | 2D-polymer | SEDPUN
O)2}1 (102) bridging 2.191 (4)
[Hel(L")]. (91) Bidentate IP 2.40 (1) - 2.656 (2) - Tetrahedral | 1D-polymer | SAQJUQ 68
bridging 245(1) 2.659 (2)
{Zn(NCS)2(L*"),].2H20} 4 Bidentate 1P 2.247 (2) - 2.101 (2) - Octahedral | 2D-polymer SAQIJIE
(98) bridging 2.241 (2)
{[Mn(H20)2(SO4)(L*)](H,0 Bidentate 1P 2.313 (2) - 2.204 (2) 2.218 (2) Octahedral | 2D-polymer | SAQJEA
)3(CH30H)}n (99) bridging 2.291 (2) 2.175(2) 2.181 (2)
[CA(N3)2(L*")2]. (106) Bidentate 1P 2.362 (2) - 2.330 (3) - Octahedral | 3D-polymer | SAQJOK
bridging 2.326 (3)
{[Co(H20)4(L?)] Bidentate CS 2.1471 (12) - 2.0430 (10) | 2.0512(11) | Octahedral Dimer CIDDUQ 69
[Co(hmph),(L??)].6H,0} 2.1622 (13) 2.106 (11) 2.1441 (10)
92)
{Ni(Hmip)»(L*?)(H20),].2H, Bidentate 1P, CS 2.1092 (2) - 2.011 (13) 2.092 (13) Octahedral | 1D-polymer | DUJQIK 70
mip}, (93)
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{[Cu(H.MeOip)(HMeOip)( Bidentate 1P 1.910 (3) - 1.934 (2) - Square 1D-polymer | TAHQIE 71
L22)].3H,0}, (94) bridging 2.01 (3) 1.96 (2) pyramidal
2.31(2)
[CuBr2(L*)]x (95) Tetradentate IP 2.009 (3) 2.534 (2) 2.456 (4) - Octahedral | 2D-polymer | AQUZUI 72
bridging
{[CA(L*)(H,0),](SUL)(H> Monodentate CS 2318 (4) 23154) - 2.248 (4) Octahedral | 1D-polymer | ATONEE 73
0)o.5}n (96)
{[Ag(L*)].NO3(H,0)} s Bidentate CS 2.169 (4) - 2.631(2) - Linear 2D-polymer | YULFAN 74
(100) bridging 2.168 (5)
[Co(NCS)(L?*)], (103) Tetradentate 1P 2.174 (2) 2.2034 (2) - 2.03 (2) Octahedral | 2D-polymer | VUYTAL 75
Bridging
[CACL(L*)], (104) Tetradentate 1P 2.363 (3) 2.38 (3) 2.5484 (10) - Octahedral | 2D-polymer | XUYNOV 76
Bridging 2.5485 (10)
[CA(NO3)2(L*)]. (105) Tetradentate 1P 2.311 (3) 2.302 (2) 2.325(3) - Octahedral | 2D-polymer | XUYNUB
Bridging
[Pr(L®)(NO3)3] (107) Tetradentate 1P 2.623 (2) 2.4897 (18) | 2.5821 (18) - Bi-capped Monomer QIZVOM 18
chelating 2.694 (2) 2.4142 (18) | 2.5893 (19) square
2.5436 (19) antiprism
2.5418 (19)
2.5523 (19)
2.551(2)
Bi-capped
[Nd(L2)(NOs)3] (108) TZ::&?;Z& 1P 2.6054 (17) 2.4807 (14) | 2.5703 (15) square Monomer QIZVIG
2.6833 (17) 2.4089 (15) | 2.5750 (16) - antiprism
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[GA(L*)(NOs)s] (109)

[Tb(L*)(NO3)s] (110)

Tetradentate
chelating

Tetradentate
chelating

1P

1P

2.6054 (17)
2.6833 (17)

2.5221 (19)
2.608 (2)

2.4143 (17)
2.346 (2)

2.403 (2)
2.327 (2)

2.5251 (15)
2.525 (2)
2.5351 (16)
2.5345(16)

2,513 (2)
2.5195 (19)
2.4923 (17)
2.4975 (18)
2.4735 (19)
2.4784 (18)

2.4952 (19)
2472 (2)
2.478 (2)
2.456 (2)
2.481 (2)

Bi-capped
square

antiprism

Bi-capped
square

antiprism

Monomer

Monomer

QIZSEZ

QIZVUS

[Dy(NOs)3(L*)] (111)

[GA(NO3)s(L*)]a (112)

Tetradentate

chelating

Tetradentate

chelating

1P

1P

2.481(2)
2.581 (2)

2.5810 (11)
2.6229 (12)

2.390 (2)
2323 (2)

2.4680 (11)
2.3383 (11)

2.416 (2)
2.463 (2)
2.466 (2)
2.467 (2)
2.489 (2)
2.526 (2)

2.4592 (12)
2.4827 (12)

Bicapped
square

antiprism

Monomer

Monomer

YINBIJ

YIMZUS

19

162




163

2.4885 (11) Bicapped
2.4932 (12) square
2.4968 (12) antiprism
2.5239 (12)
[La(L2%),(NO3)]NO3.2DCM Tetradentate 1P, CS 2.833 (3) 2.578 (2) 2.709 (2) 12- Monomer ORODAC 30
(113) chelating 2.822 (3) 2.578 (2) 2.709 (2) coordinated
2.834 (3) 2.689 (2) 2.654 (2)
2.834 (3) 2.689 (2) 2.654 (2)
[Nd(L?%) (NOs)3]. 2DCM Tetradentate IP 2.599 (6) 2.510 (6) 2.533 (6) 12- Monomer | ORODOQ
(114) chelating 2.636 (7) 2.389 (6) 2.517 (6) coordinated
2.553 (6)
2.565 (6)
2.555 (6)
2.600 (6)
[GA(L?%) (NO3);].DCM Tetradentate P 2.542 (6) 2.486 (5) 2.507 (6) 10- Monomer OROCIJ
(115) chelating 2.572(7) 2.373 (5) 2.461 (5) coordinated
2.505 (5)
2.527 (5)
2.486 (5)
[Cu(LL?%),].2NO; (116) Bi/Tridentate CS 1.919 (3) 2.068 (2) - Square Monomer OROCUV
chelating 1.971 (2) pyramidal
2.156 (3)
2.245 (3)
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[Zn(L?%),].2NO; (117) Bi/Tridentate CS 2.025 (4) 2.234(3) - Trigonal Monomer | OROCOP
chelating 2.027 (4) bipyramidal
2.141 (4)
2.180 (4)
[CA(L?),].2NOs (118) Tri/Terdentate CS 2.3522 (2) 2.4685 (2) - 7- Monomer | ORODEG
chelating 2.3389 (2) 2.4692 (2) coordinated
2.3624 (2) 2.4994 (2)
2.3712 (2)
UO2(NOs)(L*")].((CH3):NH- Terdentate IP,CS 2.587 (2) 1.246 (2) 1.736 (2) 8- Monomer | VIVWOO 31
)(H20), (119) chelating 2.604 (2) 2.399 (2) 1.751 (2) coordinated
[Th(NO3)4(L27)]. H20 (120) Terdentate 1P 2.690 (2) 2.447 (2) 2.559 (2) 12- Monomer VIVWII
chelating 2.697 (2) 2.465 (2) 2.623 (2) coordinated
2.634 (2)
2.575(2)
2.576 (2)
2.578 (2)
2.569 (2)
2.587(2)
[La(L?®)(NOs)3] (121) Terdentate 1P 2.712 (3) 2.559 (2) 2.583(2) 10- Monomer XETKOZ 32
chelating 2.716 (3) 2.572 (2) 2.598 (2) coordinated
2.605 (2)
2.627 (2)
[Ew(L?)(NOs);] (122) IP 2.588 (4) 2.400 (3) 2.464 (13) Monomer XETKIT
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Terdentate

chelating

2.632(3)

2.428 (4)

2.479 (4)
2.489 (3)
2.496 (10)
2.500 (4)
2.507 (4)
2.530 (9)
2.578 (11)

10-

coordinated

[PA(L*OCL] (123)

Bidentate

chelating

1P

2.001 (1)
1.99 (1)

2.325 (4)
2.297 (4)

Square

planar

Monomer

BOKROU

82

[Pr(L32)(NOs);] (124)

[Nd(L*)(NOs)s] (125)

[Euw(L32)(NOs)3] (126)

Terdentate

chelating

Terdentate

chelating

Terdentate

chelating

1P

1P

1P

2.696 (3)
2.678 (3)

2.657 (4)
2.674 (4)

2.628 (9)

2.455 (3)
2.482 (3)

2.445 (3)
2471 (3)

2.439 (8)
2.414 (8)

2.534 (3)
2.542 (2)
2.551 (3)
2.552 (3)
2.559 (3)
2.578 (3)

2.512 (4)
2.522 (4)
2.532 (4)
2.536 (5)
2.542 (4)
2.567 (4)

2.452 (12)
2.454 (11)

10-

coordinated

10-

coordinated

10-

coordinated

Monomer

Monomer

Monomer

QAMQUT

QAMQON

QAMQED

33
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[GA(L*)(NOs)s] (127)

[Tb(L**)(NO3)s] (128)

L33

Terdentate

chelating

Terdentate

chelating

1P

1P

2.615 (10)
2.619 (9)

2.600 (4)
2.607 (4)

2.428 (9)
2.408 (9)

2.402 (4)
2.416 (4)

2473 (12)
2.478 (8)
2.492 (11)
2.520 (8)

2.431 (13)
2.442 (15)
2.450 (13)
2.465 (9)
2.482 (13)
2.505 (10)

2.407 (5)
2.440 (5)
2.446 (5)
2.451 (4)
2.495 (4)

10

coordinated

10

coordinated

Monomer

Monomer

QAMQIH

QAMRAA

QAMQAZ

{[Cua(phtH)>(L**)2(H20)4](
NOs)..H,0}(129)

Bidentate

Bridging

IP, CS

1.993 (3)
1.991 (3)

1.950 (3)
1.991 (3)
2.21(3)

Square

pyramidal

Macrocycle

VOTGES

83

[Cux(OAC)s (L*),] (130)

Bidentate

Bridging

1P

2.187 (2)

1.968 (2)
1.974 (2)

Square

pyramidal

1D polymer

NAHKUJ

84
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1.967 (2)

IP: Ion Pair, CS: Charge separated, * Trigonally distorted rectangular pyramid, ** distorted monocapped square-antiprism.

Table 2- Summary of the applications of coordination complexes.

2w~ 2 0% T O

Ligand used Metal complex/ Ligand Application Noteworthy results CCDC | Reference
code

IS [Cu(L"2(CD)2] (5) Solvato- and | Thermochromism PIHFIX 17

‘ _ o Thermochromism | Colour change from blue (5)
" \ to green (71) on heating at
Y Y 160° C.

Ll
[{CuCl (LY} 2(u-Cl)2] (71) Solvatochromism PIHFET

-Blue coloured solution of
octahedral complexes 5 and
71 in MeOH due to the d-d
band at ca. 800 nm.
-Yellow-green solution of
complexes 5 and 71 in ACN
due to LMCT (Clgridged —
Cu(IT) with shoulder bands at
ca. 380 and 450 nm), and d-d
bands (at ca. 800 nm).
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2 v =~ = = 2 Q » =2

NT N
o
L7
X
P (o]

[Cu(L7)Cly] (44)

[Cu(L7)CI(C104)] (45)

[CO(L7)2(H20)2](C104)2.H20 (46)

[Co(L7)2(H20)2](PFe)2.H20 (47)

[Co(L7)2(CH3CN)](PFo): (48)

[Ni(NCS)o(L7)(CH3CN)].CH;CN

(38)

[Ni(NCS)>(L")(C2HsOH)] (59)

[{CuCI(LY)}2(n-Cl)2] (70)

Room Temperature

Magnetism

Room Temperature

Magnetism

Room Temperature

Magnetism

Room Temperature

Magnetism

Room Temperature

Magnetism

Room Temperature

Magnetism

Room Temperature

Magnetism

Variable
Temperature
Magnetism (from

300K to 2K)

1.95 BM

(Paramagnetic behaviour)

1.88 BM

(Paramagnetic behaviour)

4.75 BM

4.68 BM

5.01 BM

2.82 BM

2.88 BM

Ferromagnetic coupling

between Cu(1D) ions
involving a distortion from a
SP geometry with coplanar
bases to TBP.

WIYBOV

WIYBUB

JEDHEG

JEDHAC

JEDGUV

HATXIK

HATXOQ

PIHFET

20

20

21

21

21

24

24

17
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Z v = == 2z 0 » 2

Ll

[Cua(C1)s(L%)].2CH;CN (69)

[Co(L)(CI)2]n (34)

[Co(L3),(H20)4][Co(LS)(Br)s]2.2Ha

0 (13)

Variable
Temperature

Magnetism (from

300K to 5K)

Variable
Temperature
Magnetism (from

300K to 2K)

Variable
Temperature

Magnetism (from

300K to 2K)

Magnetic parameters:
J* =431 cm; g* = 2.14

parameters.

Anti-ferromagnetic coupling
between Cu(II) ions.
Magnetic parameters: J* = -

3.72 em™; g*=2.09.

The Co(7,) ion was assumed
as an isolated system without
considering magnetic
interactions via  bridging
ligands.

Magnetic parameters:

|DI* = 10.8 cm™!, g.= 1.92,

9gin= 2.92.

Low temperature data was
fitted (below 80K) using
MAGPACK program.
Magnetic parameters:

Jco (TA)* = 2.89, gc, (0h)
=3.50, |Dcolra* = 10.62 cm!,

OKOTOY

RAIJSIG

RAJSOM

79

38

38
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2w === 20 » 2

L3

[Fe(NCS)(L¥):1x (27)

[Cos(L4)s(Clysl (38)

Variable
Temperature
Magnetism (from

300 K to 1.8 K)

Variable
Temperature

Magnetism (from

300 K to 2 K)

|Eco|lra = 2.95 em™!, J* = -
0.41 cm™.

High temperature data was
fitted (above 80K) using
VPMAG program.

Magnetic parameters:
Jrs=-107.1 e, A*=240.9

cm’, and A* = 144.8 cm.

Zero-field splitting effect and
weak anti-ferromagnetic
coupling between high spin,
octahedral Fe (II) centres.
Magnetic parameters:

IDI* = 2.97 cm™!, g* = 2.53,
J*=-0.04 cm™!, g*=2.26.

Weak ferromagnetic
interactions between Co(Il)
centres.

High  temperature  data
(above 50K) was fitted using
VPMAG program.

Magnetic parameters:

Jrs = -182 cm’!, A* = 250

cm’, and A* =-138 cm’L.

OGAHUA

LABQEM

51

58
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Low temperature (below

M
A 50K) data was fitted using
MAGPACK program.
G Magnetic parameters:
N Jeoco* = 034 o,
E 9eo (Td) * =2.92, g¢, (OR)
T =2.50
I |Dco|ra* = 11.41 em™, |Ecolra
S =0.81 cm’!
M Magnetic parameters:
Jeoco = 3.42(1) ecm’!; g =
i trans-[Mn(L*),(N3)2], (40) Variable 2.01. WEYKEQ 59
A NN Temperature
W K Magnetism (Data
L3 was taken from 300
Kto2Kat 100 G)
) NFTN o [Hg(D2(L')]2.3H,0 (83) 3" order NLO n* = 9.14 x1018 m? Wi, JAPHEO 63
N % T %\ property ‘A" =2.23 x10"!" esu, and y*
o 'y _ W =324 x 107 esu
N LP
o - P ,
NN [Co(NCS)2(CH30H)»(L2)], (88) 3 order NLO ny* =324 x 101 esu, 43" = BICNIL 66
L N§ 4?/:/\\,“ property 3.08 x 102 esu, and ‘o’ * =

9x 10" mW!
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= »> = Z =

w . a = == 0

L21
[0} I\ o}
N N
—/
- /' \
\
N / =N
L22

{[Co(H20)2(CH;0H)»(L?)](NO3)2}
n (89)

[ZnCly(L*)], (90)

[CoCI(L?")055]» (101)

{[NiClo(L12") s(L1?")05](H20)2}n
(102)

{[AZ(L2)].NOs.(H20)}4 (100)

{[Zn(NCS)x(L?"),].2H,01, (98)

3" order NLO
property

3" order NLO
property

3" order NLO
property

3" order NLO
property

3™ order NLO
property

3" order NLO
property

n2* =3.05 x 1071 esu, “y3*
=4.70 x 102 esu, and ‘ax’*

=141 <10 mw!

na* =1.73 x 107" esu, “y®*
= 4.40 x10"3 esu, and y* =
1.06 x 103 esu

n* = 1.65 x 107" esu, “y3*
= 11.7 X103 esu, and y* =
2.70 x 103 esu

no* = 1.47 x 107" esu, “y®*
=3.37 x10°"3 esu, and y* =
1.59 x 103% esu

n* = 1.35 x 1077 esu, “y3*
= 747 x10"? esu, ‘a’* =
224 x 10" m W', and y* =
1.97 x 1028 esu

na* =1.93 x 1077 esu, “y®'*

=4.52 x10" esu, ‘0’*=6.9

BICNEH

SEDQAU

SEDPOH

SEDPUN

YULFAN

SAQIJIE

66

67

67

67

74

68

172




173

x 10° m W', and y* = 9.1 x

10 esu

= > 0O = 0 0 0 O = =

Antifungal activity

MIC": >5 mmol L!

A. Alternata

ICs0": 3.35 mmol L"!
MIC": 52 mmol L!

B. Cinerea

ICso™: 3.30 mmol L
MIC": >5 mmol L!

M. gypseum
ICso": 2.5 mmol L-!

([Mn(H:0)2(SO)(L2Y](H20)5(CHs | 34 order NLO SAQJEA 68
OH)}x (99) property ny* =273 x 10717 esu, ¢3*
=6.39 x10 " esu, ‘0’*=9.2
x 10° m W, and y* = 1.79 x
102 esu
[CA(N3)2(L2Y)s], (106) 3 order NLO SAQIOK 68
property na* = 1.64 x 107 esu, “¢3’*
=3.84 10" esu, ‘a’* =7.1
x 10° mW-!, and y* = 9.66 x
10% esu
2 [Cu(Clof)2(L3).]2 (20) Antibacterial G" S. aureus OBONOJ 45
NN activity ICso": 3.05 mmol L™!
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X
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[Co(LH:Cl,] (1)

[Ag(L"NOs] (2)

[Zn(L"2.(Cl04)2] (3)

[Cu(LH)ACl04)2] (4)

Antibacterial

activity

Antifungal activity

Antibacterial

activity

Antifungal activity

Antibacterial

activity

Antibacterial

activity

MIC": 52 mmol L*!

S. aureus
MIC": 0.5 mg/ml
K. pneumoniae

MIC": 0.2 mg/ml

C. albicans

MIC": 0.007 mg/ml

S. aureus

MIC™: 2 mg/ml

K. pneumoniae
MIC™: 0.01 mg/ml
G E. coli

MIC™: 0.2 mg/ml

C. albicans

MIC™: 0.15 mg/ml

G E. coli
MIC™: 2.5 mg/ml

S. aureus

FAQSAU

FAQSEY

FAQSIC

FAQSOI

16

16

16

16
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< =2 = < = 454 0O p

q>j22\/

{4

/

L4

O
C

A\

[Cu(L*)2(NO3)>(H20)15] (12)

[Zn(L?)2(NOs)2]2 (25)

[Co(L%)2(H20)2]s.2N05 (35)

Antifungal activity

Antibacterial

activity

Antifungal activity

Antibacterial

activity

Antifungal activity

Antibacterial

activity

MIC™: 0.25 mg/ml
K. pneumoniae

MIC": 0.025 mg/ml

C. albicans

MIC": 0.007 mg/ml

S. aureus

MIC”": 0.2 mg/ml

C. albicans

MIC™: 0.007 mg/ml

S. aureus

MIC": 0.2 mg/ml
K. pneumoniae
MIC™: 0.5 mg/ml
G E. coli

MIC™: 0.2 mg/ml

C. albicans

MIC™: 0.008 mg/ml

S. aureus

FAQFIP

FAQFEL

FAQSUO

16

16

16
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Antifungal activity

MIC": 0.5 mg/ml
K. pneumoniae
MIC": 0.25 mg/ml
G E. coli

MIC": 2.5 mg/ml

C. albicans

MIC": 0.007 mg/ml

Q 2 = » 2z =# ©»

O, — (o}
N N
&S0
A
\N / =N
L22

) {
D4 oo
L24

a5 ReTve et

{[Cd(L**)(H20)2](SUL)(H20)o:5}
97

L24

L25

Molecular sensor

Lanthanide
extraction (in

acetonitrile)

Lanthanide
extraction (in

acetonitrile)

Selective for Cu*? ions

log p* = 6to 7.19 (La to Gd)
log B* = 6.86 to 7.65 (Tb to
Lu)

log B* (in dry acetonitrile)
log p=6.11- 6.82 (La to Gd),
and log f =6.33 - 7.1 (Tb to
Lu)

log B* (in wet acetonitrile)
log p=4.5-4.87 (La to Gd)
log B=4.5-5.08 (Tb to Lu)

D* values:

ATONEE

73

19

19

30
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Q z2 = » Z

Q z = »v Z =@ »n

Extraction of f-
elements (Am/Eu)
in meta-
nitrobenzotrifluorid

e/ HNO3

Extraction of Am
and other
lanthanides in meta-
nitrobenzotrifluorid

e/ HNO3

Extraction of
Transition metal

ions and lead

Ionophore material
in potentiometric

sensor

~ 500 (for Am in 3M HNO3);
~ 15 (for Eu in 3M HNO:3).

SF*: 4.4 - 48 (from La-Gd);
69 - 277 (from Tb- Lu).

SN*: 1.8 (for Am); 1.5 - 2
(from La-Lu).

‘D’* for Cd ~ 2000 in 3M
HNO;, Cu ~ 950 in 3M
HNOs3, Zn ~ 12 in 3M HNO3,
and Pb ~ 55 in 3M HNO;

Nernst Response:

For Zn(Il) - 22 mV/dec;
Cu(Il) - 23 mV/dec; Cd(II) -
27 mV/dec; Pb(l) - 26
mV/dec using NPOE
plasticizer.

For Zn(Il) - 23 mV/dec;
Cu(Il) - 26 mV/dec; Cd(II) -
20 mV/dec; Pb(l) - 34
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Q 2 = »» 2z 85 ©»

Extraction of U(VI)
using ionic liquid-
based extraction

system

Extraction of
Th(VI), U(VI) and
Am(III) in the
presence of Eu(II)

mV/dec using 2F2N

plasticizer.

‘D’* and ‘E"* values:
L?/[Csmim][NTf;] system
(no acid), D = 32 and E =
94.1 %.

L?7/[C4mim][NTf>] system in
3M HNOs;, D =87 and E =
97.8 %

L?7/[Csmim][PF¢] system (no
acid), D=25and £ =92.6 %.
L?’/[Csmim][PF¢] system in
3M HNOs3, D =44 and E =
95.7 %.

D" values in 1M HNOj3:

D =205 for Th (VI),

D =25 for U (IV),

D =6 for Am (III),

D =0.09 for Eu (III).

SF* values values in 1M
HNO:s :

SF = 2277 for Th (VI),

SF =277 for U (IV),

SF =67 for Am (III).

31

31
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Q z = »v Z2z =3 »n

L3 and L

Extraction of
Am(III) in the
presence of Eu(IIl)

Stability constant values -
log p=4.68 for U (IV)
log =4.39 for Th (VI)
log = 3.81 for Eu (IIT)

D" and SF* values in 3 M
HNO;s for 1 mM L%

D =>1000 for Am (III), and
D => 1000 for Eu (III).

SF gm/Eu - N,

For 1 mM L% :

D =3525 for Am (IIT), and D
=17.2 for Eu (III).

SFam/en - 211

D" and SF* values in 0.3 M
HNO; using 1 mM L3 :

D =2132 for Am (III), and D
=4.1 for Eu (III).

SF am/en - 516

33

* g [sotropic factor; J - Magnetic exchange coupling parameter; |D| — Zero field splitting; A/ A - Spin-orbit coupling parameters; n,- Refractive Index; ‘}® — Third

order susceptibility; y — Hyperpolarizability; a,- NLO absorption coefficient; log /5 - Stability constant; D - Distribution ratio; SF’ - Separation factor; SN — Solvation

number; E - Extraction efficiency; MIC — Minimum Inhibitory concentration; ICso— Half-maximal inhibitory concentration.
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5.1 Introduction

Trivalent lanthanide ions display sharp lines (FWHM < 10 nm) radiative emissions in
the range 0.2-5 um in ultra-violet, visible, and near infrared regions of electromagnetic
spectra owing to 4f-emissions, which involves 25"!, levels. Rationale for this is that 41
electrons are efficiently screened from perturbing lattice effects by outermost 5s and 5p
orbitals and thus they do not participate in the bonding. Hence the excited levels of
Ln(IIl) ions are more electronic in nature that results in minimized non-radiative
relaxation and sharp emissions. Another reason is that the electronic rearrangement of
the 4f orbitals and hence chemical bond lengths of Ln(III) ions in their complexes are
not affected by electronic transitions following the absorption of light. Thus, the bond
lengths remain the same in the excited state too, which according to Franck Condon
principles leads to small Stokes shifts. These spectral features endow lanthanide
containing materials/formations remarkable photo-physical properties to be used in
bioimaging systems, lamp phosphors, sensing, biological assays, electro luminescent
materials in LEDs and optical fibres. In reality, /- transitions of Ln"> ions are forbidden
(absorption coefficient 0.1-10 M'cm™) due to the same parity of the excited states
involved, thus direct excitation of these ions is insufficient, and according to Lapote’s
parity rule these transitions do not occur via ED (electric dipole) mechanism. On the
contrary, sensitization of Ln(III) emissions (absorption coefficient 10*-10° M-lecm™)
could be triggered by organic ligand bearing light harvesting chromophores via.
antenna effect where energy absorbed by the ligand molecule is channeled onto the
excited states of Ln(Ill) ion via intramolecular energy transfer. In literature, there are
several reports on photoluminescence studies of discrete molecular edifices comprising
different ligand designs and lanthanide ions, which illustrate high intrinsic quantum
yields.

In the present work, we have synthesized four isomorphous Ln-MOFs comprising
terphenyl tetracarboxylic acid and Er(Ill), Ho(Ill), Tm (III) and Yr(IIl) ions,

respectively, and studied their photoluminescence in solid state suspension in DMF.
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Emission spectra of these compounds was acquired in a solid-state suspension and the

mechanism of the energy transfer from L1 to the resonating levels of Ln(III) ions using

TDDFT calculations performed on L1 molecule. In addition, the effect of the solvent

has also been discussed on the emission spectra. To the best of our knowledge such type

of study using a solid-state suspension has never been done and reported before.

5.2 Objective

>

>
>
>

Synthesis of isomorphous Ln-MOFs using terphenyltetracaboxylate struts.
Structure elucidation of Ln-MOFs using single crystal X-ray diffraction.
Photoluminescence studies.

DFT studies on the ligand molecule to explain the L—M electron transfer

mechanism.

5.3 Authors contribution

>

>

vV VYV Vv V¥V V VY VY

Conceptualization — Love Karan Rana

Data curation — Love Karan Rana, Alborz Bavandsavadkouhi, and Thierry
Maris (SCXRD Data)

Formal analysis — Love Karan Rana

Investigation — Love Karan Rana

Methodology — Love Karan Rana

Supervision — Love Karan Rana

Visualization — Love Karan Rana

Writing - original draft — Love Karan Rana

Writing — review and editing — Love Karan Rana and Prabhjot Kaur

5.4 Article
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1.1 Introduction

Trivalent lanthanide ions are fascinating in the context of their radiative emissions in ultra-
violet, visible, and near infrared regions of electromagnetic spectra [1]. The 4f emissions
involving 25", levels appear as sharp lines (FWHM < 10 nm) in the range 0.2-5 pm [2]
because the 4f-electrons are efficiently screened from perturbing lattice effects by outermost
Ss and 5p orbitals and thus they do not participate in the bonding. Hence the excited levels of
Ln(IIl) ions are more electronic in nature that results in minimized non-radiative relaxation
and sharp emissions. Another reason is that the electronic rearrangement of the 4f orbitals and
hence chemical bond lengths of Ln(III) ions in their complexes are not affected by electronic
transitions following the absorption of light. Thus, the bond lengths remain the same in the
excited state too, which according to Franck Condon principles leads to small Stokes shifts [3].
These spectral features endow lanthanide containing materials/formations remarkable photo-
physical properties to be used in bioimaging systems, lamp phosphors, sensing, biological
assays, electro luminescent materials in LEDs and optical fibres [3]. In reality, f-f transitions
of Ln" ions are forbidden or have less probability to occur (absorption coefficient 0.1-10 M-
lem™!) because the excited states involved have the same parity thus direct excitation of these
ions is insufficient, and according to Lapote’s parity rule these transitions do not occur via ED
(electric dipole) mechanism. On the contrary, sensitization of Ln(IIl) emissions (absorption
coefficient 10°-10° M-'em™) could be triggered by excitation of electronic levels of

coordinated organic ligand bearing light harvesting chromophores. This phenomenon is called
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antenna effect where energy absorbed by the ligand molecule is channeled onto the excited
states of Ln(IIl) ion via intramolecular energy transfer [4]. It is indeed the electronic field
generated by the ligand that weakly influences the electrons of 4f'shell, resulting in the spectral
fine structures due to the relaxation in the rules governing electronic transitions. In literature,
there are several reports on photoluminescence studies of discrete molecular edifices
comprising different ligand designs and lanthanide ions, which illustrate high intrinsic quantum

yields [5a].

In the present work, we have synthesized four isomorphous Ln-MOFs comprising terphenyl
tetracarboxylic acid and Er(III), Ho(Ill), Tm (III) and Yr(III) ions, respectively, and studied
their photoluminescence in solid state suspension in DMF. The selection of the metal-ligand in
the synthesis of metal-organic hybrid system (Ln-MOFs) containing Ln(IIl) ions with
photoluminescent properties and the photosensitizer ligand molecule containing fluorophore
moieties in the fabrication of photoluminescent materials was based merely on the
implementation of the design principles of “crystal-engineering” [5b]. Although the total
solvent accessible void volume in these MOFs represent 50% of the unit cell volume as
calculated using PLATON [6], the irregular and partial coordination of the solvent molecules
and formate ions to Ln(III) ions has led to impenetrable hybrid frameworks with small open
channels. Moreover, except Er-MOF these compounds lose their framework integrity in other
solvents upon solvent exchange. The Er-MOF is stable in ACN, and it has shown exchange of
DMF molecules by ACN but this compound is decomposed on desolvation/activation. This
behavior of MOFs has eliminated the option of their adsorption studies, thus restricting
ourselves to study photoluminescence. In literature, majority of the photoluminescence studies
concerning coordination complexes of lanthanides were done in solid state at low temperature,
under nitrogen environment. Thus, the effect of air and the solvent molecules on the spectra
have not been studied or reported. In the current study, we have analyzed the emission spectra
of these compounds in a solid-state suspension using 1mg of the sample of Ln-MOF to avoid
and/or minimize scattering. In addition, we have used TDDFT calculations performed on L1
molecule to investigate the energy of its triplet state (T level) and used this information to
propose the mechanism of energy transfer from L1 to the resonating levels of Ln(III) ions. In

addition, the effect of the solvent has also been discussed on the emission spectra. To the best
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of our knowledge such type of study using a solid-state suspension has never been done and

reported before.
1.2 Materials and methods

All chemicals viz. [1,1":4',1"]Terphenyl- 3,3",5,5"-tetracarboxylic acid, and M(NO3)3-5H,O
salts (M = Ho(III), Er(IlT), Tm(III), and Yb(IIT) were procured from Sigma-Aldrich, and were
used as received. Single crystal data for compounds 1-3 was collected on sealed tube Bruker
APEX-IT CCD equipped with graphite monochromator, while diffraction data for compound 4
was collected on Rigaku New Gemini, four- circle diffractometer equipped with fine-focus
sealed X-ray tube and EosS2 detector with CCD plate. IR spectra were collected on Nicolet IS
10 Smart FT-IR spectrometer in the range 600—4000 cm!. The solid-state UV-visible spectra
were recorded on a Varian Cary 300 Bio UV-Vis spectrophotometer at 298 K using raised-
angle transmittance apparatus. Photoluminescence studies were performed on a Cary

spectrofluorometer using a UV-quartz cuvette with a 1 cm path length.

1.3 Single crystal structure solution

The structures of compounds 1-4 were solved using SHELXT [7] structure solution program
and refined with the SHELXL [8] refinement package using least squares minimization in a
graphical user interphase Olex2 [9]. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were refined isotropically on calculated positions using a riding model with
their Uiso values constrained to 1.5 times the Ueq of their pivot atoms for terminal sp* carbon
atoms and 1.2 times for all other carbon atoms. Refinement of the crystal data of compounds
1-4 has shown two solvent accessible voids per unit cell, containing unresolved electron density
corresponding to 1470 electrons in a volume of 4716 A*. The solvent mask routine of Olex 1.5
software is used to account for this electron density, which is consistent with the presence of
5.5[C3H7NO] and 1.833[H20] per unit cell. Crystallographic information for all compounds is
shown in Table S1-S4.

1.4 DFT Calculations

The geometry of the ligand is optimized using a range-separated hybrid function ®B97X-D3
with atom-pairwise dispersion correction D30 [10]. In addition, def2-SVP function is used as
a basis set [11]. The information about the excited states of the ligand is obtained from TD-
DFT calculations performed using ®B97X-D3 method with a polarized triple-zeta basis set
def2-TZVP [11]. Besides, an auxiliary basis set def2/J is used in DFT calculations for the
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numerical precision [12]. The geometry optimization and the TD-DFT calculations are

performed considering the effect of the DMF molecules using a CPCM model [13].
1.5 Synthesis of compounds 1-4

All the complexes were synthesized solvo-thermally using 5 mL dram glass vials. A mixture
of L1 (0.01 g, 0.025 mM) and Ho(NO3)35H>0 salt (0.043 g, 0.099 mM) for 1, Er(NO3)3:6H,O
(0.044 g, 0.099 mM) for 2, Tm(NO3)36H20 (0.044 g, 0.099 mM) for 3 and, Yb(NO3)36H20
(0.044 g, 0.099 mM) for 4 in four different 5 mL dram capped vials each containing 3 mL DMF
was sonicated for 15 minutes at room temperature. Next, 800 equivalents of formic acid were
added to each vial, which were then sealed and placed in a convection oven for 1 day at 110
°C. Next day, rhombus-shaped pale yellow and light pink crystals for compounds 1 and 2,
respectively, and colourless crystals for compounds 3 and 4, respectively, were obtained. All
the samples were washed with fresh DMF for at least four times before doing further analysis.
Yield for 1: 0.0072 g (72%). Anal. Calc. for 1, C270H234N180126Ho18 (%): C, 37.22; H, 2.71; N,
2.99. Found: C, 36.88; H, 2.89; N, 2.67. FT-IR (cm™), (Figure S1, Table S5) 1650 (s), 1556
(m), 1450 (w).

Yield for 2: 0.0079 g (79%). Anal. Calc. for 2, C270H234N180126Er18 (%): C, 37.13; H, 2.70; N,
2.90. Found: C, 36.93; H, 2.80; N, 2.76. FT-IR (cm™), (Figure S1, Table S5) 1652 (s), 1726
(W), 1445 (w) 1545 (m).

Yield for 3: 0.0079 g (79%). Anal. Calc. for 2, C270H234N180126Tmis (%): C, 36.89; H, 2.49;
N, 2.88. Found: C, 36.44; H, 2.58; N, 2.78. FT-IR (cm™), (Figure S1, Table S5) 1449 (w), 1550
(m), 1651 (s).

Yield for 4: 0.0079 g (79%). Anal. Calc. for 4, C270H234N180126 Yb1s (%): C, 36.59; H, 2.67; N,
2.84. Found: C, 36.23; H, 2.82; N, 2.79. FT-IR (cm™), (Figure S1, Table S5) 1619 (s), 1654
(s), 1450 (b).

1.6 Crystal structure of compound 1

The compounds 1-4 are isomorphous in nature thus only the molecular structure of compound
1 will be discussed here. The ORTEP representations of the rest of the complexes are shown
in the supplementary information (Figure S2-S4). The compound 1 is crystallized in the space
group R32 of a trigonal crystal system. The asymmetric unit of 1 shows a half Ho(III) ion
present on the c-glide, which is coordinated to a half L1 ion, a half formate ion, and a DMF

molecule (Figure 1a). The L1 molecule contains an inversion centre present on the central
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phenyl ring and a mirror/glide plane that divides it into two symmetrical halves. In addition,
the glide plane passing through the carbon atom of formate ion cuts it into two equal halves. A
unique binuclear paddlewheel unit [Ho2(COO)4] containing two Ho(III) ions connected by four
carboxylate ions is generated by the mirror plane around Ho(IIl) ions (Figure 1b), which is
connected to adjacent binuclear units by bridging formate and pg-L1 ions in a three-

dimensional framework (Figure 1c¢).
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Figure 1- View of a) ORTEP representation of asymmetric unit of compound 1, b) Ho(III)
paddlewheel units connected by bridged ps-L ions to form 4- and 8c nodes, 3) polyhedral

presentation of three dimensional framework down the c-axis, and d) 4,8-c bi-nodal net.

Topological analysis [14] on the framework illustrates a 4,8-c bi-nodal net of the type 4,8T24
with stoichiometry (4-c)2(8-c) (Figure 1b-1d). The point symbol for the net is
{44.6"16.8"8} {476} 2.

1.7 Coordination geometry of Ln(III) ions

In the compounds 1-4, Ln(III) ions are 6-coordinated and there are five different coordination
geometries possible for the same coordination number as shown in the Table 1. We have

investigated the degree of distortion of the coordination polyhedra from the ideal polyhedron
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geometry for Ho(Ill) complex only using SHAPE software [15]. The LnOs coordination
polyhedron of 1 shows a slight deviation from trigonal prism geometry (0.31, close to zero)
than other possible polyhedral geometries (Table 1). Thus, the coordination geometry of
Ho(IIl) ions can be best described as a trigonal prism. The continuous shape measures
(CShM’s) values illustrating the offset of atomic positions with respect to reference polyheda
are given in Table 1. Smaller the CShM’s value, more the closeness of a given coordination

geometry to an ideal polyhedra.

Table 1- Coordination geometries and CShM’s values.

Label Shape CShM’s value

HP-6 Hexagon 32.86
PPY-6 Pentagonal pyramid 16.28

0C-6 Octahedron 16.88
TPR-6 Trigonal prism 0.31
JPPY-5 Johnson pentagonal pyramid (J2) 20.14

1.8 FT-IR spectra

The vibrational spectra further confirm the presence of all functional groups as observed in the
crystal structure. The vibrational frequencies at 1430 cm™ (V(O-H)gending), 1726 cm™ (v
(C=O)stretching), and 3330 cm™  (O-H)stretching) could be assigned to the free carboxylic groups
of L1 molecule. In all lanthanide complexes, the v (C=0) stretching frequency of the L1 is
shifted towards lower energy illustrating the deprotonation and the coordination of the
carboxylic groups (carboxylate) to the lanthanide ions (Figure S1, Table S5). Furthermore, the
v (C=0) stretching frequencies at around 1550 cm™! for the complexes 1-4 show the presence

of coordinated DMF molecules (Figure S1, Table S5).

1.9 Photophysical studies

Photophysical properties of the compounds are studied using a clear solution of L1 and solid
suspensions of compounds 1-4 in DMF. The electronic spectra of L1 shows absorption in the
range 250-330 nm with Amax at 286 nm (Figure S5). Compounds 1 and 2 show absorption in
the range 250-480 nm with the Amax red shifted (~18 nm) relative to L1 at 304 nm and 301 nm,

respectively (Figure S5). While compound 3 shows maximum absorption at the same position
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as L1, the Amax is slightly red shifted (~2 nm) in compound 4 (Figure S5). The UV-Vis spectra
clearly indicate that the absorption in the compounds 1-4 is dominated by the L1 molecule.
Thus, one can assume that the L1 molecule could potentially sensitize the Ln(III) emissions in
the compounds 1-4.

The emission spectra of L1 and compounds 1-4 were recorded using an excitation frequency
(Aex) of 260 nm for L.1 and all compounds. The L1 molecule shows a broad emission band in
the range 340-460 nm with the Amax at around 375 nm assigned to intra-ligand (S, « Si)
transition (Figure 2). The photoluminescence spectra of the compounds 1-4 display
characteristic 4/ ion-based emissions in the ultraviolet and visible regions demonstrating that
the L1 molecule behaves as a photosensitizer (Figure 2). Moreover, the emission spectra of the
compounds 1-4 also illustrate that the energy transfer from the ligand (T1) to the emitting levels
of Ln(II) ion is not complete and is hampered by the ligand-based emissions as apparent from
the weak ligand-centered emissions in the compounds 1 and 2, and a broad emission spanning
the range 330-475 nm in the compounds 3 and 4 (Figure 2). Such a phenomenon suggests that
although L1 can sensitize the Ln(IIl) emissions, it is not an ideal ligand to be considered as a
perfect “antenna.”

It is worth noting that weak emission bands corresponding to the transitions viz. °Is < >Gs (430
nm) and °Is « °F3 (487 nm) of Ho(III) ion [16], “Iis2 < *G112(392 nm), *I1512 < *F3/2 (440 nm)
and *I1s;2 < *F752 (465 nm) of Er(11I) ion [17a], and *He « 'Ga (470 nm) transition of Tm(III)
fall in the emission range of the ligand [18] (Figure 2), suggesting a poor/partial sensitization

of 4f emissions in the respective complexes.
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Figure 2— Showing characteristic emission bands of L.1 and Ln(IIl) ions in all complexes.
Note: The emission spectra were taken in solid-state suspension in DMF using excitation

wavelength (Aex) of 260 nm.

Besides, an emission band (compared to L1) in visible region corresponding to *I;s2 < *Hi12
(524 nm) transition and low intensity bands related to *I;s» « *Fo2 (670 nm) transition of Er(III)
ion [19], 5Is « °F4 (552 nm) of Ho(IIl) and >He « F3 (690 nm) of Tm(IIl) ions are also
observed [20] (Figure 2). In addition, the Ho(Ill) complex has also shown a weak NIR
transition °I; « °Fsat 980 nm [21] (Figure 2). The low intensity of this bands can be attributed
to the non-radiative vibrational deactivation by high energy C-H and C=O vibrations and/or
overtones of DMF molecules, both coordinated as well as in the solution [4].

In general, f~f transitions usually lead to sharp peaks but in the present study they are broad and
obtuse, which can be attributed to two reasons — 1) hindered electron transfer from T, (L1) to
4f-levels of Ln(IIl) [13] owing to back-transfer, and 2) the legible emission spectra for all
compounds was obtained using emission monochromator slit-width at 10 mm, which might led
to broadening of f-f emissions as spiked nature of these transitions are more susceptible to

bandwidth of spectrophotometer [22-23].
1.10 Excited states of the ligand (L.1)

The information about the excited triplet and singlet states of L1 is obtained from time-

dependent density functional theory (TDDFT) (Table S6 and S7). The absorption spectra
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obtained from TDDFT calculations illustrate that the So— S; transition at 260 nm (theoretically
~259 nm) has the higher transition probability and hence higher oscillator strength (~1) as
shown in Table 2, thus the excitation of the compounds 1-4 at this wavelength promotes the
electron transfer to the emitting levels of respective lanthanide ions resulting in characteristic
emission peaks.

Table 2- Excited singlet states and their oscillator strengths.

Singlet Wavelength Oscillator Energy in Characteristic | m—n* band
state Strength (fosc) cm’! of the emission character
Singlet 1 266.6 0.0409 37511.7 Non-radiative Weak
Singlet 2 266.3 0.0013 37547.7 Non-radiative Very Weak
Singlet 3 259.2 0.9800 38992.8 Radiative Strong

For the optimal electron transfer according to according to Dexter and Sato [24] the energy gap
between the lowest triplet state of the ligand and the emitting levels of the Ln(III) ion should
lie in the range 2500-3500 cm™! [17]. On the contrary, the energy gap <2500 cm™' weakens the
lanthanide emission owing to back transfer of energy from Ln(III) ions to the ligand [25].

Inferences regarding the energy transfer process can be made by referring to the energy gap
(‘A’, in cm™) between T state of the ligand (obtained theoretically) and the resonance energy
levels of respective lanthanide ions (Table 3). In all compounds tabulated below (including
complex 4), the energy gap between T state and resonating levels of Ln(III) is less than 3500
cm’! which facilitates the forward energy transfer from the ligand to Ln(III) ions. Thus, back
energy transfer is prevalent in these complexes resulting in weak and obtuse Ln(III) emissions,
and broad ligand emissions. Once the ligand (L1) is excited to its higher excited states,
relaxation to its lower energy singlet states (Si—Si1) takes place by non-radiative decay
pathways (internal conversion), and then to its lower energy triplet state (S1—T1) by inter-
system crossing [26]. This low energy triplet state is responsible for the photosensitization of
Ln (III) ions, resulting in their characteristic emissions (Figure 3 and S6). In case of complex
4, the dominant ligand emission could be attributed to the wide energy gap between the lower

triplet state of the ligand and resonating level of yttrium ion.
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Table 3 — Energy difference (A, in cm™) of the emissive states of Ln(III) ions with respect to

triplet state of L1.

Compound Triplet state Excited states Energy Emitting level
energy of ligand energies of difference (1A1) | of Ln(III) ion
L1 (cm™) Ln(III) ion (cm™)
(em™)
23255.8 1405.8 5Gs
1 20533.9 4127.7 °F3
18115.9 6545.7 °F4
25510.2 848.6 G
2 24661.6 22727.3 1934.3 “Fin
21505.4 3156.2 *F1n
19084.1 5577.5 *Hiin
27934 3272.4 D,
3 21277 3384.6 1G4
14492.8 10169 °F3
4 10449.3 14212.3 *Fsp»

Another reason for broad ligand emission in the compounds 1-4 could be ascribed to lower
energy gap of 1181 cm™! between singlet states i.e S3 (excited) and Si (lower excited) (Table
S8) than singlet-triplet state. Hence, there is a high probability of S1— So transition to occur
alongside the inter-system crossing (ISC, S1— T1), which leads to the emission from the ligand.
The tentative mechanism of the electron transfer and the photoluminescence is summarized in

Figure 3 and Figure S6.
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Figure 3 — Simplified scheme showing the photosensitization of Ln(III) ions in the compounds

1 and 4 by L1 molecule (T, state), with associated photophysical phenomena. (IC — Internal

conversion, ISC — Inter-system crossing, ET — Energy-transfer/Photosensitization, BT- Back

transfer of energy)

1.11 Chromaticity coordinates and colour purity

The color coordinates of all compounds including the ligand are obtained using CIE 1931 color

space as defined by the International Commission on Illumination (Figure 4) and are tabulated

in the Table 3.

Table 3 - Colour coordinates of compounds 1-4.

Compound CIE x CIEy
L 0.1589 0.03482
1 0.19437 0.23463
2 0.19848 0.24618
3 0.18043 0.21768
4 0.15116 0.15385
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CIE 1931
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Figure 4- Colour coordinates of compounds 1-4 in the CIE 1931 color space.

Besides, the colour purity of the compounds 1-4 relative to 1931 CIE, standard illuminant C
(0.3101, 0.3162) was computed using the following equation [27]:

Col - \/ (xs—xi)% + (Vs—¥:)?
olour purity — —
\/ (xa—xi)* + (Ya—Yi)

where (Xs, ys) represent the coordinates of the entire spectrum, (x4, yq) are the color coordinates

X 100%

of the dominant wavelength, and (X, y) are the coordinates of standard illuminant C of white
light. The color purity of the complexes relative to Amax (dominant wavelength) of characteristic
emission bands are tabulated in the Table 4.

Table 4 — Colour coordinates and colour purity of compounds 1-4.

Compound Xd vd Purity Amax Xs Vs Standard
dominant | dominant (%) Dominant illuminant C
wavelength (x.y)
1 0.169 0.007 45.27 431.6 0.180 0.234
0.114 0.826 28.16 525 0.180 0.234
2 0.169 0.007 45.27 430 0.180 0.234 | (0.310, 0.316)
3 0.175 0.005 52.22 360 0.169 0.209
0.064 0.217 66.78 486 0.169 0.209
4 0.175 0.005 97.9 366 0.160 0.020
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1.12 Conclusion

In this research work, we have synthesized four isomorphous Ln-MOFs using a tethering ligand
terphenyl tetra-carboxylic acid. These compounds are synthesized solvothermally and their
molecular structures are elucidated by single crystal X-ray diffraction. Besides, different
analytical techniques such as IR, UV-Vis and CHN elemental analysis are used to characterize
these compounds. Although they are porous (void volume is 50% of the unit cell volume as
calculated using PLATON), the loss of framework integrity upon activation precludes their use
for adsorption studies. Thus, we have focused on the study of their room temperature
photophysical properties. We have used solid state suspension of compounds 1-4 for the
acquisition of the emission spectra in a nitrogen free environment. The results obtained
illustrate that the L1 molecule could potentially sensitize the characteristic Ln(III) emissions
in all compounds except compound 4, owing to large energy gap between T, state of L1 and
emissive state of Yb(III) (°Fs;2). Furthermore, the back energy transfer from Ln(III) ions to L1
hampers the efficiency of the sensitization process, which also suggests that L1 it is not an

ideal ligand to be considered as a perfect “antenna”.
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6. Conclusion and Future work

The research work described here involves the synthesis of transition and rare earth metal ions-
based MOFs for metal-ion sensing and photoluminescence applications, respectively. We have
applied the ideology of “Crystal engineering” right from the design of the ligand molecules to
the selection of metal ions and synthesis of coordination compounds for desired applications.
In this respect we have synthesized a mixed ligand Co-MOF to explore its metal ion sensing
potential. While both ligands contribute to build a three-dimensional coordination network, the
symmetrical dicarboxamide ligand was chosen to facilitatte M™  Oami¢c and M™ -7t
interactions with analyte ions from secondary amide group (-CONH-) and naphthalene ring in
the sensing experiments. The amide oxygen has shown interactions with almost all metal ions
chosen for fluorescence titrations owing to its borderline character due to the presence of
double bond C=O0 (according to HSAB principles). Thus, we have discussed the sensing ability
of Co-MOF in context of sensitive detection because it was impossible to obtain selectivity
using this system. In addition, a Zn-MOF with interesting three-dimensional framework
synthesized using mixed ligand strategy is not used in sensing studies due to the absence of a

single/stable fluorescence emission.

In another research work, we tried to replace the dicarboxamide ligand as discussed above with
its positional isomer differing in the position of pyridine ring relative to the amide moiety (third
in the former and fourth in the later) to see any variation in the framework structure using
Co(II), Ni(IT), Cu(Il) and Zn(II) metal ions. Only one-dimensional structures were obtain with
Co(II), Cu(Il) and Zn(II) ions. The SCXRD diffraction studies reveal that these compounds are
1sostructural. In addition, the chemical state identification of the metal ions and the information
on the different chemical environments of the elements viz. C, N, O and Cl in the complexes
are investigated by XPS analysis. Furthermore, DFT calculations are performed on the ligand
and complexes to see the orbitals composition of ground and excited states. Also, the total
energy (Eroai) of metal ligand coordination bond in the complexes is calculated and its
decomposition into different energies is done. These results are in good agreement with the
crystallographic metal-ligand bond distances and also show that the metal- ligand bond is
shorter in the copper complex than in the other compounds, as expected due to Jahn-Teller

distortions.
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Apart from the metal-ion sensing, we have synthesized isomorphous lanthanide MOFs (Ln-
MOFs) using a symmetric terphenyl tetracarboxylic acid ligand to study their luminescence
properties. The photoluminescence studies illustrate that although the ligand molecule can
potentially sensitize the characteristic emissions of the respective Ln(III) ions, it cannot be used
as an “antenna” molecule owing to ligand centered emissions and back transfer of energy.
Furthermore, the mechanism of the electron transfer from the ligand to Ln(III) is explained
with the aid of TDDFT calculations done on the ligand molecule. Apart from the luminescence

studies, the colour coordinates and colour purity of the Ln-MOFs has also been discussed.

Finally, the review article included in the thesis discusses the coordination chemistry of the
metal-complexes of tertiary carboxamide ligands with pendent pyridine rings. In this work, we
have compiled the development made in this very class of the ligands right from the beginning
until present by summarising only those coordination complexes and pertinent crystal structure
parameters whose crystal structures have been reported in crystal structure database (CSD). To
make the database search easy for the readers we have also included the CCDC codes of the
complexes. Interesting molecular designs of the ligands have made them appealing in the
synthesis of coordination compounds of diverse architectures. In addition, the applications of
the coordination compounds of these ligands, and some ligand molecules have shown have

been reviewed thoroughly in this article.

In future, we are more interested in selective than sensitive detection of toxic metal ions, and
for this we will fabricate fluorescent sensors containing phenanthroline and imidazolidine-2-
thione anchor moieties with thioamide linkages for the selective detection of As(III), Hg(II),
Cd(II) and Pb(II) ions. Furthermore, the photophysical studies of Ln-MOFs discussed in this
research work are done using solid-state suspension under nitrogen free environment and we
want to analyze the photophysical properties of Ln-MOFs in the solid state under nitrogen
environment to compare the differences (if any) in the Ln(IIl) emission spectra relative to that
acquired in the solid-state suspension. Besides, our pursuit is to investigate the emission
lifetimes, quantum yields, etc. associated with the Ln(IIl) emission. Also, TDDFT calculations
will be done on the lanthanide compounds to gain deeper insight into the resonating states of

L1 and Ln(III) ions, which will then be used to explain the mechanism of energy transfer.
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Along with the synthesis of the materials for sensing and photoluminescence applications, my
research interest is to synthesize covalent organic frameworks (COFs) comprising triamino-
heptazine (Melem) and crown-ether moieties, which will be explored as a potential electrode
material and/or membrane material for battery applications. Besides, I am also interested in the
synthesis of manganese based heteropoly anions for hydrogen production and/or fuel cell

applications.
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Fig. S8 — IR spectra comparison of L1, H3BTB, and compound 2.

From the IR spectra (Fig. S7) it is apparent that the peak at 1509 and 1574 cm™ (C=N stretching,
pyridine ring) in L1 (Red graph) slightly shifted in the spectra of compound 1 (blue graph)
confirming the coordination of pyridine rings to Co(Il) ions, while the peak at 1673cm
corresponds to C=O0 stretching of L.1 (amide group, red graph) is slightly shifted in 1 (1652cm™
1) which might be due to the hydrogen bonding with solvent molecules (DMF) (Fig. S7).
Similarly, the peak at 1631cm™ (C=0 stretching, carboxylic group) in H2BDC (black graph)
is shifted and flattened at 1616 cm™ in the spectra of 1 (blue graph) which confirms the
coordination of carboxylic groups to Co(Il) ions (Fig. S7). In the case of 3, respective spectral
peaks confirm the coordination of ligands with Ni(II). In addition, a sharp band at 1523 cm’!
and a weak band at 1593 cm™!, respectively, confirms the presence both free and coordinated
carbonyl groups (carboxylic) (Fig. S7). A shift of 16 cm™ (from 1676 cm™ (L1) to 1660 cm™)
in 2 (Fig. S8) was observed for C=0O (amide) stretching, which might be due the hydrogen
bonding between amide group and lattice DMF molecules. Similarly, an observed shift in N-
H (amide group) stretching frequency from 3104 cm™ (L1) to 3061 cm™ (2) is due to hydrogen
bonding with DMF molecules.
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Table S1- IR table

211

Complex Group Functionality Wavenumber (cm™)
L1 v (N-H) Amide 3105 (m, s)
v (C=0) Amide 1667(s)
v (C=N) Pyridine 1510 (m,s)
v (C-H)bending Naphthalene 1417 (m, s)
1 v (N-H) Amide 3286 (b)
v (C=0) Amide 1652 (s)
v (C=N) Pyridine 1491 (w)
v (C-H)bending Naphthalene 1378 (m, s)
v (C-H) overtone Naphthalene 2870 (w)
v (C-H) Methyl group (DMF) 2929 (w)
2 v (N-H) Amide 3095 (w, b)
v (C=0) Amide 1662 (m)
v (C=0) Carboxylic 1590 (m, s)
3 v (N-H) Amide 3335 (b)
v (C=0) Amide 1641 (m, s)
v (C=0)tree Carboxylic 1523 (s)
\Y (C:O)Coordinated CarbOXYﬁC 1593 (ma W)
a b
- / \ - c10

Fig. S9 a) ORTEP diagram of L1 at 30% probability, b) showing dihedral angle between
naphthalene and amide plane.
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Fig. S11 ORTEP diagram of 2 at 30% probability.
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Fig. S12 ORTEP diagram of 3 at 30% probability.
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Fig. S13 Thermal stability curves of L1, compound 1, 2, and 3.
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Fig. S14 - Electrostatic potentials mapped on electron isodensity surface at 0.01 au. MEP plot
a) for L1, and b) Co(II) complex using Avogadro software'. (RWB scheme was used, where
red colour corresponds to high electron density regions and blue colour corresponds to least

electron density regions)
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Fig. S15 Quenching of fluorescence intensity of 1 by Cu™?, Fe™2, Pb™2, Cd™%, Co*?, and Cu"

ions. (Note- Blank corresponds to the emission from 1 before the addition of analytes)

214



215

Stern-Volmer plots

Stern-Volmer equation is used to find out the catalytic efficiency of analytes in a photophysical
intermolecular deactivation process. The equation is (Io/I) = Ksv [A] + 1, where in our case, o
is the initial fluorescence intensity of 1 soaked in DMF, I is the fluorescence intensity in the
presence of analyte, [A] is the molar concentration of analyte, and Ksy is the Stern-Volmer

constant (M) or quenching constant.
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Fig. S16- Emission spectra and the corresponding Stern-Volmer plots of 1 in different a) Ru*™>,

b) Fe** and ¢) Hg"? concentrations in DMF.
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Fig. S17 Quenching of fluorescence of 1 by Ni*2, Be*?, Mn*?, and Zn"?ions. (Note- Blank

corresponds to the emission from 1 before the addition of analytes)
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Fig. S18 Comparison of fluorescence quenching of 1 with a) different Fe(Ill) and b) Cu(II)

salts. (Note- Blank corresponds to the emission from Co-MOF before the addition of analytes)
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Fig. S19 Illustrates negligible change in fluorescence intensity upon the addition of ClO4,
SCN’, and Br ions. (Note- Blank corresponds to the emission from 1 before the addition of

analytes)
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Table S2- Pertinent atomic parameters for compound 1, 2, and 3.

218

Bond lengths

1
Co04-N3 2.150(10)
C02-N6* 2.141(10)
Col-03! 2.127(7)
Col-04 2.048(7)
Co1-01322.066(6)
Col1-01332.066(6)
C02-01 2.154(7)
C02-02 2.237(7)
C02-03 2.140(7)
C02-05 2.021(7)
C02-0143 2.034(6)
C03-06 2.069(7)
C03-08° 2.054(6)
C03-010° 2.116(7)
Co4-07 2.047(7)
Co04-09 2.021(6)
C04-010 2.140(8)
Co4-011 2.261(7)
Co04-012 2.135(6)

Bond angles
03-Col1-03' 180
04-Co1-03 92.2(3)
04-Co1-03'92.2(3)
04-Co1-03' 87.8(3)
04-Co1-04 180.0(4)
04-Co1-0132 85.8(3)
04-Co1-013394.2(3)

2
Znl1-01 1.919(2)
Zn1-02 1.908(2)
Zn1-014! 1.983(2)
Zn1-0212 1.960(2)
Zn2-01 1.927(2)
Zn2-06 1.935(2
Zn2-08 1.980(2)
Zn2-013! 1.960(2)
Zn3-01 1.929(2)
Zn3-05 1.927(2)
Zn3-09 1.959(2)
Zn3-020? 1.977(2)
Zn4-01 2.030(2)
Zn4-03 2.198(2)
Zn4-042.122(2)
Zn4-07 2.112(2)
Zn4-0102.135(2)
Znd-N432.102(3)
Zn5-09* 1.951(2)
Zn5-023 2.020(3)
Zn5-024 1.952(3)
Zn5-025 2.384(3)
Zn5-027° 1.965(3)
Zn6-09* 1.952(2)
Zn6-0116 1.959(3)
Zn6-018° 1.974(2
Zn6-022 1.951(2)
Zn7-09 1.925(2)
Zn7-015 1.924(2)
Zn7-017° 1.961(2)
Zn7-026" 1.954(3)
Zn8-09 1.953(2)
Zn8-0125 1.977(2)
Zn8-016 2.043(3)
Zn8-019 2.272(4)
Zn8-N12.031(3)

01-Zn1-014' 108.56(9)
01-Zn1-0212 111.96(10)
02-Zn1-01 122.81(9)
02-Zn1-014' 102.98(11)
02-Zn1-0212 106.50(11)
0212-Zn1-014' 101.72(11)
01-Zn2-06 115.29(9)

3
Nil-N2 2.118(2)
Nil-O1 2.072(15)
Ni1-02° 2.0420(18)

O13-Nil-N2 85.3(6)
01-Nil-N2 94.7(6)
O1A3-Nil-O1A 180.00(17)
O1A3-Nil-N2° 85.32(14)
O1A? -Nil-N2 94.68(14)
N2-Nil-N2° 180.0
02-Nil-01% 90.5(7)
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0132-Col1-03'87.9(3)
0133-Co1-03' 92.1(3)
0132-Co1-013° 180.0
01-C02-02 82.9(3)
03-C02-01 84.0(3)
03-C02-02 59.6(3)
03-Co2-N6* 162.5(3)
05-C02-01 173.3(3)
05-C02-02 95.1(3)
05-C02-03 100.5(3)
05-C02-014° 98.8(3)
05-Co2-N6* 88.3(3)
0143-C02-01 85.5(3)
01-C02-02 153.9(3)
0143-C02-03 96.1(3)
0143-Co2-N6* 97.5(3)
N64-C02-01 86.1(3)
N64-C02-02 104.9(3)
06-C03-06 180.0(3)
06-C03-010° 91.4(3)
063-C03-010° 88.6(3)
06-C03-010 88.6(3)
06-C03-010 91.4(3)
085-C03-06 85.5(3)
085-Co3 06° 94.5(3)
08-C03-06 94.5(3)
08-C03-06° 85.5(3)
08-C03-08° 180.0(4)
08-C03-010° 91.8(3)
08-C03-010° 88.2(3)
085-C03-010° 91.8(3)
08-C03-010° 88.2(3)
010-C03-010° 180
07-Co4-010 97.0(3)
07-Co4-0O11 154.8(3)
07-Co4-012 85.8(3)
07-Co4-N3 94.4(3)
09-C04-07 99.1(3)
09-Co4-010 98.8(3)
09-Co4-011 93.6(3)
09-Co4-012 174.3(3)
09-Co4-N3 89.1(3)
010-Co4-011 59.4(3)
010-Co4-N3 164.9(3)
012-Co4-010 83.5(3)
012-Co4-011 83.1(3)
012-Co4-N3 87.5(3)
N3-Co4-011 107.5(3)

01-Zn2-08 109.39(10)
01-Zn2-013' 113.61(9)
06-Zn2-08 101.04(11)
06-Zn2-013' 105.44(11)
013-Zn2-08 111.37(10)
01-Zn3-09 112.64(11)
01-Zn3-020? 108.15(10)
05-Zn3-01 116.65(9)
05-Zn3-09 113.75(11)
05-Zn3-0207 108.01(12)
09-Zn3-020 95.17(12)
01-Zn4-03 93.19(8)

01 -Zn4-04 92.69(9)
01-Zn4-07 94.01(9)
01-Zn4-010 88.67(9)
01-Zn4-N4 178.66(10)
04-Zn4-03 90.32(9)
04-Zn4-010 174.61(9)
07-Zn4-03 172.79(9)
07-Zn4-04 89.08(10)
07-Zn4-010 96.03(10)
010-Zn4-03 84.39(9)
N4-Zn4-03 85.48(10)
N43-Zn4-04 87.09(10)
N43-Zn4-07 87.31(10)
N43-Zn4-010 91.43(10)
09-Zn5-023 98.71(10)
09*-Zn5-025 97.20(10)
09*-Zn5-027° 111.46(10)
023-Zn5-025 157.89(11)
024-Zn5-09 132.22(14)
024--Zn5-023 99.73(13)
024-Zn5-025 58.16(13)
024-Zn5-027 110.25(15)
0275-Zn5-023 95.16(12)
0275-Zn5-025 93.19(13)
09*-Zn6-011° 110.98(10)
09*-Zn6-0186 109.33(9)
0116-Zn6-018° 101.09(12)
022-Zn6-09* 119.46(10)
022-Zn6-011° 107.53(13)
022-Zn6-018° 106.83(11)
09-Zn7-017° 110.83(9)
09-Zn7-026° 114.32(10)
015-Zn7-09 115.54(9)
015-Zn7-0175 110.81(10)
015 -Zn7-026° 107.27(12)
0268-Zn7-017° 96.44(13)
09-Zn8-0125 109.75(10)
09-Zn8-016 98.05(10)
09-Zn8-019 81.25(12)
09-Zn8-N1 144.95(10)

02-Nil-O1° 89.5(7)
023-Nil-O1A 91.05(18)
023-Nil-O1A3 88.95(18)
02-Nil-N2 90.61(8)
02-Nil-N2° 89.39(8)
02-Ni1-02} 180
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012-Zn8-016 97.44(12)
0125-Zn8-019 93.31(19)
0125-Zn8-N1 102.41(11)
016-Zn8-019 168.77(18)
N1-Zn8-016 91.10(11)
N1-Zn8-019 83.40(12)
Zn1-01-Zn2 107.90(10)
Zn1-01-Zn3 108.64(10)
Zn1-01-Zn4 109.39(9)
Zn2-01-Zn3 105.78(9)
Zn2-01-Zn4 110.45(10)
Zn3 Ol Zn4 114.44(10)
Zn57-09-Zn6’ 108.31(10)
Zn57-09-Zn8 114.37(10)
Zn6"-09-Zn8 105.06(10)
Zn7-09-Zn5" 106.15(10)
Zn7-09-Zn6’ 108.29(9)
Zn7-09-Zn8 114.41(10)

Symmetry elements 1: '1-X,2-Y,-Z; 21-X,2-Y,1-Z; *+X,+Y,-1+Z; *-X,1-Y,1-Z; °2-X,2-Y, 1-
Z: X AY,14Z; 7-X 2-Y -Z; 83-X.2-Y,1-Z. 2: '"+X,-1/2-Y,1/2+Z; *+X -1/2-Y -1/2+Z; 31-X,1-
Y,1-Z; “1+X,1/2-Y 1/2+Z; >+X,1/2-Y 1/24Z; S 1+ X, +Y,1+Z; T-1+X,+Y +Z. 3: '2-X,1-Y,2-
Z;2-X,-Y ,-Z; 31-X,1-Y,1-Z.
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Figure S8 IR spectra comparison involving L1 and compounds 1, 2, and 3.
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Table S1 — Characterstic IR peaks for L.1 and compounds 1, 2, and 3.

Complex Group Functionality Wavenumber (cm™)
L1 \Y) (O'H)Stretching Water 3272 (S)
\Y) (N'H)Stretching Amide 3068 (W,b)
v (C=0) Amide 1639 (s)
v (C=N) Pyridine 1597 (s)
v (C=C) Pyridine 1533 (b)
\Y (C'H)Stretching Methylene 2937(1’1’1)
v (C=C) Naphthalene 1487 (w)
1 v (N-H) Amide 3076 (w)
v (C=0) Amide 1645 (s)
v (C=N) Pyridine 1615 (w)
v (C=0) Pyridine 1532 (m, b)
\Y (C-H)Stretching Methylene 2932 (VW)
v (C=C) Naphthalene 1494 (w)
v (C1-0) Perchlorate 1060 (w)
1081 (m)
1105 (w)
2 v (N-H) Amide 3069 (w)
v (C=0) Amide 1640 (s)
v (C=N) Pyridine 1611 (w)
v (C=0) Pyridine 1533 (s)
\Y (C'H)Stretching Methylene 2940 (VW)
v (C=C) Naphthalene 1493 (w)
v (C1-0) Perchlorate 1019 (w)
1058 (w)
1112 (w)
3 v (N-H) Amide 3071 (w)
v (C=0) Amide 1643 (s)
v (C=N) Pyridine 1612 (w)
v (C=0) Pyridine 1529 (s)
\Y (C'H)Stretching Methylene 2935 (VW)
v (C=C) Naphthalene 1492 (w)
v (C1-0) Perchlorate 1021 (w)
1061 (w)
1114 (w)
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228

Figure S9 ORTEP diagram of L1 drawn at 40% ellipsoidal probability (Hydrogen atoms have

not been shown for clarity).

Figure S10 Showing the dihedral angle between pyridine and naphthalene ring planes of L1.
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Figure S13 ORTEP diagram of compound 3 at 40% ellipsoidal probability.
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Figure S14 Supramolecular synthons generated in a 2D sheet and 3D hydrogen bonded

framework of compound 1.
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Table S2- Hydrogen bonds for L1 [A and deg.].

234

D-H..A d(D-H)
N(1)-H(1)...0(2)#1 0.88
N@3)-HQ3)...0(1)#2 0.88

C(3)-H(3A)...0(2)#3 0.95
C(6)-H(6)..N(2)#4 0.95
C(4)-H(4).. NQ)#4 0.95
C(1)-H(1A)..N(4)#5 0.95
C(9)-H(9).. N(4)#5 0.95
C(16)-H(16)...0(1)#6  0.95

d(H...A)
2.02
2.05
2.73
271
2.83
2.68
2.86

2.84

d(D...A)
2.801(4)
2.821(4)
3.382(5)

3.556(5)
3.657(6)
3.538(5)
3.681(6)

3.640(6)

<(DHA)

147.1
146.5
126.6
149.3
145.8
150.7
145.4
142.0

Symmetry transformations used to generate equivalent atoms:

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

X+2,-y+2,-z+2

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

#5 x+1,y+1,z+1

#6 -
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Table S3- Hydrogen bonds for 1 [A and deg.].
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D-H..A
C(3)-H(3)...0(4"a)#1
C(3)-H(3)...0(2"a)#2
C(7)-H(7b)...0(5)#3
C(9)-H(9)...0(4 a)4
N(Q)-H(2)...0(1"a)#4
C(16"b)-H(17"a)...0(2 a)#5
C(17°b)-H(17e"a)...0(3a"b)#6
C(17a"a)-H(17¢"a)...0(1 a)#6
C(11)...0(11)#6
C(18b"b)-H(18a"b)...05 #7
C(18ab)-H(18e"a)...05 #7
C(14a%a)-H(14cb)...04a"b #7
C(18a*a)-H(18e)...0#7
C(15a"a)-H(14b"b)...N3"b #8
C(15a"a)-H(15f"a)..N3a a #8
C(14"b)-H(14b"b)...N3"b #8
C(15"b)-H(15¢"b).. N(3a a)#9
C(14a*a)-H(14e"b)...0(3"b)#9

d(D-H)

0.950
0.950
0.990
0.950
0.880
0.880
0.879
0.980
0.950
0.980
0.882
1.080
0.980
1.416
0.980
0.980
0.980
0.98

d(H...A)

2.574
2.879
2.989
2.862
2.081
2.177
2.675
2977
2.439
2418
2.519
2.589
2.519
2.660
2.770
2.660
2.874
2.597

d(D...A)
3.197
3.649
3.590
3.687
2.930
2.904
3.510
3.899
3.292
3.314
3.314
3.686
3.182
3.753
3.744
3.631
3.795
3.537

<(DHA)
123.3
137.16
120.21
145.88
160.64
139.64
159.21
156.4
149.34
151.68
150.25
140
160.5
131.59
172.91
170.66
156.84
160.9

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y,-z  #2 -x+1,+y,+z

#3 -x+2,-y+l,-z #4 -x+1,-y,-z #5 -x+1,-y+1,-z+1

z+1  #9 -x+1,-y,-z+1

#o x,y+1,z #7x-1,+y,+z #8 -x,y+1,-
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Table S4- Hydrogen bonds for 2 [A and deg.].

D-H..A dD-H)  dH.A)  dD..A) <(DHA)
C(17)-H(17C)..0()#3  0.96 2.49 3.412(3) 160.0
C(16)-H(16)...0(1)#3 0.93 2.52 3.3833)  154.6
C(4)-H(4)...0(6)#4 0.93 2.88 3.508(3)  126.2
C(5)-H(5)...0(6)#4 0.93 2.90 3.536(3)  126.4
C(1)-H(1)...0(5)#5 0.93 2.88 3.5273) 1275
C(1)-H(1)...O(7)#5 0.93 2.56 3.401(3)  149.9
C(2)-H(2A)...0(4)#5 0.93 2.83 3.601(4)  141.2
C(12)-H(12)...0(6)#2 0.93 2.93 3.740(4)  147.1
C(14)-H(14C)..N(4)#6  0.96 2.91 3.767(3) 1493
C(18)-H(18B)..O(M#7  0.96 2.58 3.2833)  130.0
C(14)-H(14A)..O(1)#8  0.96 2.57 3.383(3) 1424
C(14)-H(14B)..0(6)#  0.96 2.75 3.677(4)  162.4
C(15)-H(15A)..0(#9  0.96 2.64 3.290(4) 1257
C(15)-H(15B)..04)#9  0.96 2.84 3.628(5)  139.6

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y+1,-z+2  #2 -x+2,-
y,-z+1l #3x-1y,z #4 -x+1,-y,-z+1 #5 -x+1,-y+1,-z+1 #6x+l,y,z #7x,y+1l,z+1 #8-
x+2,-y+1,-z+2  #9 x+1,y+1,z+1
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Table S5- Hydrogen bonds for 3 [A and deg.].
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D-H..A
C(17)-H(17)...0(1)#3
C(18)-H(18A)...0(1)#3
C(4)-H(4)...0(6)#4
C(5)-H(5)...0(6)#4
C(1)-H(1)...0(4)#5
C(1)-H(1)...0(5)#5
C(2)-HQ2A)...O(7)#5
C(12)-H(12)...0(6)#2
C(14)-H(14A).. N(4)#6
C(16)-H(16B)...0(5)#7
C(14)-H(14B)...O(6)#8
C(15)-H(15B)...0(7)#8
C(15)-H(15C)...0(5)#8
C(14)-H(14C)...0(1)#9

d(D-H)
0.93
0.96
0.93

0.93
0.93
0.93
0.93
0.93
0.96
0.96
0.96
0.96
0.96
0.96

d(H...A)
2.53
2.50
2.88
2.91
2.90
2.56
2.83
2.94
2.89
2.58
2.77
2.87
2.64
2.59

d(D...A)
3.391(3)
3.411(3)
3.505(3)
3.535(3)
3.538(3)
3.390(3)
3.600(4)
3.755(3)
3.769(3)
3.297(3)
3.677(4)
3.662(4)
3.283(3)
3.382(3)

<(DHA)
154.4
158.8
125.9
126.2
127.0
149.1
140.8
147.3
151.9
131.1
158.8
140.1
125.0
139.6

Symmetry transformations used to generate equivalent atoms:

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

x-1,y,z  #7 x,y-1,z-1

#8 x-1,y-1,z-1

#3 x+1y,z #4 -x+1,-y+2,-z+1  #5 -x+1,-y+1,-z+1

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

#6
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Figure S2 - ORTEP representation of compound 2 at 30% ellipsoidal probability.
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conversion, ISC — Intersystem crossing, ET — Energy-transfer/Photosensitization, BT- Back-

transfer of energy)

Table S1- Crystal data and structure refinement for compound 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 53.594°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

1
C60 H80.01 Ho3 N8.01 029.01
624.14

150(2) K

1.34139 A

Trigonal

R-3m

a=17.7613(3) A a=90°.
b=17.7613(3) A b=90°.
c=41.2244(10) A g =120°.
11262.5(5) A3

6

1.656 Mg/m3

14.478 mm-1
5575

0.210 x 0.160 x 0.120 mm3

3.119 to 60.654°.

-19<=h<=23, -23<=k<=22, -53<=1<=53
61720

3153 [R(int) = 0.0505]

99.5 %

Full-matrix least-squares on F2

3153/42/163

1.143
R1=0.0440, wR2 =0.1273
R1=0.0453, wR2 =0.1286

n/a
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Largest diff. peak and hole
CCDC No.

1.465 and -0.907 e.A-3
2033632

243

Table S2- Crystal data and structure refinement for compound 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 53.594°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole
CCDC No.

2
C61.50 H81.17 Er3 N8.50 028.33
1894.57

150(2) K

1.34139 A

Trigonal

R-3m

a=17.741003) A a=90°.
b=17.74103) A b= 90°.
c=41.1955(12) A g =120°.
11228.9(5) A3

6

1.681 Mg/m3

11.334 mm-!

5642

0.200 x 0.140 x 0.120 mm3

4.336 to 60.689°.

20<=h<=21, -19<=k<=23, -53<=I<=52
54404

3141 [R(int) = 0.0396]

99.3 %

Full-matrix least-squares on F2
3141/48/163

1.142

R1=0.0394, wR2 =0.1124
R1=0.0400, wR2 = 0.1132

n/a

1.061 and -0.951 e.A-3

2033624
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Table S3- Crystal data and structure refinement for compound 3.

244

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole
CCDC No.

3
C61 H74 N8.33 026.66 Tm3
1857.25
293(2) K
1.54184 A
Trigonal
R-3m
a=17.6690(16) A a=90°.
b =17.6690(16) A b=90°.

c=41.1472) A g=120°.

11125(2) A3

6

1.663 Mg/m3

7.172 mm-!

5512

0.190 x 0.160 x 0.130 mm3
3.081 to 71.772°.

-21<=h<=19, -21<=k<=19, -50<=I<=43

8103

2634 [R(int) = 0.0868]

99.8 %

Full-matrix least-squares on F2
2634/57/ 148

0.984

R1=0.0533, wR2 =0.1305
R1=0.0710, wR2 =0.1419
n/a

0.974 and -0.809 e.A-3
2049424
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Table S4- Crystal data and structure refinement for compound 4.
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 53.594°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole
CCDC No.

4
C50 H50.67 N4.67 022.67 Yb3
1598.84

150(2) K

1.34139 A

Trigonal

R-3m

a=17.7342(8) A a=90°.
b=17.7342(8) A b= 90°.
c=41.081(3) A g =120°.
11189.1(12) A3

6

1.424 Mg/m3

12.560 mm-1

4648

0.210 x 0.160 x 0.120 mm3

4.338 to 60.889°.

23<=h<=22, -22<=k<=23, -52<=1<=53
49427

3132 [R(int) = 0.0640]

98.9 %

Full-matrix least-squares on F2
3132/54/163

1.099

R1=0.0479, wR2 = 0.1385
R1=0.0483, wR2 = 0.1390

n/a

1.528 and -1.531 e.A-3

2033633
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Table S5- Characteristic IR frequencies for different functional groups in the compounds 1-4.

Compound

L1

Vibration

v (O-H)Stretching
A% (C:O)Stretching
v (O-H)Stretching
Vv (O‘H)bending
v (C=C)Stretching

A% (C:O)Stretching
A% (C=O)Stretching
AY (C:C)Stretching

v (C:O)Stretching
v (C:O)Stretching
v (C:O)Stretching
v (C:C)Stretching

v (C:O)Stretching
v (C:O)Stretching
v (C:C)Stretching

v (C:O)Stretching
v (C:O)Stretching
v (C:C)Stretching

Group

Carboxylic
Carboxylic
Carboxylic
Carboxylic
Phenyl ring

Carboxylate
DMF
Phenyl ring

Formate
Carboxylate
DMF
Phenyl ring

Carboxylate
DMF
Phenyl ring

Carboxylate
DMF
Phenyl ring

Wavenumber (cm)

3330 (m, b)
1726 (m)
3096 (w)
1430 (w)
1461 (w)

1650 (s)
1556 (m)
1450 (w)

1726 (w)
1652 (s)
1545 (m)
1445 (w)

1651 (s)
1550 (m)
1449 (w)

1654 (s)
1555 (m)
1450 (b)

Table S6 — Sub-states of Singlets of L1

Singlet state Energy in eV Energy in cm’!
Singlet 1 4.651 37511.7
95a->107a : 0.010841
100a ->105a : 0.032116
100a ->108a : 0.030513
10la->105a : 0.062358
101a->108a : 0.040334
102a ->106a : 0.205617
102a->107a : 0.021027
104a ->106a : 0.132824
104a ->107a :  0.390313
Singlet 2 4.655 37547.0
95a->106a : 0.012031
100a -> 105a :  0.063473
100a ->108a : 0.041664
101a->105a : 0.032984
101a->108a : 0.030956
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102a->106a : 0.019277
102a->107a : 0.210909
104a ->106a : 0.389841

95a->105a : 0.047542
96a ->105a : 0.016935

104a->107a : 0.139839
Singlet 3 4.797 38692.8
102a->108a : 0.054768
103a->109a : 0.010386
104a ->105a : 0.834927
104a->106a : 0.011350
104a->110a : 0.048959
Singlet 4 5.082 40990.4
95a->109a : 0.025134
103a->105a : 0.365528
103a->110a : 0.122646
103a->112a : 0.016314
104a->109a : 0.422208
Table S7 — Sub-states of Triplets
Triplet State Energy in eV Energy in cm™!
Triplet 1 3.020 24361.6
95a->110a : 0.017607
100a ->106a : 0.014331
100a ->107a :  0.073993
10la->106a : 0.074411
10la->107a : 0.014027
102a->108a : 0.107445
102a->111a : 0.015498
103a->109a : 0.053715
104a ->105a : 0.503956
104a->110a : 0.042890
Triplet 2 3.321 26789.7
95a->108a : 0.029832
96a ->108a : 0.010738
99a->108a : 0.016314
100a -> 106a : 0.023377
100a ->107a :  0.206356
10la->106a : 0.206833
10la->107a : 0.022934
102a ->105a : 0.199241
102a->112a : 0.011708
104a->108a : 0.156216
104a->111a : 0.021544
Triplet 3 3.706 29889.5
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99a ->105a : 0.022285

100a ->106a : 0.033485

100a->107a : 0.173586

10la->106a : 0.178048

10la->107a : 0.033864

102a->108a : 0.033338

103a->109a : 0.158482

104a ->105a :  0.062745

104a->110a : 0.118057

104a->112a :  0.032047

Triplet 4 3.881 31299.8

95a->107a : 0.029010

96a->107a : 0.011664

99a ->107a : 0.016761

100a ->105a :  0.010796

102a->106a : 0.045296

102a->107a :  0.303229

104a->106a : 0.068248

104a ->107a :  0.456099
Table S8— Energy gap between excited states of L1.

Singlets Triplets Energy gap Energy gap Energy gap
cm’! cm’! (Singlets) (Triplets) (Singlet-Triplet)
cm’! cm’! cm’!

S1-37511.7 T1-24361.6 1181.1 (S3—S1) | 5527.9(T5-T1)
S> - 37547.0 T2-26789.7 1145.8 (S5 - S2) 3099 (T5 —T2) 13150 (S1 —Ty)
S3 - 38692.8 T3-29889.5 35.3(S2—-S1) 2428.1 (T2 —Ty)
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