Some Metal-Organic Framework Compounds:
Synthesis, Structure and Studies on Physico-chemical
Property

A Thesis
Submitted for the Degree of

Doctor of PhiCosophy (Science)
By
Saikat Gayen

Department of Chemistry
JADAVPUR UNIVERSITY
JADAVPUR, KOLKATA - 700032
INDIA
May, 2022






Dedicated
to

my parents and my beloved
wife






*JADAVPUR UNIVERSITY
KOLKATA-700 032, INDIA

eI T faufawsrag
FAFTOT-40000%, TTI0

FACULTY OF SCIENCE: DEPARTMENT OF CHEMISTRY : INORGANIC CHEMISTRY SECTION

CERTIFICATE FROM THE SUPERVISOR

This is to certify that thesis entitled “Some Metal-Organic Framework Compounds:
Synthesis, Structure and Studies on Physico-cheﬁlical Property” submitted by Sri Saikat
Gayen, who got his name registered on 13/02/2015 for the award of Ph.D. (Science) degree of
Jadavpur University, is absolutely based upon his own work under my supervision and that
neither this thesis nor any part of it has been submitted for either any degree/diploma or any

other academic award anywhere before.

Swbraka nath  Konen Sluslaore

(Signature of the Supervisor, date with official seal)

Dr. Subratanath Koner

Professor of Chemistry
Jadavpur University
Kolltata — 700 032

* Established on and from 24® December, 1955 vide Notification No.10986-Edn/I1U-42/55 dated 6® December, 1955 under JadavpurUniversity Act, 1955
(West Bengal Act XXXIII of 1955) followed by Jadavpur University Act,1981 (West Bengal Act XXIV of 1981)

AT 38 58-LLUL/L SR8/ VU8 O/ 8D/ L8 80 AT I8LD Website:www.jadavpur.edu Phone:2414-6666/6194/6643/6495/6443 Extn.2469
TEAE: (55)-000-3858-LBIB/LI30/385-93 33 E-mail : hod@chemistry.jdvu.ac.in Fax: (91)-033-2414-6414/6210/2413-7121

o






Acknowledgements

The past seven years have become one of the most important and memorable chapters
in my life. By that time, there are so many people those deserve my heartfelt gratitude. At
the outset, I am happy to take the opportunity to express my deep sense of gratitude and
regards to my supervisor, Prof. Subratanath Koner for his constant guidance, advice and
valuable suggestions. Above all and the most needed, he provided me unflinching
encouragement and support in various ways. His truly scientist intuition has made him as a
constant oasis of ideas and passions in science, which exceptionally inspire and enrich my

growth as a researcher want to be.

I express my sincere gratitude to Prof. Swapan Kumar Bhattacharya, Head of the
Department of Chemistry, and Prof. Sourav Das, Section-in-Charge, Inorganic Chemistry

Section, Jadavpur University, for their keen interest and constant encouragement.

I am thankful to Prof. Mahammad Ali, Prof. Sanjay Bhar, Dr. Gourhari Maiti, Prof.
Kaushikishankar Pramanik, Prof. Kajal Krishna Rajak, Prof. Partha Roy, Prof. Sujoy Baitalik,
Prof. Arup Gayen, Late Prof. Samiran Mitra for their various academic help and
encouragement. Assistance from Dr. Ashok Nath Mondal of this department for recording
NMR spectra is also acknowledged.

I am also thankful to Prof. Amitava Patra, Department of Materials Science, IACS
(currently Director, Institute of Nano-science and Technology, Mohali), and his scholars, for

their prompt assistance in finishing my job within time.

I am also thankful to Prof. Ashutosh Ghosh and his scholars, Department of

Chemistry, University of Calcutta, for their continuous help.

I owe to my lab mates Dr. Sandip Saha, Dr. Pratap K. Saha, Dr. Chandan Adhikary,
Dr. Dasarath Mal, Dr. Buddhadeb Dutta, Dr. Sreyashi Jana, Dr. Rupam Sen, Dr. Rajesh
Bera, Dr. Susmita Bhunia, Dr. Satyajit Halder, Dr. Debraj Saha, Dr. Soma Das, Dr. Tanmoy
Maity, Dr. Saptarshi Biswas, Sagnik Jana, Pameli Ghosh, Rakesh Debnath for rendering
valuable suggestions, cooperation and help. It is also a pleasure for me to convey my
gratefulness to Dr. Anik Bhattacharya, Dr. Madhusudan Nandy, Dr. Aparajita Mukherjee,
Miss. Aradhita Bhattacharya, Dr, Ankita Roy, Dr. Sagar Khan, Dr. Avishek Ghatak, Dr.
Tapas Ghorui, Dr. Shuvam Pramanik, Mr. Forid Saikh, Dr. Sima Roy, Dr. Amar Hens, Dr.
Amit Maity, Dr. Sneha Nandy, Dr. Rupa Sarkar, Dr. Sohini Basuroy, Dr. Pushpendu Roy,
Dr. Debopam Sinha, Dr. Saikat Banerjee, Miss. Tapasi Das and Dr. Sariful Rahaman for

their ungrudging suggestions, cooperation and help in many ways.



[ wish to thank Department of Science and Technology for funds granted to the
Department of Chemistry, Jadavpur University, for procuring a single-crystal X-ray, high
resolution mass spectrometer, powder X-ray diffractometer and, 300 and 400 MHz NMR

facilities.

I must sincerely acknowledge University Grants Commission for awarding me JRF

and SRF which have enabled me to carry out my research work successfully.

[ would like to thank Prof. Hisashi Honda, Prof. Antonio Frontera, Dr. Karen Leus,
Prof. Pascal Van Der Voort, Prof. Paula Brandao for collaboration with us in various

experimental aspects.

I would also like to thank my family especially my mother who has continuously

supported me during this journey.

Finally, I would like to thank my wife Mousumi, for the years of sacrifice,
encouragement and continual support that have led to my accomplishments. Completion of

this Ph.D. would have been difficult without her and special thanks to my beloved little son

Samit.

25 |05 2022
Department of Chemistry, (Saikat Gayen)
Inorganic Chemistry Section, (Senior Research Fellow)

Jadavpur University,
Kolkata - 700032,

India,

May, 2022.



Chapters No.

Table of Contents

List of Abbreviations

CHAPTER 1: General introduction and brief review....................cocoiiiiinnn
11 GENEIAL. .. e ————
1.2 Metal organic frameWorKs. ..........coouiir i
1.2.1 Hydrothermal synthesis of MOFS.............cccoooiiiiiiiiiiiinn,
1.2.2 Carboxylate MOFS. ...
13 Gas adsorption and separation StUdIeS. ..........c.oviviiiiiiiriiiiiece e,
14 Heterogeneous catalysis over MOFS..........ooviiiiiiiiiiiececeec e,
1.4.1  MOFs catalyst in condensation reactions ......................
1.4.2  MOFs catalyst in epoxidation reaction ........................
15 MOFs in photoluminescence SENSING ........ovirieiriii e,
1.6 Scope and objective of the present thesis...........ocovviviiiiiiiiiiiiiiiieee
1.7 110300110 1y
1.8 R ereNCeS. ..o

CHAPTER 2: H-bonded 3D supramolecular network constructed by 2D cadmium(ll)

layer: synthesis, crystal structure and gas adsorption..

2.1
2.2

2.3

24
25

INErOTUCEION. ...
EXperimental...... ..o
221 MaterialS. ..o
2.2.2 Synthesis of compound..............coeviiiiiiii e
2.2.3 Physical measurements. ..............ocoeuviiiiininiiiiniiiinea
2.2.4 X-ray crystallography............ccoooiiiiiiiii
Results and diSCUSSION...........o.iuiiiiii i
231 Crystallographic Structure. ... .......cooeveiiieiiiiiiiiiienene,
2.3.2 Solid state photoluminesCence.........oovvvviiiiiiiiiieiiiaiennnss
2.3.3 Thermogravimetric analysis.........c..ccoeviiiiiiiiiiiiniiieennn,
2.3.4 Gas adsorption StUAY......c.o.eviiiiiiiii e
CONCIUSION. ettt e
RETETONCES. ...

43

45
45
45
46
46
47
49
49
52
54
54
57
58



CHAPTER 3: Monomeric and polymeric metal carboxylates: synthesis, crystal structure

and gas adsorption study over a 2D layered framework........cccceeeeiiiininenacennnnns
3.1 INErOAUCTION. ... et e
3.2 EXperimental. ... .. ..o
3.2.1 MaterialS. ... ..o
3.2.2 Synthesis of the compounds ...
3.2.3 Physical measurements ............coooiiiiiiiiiiiii i
3.24 X-ray crystallography..........ccooiiiiiiiii
3.3 Results and diSCUSSION. ... ...ouiuii e
3.3.1 Crystal structure of compounds ..............coooviiiiiiiiiiiiin.,
3.3.2 Powder X-ray diffraction .................cooiiiiiiie e
3.3.3 Thermogravimetric analysis.............coooviiiiii i,
3.34 Gas adsorption StUAY.........coviiriiiiii e
3.4 CONCIUSION. . ..t e e
3.5 R erenCeS. .. oo

CHAPTER 4: Synthesis, structural diversity, inter-conversion in Cu(l1)/Cu(11)-Mg(ll)
containing Pyridine-2,5-dicarboxylate based MOF and heterogeneous catalytic
epPOoXidation..ccveeeireiinecreenrennnn.

4.1 INErOTUCTION. ...t e e
4.2 EXPErimMeNtal. .. ... s
421 MaterialS. ... ..o
422 Synthesis of compounds ...
4.2.3 Physical measurements .............c.oviiiiieii i
4.2.4 X-ray crystallography............ooiiiiiiii
425 Catalytic reaction...........ocoooe i
4.3 ResUlt and diSCUSSION. ... vttt
431 Syr?th.eses and imidazole dependent structural
VaratioN. ...
43.2 X-ray structure of compound...............oiiiiiiiiiiiiiii
433 Thermal analysis of compound ..o,
43.4 Catalytic activities of compound..............cooooeviiiiiiiiiin.n.
4.4 CONCIUSTON. . .. e e
4.5 R OIENCES. . vttt e

CHAPTER 5: Mixed linker Zn(ll)-carboxylate framework compound: synthesis, X-ray
structure, preferential CO; adsorption, and computational study

5.1 INErOAUCTION. .ot e e e,
5.2 EXperimental. ... .. ..o

61

63
64
64
64
65
65
67
67
72
72
73
78
78

81

83
84
84
84
85
85
86
87

87

90
93
95
101
101

107

107
108



5.2.1 MatEIIAlS. . e 108

5.2.2 Synthesis of compound ... 108
5.2.3 Physical measurements ............coovviiiiiiiiiii e 109
5.24 X-ray crystallography..........cooooiiiiiii 109
5.2.5 Computational details...........ovviiiiiiiiiiiiiiei e, 111
53 ReSults and diSCUSSION. ... ....utiii e e 113
5.3.1 Synthesis and characterization...................cocoviviiiiiiienn. 113
5.3.2 Crystal structure of the compound............cccccvvvviveiiiiiiie e, 113
5.3.3 TG-DTA analysiS......oueureritieinteeieeinteneeeneieenrennannanss 118
53.4 PXRD StUAY . ...evititeiiie e 119
5.35 Gas Sorption StUAIES. ......oovrii i 120
5.3.6 Computational StUdies. ...........oooiiiiiii e, 126
5.4 CONCIUSION. ... e e s 131
55 R OIENCES. ...\ 131

CHAPTER 6: Cd(ll) containing mixed linker based metal-organic framework: synthesis,

X-ray crystallography and solvent mediated photoluminescence 135
LS 010] £ 1
6.1 INErOAUCTION. ... e e e, 137
6.2 EXperimental. ... .. ..o 138
6.2.1 MaterialS. ... . ..o 138
6.2.2 Syntheses Of MOF........c.oiiiiii e, 138
6.2.3 Physical measurements.............coviiiiiiiiiiiii e 142
6.2.4 X-ray crystallography..........cooooiiiiiii 142
6.3 Results and diSCUSSION. ... ......iuieii e e 144
6.3.1 X-raY SITUCTUNE .ot 144
6.3.2 Thermal analysis. ... ..o, 155
6.3.3 M3Cd solid state NMR ......oviniiii e 156
6.3.4 Photoluminescence properties and Sensing ..................oeeve 157
6.4 CONCIUSION. ...t e e s 162
6.5 R OIENCES. ...\ 162
CHEPTER 7: Highlights and summary................cccooiiiiiiiiininnn. 165
7.1 HIghlights. ..o 167
AN ] 01T o U SR 169

LISt Of PUBIICALIONS. . ..o e e s 171






0D
1D

2D

3D
MOF
PCPs
LMOFs
SBUs
MOMs
IRMOFs
MIL
HKUST
BDC
H,Sp5-BF
IAST
H,PDBAD
TDC
DABCO
bpy

bpp

pdc

BTC
TBHP
TCBPA
DMA
ZIF
TCPP
BTEC
bipy
pypz
NPDC
NHPI

List of Abbreviations

Zero- dimensional

One- dimensional

Two- dimensional

Three- dimensional

Metal-organic framework

Porous coordination polymers

Luminescent MOFs

Secondary building units

Metal-organic materials

Isoreticular metal-organic frameworks

Materials of Institute Lavoisier

Hong Kong University of Science and Technology
1,4-benzenedicarboxylate
1,3-bis(4-carboxyphenyl)-4,5-dihydro-1H-imidazol-3-iumtetrafluoroborate
Ideal Adsorbed Solution Theory
5,5"-(pyridine-3,5-dicarbonyl)bis(azanediyl)di- isophthalic acid
Thiophene-2,5-dicarboxylate
1,4-diazabicyclo-[2.2.2]octane

4,4’ -bipyridine

1,3-bis(4-pyridyl)propane
Pyridine-2,5-dicarboxylate
Benzene-1,3,5-tricarboxylate

Tertiary butyl-hydroperoxide
Tris(4'-carboxybiphenyl)amine
N,N-Dimethylacetamide

Zeolitic imidazolate framework
Tetrakis(4-carboxyphenyl)porphyrin
1,2,4,5-benzene tetracarboxylate

2,2’-bipyridine
Bis[3,5-dimethyl-4-(4"-pyridyl)pyrazol-1-yl]methane
2,6-napthalenedicarboxylate

N-hydroxyphthalimide


https://en.wikipedia.org/wiki/Hong_Kong_University_of_Science_and_Technology

ILCT Intra-ligand charge transfer

MLCT Metal-to-ligand charge transfer

LMCT Ligand-to-metal charge transfer

LLCT Ligand-to-ligand charge transfer

Hatptc 1,17:4,1""-terphenyl]-2",3,3"",5 -tetracarboxylic acid
TPE Tetraphenylethene

NUS National University of Singapore

TCPE Tetrakis(4-carboxyphenyl)ethylene
DHBDC?* 2,5-dihydroxybenzene-1,4-dicarboxylate
bmtdc 2’,5"-bis(methoxymethyl)-[1,1":4",1""-terphenyl]-4,4""-dicarboxylate
tcpa Tris((4-carboxyl)-phenyl)amine

DMF Dimethylformamide

VOCs Volatile organic compounds

msitpa 5,5",5""-(methylsilanetriyl)triisophthalic acid
abb 3,3 -azobis(benzoate)

mgqc 4-methoxy-2-quinolinecarboxylate

im Imidazole

Hnic Isonicotinic acid

azpy 4,4"-azopyridine

pzdc Pyrazole-3,5-dicarboxylate

pzedc Pyrazolate-3,5-dicarboxylate

BASF Baden Aniline and Soda Factory

BET Brunauer- Emmett-Teller

DTA Differential thermal analysis

TGA Thermogravimetric analysis

DMSO Dimethylsulfoxide

THF Tetrahydrofuran

TOF Turn over frequency

TON Turn over number

UV-vis Ultraviolet—visible

XRD X-ray diffraction

PXRD Powder X-ray diffraction

NMR Nuclear magnetic resonance

PSM Post-synthetic modification


http://en.wikipedia.org/wiki/Baden
http://en.wikipedia.org/wiki/Aniline
http://en.wikipedia.org/wiki/Sodium_carbonate

HRMS
IR
MeCN
MeOH
EtOH
FTIR
GC
DSB
CVBA
Hghcpo
CP/MAS NMR
CcDC
DFT
NLDFT
CCS
MD
MC
AAS

High resolution mass spectrometer

Infrared

Acetonitrile

Methanol

Ethanol

Fourier transform infrared

Gas chromatography

Distyrylbenzene

(E)-4-(2-carboxyvinyl)-benzoic acid
Hexa[4-(carboxyphenyl)oxamethyl]-3-oxapentane acid
Cross-polarization magic angle spinning nuclear magnetic resonance
Cambridge crystallographic data centre

Density functional theory

Non-local density functional theory

Carbon capture and sequestration

Molecular dynamics

Monte Carlo

Atomic absorption spectrometer






Chapter 1

General introduction
and

brief review






Chapter 1

1.1 General

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are widely attracting
attention in recent time because of their fascinating and tunable porosity and molecular topologies as
functional materials for gas adsorption and storage, luminescent sensing, catalysis and many other
applications. MOFs have been rapidly emerging as a new type of functional material for selective CO,
adsorption due to the presence of highly ordered adjustable pore shape and size, large surface areas with
controllable pore surface properties, and high thermal/solution stability. Selectivity of CO, over CHa which
can be utilized in betterment of energy content of natural gases and separation of CO, from binary gas
mixtures in various industrial processes [1-5]. Last few years witnessed a great evolution towards
configuring of catalytic schemes which cover the entire applicable range of distinctive methods, in
heterogeneous catalysis (zeolites, nanocrystallites etc.), homogeneous catalysis (well-defined local
environment of the active center) and engineering (reactor internals, structured catalyst bodies,
microreactors etc.). Metal incorporated micro/meso-porous solids bear prospects for designing of new
heterogeneous catalysts that are spatially accessible for directing the reactions to the site-isolated and
structurally well-defined active centers like enzymatic catalysts [6]. Metal inorganic/organic framework

compounds being porous play key role in the same way like zeolites or aluminosilicate-based catalysts.

In recent studies, luminescent MOFs (LMOFs) have attracted significant attention as a brilliant
candidate for sensor applications. The attention towards MOFs in field of chemical sensing is being
increased not only for its integral or activated luminescent properties but also because of their low
framework density, interactions due to open metal sites, customizable pore size and immediate response
with high sensitivity and selectivity. Studies on LMOFs to sense metal ions are exponentially progressing
and a huge number of MOF-based fluorescent sensors have been reported [7-12]. Though, maximum
reported work on sensing metal ions is principally related to lanthanide-based LMOFs and comparatively
limited LMOFs reported based on transition metals. In case of transition metal based LMOFs, generally
Zn?*, Cd?* and Cu?* cations are used which have fully-filled d-orbitals where d—d transition is not possible
[13].

1.2 Metal-organic frameworks

Metal-organic frameworks (MOFs, also known as porous coordination polymers or PCPs) are an
emerging class of porous materials constructed from metal-containing nodes (also known as secondary
building units, or SBUs) and organic linkers. Due to their structural and functional tunability, the area of
MOFs has become one of the fastest growing fields in chemistry. This is demonstrated through the ever-

increasing number of structures, publications, and citations, as well as by the continuous expansion of
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research scope and researcher engagements. There is an unprecedented surge in MOF research that can be
ascribed to the following five developments: (1) advances in cluster chemistry, (2) maturation of organic
synthesis pertinent to ligand preparation and post-synthetic modification, (3) improvement in structure
determination, particularly through X-ray crystallography and progress of hardware and software for
characterization of sorption properties, (4) interdisciplinary evolution of research on MOF and related
fields, and (5) the ever-expanding potential in several applications. The desirability of MOFs is not only
restricted in the field of crystal engineering and molecular topologies but also covers extensive research
owing to their several applications in luminescence and sensing [13-22], magnetism [23-25], drug delivery

[26-27], gas storage and separation [28-31], catalysis [32-38] and proton conductance [39-41] (Scheme

1.1).
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Scheme 1.1. Schematic representation of several applications of MOFs

Research group of O. M. Yaghi first reported “MOF”” material, which is designated as MOF-5 [42].
However, the term “coordination polymer” was first introduced in a publication in 1916 [43], but there was
no means to show infinite frameworks deprived of single-crystal-X-ray-crystallography. Later in 1936, the
well-known Prussian Blue compounds, based on Fe-CN-Fe linkages, were presented which had a three-
dimensional coordination framework [44]. But it was not till the early 1990 that research into materials with
polymeric, occasionally porous, structures based on metal ions and organic bridging linkers improved
immensely [45]. Initial publications by Robson [46], Moore [47], Yaghi [48], and Zawarotko [49]
contributed to the field of MOFs, which currently witnesses of an exponential development as can be seen
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from literature. The basis for present development in metal-organic materials, namely MOMs, resides with
the seminal work of A. F. Wells who pioneered the simple and practically suitable ‘‘node and spacer”’
understanding of inorganic crystal structures. Inorganic crystal structures thus can be defined as metal ions
(nodes) connected together through bonds (spacer or edge) [50].

MOFs, all together, define the formation of extended structures constructed by metals and organic
linkers. The building blocks of MOFs, metals and organic linkers, are linked via coordination bonds and
other weak chemical bonds like van der Waals and hydrogen bonding interactions. The metal ions designed
as ‘nodes’ and the organic ligands as the ‘linkers’. Variability of coordination numbers may be attained
depending upon the metal ion. Prediction of the network topology, even though not the determination of
the cell parameters, and the dimensionality of these compounds may be accomplished by the selection of
metal ion and organic linker, and also by more indirect circumstances such as selection of solvent and
counterions involved in a synthesis [51]. Additional components, for example, counter ions, template
molecules and non-bonding surrounded guest molecules can also arrange part of coordination polymers.
Counter ions are required in a synthesis while using neutral ligands to facilitate the positive charge of the
metal center is balanced. Counter anions for example CIO4~, BFs, NOs~, CFsSOs™, SiFe? and PFs etc.
have been availed in this manner act as free guests, hydrogen-bond acceptors or coordination units [52]. In
MOF synthesis, it has been revealed that subtle change in reaction conditions, like change of concentrations,
temperature, reaction time and also change of pH, may diminish crystallinity or yielding serendipitous
product. Hence, the reaction conditions perform a dynamic role in determining the formation of final

structure.

Solvent molecules act as the reaction medium but it might regulate the topology of the resultant
framework as they can co-crystallize into the final structure and also occupy the void space as guest
molecules. These guest solvent molecules may be eliminated when the structural network has formed
allowing porosity to be attained, and if the framework does not breakdown on desolvation. Consequently,

the solvent can play as a template while porous phases formed [53].

It can be possible to add functional groups in MOF compounds, differ the framework forming metal
cation and change the pore size although framework topology retained, demonstrated by the honeycomb-
like structure of the isoreticular porous materials, STA-12(Ni) [54] and STA-16(Co) [55] (Figure 1.1). This
versatility implies that the traditional materials may be limited to a definite type of interaction (e.g. porous
carbons are limited to separations involving only anhydrous components), MOFs can be tuned. For
example, a pore structure that is demarcated by hydrophobic organic linker could be made hydrophilic by

adding of an amine group to the linker.
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Figure 1.1. View of the hexagonal channels in the honeycomb like pore structure of metal
bisphosphonates STA-12(Ni) (left) [54] and STA-16(Co) (right) [55]

Secondary building units (SBUSs) are generally found to be pre-designed in a MOFs structure, and
are defined as the inorganic clusters or coordination spheres formed in MOF synthesis, connected together
by the organic linkers. SBUs are not supplied directly in a synthesis however these are formed in-situ under
definite reaction conditions. Some common SBUs that are formed in MOFs are shown in Figure 1.2 [56].
Branched organic ligands, with above two coordinating functionalities, such as square tetrakis(4-
carboxyphenyl)porphyrin (Figure 1.3a), tetrahedral adamantine-1,3,5,7-tetracarboxylic acid (Figure 1.3b),
and trigonal 1,3,5-tris(4-carboxyphenyl)benzene (Figure 1.3c), are also recognized SBUs nevertheless they
are formed before synthesis [57]. The index of SBUs which have been designed in the synthesis of MOFs
permits one to guess if certain SBUs will be fastened by some specific metals and organic linkers in

synthesis.
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Figure 1.2. Structural representation of SBUs commonly occur in the formation of metal-organic
frameworks including (a) trigonal planar, (b) square planar, (c) tetrahedral and (d) tetragonal
paddlewheel [56]

Figure 1.3. Some carboxylate SBUs which are pre-formed before synthesis of MOFs (a) square
tetrakis-(4-carboxyphenyl)porphyrin, (b) tetrahedral adamantine-1,3,5,7-tetracarboxylic acid, and
(c) trigonal 1,3,5-tris(4-carboxyphenyl)benzene [57]

There is an extensive range of choices for organic linkers. Rigid backbones type ligands are

regularly favored, since the rigidity makes it easier to predict the structural network or geometry prior to
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synthesis, and even after the removal of the guest solvents, the rigidity helps to maintain the open-pore
structure of MOF compound. Basically, the linkers are anionic or cationic or electrically neutral, (Figure
1.4) [58]. The most commonly used neutral organic ligands are pyrazine and 4,4'-bipyridine (bpy) [59]. In
particular, these linkers are efficient for construction of pillared-layer in 3D networks [60]. Carboxylates
ligands are most commonly used anionic linkers [61], since they have the capability to accumulate metal
ions into clusters and thus more stable frameworks are formed. Conversely, due to lower affinities for
cationic metal ions, cationic organic ligands are comparatively less used [62]. The organic linkers also play
a vital role in the construction of porous MOFs, such as long bridging ligands. This type of ligands can
create some troubles within a framework like interpenetration, while large voids are created with longer
ligands which permit a second polymer network to interpenetrate the first created network, consequently
infusing potential cavities that led to diminished or total elimination of porosity. The proper selection of
metal ion and organic linker are known to influence the topology of framework and hence, the size and

shape of the pores.
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Figure 1.4. Examples of linkers used in MOFs [58]

Same functional groups containing ligands may have a different organic connectivity, such as linear
dicarboxylates (like benzene-1,4-dicarboxylate, biphenyl-4,4’-dicarboxylate etc.) be able to form a series
of isoreticular materials which are topologically indistinguishable however the organic linking molecule is
extended [57]. This is represented by the MOF-5 [42] (also designated as IRMOF-1) and successively
linked frameworks IRMOFs 2-16, where the identical Zn.O(COQ)s clusters afford the inorganic core,

whereas the ligand between the carboxylate groups is diverse with maintenance of the cubic network of
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channels (Figure 1.5). Reticular synthesis is a strategy which exploits previously formed SBUs [61]. In
some cases, utilization of reticular synthesis encompasses the construction of carboxylate MOFs derived
via MOF-5 as a prototype. These kinds of MOFs are recognized as isoreticular metal-organic frameworks
(IRMOFs), wherein they are created on the same net and topology as in MOF-5 (Figure 1.5). The organic
ligands employed different functionality of the pendant groups in IRMOFs 1-7, as they have the additional
functional groups such as bromo (2), amino (3), n-propoxy (4), n-pentaoxy (5), cyclobutyl (6) and fused
benzene functional groups (7), and in length by substituting 1,4-benzenedicarboxylate producing IRMOFs
8-16, by 2,6-naphthalenedicarboxyalate (8), biphenyl-4,4’-dicarboxylate (10), pyrene-2,7-dicarboxylate
(14) and terphenyl-4"-dicarboxylate (16) (Figure 1.5) [57, 63]. Each structure comprises of the same SBUs
i.e., ZnsO(CO0)s as well as in MOF-5, consequently the topology of the structure remains identical, even

though the pore size and their functionalities differ.

Figure 1.5. Structures of isoreticular MOFs (IRMOFs 1-16) using MOF-5 as the prototype [57]

Another important feature of porous framework compound in view of adsorption and separation is
the surface area. In most cases, the interaction between the guest molecules and the surface of an adsorbent
is much larger than the guest-guest interaction. MOF compounds have reported incredibly high surface
areas, such as MIL-101 has showed surface area of 4230 m2g~* [64] and 4500 m?g* for MOF-177 [57].
These were not only the materials of largest surface areas among reported MOF compounds, however, the

maximum for all known porous materials as well. The pore systems are uniform all over the material due



Introduction

to the crystalline structure of MOFs, that facilitate greater repeatability and consistency of sorption
properties while compared with other porous materials such as amorphous carbons and silicas.

One area in which traditional materials still have advantages is the thermal stability. Zeolites can,
in some cases, be heated to temperatures in excess of 1000 °C in air without degradation [65] which can
allow for applications in the separation (or purification) of gases such as flue gas [66] or high temperature
catalysis [67]. MOF materials tend to have significantly lower thermal stability than zeolites but some
examples of MOFs with strong metal-ligand bonds and stable organic components have shown thermal
stability, in air, greater than 550 °C in case of porous MOF [68] and over 600 °C in high density non-porous
MOF [69].

There are several synthetic procedures employed in the formation of crystalline hybrid compounds
for example diffusion-based crystallization and hydrothermal or solvothermal and ionothermal synthesis.
Usually, MOFs are synthesized by using solvothermal or hydrothermal process [70], wherein the reactions
are carried out with an organic solvent or in water, respectively, at high temperature under autogenous
pressure. Though, these processes normally involve time-consuming reaction, from several hours up to
several months, depending on the MOF of concern and the several factors such as solvent, temperature,
concentrations of reactants etc. A microwave-aided method has been evolved in which synthesis of MOFs
can be carried out in large scale in a few minutes or few hours [71]. This process can also control the size
of crystal from near-millimeter to sub-micrometer by controlling the temperature and the concentration of

reactants in solution.

To facilitate expand of an eco-friendly process; many researchers have reported the synthesis of
MOFs under solvent-free condition [72]. The mechano-chemical synthesis involving application of
mechanical force to afford the solvent-less reactions of metal oxides with organic linkers at room
temperature. Additionally, the electrochemical synthesis of MOFs has been employed by BASF on

commercial scale [73].
1.2.1 Hydrothermal synthesis of MOFs

Zeolites are naturally created in presence of rationally high temperatures (> 573 K) and pressures
(> 300 MPa) originated in the Earth’s upper crust as an outcome of burial metamorphism. Consequently,
in beginning attempts to manufacture synthetic zeolites were carried out in similar conditions. It was not
before the 1950s that zeolite chemistry later diverted towards the substitute hydrothermal synthesis route

suggested by Barrer and Milton [74].
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Hydrothermal synthesis depends on the principle that the precursors used in microporous
framework construction are insoluble under ambient conditions, nevertheless are highly soluble at higher
temperatures (100-260 °C) and pressures [75]. Most of the reported MOFs have been synthesized by
solvothermal and hydrothermal synthetic methods, normally using sealed Teflon-lined stainless-steel
autoclaves or reaction bombs. The design of the autoclave is a thick-walled sealed steel reaction vessel and
the inner wall comprises of Teflon-lined coating wherein, the reaction temperature is able to rise above the
boiling point of the solvent at high pressure. Under these circumstances autogenic pressure is established,
wherein the pressure inside the reaction vessel is auto-developed and no need to apply externally, letting
the formation of novel products. The pressure inside the reaction vessel rises intensely with rising
temperature even if dependent on the sealing of the vessel and also depends upon the quantity of reactants
used in the reaction [76]. The viscosity of water decreases under these conditions which improves the
diffusion processes to facilitate growth of crystals from the solution is favored and permitting retention of
the structural elements of the reactants in the ultimate product [77]. This ‘‘soft-chemistry’’ method allows
the formation of polymeric units via molecular building blocks [78]. Further, solvents are used within this
reaction method altering the synthesis to solvothermal synthesis. The both hydrothermal and solvothermal
synthesis methods have been employed to synthesize new materials, and for the progress of new processes
for the preparation of new functional materials with new shapes i.e., crystal growth [79]. In comparison to
the solution phase reactions hydrothermal methods have active role in making robust and stable MOF
materials [80]. The growth of crystal is not possible to watch visually, however, it is likely to get insight
into the mechanism of crystalline formation through availing in-situ energy dispersive X-ray diffraction
method in suitable cases [81].

1.2.2 Carboxylate based MOFs

To construct the MOFs, several types of organic linkers have been used tactically. Organic
carboxylates are the most challenging candidate owing to its numerous binding modes (Figure 1.6), which

helps to form several categories of framework with functional properties.
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(h) chelation with u11-bridging (i) chelation with g1 2-bridging

Continued and targeted research has been commenced into MOF systems, that culminated in the
synthesis of myriad of porous structures [82]. Most of the MOFs have been synthesized in the metal
carboxylate scheme, where di- and trivalent metals are connected with di- and tricarboxylate linkers, lead
to formation of high symmetry structure. The strong M-O-C bonds showing high thermal stabilities in
framework, whereas the carboxylate linkers are not apt to self-condensation. A variation of metal
surroundings has been reported, for example four zinc atoms cluster in MOF-5 [42]; vanadium atoms chain
in MIL-47 [83] and MIL-68 [84] and clusters of three chromium atoms connecting to the identical iz oxygen
atom in MIL-100 [85] and MIL-101 [86]. Research group of O. M. Yaghi discovered the structure of MOF-
5 in 1999, it was the first three-dimensional porous metal-organic framework structure reported in the
literature, which is stable to solvent elimination, representing permanent and reversible nitrogen adsorption
at 77 K and 1 atm. As described previously, a complete family of associated reticular MOF structure has
been delineated with the similar primary structure as MOF-5, however, by a variety of dissimilar
dicarboxylate ligands (namely IRMOF-n series) [63]. By using varieties of dicarboxylic acid linkers (Figure

1.7) the topology and features of the frameworks can be altered and improved in predictable manner.
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Figure 1.7. Examples of dicarboxylic acid linkers used in the IRMOF-n series of structures [57]

When MOF-5 was invented, around the same time one more interesting porous carboxylate MOF
compound was synthesized, named HKUST-1 (abbreviated from Hong Kong University of Science
and Technology) [87]. The MOF material was synthesized by copper nitrate salt and 1,3,5-
benzenetricarboxylate (trimesic acid) linker. The structure comprises of dinuclear copper units with a short
Cu-Cu distance of 2.63 A. Viewed along the [100] plane, the structure encompasses 1-dimensional square
shaped channels (diameter of ca. 10 A). These 1-dimensional channels are existing in all three
crystallographic planes, and the intersections create large hexagonal shaped channels (10 Ain diameter).
Physically adsorbed water is occupying in the channels, and chemically adsorbed water is coordinated to
the binuclear copper species. The chemically adsorbed water or metal coordinated water can be eliminated
thermally, that results vacant coordination sites on the copper cations. These vacant sites or voids act as

Lewis acids, ensuring adsorption of gases and catalysis.
1.3 Gas adsorption and separation studies

Metal-organic frameworks comprising of one-, two-, and three-dimensional architectures, have
been emerging at an accelerating rate due to existence of their high porosity and high pore volume,

particularly for the gas adsorption studies.

In 1998, Yaghi et al. [88] synthesized a microporous material, MOF-2, with formula
Zn(BDC)(H.0) [BDC = 1,4-benzenedicarboxylate], was first report creating microporosity which was
verified by surface area and pore volume measurements. Structural integrity and porosity of the structure
are sustained in presence of solvent molecules or guest molecules [89-91]. The structure of MOF-2

composed of polynuclear metal cluster, Zn,(—-COO)4(H20). paddlewheel like secondary building units

13


https://en.wikipedia.org/wiki/Hong_Kong_University_of_Science_and_Technology
https://en.wikipedia.org/wiki/Hong_Kong_University_of_Science_and_Technology

Introduction

(SBUs) are linked through BDC linkers (Figure 1.8a, b). A potential void space was filled with guest
molecules, which can be eliminated under vacuum with heating to form the desolvated MOF-2, with
formula Zn(BDC). Gas adsorption studies revealed typical reversible type-1 gas sorption isotherms, such
as zeolites, indicating that MOF-2 is permanently microporous, as demonstrated by nitrogen at 77K (Figure
1.8c) or carbon dioxide at 195K as sorbate molecules. However, the Langmuir surface areas for this specific
MOF were calculated to be 270 and 310 m?g™ for N, and CO, respectively, which was smaller than
conventional zeolite molecules. The finding of MOF-2 was a crucial point in progress of 3D structures of

MOF materials, creating a plethora of opportunities of combination of SBUs with organic linkers.
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Figure 1.8. a) Zny(—~CO0O)4(H20), secondary building units (SBUs) are linked through BDC linkers
to form MOF-2; b) View of MOF-2 along the crystallographic [001] direction, the rectangular
channels are clearly visible (hydrogen atoms are omitted for better clarity). Color encryption:

black, C atoms; red, O atoms; blue polyhedra, Zn metal centers; ¢) N2 sorption isotherm of MOF-2

at 77 K [88]

In 1999, Yaghi et al. [42] further reported synthesis of a very highly porous material, MOF-5 using
octahedral basic zinc acetate building unit Zn,O(—COO)s and BDC linkers (Figure 1.9a, b). The name,
MOF-5 coined in reflection of the well-known zeolite ZSM-5. A primitive cubic (pcu) topology (single
atom vertices connected by edges) displays small resistance to mechanical forces owing to practical strain
upon frameworks. Conversely, the tetrahedral form of Zn,O clusters are attached to rigid BDC linkers
consequences in a 3D rigid structure having more thermodynamic stability [92-93]. Excellent rigidity was
gained throughout the activation process, even though mechanical forces leading the framework, which
further showing unchanged in morphology up to 400 °C temperature under vacuum. MOF-5 was prepared
by solvothermal synthesis of zinc nitrate tetrahydrate and H,BDC in a mixture of chlorobenzene and DMF
solvents. The resulting framework contains voids space packed with DMF and chlorobenzene guest
molecules, which can be exchanged with chloroform and that may be eliminated under vacuum at room

temperature. The desolvated MOF retained their structural integrity and framework stability. The N,
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adsorption experiment was done at 77K that showed a type | adsorption isotherm with calculated Langmuir
surface area of 2,900 m2 g and pore volume of 1.04 cm?® g* (Figure 1.9c). These values are higher than

all known usual porous materials for example silicates, zeolites or porous carbon.
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Figure 1.9. a) & b) Single-crystal-X-ray structure of MOF-5 built by Zn,O(—COQO)s SBUs,
linked through BDC linkers (hydrogen atoms are omitted for clarity); Color encryption: black,
C atoms; red, O atoms; light blue polyhedra, Zn metal centers; c) N, sorption isotherm of
MOF-5 at 77 K [42]

On the other hand, hydrogen is gravimetrically energy condensed and harmless, and its oxidation
product is water. Hydrogen is best fuel option not only due to massive energy content (33.3 kWhkg™) [94],
but also for carbon-neutral energy system. Consequently, it is of importance to find substances that adsorb
hydrogen with a H; density greater than the density of liquid H; [95]. Further, elimination of CO, from
sources of anthropogenic emission is now a topmost importance, since CO, emission has close relevance
to climate change.

Koner et al. reported a 2D layered alkaline earth metal based MOF compound,
{[Mgz(pzdc).(H20)4]-H.0}n (pzdc = pyrazole-3,5-dicarboxylate). This MOF displayed significantly
selective hydrogen (H:) sorption (ca. 63 cc g*) over N, at 1 atm and 77K (Figure 1.10). Such a favored
hydrogen uptake over nitrogen might be ascribed to the slight inter layer separations which allows only H;
molecules to enter into the layers, hindering the entry for the N> molecules wherein kinetic diameters of H,
is around 2.89 A, smaller than the kinetic diameters of N, which is 3.64 A [96].
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Bu et al. have reported a sixfold interpenetrated microporous Cd-based 3D MOF. The MOF has
been formed by a heterometallic tetranuclear cluster. The framework comprises of two categories of 1D
micro-channels along opposite directions. Besides, this compound displayed highly selective gas sorption
for Hz over Na. The compound was immersed in pure methanol (CHsOH) for 3 days to eliminate guest
solvent molecules, then filtrated and activation of methanol-exchanged MOF was done at 120 °C under
vacuum overnight. Gas sorption measurements showed that the activated MOF reveals very fascinating
selective adsorption of H, over N.. The activated MOF adsorbed a significant quantity of H. (ca. 64 cc g2)
in comparison to amount of N2 (ca. 15 cc g*) adsorption, around 4.3 times higher for H, than Nj,
emphasizing the potential for selective separation of Hz over N». Such favored H: uptake over N2> might be
ascribed to effect of pore-size-exclusive, explicitly, the micropores in activated MOF are easily reachable
to Hz but not to N, owing to their different kinetic diameters of 2.89 A and 3.64 A, correspondingly.
Moreover, it could be functional in hydrogen separation of the Ho/N; industrial exhaust, for example, in

synthesis of ammonia [97].

Immense emission of anthropogenic carbon dioxide (CO,) into the atmosphere has become an
utmost environmental concern since it is the main source of green-house gas causing climate change and
other environmental damage [98-100]. To progress the purity of biogas separation of CO, from methane
(CH,) plays vital role in recent days [101]. Similarly, pre-combustion CO- capture also plays crucial role
to separate it from hydrogen (H;) containing mixture, which is basically formed through the reaction of
primary fuel with oxygen or air [102]. Hence, selective trapping of CO; using carbon capture and
sequestration (CCS) method plays an important role in all these processes [103-104]. Last few decades
global warming is one of the most prominent universal ecological issues arising out owing to discharge of

anthropogenic green-house gases, particularly CO.. Different CO, capture technologies have been acquired
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for reducing global warming in which CO; adsorption method plays a major part. Along with trivial CCS
methods, using of MOFs have been fast developing as new functional materials for the selective CO;
adsorption by feature of their vastly ordered adjustable pore shape and size, greater surface areas with
manageable pore surface properties, and high thermal stability [105-112]. Though, it is not easy to attain
the selectivity of CO, over N, and CH4 by simply controlling the adjustable pore size, as their kinetic
diameters are almost close to each other (CO, = 3.30 A, CH, = 3.76 A, N, = 3.65 A). Mostly, pore size as
well as environment both supports to attain selectivity [113-118]. Presence of unsaturated coordination of
metal centers or open metal sites in the MOF enables adsorption of CO; on surface of framework
compounds. Typically, organic linkers and coordinated solvent molecules make the metal centers
coordinately saturated. However, often unsaturated metal centers are formed by the elimination of
coordinated volatile solvent molecules in a controlled way without changing the structural integrity of
framework. It can be possible by drying under vacuum or controlled heating or slow heating of the MOF
or by applying both. Studies on synthesis and characterization of MOFs were prolific in past few years,
nevertheless, porous MOF of mixed linker arrangements for selective CO; adsorption over N, or CH, are

still rare in the literature.

Recently, Queen et al. reported a novel highly crystalline MOF, Cu-Sp5-EtOH has a charged
framework that is likely to produce high selectivity of CO, over N.. First, they synthesized a new linker,
1,3- bis(4-carboxyphenyl)-4,5-dihydro-1H-imidazol-3-ium tetrafluoroborate, (H2Sp5-BF.) which is later
used for the construction of Cu-Sp5-EtOH. Though, the pores of primary structure might not be opened
because of strongly coordinated ethanol molecules. Subsequently solvent exchange method was done with
methanol to formation of Cu-Sp5-MeOH and further heating of solvent exchanged MOF under vacuum
makes it easier to remove the solvent. On the other hand, small gas molecules like CO; easily get access
into the desolvated porous structure, Cu-Sp5. The porous MOF displayed exceptionally high selectivity of
CO; over N, owing to the combination of framework charge and open-metal sites. The Ideal Adsorbed
Solution Theory (IAST) based calculations were performed on single-component adsorption isotherms. The
CO2/N; selectivity of porous material, Cu-Sp5 exhibited a value of over 200 at pressures generally found
in post-combustion flue gas (0.15 bar CO,/ 0.85 bar N2), showing the highest value reported till date [119].

A three-dimensional highly porous MOF, PCN-124-stu(Cu), molecular formula of
[Cu,(PDBAD)(H20)]» (HsPDBAD = 5,5"-(pyridine-3,5-dicarbonyl)bis(azanediyl)di- isophthalic acid) has
been synthesized that demonstrates exceptional chemical and thermal stability. Furthermore, PCN-124-
stu(Cu) showed brilliant result for selective adsorption of CO,/CHa. To analyze the surface area of activated
MOF, N sorption measurement has been carried out at 77K. PCN-124-stu(Cu) exhibits a type | sorption

isotherm which confirms the microporous nature of PCN-124-stu(Cu). The highest uptake of N, was 604
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cc g1. The Brunauer-Emmett-Teller (BET) and Langmuir surface areas of the activated sample were
measured to be 2153 m?g? and 2438 m?g?, respectively. In comparison to typical PCN-124, PCN-124-
stu(Cu) displayed higher surface area and larger pore size. The brilliant selective adsorption of CO, over
CH. has attracted attention for application in refinement of natural gas [120-121]. The uptake capacity of
CO;, was as high as 85.8 cc g* at 298 K and 160 cc g* at 273 K, both the values are much higher than the
uptake capacity of CH,4 [122].

Further, the complex [Zn2(TDC),DABCO] (TDC = thiophene-2,5-dicarboxylate; DABCO = 1,4-
diazabicyclooctane) displayed a significant carbon dioxide (CO2) adsorption and CO2/N. selectivity
compared to the non-thiophene analogue [Zn(BDC),DABCO] (BDC = 1,4-benzenedicarboxylate). The
maximum CO; uptake of [Znz(TDC),DABCO] is 67.4 cc g * at 298 K and 153 cc g* at 273 K and 1 bar
pressure, whereas, in [Zn,(BDC),DABCO], the corresponding sorption values were 46 cc g * at 298 K and
122 cc g tat 273 K, respectively (Figure 1.11). The isosteric heat of adsorption for CO, was low (23.65 kJ
mol™), confirming superficial regeneration of the porous substance. Substitution of a phenyl group with
thiophene substantially increases CO- adsorption as well as the CO,/N; separation selectivity. The selected
binding positions of adsorbed CO- in [Zn,(TDC).DABCO] have been explicitly determined by in situ single
crystal X-ray diffraction studies on COz-adsorbed [Zn,(TDC).DABCO] [123].
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Figure 1.11. a) Van der Waals model of [Zn,(TDC),DABCO] along the 4-fold axis; Color
encryption: green, Zn metal centers; yellow, S atoms; red, O atoms; blue, N atoms; gray, C atoms
(hydrogen atoms are omitted for clarity); b) CO, and N sorption isotherms at 273K and 298K
[123]
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Due to deficiency of high internal surface area two-dimensional MOFs are thought to be incapable
of adsorbing CO,, however some recent reports revealed that 2D MOFs can accommodate CO, molecules
[124-125]. In a previous study on 2D layered MOF, [Cu(BF.)2(bpy)-] (bpy = 4,4’-bipyridine) displayed
expansion/shrinkage structural conversion for CO, gated adsorption/desorption at 273 K temperature owing
to of weak interlayer interactions [125]. Even a flexible 1D MOF [Cu(BF.).(bpp)2] (bpp = 1,3-bis(4-
pyridyl)propane) also showed expansion/shrinkage structural conversion to adsorb gas molecules [126]. In

both the cases there was no noticeable crystallographic void space.
1.4 Heterogeneous catalysis over MOFs

Among the several potential applications of MOF in field of gas storage and separation, sensing,
drug delivery etc. applications in catalysis take the center stage in recent years. For obvious reasons MOFs
enticed researchers to employ these porous solids in heterogeneous catalysis. MOFs have been recently
played a significant role as heterogeneous catalysts in Friedel-Crafts reactions [127-131], aldol
condensation [132-134], Knoevenagel condensation [135-139], oxidation [140-143], cyanosilylation [144-
146], various coupling reactions [147-154], carbon dioxide fixation [155-156] etc. However, catalytic
applications of MOFs are limited due to their moisture sensitivity.

1.4.1 MOFs catalyst in condensation reactions

Koner et al. reported hydrothermal synthesis of a new 3D alkaline-earth metal-based MOF
compound, [Ba(pdc)], (pdc = pyridine-2,5-dicarboxylate), catalyzes proficiently aldol condensation
reactions of several aromatic aldehydes in presence of cyclohexanone and acetone in THF/triethylamine
medium and furnished notable yields (approx. 96%) under eco-friendly heterogeneous condition with 100%
selectivity in a quick reaction time of 6 h. The catalyst, [Ba(pdc)]. was recycled up to five successive runs
without noteworthy loss of catalytic activity [132]. The temperature of the catalytic reaction medium was
maintained in the range 5-10 °C. On increasing reaction temperature, condensation reaction occurred and
benzylideneketone was formed from the g-aldol. The best result obtained in presence of THF medium. The
decreasing order of efficiency of the catalyst followed by THF > THF-water > solvent-less medium. The
catalytic reaction was not carried out in absence of triethylamine base. Further, the decreasing order of yield

of the p-aldol followed by p- > o- > m-nitrobenzaldehyde.

Pathan et al. reported a MOF, Cus(BTC). (BTC = benzene-1,3,5-tricarboxylate) that catalyzes aldol
condensation reaction in presence of toluene and small amount of concentrated H.SO, under mild
conditions to afford pyramidine-chalcones [157]. It has recorded a maximum isolated yield of 87% for 1

mmol of substrate. When, Cus(BTC), separated from the reaction mixture, the reaction stopped immediately
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which evidently indicates that the reaction did not catalyze only by H,SOa. Cus(BTC), acts as a strong
Lewis acid, however in catalytic reaction, negligible conversion has been observed in absence of conc.
H>SO4. Hence, the Lewis acidity of Cus(BTC), was regulated by addition of only 2 drops of conc. H,SO4
to make the reaction fast. No prominent structural change was observed from PXRD pattern of the virgin
and reused catalyst.

Furthermore, PCN-124 displayed exceptional catalytic efficacy in a tandem one-pot
deacetalization-Knoevenagel condensation reaction as a supportive catalyst [158]. The catalytic reaction
was performed with 0.5 mol% of PCN-124 as catalyst using 2 mmol substrate in d>-DMSO for 12 h. In this
reaction, benzaldehyde dimethyl acetal was formed with ~100% conversion towards the formation of
benzaldehyde which further reacted with malonitrile leading to formation of benzylidene malononitrile with
very high yield, ~100% in a single one-pot reaction (Scheme 1.2). The catalyst was used for four times and
PXRD pattern of used catalyst did not demonstrate any structural change, proved the stability of MOF.

BN NC._CN
s S |
NC-CH-CN H
-H,0
Benzaldehyde dimethyl acetal Benzaldehyde Benzylidene malononitrile

Scheme 1.2. One-pot reaction of deacetalization-Knoevenagel condensation [158]
1.4.2 MOFs catalyst in epoxidation reaction

Oxidation of C=C double bonds establish another significant role that can lead to a various range
of derivatives. Epoxidation reaction is one of the vital types of oxidation reactions. Epoxides play an
important role in industrial applications as feedstocks for value-added products. Generally, epoxidation
reactions take place in presence of an oxidant for example TBHP (tertiary butyl-hydroperoxide), hydrogen
peroxide, or peracids. Even though hydroperoxides mixed with suitable catalysts create an appropriate
system from the standpoint of green chemistry, owing to their cost it would be desirable to find substitute
systems. In the present section, several possibilities will be discussed wherein, MOFs can be employed as
heterogeneous catalysts in addition to one of the above-mentioned oxidants. Notably selectivity of

products depends on the experimental conditions applied in catalytic reaction.
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Jiang et al. reported a three-dimensional Cu-based MOF, [Cu(TCBPA)(DMA)] (TCBPA = tris(4'-
carboxybiphenyl)amine; DMA = dimethylacetamide) showing catalytic activity in olefin epoxidation
reactions [159]. [Cu(TCBPA)(DMA)] was synthesized by a reaction between TCBPA and
Cu(NOs),.3H20 under solvothermal condition. A DMA and H2O mixture in 3:1 (v/v) ratio was used as
solvent along with 15 drops of 3 M HCI solution. The crystal structure revealed the 3D framework of
compound contains one dimensional channel (9.4 x 9.8 A?). After the removal of coordinated DMA and
guest molecules (H20), 1D channels along to crystallographic c-axis clearly observed. Desolvated MOF
was used in heterogeneous catalytic epoxidation reactions of olefins using TBHP which acts as an oxidant
and the reaction carried out at 60 °C for 24 h (Figure 1.12). The observed results showed very high yield
of epoxide products. Oxidation of cyclooctene and cis-stilbene, afforded 98% and 94% conversion,
respectively, while epoxide yields are 91% and 82%, respectively. Notably, the reaction displayed

excellent selectivity, among non-terminal olefins.
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Figure 1.12. Space-filling view of compound [Cu(TCBPA)] (Cu atoms in turquoise) and its

catalytic activity in olefins epoxidation reaction [159]

Huo et al. reported a strategy to acquire multi-component MOFs derivatives by treating the MOFs
under suitable conditions [160]. They have used ZIF-67 as the template to introduce Zn and effectively
synthesized the multicomponent MOFs under suitable gas atmosphere and high temperature. ZIF-67
powder was activated overnight in vacuum at around 120 °C before the carbonization step. After
carbonization process, the derivatives of multicomponent MOFs (with Co and CoO nanoparticles) display
higher conversion of styrene (approx 99%) as well as higher selectivity (approx 70%). These also exhibit

more stability than those of other MOFs even more than the derivative of single component MOF.

Two observations were published by Wu’s group about the catalytic MOFs created with
metalloporphyrin [34, 161]. Porous metalloporphyric MOFs, [CH3NH][M2'(HCOO)(M"'-TCPP)](guest),
(where, M = Mn® or Fe®* and M’ = Zn?* or Cd?"; TCPP = tetrakis(4-carboxyphenyl)porphyrin), were

obtained from solvothermal synthesis of M"'-TCPP and M'(NQs). [34]. These isomorphous frameworks
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can be used as a recyclable heterogeneous catalyst in epoxidation of olefins. However, the Fe-porphyrinic
MOFs were not as much of efficient. The main reason of less efficiency of Fe-porphyrinic MOFs was
caused by the deactivation of this compound by self-oxidation. [CHsNH:][M2' (HCOO),(Mn"'-TCPP)] did
not demonstrate size-selectivity in catalysis, as the inner porphyrinic Mn""! centers have been blocked by
formate pillars and become unapproachable to the substrates. Conversely, [CHsNH2][M2' (HCOO),(Fe''-
TCPP)] still displayed good outcomes in intermolecular aldol reaction of carbonyl compounds (aldehydes
and ketones). In both catalytic schemes, the porphyrinic MOF catalysts exhibited better activities than the

corresponding homogeneous (M"!-TCPP) catalysts.

Brown et al. reported a Cu-based MOF, [Cu(H:BTEC)(bipy)]» (BTEC = 1,2,4,5-benzene
tetracarboxylate; bipy = 2,2"-bipyridine) that has been used as a heterogeneous catalyst for epoxidation
reaction of cyclohexene and oxidation of styrene in presence of TBHP [162]. Oxidation of styrene resulted
in 23.7% conversion with 71% styrene oxide product with a turn over number 673 and 29% of benzaldehyde
product in reaction time 24 h at 75 °C. Conversely, oxidation of cyclohexene resulted in 64.5% conversion
with a turn-over number of 1886 and 73.1% selectivity of cyclohexene oxide at temperature 75 °C in 24 h.
Thus, it appears that the Cu-MOF displayed a high selectivity for the oxidation from the standpoint of

hydroperoxide consumption, minimizing spurious decomposition of TBHP.

Example of Cu(l)-based MOF, ({[Cu2Br2(pypz)]»-nH20} (Cu-Br-MOF) [pypz = bis[3,5-dimethyl-
4-(4"-pyridyl)pyrazol-1-yl] methane] has been investigated by Konar et al. [163]. The structural analysis
revealed pypz ligand which acts as a tritopic ligand linked through two Cu,Br2dimeric units, establishing a
1D zig-zag chain, and those 1D chains further linked by a Cu.Br; unit, finally formed a 2D structural
framework parallel to the crystallographic bc-plane. The copper ions are four coordinated in a Cu2Br;
dimeric unit and having a tetrahedral geometry which demonstrated as an excellent heterogeneous catalyst
for both aerobic homocoupling reactions and epoxidation of olefins (Figure 1.13). The aerobic
homocoupling reaction requires only 3 mol% of catalyst and it did not involve any base or oxidant
associated to other orthodox catalysts like Cu, Pd, Fe, and Au etc. for the conversion of arylboronic acids.
The investigation of shape and size selectivity of the Cu(l)-based MOF-catalyst in the homocoupling

reaction has been also performed.
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Figure 1.13. 2D framework of Cu-Br-MOF with rhomboid-shaped channels along the a-axis (Cu
atoms in cyan) and olefins epoxidation catalyzed by Cu-Br-MOF [163]

Furthermore, vanadium-based metal-organic framework, V-MIL-47 has been reported by Leus et
al. [164]. MIL-47 comprises of a porous terephthalate framework constructed by infinite chains of V'VOg
octahedra well-ordered in orthorhombic three-dimensional architecture that displays large pores. V-MIL-
47 exhibited catalytic movement of oxidation of cyclohexene in heterogeneous conditions by adding of 2
equivalents of TBHP. Pores of V-MIL-47 remained blocked by organic compounds and regeneration of

catalyst is achieved through activation of catalyst at 523 K for 4 h.

Liu et al. reported synthesis of a vanadium 2,6-naphthalenedicarboxylate MOF,
V!"(OH)(NPDC)-H,O (NPDC = 2,6-napthalenedicarboxylate). Consequently, dehydrated MOF showed
comparable catalytic activity to that of above-mentioned porous V-MIL-47 [165].

Dhakshinamoorthy et al. reported an iron based MOF, [Fe(BTC)] (BTC = 1,35
benzenetricarboxylate) encumbered with N-hydroxyphthalimide (NHPI) which catalyzes the oxidation of
cycloalkenes in aerobic condition depending upon the nature of the substrate to produce allylic oxidation
products in variable percentages along with corresponding epoxides. In case of cyclohexene and
cyclopentene, this catalyst displays their corresponding unsaturated ketone and cyclic alcohol upon aerobic
oxidation with 97% selectivity of products. However, conversion was 12% and 6% for cyclohexene and
cyclopentene, respectively in reaction time 5h. Under the similar conditions, cyclooctene showed 95%
selectivity towards the production of cyclooctene oxide along with minor product 2% of cyclooctenol/one
in 4 h [166].
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Besides, Zhao et al. reported preparation of three novel Cu@UiO-66-(COOH), catalysts using a
solvothermal method and a post-synthetic modification thereafter to introduce three different copper salts
on a Zr-based MOF, UiO-66-(COOH),. Amongst three catalysts, Cu@UiO-1 displayed excellent catalytic
activity in aerobic olefin epoxidation. Cu@UiO-1 also demonstrated outstanding thermal stability and
excellent recyclability [167].

1.5 MOFs in photoluminescence sensing

Induction of luminescent moieties into porous MOFs has produced numerous exceptionally
functional luminescent materials. Environmental sensing and biological imaging are realized using
photoluminescent MOFs as they are capable of encapsulating guest molecules. Luminescent MOFs display
the following characteristics: (1) the PL features are steadily tunable by merely regulating the constituent
luminescent moieties, for example metal nodes, organic linkers and encapsulated molecules into the pores;
(2) the size of pores, shapes, functionality, and hydrophobic and hydrophilic pore aperture can be
judiciously designed and altered to enhance the recognition capacity; (3) a small changes of the interactions
between encapsulated guests and PL moieties would suggestively affect the emissions [168].

Luminescent MOFs (LMOFs) have received a great importance in last two decades in the field of
metal-organic frameworks. LMOFs have been employed in variety of applications including sensory
materials, optoelectronic materials etc. [169]. By definition, luminescence is spontaneous emission of light
(electromagnetic waves) by a substance not resulting from heat. In addition, it can be classified into two
different classes typically, viz., fluorescence and phosphorescence. Different categories of phenomena have
been initiated to perform vital role as per source of luminescence in LMOFs (Scheme 1.3), which contains
generally metal-based emission, ligand-based emission, emission owing to excimer or exciplex formation
and guest attracted emission etc. These processes exhibit most crucial roles and significant contributions to
the emission property of LMOFs. Mostly, aromatic conjugated organic ligands play important role for
emission property in LMOFs. The n-conjugated organic ligand containing metal-organic frameworks made
from d'° metal centers have been employed as luminescent sensing materials [170]. Luminescence
properties of such MOFs have attracted attention in potential application of chemical sensing through host-
guest chemistry. The zm-rich conjugated organic ligands are recognized to absorb light and later radiative
transition of this energy outcomes into the luminescence actions of LMOFs. Besides ligand-based
luminescence, charge transfer methods (inter-ligand charge transfer (ILCT), metal-ligand charge transfer
(MLCT), ligand-metal charge transfer (LMCT) etc.) relating aromatic organic linkers have also been
reported and these types of luminescence in LMOFs have enormous potential to design sensory materials
[169, b-€].
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Scheme 1.3. Schematic representation of various types of processes in luminescent MOFs [169c¢]

Lanthanide metals are major contributor in case of metal node-based luminescence property. Due
to the Laporte forbidden f-f transitions in these types of lanthanides, weak emission profiles have been
observed because of inefficient absorption. On complex formation with organic linkers, those organic
molecules act as light absorbers and consequently enhance emission intensity. This effect is known as

“sensitization” or “antenna effect” [13; 169, b-d].

There are two basic types of luminescence, fluorescence and phosphorescence which is shown by
Jablonski diagram in Figure 1.14. Generally, fluorescence is fast process with nanosecond time period and
phosphorescence is slow process with longer time period which may possibly last from microseconds to
minutes or even hours. Luminescence in MOFs happens when electrons in the excited singlet state (S:)
come back to the ground state (Sg) by emission of photon. This luminescence property can either be
guenched or intensified upon analyte absorption and is termed as “turn-off” or “turn-on” mechanism

respectively.
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Figure 1.14. Brief representation of Jablonsky diagram

Ligand-based emission processes play a major role in luminescence of MOFs because of their
highly conjugated organic structure [171]. Increasing the conjugation of ligands can result in emission
dominated by linkers, and upon coordination to metals, the linkers usually turn into more rigid in this way
to reduce the efficiency of non-radiative track that frequently increases the lifespan of fluorescence and
guantum efficiency. This decrease in non-radiative rate which enhances the fluorescence emission as
described in the various literature. There are also cases of intensity depletion [172-173]. Ligand-centered
luminescence is usually found in d*® metal containing MOFs such as Zn?* and Cd?* ions since these ions
having difficulty to undergo oxidation or reduction reactions owing to their core structure of d-orbitals
[174]. A large number of studies have compared for ligand-based fluorescence in variety of solvent
medium. For instance, three solvent-mediated Cd(II)-MOFs i.e. [Cd(Hatptc)(H20)s]NMP;
[Cds(tptc)(OH)2(H20).] and [Cd(tptc)os(H20)]H20 was synthesized based on multidentate tetracarboxylic
acid linker, [1,17:4",1""-terphenyl]-2",3,3"",5 -tetracarboxylic acid (Haitptc) using different solvents. The
emission spectrum of [Cd(H.tptc)(H20)s]NMP and [Cds(tptc)(OH)2(H20).] exhibited blue shift of 378 nm
peak, which excited at 300 nm in comparison to that of Hatptc ligand which displayed emission at 414 nm,
upon excitation at 280 nm. This shift may be attributed due to the ligand-metal interactions. While the
emission of [Cd(tptc)os(H20)]H20 (hex= 414 nm) is found to be indistinguishable to that of Hatptc ligand,

which may take place from the linker-centered n—m* electronic transitions as shown in Figure 1.15 [175].
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Figure 1.15. Solid state emission spectra of ligand and three MOFs [175]

In study on “turn-on” sensors, adding of targeted analyte to the probe resulted in the enhancement
in the luminescence of the probe. Alternatively, quenching in the emission after addition of analyte to the
MOF is named as “turn-off” sensing. It is notable that MOFs based sensors are mostly works through “turn-
off” phenomenon [176]. However, it can be mentioned that “turn on” sensors have advantages over the
“turn-off” sensors. Furthermore, “turn-on” sensing in biological systems is more desirable as it has been
carried out mainly in dark condition where enhancement of emission is easy to display in contrast to
quenching [177]. MOFs have attracted enormous attention in past few years as “turn-on” probe towards
sensing applications.

Zhao et al. synthesized a two-dimensional MOF based on the tetraphenylethene (TPE) core ligand,
4,4’-(2,2-diphenylethene-1,1-diyl)dibenzoicacid and Zn?* metal ion (namely, NUS-1a, abbreviated from
National University of Singapore) [178]. The porous MOF displayed a predictable aggregation-induced
emission (AIE) features due to presence of rigid angular linkers in the structural network. The quantum
yield of the parent material has been enhanced significantly upon treatment of various VOCs such as
benzene, toluene, xylenes and mesitylene. The parent crystals when soaked with benzene exhibited the
major red shift, however, in mesitylene it displayed blue shift. Further, the shift of peak in the
photoluminescence spectra was consistent with turn-on response (Figure 1.16). This was attributed to the

conformational variations initiated due to the interaction of the analytes with the phenyl rings of the MOF.
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Figure 1.16. Fluorescence emission profile of the ligand and MOF in solid state and MOF in various
solvent dispersed medium [178]

Dinca et al. reported two compounds Znz(TCPE) (TCPE = tetrakis(4-carboxyphenyl)ethylene) and
Mg(H:DHBDC) (DHBDC?* = 2,5-dihydroxybenzene-1,4-dicarboxylate) which are capable of sensing of
NH; at high temperature (100 °C). The ligand-based emission was crucial for the selective and fast
recognition of the analyte at such a high temperature [179]. The presence of open metal sites in the crystal
structures is vital in sensing a toxic gas owing to the binding of NHs; gas molecules towards the metal
centers. At high temperature a notable shift was observed in the emission maxima while other vapors like
water or methanol experienced no such changes. This is one of the first examples of exploitation of

poisonous gas sensing by virtue of the presence of open metal sites in MOF.

Song et al. demonstrated a lanthanide based Eu-MOF with molecular formula
[Euz(bmtdc)s(H20)4]-3DMF] (bmtdc = 2°,5"-bis(methoxymethyl)-[1,1":4",1""-terphenyl]-4,4""-
dicarboxylate) that can be used as a selective turn-on sensor for DMF vapors [180]. The water exchanged
phase of the parent MOF displayed nearly eight-fold increase in the luminescence and this was attributed

to the interaction between DMF and linkers which resulted in such an effect.

Research group of C. S. Hong reported the synthesis, structure and luminescence properties of a
three-dimensional metal-organic framework [Cds(tcpa)z(u-H20)(H20)]-3DMF-5H,0 (tcpa = tris((4-
carboxyl)-phenyl)amine) containing one-dimensional hexagonal channels [181]. The fluorescence data
exhibited detection of Mg?* selectively in presence of other metal ions. Remarkably, the emission of MOF
upon Mg?* capture was 5.2 times greater than that of the linker. This type of “turn-on” sensing is exceptional

and desirable as it permits detection of a target analyte on a dark background, which is not possible in case

28



Chapter 1

of a “turn-off” sensor. The enhancement and recovery methods were reversible, demonstrating that MOF
is recyclable, which is a useful feature for sensor applications.

Amongst various analytes, volatile organic compounds (VOCs), for example, benzene and its
derivatives, aromatic compounds and common organic solvent vapors are markedly toxic and air/water
pollutants. Such pollutant can cause serious environmental problems and bring about intimidation to the
ecosystems [182]. As a result, useful and selective detection of VOCs, particularly in vapor phase and/or in

aqueous medium, is of immense importance both in chemical assay and environmental tracking [183].

Tian et al. revealed solvothermal reaction of Cd?* cations with a silicon-centered carboxylate linker
(msitpa = 5,5",5""-(methylsilanetriyl)triisophthalic acid) produced a novel metal-organic framework,
[Cds(msitpa)s(H20)s]-DMA-H>O [184]. It is constructed by three {CdOs} clusters and organosilicone
linkers to form a three-dimensional porous network. The MOF of steric organosilicone ligand is rare in the
literature. Incidentally, it has displayed spontaneous formations of microtubular crystals, which is rarely
reported previously. Additionally, the luminescence behavior of this MOF inspected in several organic
solvents in disperse medium, exhibiting turn-on and turn-off luminescence responses for n-butanol and
acetone, respectively (Figure 1.17). Such solvent-mediated luminescence behaviors are of attention for the
sensing of n-butanol and acetone solvent molecules. The interaction between open metal sites and guest
solvent molecules played a major role in fluorescent sensing. In case of turn-on fluorescence effect, it is
proposed that there is a weak interaction between hydroxyl and luminescent open metal sites of the activated
MOF [185]. The pore captivity of the analyte in the molecular-sized channels of activated compound may

enable robust interaction between n-butanol and host framework.
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Figure 1.17. Luminescence spectra of activated MOF and the intensities (inset) including structure

of activated MOF after interaction with various pure solvents (Aex= 280 nm) [184]
1.6 Scope and objective of the present thesis

The properties of metal-organic frameworks demonstrate that they have large applicability in a
fundamental and industrial perspective for liquid phase heterogeneous catalysis, gas storage and
separations, luminescence sensing etc. Chemical versatility of MOFs permits us to make practically infinite
structures by altering the building blocks and by using the perception of isoreticularity. If we entirely
employ all these properties, the approach for the preparation of the active sites might be developed
adjustable fine-structure. Also, from literature survey, it is found that MOFs can be used as promising
materials to perform efficient gas storage and separations, luminescent behaviors as well as potential
catalysts in various organic reaction transformations, especially in epoxidation reaction. In this thesis effort
was made to synthesis such microporous mixed-linker based MOFs for the study of gas sorption, especially
selective CO; sorption also has been successfully shown in some cases. In addition, studies related to
luminescence and heterogenous catalysis also undertaken using newly prepared MOFs. To complete the
study following objectives were taken:

» To synthesize porous MOFs by direct hydrothermal or solvothermal synthesis method and
characterize them by different physico-chemical methods such as single-crystal-X-ray diffraction, powder-
X-ray diffraction, FT-IR, elemental analysis (C, H, N), UV-Vis spectral analysis, TG-DTA
(Thermogravimetric analysis) etc.
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» To perform gas sorption studies using activated MOFs (after elimination of guest solvent molecules);
especially selective CO- trapping and theoretical interpretations of its behavior also attempted in this study.
The separation of CO, from mixture of gases containing methane (CHa) is very vital for the advancement
and the treatment of biogas to improve purity of fuel.

» To examine photoluminescence behavior of MOFs in the solid state as well as in solvent dispersed
medium. The n-conjugated organic linkers and coordination polymers with d'° metal centers (Cd, Zn etc.)
have been used as luminescent materials with fascinating photoluminescent properties.

» To evaluate the catalytic activity of MOF in epoxidation reactions. The effect of different reaction
parameters such as temperature, solvent, base effect etc. on the catalytic reaction was also studied to
optimize the reaction condition and finally to examine the recyclability and heterogeneity nature of the
catalyst.

Consequently, it is convincing that research on MOFs continues to become more interdisciplinary,

and the goal in the upcoming years will be to convert the acquired knowledge into technical applications.

1.7 Summary
The thesis contains of seven (7) chapters as follows:

Chapter 1 introduces the general discussion on the multiple features of metal-organic frameworks (MOFs),
numerous practices to design diverse functional MOFs, key role of the various carboxylate linkers in the
adaptability of MOFs, involvement of transition metals to design carboxylate based and mixed-linker based
MOFs while a variety of spacer has been used, application of MOFs in heterogeneous catalysis and the role
of MOF solids in heterogeneous catalytic condensation reactions and epoxidation reactions; selective gas
adsorption studies, luminescence properties etc. Scope of the current research and the summary of the

research works have also been presented.

Chapter 2 accounts synthesis of a hydrogen-bonded 3D supramolecular network constructed by two-
dimensional cadmium(Il) layer. Two-dimensional cadmium(ll) based coordination polymer
[Cd(abb)H20]. (1) [abb = 3,3"-azobis(benzoate)] has been synthesized by hydrothermal method. Notably,
[Cd(abb)H20]. exhibits unprecedented high uptake of hydrogen and also displayed moderate uptake
capacity of other small gas molecules like CO,, N etc. In addition, photoluminescence property of
[Cd(abb)H20]. also has been explored.

Chapter_3 discloses synthesis of quinoline derivative containing monomeric and polymeric metal

carboxylates that displayed gas sorption over a 2D layered framework. Supramolecular metal-carboxylate
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framework [Co(mqc)2]n (2), and another monomeric compound [Zn(mqc)2(H20)] (3) (mqac = 4-methoxy-2-
guinolinecarboxylate) have been synthesized solvothermally and characterized by single crystal X-ray
diffraction. Compound 2 is a 2D coordination polymer, further extended to a 3D porous supramolecular
network having void space in between each 2D layers. Compound 2 displayed noticeable gas uptake
capacity of both CO, and H, compared to other gas molecules. While compound 3 is a simple monomer,

extended to a one-dimensional chain like structure through strong intermolecular hydrogen-bonding.

Chapter 4 deals with the structural diversity and inter-conversion among four hydrothermally synthesized
metal carboxylate compounds, {[Mg(H20)s][Cu(pdc).]-2H20} (4), {[CuMg(pdc)2(H20)4]-2H20%} (5),
{2(Him)-[Cu(pdc)2]}n (6), and {[Cu(pdc)(im)2]-2H.O}n (7) (pdc = pyridine-2,5-dicarboxylate and im =
imidazole). Compounds 4-7 were synthesized respectively from 1, 2, 3 and 4 mmol of imidazole.
Compound 6 revealed a polymeric ribbon like 1D chain structure and catalyzes olefin epoxidation reaction
in heterogeneous condition. In catalytic study, H,O; acts as an oxidizing agent. Notably, cyclooctene was

effectively converted to epoxy-cyclooctane with ca. 100% selectivity and conversion.

Chapter 5 reports a  three-dimensional ~ mixed-linker  zinc-based  porous  MOF,
[Zn2(H20)(nic)(pzdc)].-nH20 (8), (pzdc = pyrazole-3,5-dicarboxylate and Hnic = isonicotinic acid) which
has been synthesized by availing hydrothermal route. The as-synthesized MOF has large solvent accessible
void space (~15.9%) which is enhanced to ~34.1% upon dehydration. The framework compound and its
dehydrated product both displayed highly selective CO, adsorption over other small gas molecules at low
partial pressure. The selectivity of CO, adsorption is well interpreted by computational methods, molecular
dynamics and grand canonical Monte Carlo simulations. The adsorption capacity of MOF has been
calculated theoretically that follows the order: MOF-CO; > MOF-CH4> MOF-N; > MOF-H..

Chapter 6 describes the synthesis of two structurally diverse 3D mixed-linker cadmium-based metal-
organic frameworks (MOFs), [Cd2(pzdc).(azpy)os(H20)]~ (9) and {[Cds(pzedc)2(azpy).]-H20}n (10) (pzdc
= pyrazole-3,5-dicarboxylate, pzedc = pyrazolate-3,5-dicarboxylate and azpy = 4,4"-azopyridine) through
solvothermal method. Both the frameworks 9 and 10 showed a pillared-layer structure. Photoluminescence
properties of both the MOFs have been investigated in solid state as well as in different solvent medium

and both displayed “turn on” and turn off” type of responses in specific solvent with selectivity.

Chapter 7 reports the noteworthy attainments of the effort embodied in the present thesis.
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Chapter 2

2.1 Introduction

In this study, solvents and the ligand modification for synthesis of MOF compounds have been
emphasized. Azodibenzoates were used in this study to design functional MOFs, however, most of the
previously reported compounds are of 4,4’-azodibenzoate variety. Only a small number of compounds are
reported containing 3,3'-azodibenzoate [1, 2]. The linker displayed a variety of coordination modes
(Scheme 2.1) as described by Zhang et al. [3]. But cadmium(ll) containing 3,3'-azodibenzoate-based
MOF compounds are still limited according to reported literatures [4, 5] and all of them are synthesized

by solvothermal process only.

Hence, hydrothermal process has been employed to synthesize novel cadmium(Il) containing 2D
metal-organic framework compound, [Cd(abb)H:O], (abb=3,3’-azobis(benzoate)) that adsorbs small gas
molecules like CO, Hz, Nz etc. Notably, example of 2D MOF network system that adsorbs CO., or H; is

scarce in the literature [6-11].

Mo i
N Po0
o4 ol
N\ N
\N < E \\N : E
C
g7 i
~ o)
M M

Scheme 2.1. Several coordination modes of [abb]*

2.2 Experimental Section
2.2.1 Materials

3-nitrobenzoic acid and dextrose monohydrate were purchased from Sigma-Aldrich and were of
reagent grade. They were used without further purification. Cadmium nitrate tetrahydrate, sodium

hydroxide and other chemicals were purchased from Merck (India).
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2.2.2 Synthesis of compound [Cd(abb)H:0]. (1)

The organic linker (H.abb) was prepared according to the literature methods [12]. H.abb (67.6
mg, 0.25mmol) and Cd(NOs),-4H,O (77.1mg, 0.25mmol) were dissolved in water (3 mL) and the
resulting solution was taken in a 20 mL capacity teflon-lined acid digestion bomb and treated
hydrothermally. The compounds were collected as orange colored block crystals from bomb, which was

heated at 140 °C for 3 days followed by slow cooling to room temperature.

Yield ca. 0.065 g, 65% (approx.)

Anal. for C14H10N20sCd (M. W. = 398.65): C 42.18, H 2.53, N 7.03. Found: C 42.3, H 2.5, N7.1.
IR (KBr): v(COO) = 1546 cm'and 1390 cm™!, v(N=N) = 1437 cm!, v(O-H) = 3360 cm™! (Figure 2.1).

90

W“m — Ligand
60 W —— Complex 1
70 —\]\,\

60

50 +

% Transmittance

40

30 +

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

Figure 2.1. FT-IR spectra of the ligand and the compound 1

2.2.3 Physical measurements

Elemental analyses (C, H and N) were performed using a Perkin-Elmer 2400 series 11 CHN
analyzer. IR spectra in KBr pellets (4000-500 cm™) were recorded on a Perkin-Elmer RXI FTIR
spectrophotometer. Solid state electronic spectra were recorded using Shimadzu UV/VIS 1700

spectrophotometer. Luminescence spectra were recorded on a FluoroMax-P (Horiba Jobin Yvon)
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luminescence spectrophotometer. Thermogravimetric analysis was performed with a Perkin-Elmer
(Singapore) Pyris Diamond TG-DTA instrument. Single-crystal-X-ray diffraction was performed with a
Bruker-AXS SMART APEX CCD diffractometer equipped with a graphite monochromator and Mo-Ka
(A = 0.71073 A) radiation (Figure 2.2a). Powder X-ray diffraction (PXRD) was recorded with a Bruker
D8 Advance X-ray powder diffractometer equipped with Cu-Ko radiation (A = 1.54 A). Gas adsorption
study was carried out on Quantachrome Autosorb iQ(model no. ASIQMO0000-1) instrument (Figure 2.2b).

a)

Figure 2.2.a) Bruker-AXS SMART APEX CCD diffractometer for single-crystal-X-ray diffraction;

b) Quantachrome Autosorb iQ instrument for gas adsorption measurements.

2.2.4 X-ray crystallography

The crystal was positioned at 60 mm from the CCD with a Bruker-AXS SMART APEX CCD
diffractometer. 360 frames were measured with a counting time of 5s. The structures were solved using
Patterson method by using the SHELXS97. Subsequent difference Fourier synthesis and least-square
refinement revealed the positions of the remaining non-hydrogen atoms. Non-hydrogen atoms were
refined with independent anisotropic displacement parameters. Hydrogen atoms were placed in idealized

positions and their displacement parameters were fixed to be 1.2 times larger than those of the attached
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non-hydrogen atom. Successful convergence was indicated by the maximum shift/error of 0.001 for the
last cycle of the least squares refinement. Absorption corrections were carried out using the SADABS
program [13]. All calculations were carried out using SHELXS 97 [14], SHELXL 97 [15], PLATON 99
[16], ORTEP-32 [17] and WinGX system Ver-1.64 [18]. Data collection and structure refinement
parameters and crystallographic data for the crystal are given in Table 2.1.

CCDC-1427294 contains the supplementary crystallographic data for compound 1. These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 2.1. Crystal data and structure refinement for compound 1

Compound 1
Mol. Formula C14H10CdN,Os
Formula wt. 398.65
Space group P2/c
Crystal system Monoclinic
alA 14.9608(3)
b/A 6.4121(1)
c/A 6.9966(2)
B/ deg 91.955(1)
v /A3 670.79(3)
4 2
dear (g.cm®) 1.974
w (mmY) 1. 654
Rint 0.0212
No. of unique data 2565
Data with | > 25(1) 2393
R1 on [>20(]) 0.0233
wR2 on [>20(]) 0.0635
GOF on F? 1.070

Ri= Y [(Fol - [FeDl / X Fol, WR2 = { X [w (Fo? - F?)*] / X [w (Fo?)’] 2
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2.3 Results and discussion
2.3.1 Description of the crystal structure

Structure of the compound 1 is two-dimensional polymeric network and space group is P2/c with
Z value 2 (Table 2.1). The crystal system of compound 1 is monoclinic. The 2D sheet that propagates
parallel to the crystallographic ac plane are composed of a Cd(II) ion, a 3,3'-azobis(benzoate) (abb) and a
water molecule. 2D layered structure of the compound consists of double yu 1-carboxylato-bridged chains
of Cd(Il) ions along the crystallographic c-axis, which are connected by abb linker along the a-axis
(Figure 2.3, bottom). Both carboxylate groups of the linker have same w11 scoordination mode (1-
K*00":2-x0). Structure of the compound consists of one cadmium atom in the asymmetric unit on a
twofold axis. The Cd(ll) ion present as a hepta-coordinated distorted pentagonal bipyramidal geometry
where the equatorial plane is formed by the four oxygen atoms of two abb ligands and one oxygen atom
from water and two apical oxygen atoms from two different abb ligands. The coordination environment
surrounding Cd(Il) metal atom has shown in Figure 2.3(top) and bond parameters are summarized in
Table 2.2. The equatorial plane contains five oxygen donor atoms, O1, 02, O1? 022 and Ow to form the
bond with cadmium ion with distances [19, 20] of 2.200(2)-2.782(1) A (symmetry operation a= 2-
X,¥,3/2-z, b= x,-y,1/2+z and c= 2-x,-y,1-z). The root mean square (r.m.s.) deviations of the five basal
donor atoms from their mean planes around Cd(1) is 0.406 A, and the Cd(1) ion lies in the mean plane
with oxygen atom of the water molecule. The two trans axial positions are occupied by two

symmetrically equivalent oxygen atom (O2° and O2°) with the distance of 2.379(1) A.

\/\ x/
AL -~
Cdl ~ -
! \f/ B 017
/\/‘ ; /\M\/\/@
‘ 00 &
\-—'\ /\/\

49



Figure 2.3. (top) Coordination environment around the central Cd(l1) atom and (bottom) molecular
propagation of the compound 1 viewed parallel to crystallographic b axis (water molecules are
omitted for clarity)

Each 2D layer interacted with each other by classical hydrogen bonds and thus formed a 3D
network along crystallographic b axis (Figure 2.4, Table 2.3). The 3D reinforcement of the compound is
controlled by O-H---O hydrogen bonding. The both hydrogen atoms in the coordinated water molecule
are hydrogen bonded with two different oxygen atoms from different carboxylate group (Figure 2.4, top).

Powder X-ray diffraction studies (PXRD) clearly established the phase purity of bulk materials of
compound 1. Simulated and experimental PXRD patterns of compound 1 matched well indicating
reasonable phase purity of 1. PXRD pattern of compound 1 almost similar when it is out-gassed at 90°C
for 3 h and the well-matched pattern revealed that the structural framework remains intact after out-
gassed treatment. Structural integrity of the recovered sample after gas adsorption is also remained

unaltered (Figure 2.5).
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Figure 2.4. 3D supramolecular network formed via H-bonding between 2D layer, viewed along
crystallographic a-axis (bottom) and the H-bonding unit in the compound (top)

——— After gas sorption
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Figure 2.5. Powder X-ray diffraction patterns of compound 1
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Table 2.2. Bond distances (A) and angles (°) of the compound 1

Atoms Distance
Cd1 - 01/01? 2.200(2)
Cd1 - Ow 2.205(3)
Cd1 - 02/02? 2.782(1)
Cd1 - 02/02¢ 2.379(1)
Atoms Angle
Ol1-Cdl-Ow 97.60(5)
Ol1-Cdl-01? 164.79(7)
O1-Cdl-02¢ 95.55(6)
01-Cd1-01° 84.90(6)
Ow - Cd1 - 02° 88.32(3)
02¢- Cd1 - O2° 176.63(4)
Ow - Cd1 - 02 141.37(3)
O1-Cdl-02 50.67(6)
02-Cdl-01? 115.28(6)
02 -Cdl- 022 77.26(4)
02-Cdl-02° 75.71(4)
02 - Cd1 - 02° 107.024)

Symmetry operation a= 2-X,y,3/2-z, b = X,-y,1/2+z and ¢ = 2-x,-y,1-z

Table 2.3. Hydrogen bond dimensions of compound 1

D-H---A D-H (A) H---A (A D---A(A) Z/D-H---A(°) | Symmetry

OW-HIW:-02 | 0.77(3) 1.91(3) 2.674(2) 172(3) X, 1+y.Z

2.3.2 Solid state photoluminescence

Solid state absorption spectrum displayed two broad absorption bands near 245 and 320 nm for
both the ligand and the compound (Figure 2.6). The peak at that 250 nm region may be attributed to
n—m* transition while the other one is for ligand to metal charge transfer transition (LMCT). The

emission spectral measurement (Aex=320 nm) showed for the both ligand and compound are emissive
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(Figure 2.7). The intensity of [Cd(abb)H20]. (1) was observed quite higher than the ligand itself and it
may be due to the complexation of the free ligand anions. Two broad emission peaks found at around 408
and 469 nm region in 1 which is shifted towards shorter wavelength region (blue shift) upon complex
formation with linker H.abb. Shifting of the emission peak in metal complex in comparison to free ligand
is probably due to the deprotonation of ligand in compound 1 and ligand to ligand charge transitions
(LLCT) [21-23].

0.7 5
0.6
Compound 1
0.5 —— Ligand
-]
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o
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Figure 2.6. Solid-state UV-Vis absorption spectra of the ligand and compound 1

_ Hzabb

\— Complex 1\

Intensity (a.u.)

T T T T T T T T
400 450 500 550 600
Wavelength (nm)

Figure 2.7. Solid-state emission spectra of the ligand and compound 1 (excitation at 320 nm)
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2.3.3 Thermogravimetric analysis

The thermogravimetric analysis showed that upon heating compound 1 loses coordinated water
molecule in the temperature range 90-170 °C (Figure 2.8). The observed weight loss of ~3.9% (theoretical
4.0%) corresponds to one molecule of water per formula unit. Due to the hydrogen bonding in the crystal
packing, complete loss of the water molecule happened at higher temperature. The next sharp step is due
to the decomposition of ligand. The observed weight loss ~58.4% (theoretical 63.3%) indicated more or
less all the ligands are lost from the compound and only the cadmium oxide was left.

0-
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40

Weight Loss (%)

50 1

60 +

T T T T T T T T T T 1
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Figure 2.8. Thermogravimetric plot of compound 1
2.3.4 Gas adsorption study

Removal of CO; from sources of anthropogenic emission is currently a top priority, because CO-
emission is closely associated with climate change. Due to lack of high internal surface area 2D MOFs are
generally not capable of absorbing CO.. Nevertheless, there are some reports that 2D MOFs can

accommodate CO2 molecules [7, 24].

Gas sorption measurements of the compound 1 were undertaken to verify the capability of 2D
compound to adsorb small molecule of gasses like N2, Hz, and CO,. Before the sorption experiments, the
samples were out-gassed at the desired temperature (90 °C) for 3 h under high vacuum (1072 Torr).
Surface area of 1 was measured by N, sorption at 77 K (Figure 2.9a), and the Brunauer-Emmett-Teller
(BET) surface area is measured to be 47 m?g? (Langmuir surface areas of 157 m?g?) for 1. The pore
diameter was calculated by NLDFT method and half pore width value (22.7 A) obtained for the
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compound is very high (Figure 2.9b). Such type of materials containing low surface area and pore

diameter close to 4.5 nm is comparable to nanomaterials [25, 26].
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Figure 2.9. a) N2 sorption isotherm at 77K and b) pore size distribution using NLDFT method

The hydrogen uptake of 1 reached about 0.99 wt.% or 111 cc g* at the adsorbate pressure of 1 bar

at 77 K (Figure 2.10a), which is much higher than our previously reported Mg-based 2D MOF system [6].

120
—8— Adsorption = oo
— & 2 ~ F @ .
100 Desorption D &
®
o 80 L J
B ) 2
:Q:I | D ..
= 80 L ..
—
S 52 &
g ] 3 o
= 404 Ko ..0 a )
> | o®
o] L)
204 o o°
o] ..
10 0
0 M.
T T T T .
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

Volume of CO2 (cc/g)

30

1 —e— Adsorption o 2 O
A
254 —O— Desorption o ./
/'/ ./
20 - / e
4 /
7 e
o o
15 4
>4 /./
o b)
[
10 4 -
@
e
@
/
5] P
e
@
_®
o .,.
T T T T T
0.0 0.2 04 0.6 0.8 1.0

Relative Pressure (P/PO)

Figure 2.10. a) H, sorption isotherm at 77 K and b) CO; sorption isotherm at 298 K
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Figure 2.11. a) CO; sorption isotherm at 273K and b) heats of adsorption from CO, uptake

At 298 K, 1 showed CO, uptake of about 5.21 wt.% or 26.5 cc g* at 1 bar pressure (Figure
2.10b). At 273 K, it also showed CO; uptake of 10.36 wt.% or 58 cc g* at 1 bar pressure (Figure 2.11a),
which is almost two times of CO, uptakes at 298 K. The compound exhibited type Il isotherms
(according to the IUPAC nomenclature) and a good hysteresis for all gases. The presence of hysteresis in
the adsorption-desorption isotherm may be due to the strong interaction of gas molecules with the open
metal sites. Particularly considering H, sorption, compound 1 unprecedentedly exhibited the highest gas
uptake at 77 K amongst the two-dimensional MOFs. The heats of adsorption (Qs) were calculated using
by Clausius-Clapeyron equation [27] of CO, gas adsorption between two different temperatures at 273
and 298K. Compound 1 showed Qs(-AH) value of about 24.1 kJ mole? (Figure 2.11b) which is
comparable to other 2D microporous MOFs. This may be due to the presence of well decorated azo (-
N=N-) functional group [28, 29] in compound 1 and may be also the reason to highest CO, gas uptake in
this compound compare to other 2D Cd-based MOFs reported previously [6-11]. Table 2.4 displayed the
comparison of uptake of different gases by compound 1 with the other reported two-dimensional MOFs.

In a previous study 2D layered MOF [Cu(BFa4)2(bpy):] (bpy = 4,4'-bipyridine) showed
expansion/shrinkage structural transformation through CO; gate adsorption/desorption at 273K because of
weak interlayer interactions [24]. Further, a flexible 1D MOF [Cu(BFa)2(bpp).] (bpp = 1,3-bis(4-
pyridyl)propane) also displayed expansion/shrinkage structural conversion to adsorb gas molecules [30].
However, there was no noticeable crystallographic void space in both the cases. A similar kind of

mechanism may be operative in case of [Cd(abb)H.0]. (1).
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Table 2.4. Comparison gas uptake capacity of various 2D-MOFs

MOFs Surface area from N, | H, uptake | CO, uptake [ccg?]at | Ref.
adsorption [m? g!] [cc g!] at 1 bar
1 bar at
Langmuir BET 77K at 273k at 298K
Compound 1 157 47 111 53 26.5 this
study
C16H16N4OsZn - - 14.3 26 145 [7]
Cs2.3H29.45N9.15010Z; - - 6.5 53 39 [7]
C115H145N9 5012522 - - 56 69 43 [7]
{[Mg2(HL)2(H20)4](H20) }n - 63 8 - [6]
CasH3ssCdNsO10 - - 49.5 - | q11]
Ca6H3eBro,CdNgO4 - - - 40 - [11]
CasHasCdaF12N4012 - - 26 - - | [20]
C21H19Ni0,507 _ 391 - - 29 [8]
[ZNn2(CNsH,)3(H20)3].6H,0 | 433 341 - 56 -1 9]

2.4 Conclusion

In summary, a two-dimensional Cd(ll)-based MOF, [Cd(abb)H.O], was prepared by
hydrothermal treatment of Cd(NOs3)2-4H20 and H.abb at 140 °C. Single crystal X-ray structural analysis
established the hepta-coordinated pentagonal bipyramid Cd(I1) center is quite unusual among the plethora
of all cadmium containing coordination polymers. Carboxylate ligands have two different types of
coordination modes (bridging and chelating) in the compound. Obviously, the water and temperature
played an important role in the formation of these cadmium(ll) coordination polymers. The
supramolecular structure which is formed through H-bonding gives the framework additional space and
flexibility to accommodate small gaseous molecules. Compound 1 exhibited unprecedented high uptake

of Hz amongst the two-dimensional MOFs which is expected to attract a lot of interest in this field.
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Chapter 3

3.1 Introduction

The attraction of MOFs is not only confined in the field of crystal engineering and molecular
topologies but also covers a broad area of research due to their numerous applications in
photoluminescence, magnetism, drug delivery, gas adsorption and storage etc. The coordination polymers
or MOFs can be obtained as a crystalline solid, however, topology of these solids depends on the ligands
and coordination geometry of metal ions. Additionally, the overall structural framework of coordination
polymer can be influenced by some external stimuli like pH, temperature, pressure and also solvent of the
reaction medium. All these issues have been discussed in Chapter 1. In this study, cobalt and zinc metal
containing compounds have been synthesized wusing a prospective linker, 4-methoxy-2-
quinolinecarboxylate (mqc). Till date this linker has been employed scarcely in designing of MOFs [1].
Ravi Shankar et al. reported two organometallic Sn(ll) compounds using di-n-butyltin and 4-methoxy 2-
guinolinecarboxylic acid which were isolated from acetonitrile/dichloromethane solvent [la, 1b].
Oxorhenium(V) complexes using 4-methoxy-2-quinolinecarboxylate ligand have been successfully
synthesized [1c]. p-Tolylimido rhenium(V) compounds containing mgc ligand have also been reported
[1d]. Nevertheless, literature survey showed there was no previous report of complex of 3d metal ions
containing 4-methoxy-2-quinolinecarboxylate ligand. Various metal binding coordination modes of mqc

linker have shown in Scheme 3.1.

In the course of continuing investigation on uses of MOFs in gas adsorption and separation, two
4-methoxy-2-quinolinecarboxylate compounds [Co(mqc):]. (2) and [Zn(mqc)2(H20)] (3) are synthesized.
The structure of both the compounds has been solved through X-ray single crystal analysis. It was
revealed that structurally compounds 2 and 3 are strikingly different. While compound 2 features a 2D
layered framework structure 3 is a discrete monomer. Compound 2 showed potential in sorption of H, and

CO; gases.

OCH: OCH;

Scheme 3.1. Different coordination modes of mqc linker
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3.2 Experimental

3.2.1 Materials

4-Methoxy-2-quinoline-carboxylicacid, 4,4'-bipyridine and 1,2-di(4-pyridyl)ethylene were
purchased from Sigma-Aldrich. Cobalt nitrate hexahydrate Co(NOs).-6H20, Zinc nitrate hexahydrate
Zn(NO3)2-6H20 and N,N-dimethylacetamide (DMA) were purchased from Merck India. All the reagents

were used without further purification.
3.2.2 Synthesis of [Co(mqc):]n (2) and [Zn(mqc)2(H20)] (3)
Synthesis of [Co(mqc)z]. (2)

[Co(mqc)z]. (2) was synthesized through hydrothermal route. The initial reaction mixture was
prepared by mixing Co(NOs),-6H.0 (0.073 g, 0.25 mmol), mgcH (0.05 g, 0.25 mmol) and 4,4’-bipyridine
(0.039 g, 0.25 mmol) in 3-4 ml of water. Then it has been taken in a 20 ml of teflon-lined Parr acid
digestion bomb. The compound was obtained as orange-colored crystals in a teflon-lined Parr acid
digestion bomb, at 160 °C for 3 days followed by slow cooling at the rate of 5 °C/h to room temperature.
As the crystal structure doesn’t contain 4,4'-bipyridine moieties, therefore it performed only as a weak

base in the reaction.
Yield ca. 0.062 g, 62% based on the metal.

Anal. for CH1sN206Co in %: C, 57.03; H, 3.48; N, 6.05. Found: C, 56.86; H, 3.5; N 6.1. IR
(KBr): v(COO") = 1570 cm*and 1362 cm ™, v(O-CHj3) = 3015 cm ™ (Figure 3.1a).

Synthesis of [Zn(mqc)2(H20)] (3)

Zn based monomer, [Zn(mqc)2(H20)] (3) has been also prepared by solvothermal synthesis. First,
Zn(NQ3)2-6H20 (0.074 g, 0.25 mmol), ligand mgcH (0.05 g, 0.25 mmol) and 1,2-di(4-pyridyl)ethylene
(0.045 g, 0.25 mmol) were mixed well in 3-4 ml of DMA-H,0 (1:1) and then it has been taken in a 20ml
of teflon-lined Parr acid digestion bomb. The white-colored block crystalline product obtained by heating
at 120 °C temperature for 3 days followed by slow cooling to room temperature at 5 °C/h rate. No crystal
were found while using of 4,4'-bipyridine in place of 1,2-di(4-pyridyl)ethylene in H.O even also in DMA-
H>O (1:1) medium.

Yield ca. 0.084 g, 84% based on the metal.

Anal. for C;2HisN2O7Zn in %: C, 54.17; H, 3.72; N, 5.74. Found: C, 54.3; H, 3.63; N 5.71. IR
(KBr): v(COO") = 1564 cm™*and 1382 cm™, v(O-CHs) = 3045 cm™* (Figures 3.1b, 3.1c).
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Figure 3.1. FT-IR spectra of a) compound 2, b) compound 3 and c) free ligand (mcqH).
3.2.3 Physical measurements

All the physical measurements were performed by using the same instruments already discussed
in Section 2.2.3, Chapter 2.

3.2.4 X-ray crystallography

The X-ray diffraction data for 2 and 3 were collected at 273(2) and 296(2) K respectively, with a
Bruker SMART APEX CCD X-ray diffractometer. Cell refinement and integrated intensities were
determined by using SAINT software package with a narrow-frame integration algorithm [2]. The
structures were solved by direct methods and refined by full-matrix least-squares technique against F2
with anisotropic displacement parameters for non-hydrogen atoms with the programs SHELXS97 and
SHELXL97 [3]. An empirical absorption correction was carried out by SADABS [2]. The hydrogen
atoms of compounds 2 and 3 were refined with isotropic thermal parameters. Hydrogen atoms of
coordinated water molecule in compound 3 were placed at calculated positions with suitable riding
models with isotropic displacement parameters derived from their carrier oxygen atom. In the final

difference of Fourier map there were no remarkable peaks except the ghost peaks surrounding the metal
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centers. All the other calculations were done by PLATON 99 [4], ORTEP-32 [5] and WinGX system
version 1.64 [6]. All crystallographic data for two compounds are given in Table 3.1.

CCDC 1569623 and 1569622 contain the supplementary crystallographic data for compound 2
and 3 respectively. These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 3.1. Crystallographic data and structural refinement of compound 2 and 3

Compound 2 3
Mol. Formula C22H16CoN2Os C22H18ZnN>0O7
Formula wit. 463.30 487.77
Space group P21/c C2lc
Crystal system Monoclinic Monoclinic
alA 12.9899(7) 16.9495(7)
b/A 9.5945(5) 13.7167(4)
c/A 7.1262(4) 9.5218(4)
o/ deg 90 90
B/ deg 94.850(4) 115.391(3)
v/ deg 90 90
V /A3 884.97(8) 1999.89(14)
Z 2 4
dear (g.cM3) 1.739 1.620
i (mm?) 1.019 1.278
Rint 0.071 0.065
No. of unique data 1412 2230
Data with 1 > 25(1) 985 1670
R1 on I>26(1) 0.0467 0.0461
wR2 on I>26(1) 0.0949 0.1318
GOF on F? 1.012 0.920
F(000) 474 1000

Ri=3 [(|Fol - [FeDI/ X IFol, WR2 = { X [w (Fo® - F)*] / X [w (Fo?)’] }
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3.3 Results and discussion
3.3.1 Crystal structure of compounds 2 and 3
Crystal structure of [Co(mqc)z]. (2)

Single-crystal-X-ray crystallographic study revealed that compound 2 crystallizes in a monoclinic
space group P2i/c with Z = 2 (Table 3.1). There is only one type of ligand arrangement found to be
surrounding the Co atoms (Col) in compound 2. Col center is arranged with six coordination sites, two
axial O atoms (O3 and O3"), two equatorial oxygen atoms (02 and O2P) and two equatorial N atoms N1
and N1° (symmetry operation: a = 1-x, 1/2+y, 5/2-z, b = 1-x, 1-y, 2-z and ¢ = X, 3/2-y, -1/2+z). The
minimum and maximum bond-distances of Co1-O2 and Co01-O3 are 2.077(3) and 2.132(3) A
respectively. The distance of Co-N1 bond is 2.164(4) A. In compound 2, mqc acts as tridentate chelating
ligand. In each mqc linker, both oxygen atoms of carboxylate group (O2 and O3) and one nitrogen N1
involve in metal coordination where O2 and N1 form chelate with metal center (Figure 3.2a). Two
adjacent Col atoms are connected by pis-syn-anti bridging carboxylato oxygen atom (O3) of mqc linker
(Figure 3.2a). Each Col center is linked by four mqc ligands, two from axial and two from equatorial
sites formed a distorted octahedral geometry (Figure 3.2b). Four Col centers again arrange to form a
square shaped linkage (Figure 3.2¢). Each square-shaped linkage further connected with each other to
form a two-dimensional network along crystallographic ac-plane (Figure 3.2d). Asymmetric unit of
compound 2 with atom numbering scheme has been shown by ORTEP diagram (Figure 3.2e). 2D sheets
are also connected each other by weak van der Walls force of attraction and finally formed a 3D
supramolecular porous framework having void space parallel to crystallographic c-axis in between each
2D layer. The crystallographic data and structural refinement are given in Table 3.1. Bond-length and

bond-angle values are summarized in Table 3.2.

Topological analysis displayed that the compound 2 have a simple uninodal 2D net structure with

Schlafli symbol {4°4.6"2} consisting of cobalt center as four-coordinated node (Figure 3.2f) [7].
Crystal structure of [Zn(mqc).(H20)] (3)

Single crystal XRD study made known that compound 3 crystallizes in a monoclinic space group
C2/c with Z value 4. The structure of compound 3 is basically monomer which is further extended to one-
dimensional structure by a strong intermolecular hydrogen-bonding [8]. The Znl metal center is
coordinated in square pyramidal geometry. In compound 3, mqc acts as bidentate chelating ligand bonded

with Znl atom through one carboxylato oxygen atom O2 and N1 atom (Figure 3.3a). Metal center is
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penta-coordinated with one axial oxygen atom, O4, of water molecule, two equatorial N atoms (N1 and
N1?) and two equatorial carboxylato O atoms (O2 and 02%) of two mqc ligand (symmetry operation: a = -
X, Yy, 3/2-z, b = X, y, 1/2-z and ¢ = -X, -y, 1-z) having bond-distance range from 1.966(3) to 2.203(3) A
(Figure 3.3b). There is a strong intermolecular hydrogen-bonding (O4-H104---O1) occurred in between
hydrogen atoms of coordinated water molecule and carboxylato oxygen atom O1 (Table 3.3). Such a
strong hydrogen-bonded interaction gives rise to the formation of a one-dimensional chain-like structure
(Figure 3.3c) parallel to crystallographic c-axis. Asymmetric unit of compound 3 with atom numbering
scheme is shown in ORTEP diagram (Figure 3.3d). The crystallographic data and bond-parameters are

described in Table 3.1 and Table 3.2, respectively.
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Figure 3.2. Different coordination motif in compound 2, a) ligand coordination; b) metal
coordination; c) square shaped connecting unit; d) 2D network; e) ORTEP diagram of 2; f)
topological view of compound 2.
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Figure 3.3.a) Asymmetric unit of compound 3, b) metal coordination of Zn(ll) center in 3, c)
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Table 3.2. Bond-parameters of compound 2 and 3

Bond-length (A) of compound 2 Bond-length (A) of compound 3
Col-02 2.077(3) Zn1-02 1.966(3)
Col-03 2.132(3) Zn1-04 1.988(4)
Col-N1 2.163(3) Zn1-N1 2.203(3)
Col-02° 2.077(3) Zn1-022 1.966(3)
Col-03° 2.132(3) Zn1-N12 2.203(3)
Col - N1° 2.163(3)

Bond-angles (degree) of compound 2 Bond-angles (degree) of compound 3
02- Col- 03 93.73(11) 02-2Znl1-04 107.42(8)
02- Col- N1 102.75(2) 02-2Znl-N1 95.86(11)
02- Col- O2° 180.00 02 -2Znl-02? 145.17(12)
02- Col- O3° 86.27(11) 02 -2Znl-N1? 79.04(11)
02- Col- N1° 77.25(11) 04 -2Znl-N1 98.46(7)
03- Col- N1 88.70(11) 022-Znl-04 107.42(8)
02b- Col- O3 86.27(11) 04 - Znl - N1? 98.46(7)
03- Col- O3° 180.00 022-7Znl1-N1 79.04(11)
03- Col- N1° 91.30(11) N1 - Zn1l - N1? 163.07(10)
02°- Col- N1 77.25(11) 022 - Zn - N1? 95.86(11)
03°- Col- N1 91.30 (11)

N1- Col- N1° 180.00

02b- Col- O3° 93.73(11)
02°- Col- N1° 102.75(11)
O3°- Col- N1° 88.70(11)

Symmetry operation a = 1-x, 1/2+y, 5/2-z, b = 1-x, 1-y, 2-z and ¢ = X, 3/2-y, -1/2+z for compound 2.

Symmetry operation a = -x, y, 3/2-z, b = -x, y, 1/2-z and ¢ = -x, -y, 1-z for compound 3.

Table 3.3. Hydrogen bonding parameters of compound 3

D-H---A D-H (A) H---A (A) D---A(A) Z/D-H---A(°) | Symmetry

04-H104---01 0.91(4) 1.80(5) 2.71(4) 177(6) -X,-y,1-z
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3.3.2 PXRD study

Powder X-ray diffraction (PXRD) study of compound 2 evidently revealed the phase purity of
bulk materials. Experimental and simulated PXRD patterns of compound 2 are well-matched that point
out the rational phase purity of 2. PXRD of compound 2 was performed after out-gassed at 80°C for 2 h
and the well-matched PXRD pattern revealed that the structural integrity remains unaltered after out-
gassed procedure. Structural framework of compound 2 after gas adsorption is also remained unchanged
(Figure 3.4a). Powder X-ray diffraction study also displayed the phase purity of compound 3 by well

matching simulated and experimental patterns (Figure 3.4b).
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Figure 3.4. Power-X-ray-diffraction patterns of a) compound 2, b) compound 3
3.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out under nitrogen atmosphere in the temperature
range 30-800 °C. From the thermogram, it is clear that there is no significant weight loss occurred in
compound 2 up to a temperature of ~360°C. A slight weight loss was observed initially in the TGA curve,
it may be due to loss of some absorbed water molecules. Then a sharp loss was observed from 360 °C due
to the decomposition of the compound. One small endothermic peak at about 400 °C of corresponding

DTA curve also revealed the decomposition of compound 2 (Figure 3.5a).
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In case of compound 3, first weight loss occurred due to removal of one coordinated water
molecule in the temperature range 110-237°C. The observed weight loss in this range is ~3.68%
(theoretical 3.7%) and then a sharp weight loss was observed after 237 °C, due to decomposition of
compound 3 indicating that the metal-organic framework of compound 3 is stable thermally up to 237 °C
(Figure 3.5hb).
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Figure 3.5. TG-DTA curve of a) compound 2, b) compound 3

3.3.4 Gas adsorption study of compound 2

N> sorption measurement is a routine work to measure surface properties of porous materials.
Surface properties of compound 2 were measured with respect to adsorption of different small gas
molecules. Before the gas sorption experiments, for removing the adsorbed water molecules the samples
were degassed under high vacuum (1072 Torr) at the preferred temperature (80 °C) for 2 hr. Brunauer—
Emmett-Teller (BET) surface area of compound 2 was calculated to be 74 m?g™ with respect to N,
adsorption isotherm at 77K (Figure 3.6a). Calculation revealed compound 2 showed a moderate nitrogen
uptake of ~137 cc/g at 1 bar pressure. NLDFT method is used to calculate the half pore width value
acquired for compound 2 on the basis of N, adsorption and the value is about 14.5 A (Figure 3.6b).
Hydrogen sorption on microporous or mesoporous materials is one of the most important methods which
may be used to consideration for vehicle applications [9]. It is well known that the benefit of using
hydrogen gas as fuel is mainly due to decrease of air pollution. Compound 2 demonstrated a significant
amount of hydrogen uptake, about 135 cc/g (1.22 wt%), at 77K and 1 bar pressure (Figure 3.6a).

Comparison of gas adsorption capacity into different 2D microporous MOFs are collated in Table 3.1.
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Previously a 2D Cu-based MOF system showed a comparable hydrogen uptake (~1.28 wt%) as shown by
compound 2 [10].

Global warming is one of the major worldwide environmental issues developing from emission of
greenhouse gases, mostly CO,. Of different CO, capture technologies that have been envisioned so far,
chemical adsorption processes are currently thought to be the most effective one for the power plants to
post-combustion. Compound 2 showed type 111 isotherms (according to the IUPAC nomenclature). In the
present study compound 2 showed a significant uptake of CO; gas at two different temperatures, 298 K
and 273 K. The CO; uptake capacity was measured to be 78 cc/g (15 wt%) and 38 cc/g (7.5 wt%) at 1 bar
pressure at 273 K and 298 K, respectively (Figures 3.6¢, 3.6d) which is higher in comparison to many
other 2D MOF systems (Table 3.4) [10-18; compound 1, chapter 2]. To get deeper insight, isosteric heat
of adsorption (Qst) of CO, was determined by applying the Clausius-Clapeyron equation at two different
temperatures viz. 273 K and 298 K [19]. Q«(-AH, adsorption enthalpy) value for compound 2 was
observed about 21.6 KJ/mole (Figure 3.7a).

Measurement of CH,4 adsorption was carried out at both 298 and 273 K temperatures. Compound
2 adsorbed methane gas 13 cc/g (0.93 wt%) at 298K which increased to 42 cc/g (3 wt%) at 273K (Figures
3.6¢, 3.6d). The extent of adsorption of CH4 was lower than CO,. This difference in adsorption behavior
may be explained in terms of kinetic diameter of CH, (3.80 A) which is larger than that of CO, (3.30 A).
Linear structure of CO; helps for its easy entering into the void space of compound 2. Besides, as CO;
possesses quadrupole moment (—1.4 x 107 C m), it can interact with surface of the framework more
strongly than CH, molecule [20]. Recently Moorthy et al. reported 2D MOFs containing triptycene triacid
that exhibited selectively high uptake of CO, owing to formation of highly porous 2D honeycomb layers
[11]. In comparison compound 2 is not highly porous like the above said systems, however, it showed
noticeable high uptake of both CO; and H.. VVoid space available between two 2D sheets hosts the gas
molecule (Figure 3.7b). As 2D layers in compound 2 are connected to each other through weak
interaction, the interlayer distance can be elongated under pressure leading to high adsorption of small gas

molecules.

74



Chapter 3

Volume of gas [cm‘! g'l ]

Volume of gas (rm"' g'l ]

Figure 3.6. a) N, and H, sorption isotherm of compound 2 at 77 K; b) Pore size distribution using
NLDFT method on basis of N sorption; c) CO; and CHasorption isotherm of compound 2 at 273
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between each 2D sheet of compound 2 along c-axis in space fill arrangement.

Combining all effect, partial adsorption selectivity of compound 2 towards CO- in comparison to
CHjy cannot be ignored. There have been few previous reports regarding selectivity of CO, over CH4 on
two-dimensional metal-organic frameworks which deserve mention [17]. Zhang and Su et al. reported a
microporous 2D Zn(11)-MOF that adsorbed CO; 65 cc/gat 273K, which about 6.5 times more than the
corresponding CH. (10 cc/g) uptake [17a]. Two 2D layered MOF systems which displayed a moderate
uptake of CO- (38 cc/g and 25 cc/g) at 195 K whereas no significant adsorption of CH4 was observed by
these MOFs [17c]. In this study, compound 2 exhibited uptake of CO- is doubled to that of CH,4 at 273K
while it is 3 times to that of CH, at 298K (w.r.t volume). Besides, the sorption amount of both adsorbates
is comparably higher than those of previously reported systems described above. Natural gas mixtures
like biogas, natural gas, landfill gas etc. CH4 often mixed with CO, selective adsorption of CO, over CH4
played an important role to remove CO, from the mixtures to improve the energy content of this types of

mixtures [21].
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Table 3.4. Comparison of gas uptake ability of different 2D-microporous MOFs

MOFs Surface area from H. CO, uptake [wt %] at 1 Ref.
N adsorption [m? g~ | uptake bar
] [wt %]
at 1 bar
at 77K
Langmuir | BET 195K | 273K | 298K
Compound 2 _ 74 1.22 _ 15 7.5 | this study
C14H10CdN205 157 47 1 _ 10 5 Compound
1, Chapter
2
Cs3H30Cu2N4012 _ 217 1.28 _ _ _ [10]
C16H16N40sZn _ _ 0.13 _ 5 2.8 [14]
Cs2.3H29.45N9.15010ZN2 _ _ 0.06 _ 10.4 7.6 [14]
Ca15H145Ng 5012522 _ _ 05 _ 13.6 8 [14]
{[Mg2(HL)2(H20)4](H20) }n _ _ 0.57 _ 1.6 _ [12]
CasH3sCdNgO10 _ _ _ _ 9.7 _ [13]
C46HsgBr2CdN604 _ _ _ _ 8 _ [13]
Co-TPA _ 562 0.12 33 19.9 14 [11]
Mn-TPA B 402 0.1 40 14 8 [11]
Cd-TPA _ 188 0.1 24 16 | 116 [11]
Zn-TPA _ 246 0.13 25 14 10 [11]
C21H19Ni0507 _ 391 _ _ _ 6 [15]
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[Zn2(CNsH2)s(H20):].6H.0 | 433 341 - - | [16]
CaaH2020Z15 B B 0.8 [ 114 | 48 | [i7d]
CooH=2ClN12020215 - 41 - 5 1 - [170]
C22H2007N2S2Zn _ _ _ 7.5 _ _ [17¢]
C22H2208N2S.Co _ _ _ S5 _ _ [17¢]
Co1H0Cd2N501552 ~ ~ ~ 8 3 2 [18]

3.4 Conclusion

Two new coordination compounds have been synthesized through solvothermal treatment of

Co(NOs),-6H,0 and Zn(NOs),-6H,0 using 4-methoxy-2-quinolinecarboxylic acid linker at 160 °C and
120 °C respectively. While cobalt variety displayed a 2D coordination polymer structure, zinc is a simple

monomer. Compound 2 showed higher uptake of H, and CO; in comparison to the many other 2D metal-

organic frameworks. Interestingly, compound 2 exhibited partial selectivity of CO, over CH4 which can

be utilized in betterment of energy content of natural gases and separation of CO, from binary gas

mixtures (e.g. COy/ CH,) in various industrial processes.
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Chapter 4

4.1 Introduction

Metal-organic framework (MOF) is nothing but a symmetric arrangement of metal ions through
organic linkers into extended one, two and three-dimensional networks via coordination bonding and
other weak bonding interactions [1]. Designing of metal-organic framework has reached at higher level of
sophistication, however, challenges remained how to control the structure of MOF employing basic
knowledge of supramolecular chemistry and crystal engineering [2-3]. There are various synthesis
methods to design MOFs such as diffusion-based crystallization and hydro-, solvo- and ionothermal
synthesis etc. Hydrothermal process is one of the most popular methods utilized in the synthesis of MOFs
[4]. However, to have control over the product formation in hydrothermal reactions is still remained
elusive to chemists, since there are many factors influencing the formation and structure of the
compounds, such as the reaction media (solvent), temperature, pH, molar ratio of starting materials,
reaction time, and so on [5-9]. Therefore, an investigation for understanding the relationship between the

structures of compounds and various stimuli is highly desirable.

Further, MOFs have been employed as catalyst in a variety of organic reactions [10]. C=C bond
functionalization reaction is one of such important reactions in organic chemistry that can lead to a
diverse array of derivatives. For example, simple epoxidation reaction that produces epoxide. The
epoxides are active intermediate for industrial applications, which is used as feedstock for many value-
added products [11]. Olefin epoxidation catalyzed by transition metal complexes has been a subject of
great interest in the past few decades [12]. In this connection several copper catalyzed epoxidation
reactions have been reported [13]. Usually, epoxidation is carried out in the presence of an oxidant such
as hydrogen peroxide, TBHP or peracids. Hydroperoxides in combination with suitable catalysts

constitute a suitable system from the viewpoint of green chemistry.

In this chapter, the structural interconversion among four metal carboxylate framework
compounds, {[Mg(H:0)e][Cu(pdc).]-2H,O0}n (H:Pdc = pyridine-2,5-dicarboxylic  acid) (4),
{[CuMg(pdc)2(H20)4]-2H20}s  (5),  {2(Him):[Cu(pdc)2]}n (im = imidazole) (6), and
{[Cu(pdc)(im).]-2H20}x (7) have been discussed. Synthesis, X-ray crystal structure and catalytic efficacy
of the new compound 6 in olefin epoxidation reaction are also described. Synthesis, characterization and

catalytic efficacy of others compounds were reported previously [14].
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4.2 Experimental section
4.2.1 Materials

Pyridine-2,5-dicarboxylic acid, magnesium nitrate hexahydrate, copper nitrate trihydrate,
imidazole and alkenes were purchased either from Sigma-Aldrich or Merck (India) and were used as

received. Ethanol was purchased from Merck (India) and was distilled and dried before use.
4.2.2 Synthesis of the compounds 4, 5, 6 and 7

All compounds were prepared following the same procedure. Pyridine-2,5-dicarboxylic acid
(0.167 g, 1 mmol) and imidazole first added in 10 ml of milli-Q water and the mixture was stirred for 0.5
h, to this mixture magnesium nitrate hexahydrate (0.128 g, 0.5 mmol) and copper nitrate trihydrate (0.120
g, 0.5 mmol) were added and the final mixture was stirred for 0.25 h. The mixture was then transferred to
a 20 ml capacity teflon-lined acid digestion bomb and kept at 175 °C for 3 days followed by slow cooling
at a rate of 5 °C h™* to room temperature. Crystalline products were obtained from the digestion bomb.
Compound 4, 5, 6 and 7 were obtained respectively from 1, 2, 3 and 4 mmol of imidazole (Figure 4.1).
For characterization of the bulk compound, PXRD measurements (Figures 4.2-4.5), elemental analysis
and IR spectroscopic study were performed. Blue block crystals of compound 6 were obtained in about

62% yield based on copper.

Anal. Calc. for {{Mg(H.0)s][Cu(pdc).]-:2H.O}n 4: C, 29.88%; H, 3.94%; N, 4.98%. Found: C,
29.92%; H, 3.97%; N, 4.92%. Selected IR peaks (KBr disk, v, cm™): 1607, 1551 [vss (CO2)], 1358 [vs
(CO2)], 1287, 1268 [vs(C-0)], and 3472-3179 s.br [v(O-H)].

Anal. Calc. for {{CuMg(pdc)2(H20)4]-2H20}, 5: C, 31.96%; H, 3.45%; N, 5.32%. Found: C,
32.99%; H, 3.41%; N, 5.27%. Selected IR peaks (KBr disk, v, cm™): 1688, 1612 [vas (CO2)], 1395 [vs
(CO2)], 1357, 1287 [vs(C-0)], and 3477 br [v(O-H)].

Anal. Calc. for {2(Him)-[Cu(pdc)2]}n6: C, 45.16%; H, 3.03%; N, 15.80%. Found: C, 45.22%; H,
3.05%; N, 15.73%. Selected IR peaks (KBr disk, v, cm™): 1616, 1555 [vas (CO2)], 1396 [vs (CO7)], 1336,
1274 [vs(C-0)], 3112-3160 [vs (N-H)], and 3457 s.br [v(O-H)].

Anal. Calc. for {[Cu(pdc)(im)2]-2H.0}. 7: C, 38.95%; H, 3.71%; N, 17.47%. Found: C, 39.02%;
H, 3.68%; N, 17.43%. Selected IR peaks (KBr disk, v, cm™): 1652, 1616 [vas (CO2)], 1396 [vs (COy)],
1348, 1262 [vs(C-0)], and 3432 br [v(O-H)].
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4.2.3 Physical measurements

The metal content of the sample was estimated on a Varian Techtron AA-ABQ atomic absorption
spectrometer. The products of the catalytic reactions were identified and quantified by a Varian CP-3800
Gas Chromatograph using a CP-Sil 8 CB capillary column. Other physical measurements were
undertaken by the same instruments already described in Section 2.2.3, Chapter 2.

4.2.4 X-ray crystallography

X-ray diffraction data for compound 6 was collected at 296(2) K on a Bruker SMART APEX
CCD X-ray diffractometer using graphite-monochromated Mo-Ka radiation (A = 0.71073A).
Determination of integrated intensities and cell refinement were performed with the SAINT software
package using a narrow-frame integration algorithm [15]. An empirical absorption correction (SADABS)
was applied [16]. The structure was solved by direct methods and refined using full-matrix least-squares
technique against F? with anisotropic displacement parameters for non-hydrogen atoms with the programs
SHELXS97 [17] and SHELXL2014/7 [18]. The C-bound hydrogen atoms were freely refined. In the final
difference Fourier maps, there were no remarkable peaks except the ghost peaks surrounding the metal
centers. A summary of crystal data and relevant refinement parameters for compound 6 is given in Table
4.1. Structural characterization of compound 4, 5, and 7 were reported previously [14].

CCDC 1586363 contains the supplementary crystallographic data for compound 6. These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-

336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 4.1. Crystallographic data and structure refinement parameters of compound 6

Chemical formula sum C20H16CUNgOs
Chemical formula weight 531.94
Crystal system Triclinic
Space group F1
a(A) 6.6465(2)
b (A) 7.5421(2)
c (A) 10.4307(3)
o) 108.4310(1)
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B 96.643(2)
(%) 96.7370(1)
Vv (A% 486.11(2)
Z 1
Temperature (K) 296(2)
Dc (g cm?) 1.817
w(mm?) 1.193
F(000) 271
0 range (°) 2.1-26.7

Intervals of reflection indices

-8<h>8, -9<k>9, -13<1>13

Measured reflections 7758
Reflections with [ 1> 20 (1)] 1971
Independent reflections 2062

Final R indices[1>2¢ (1)]

R indices (all data)

R1=0.0278, wR2=0.0796
R1=0.0291, wR2=0.0811

Rint 0.0220

Apmax(e A?) 0.317
Apmin(e A?) -0.278
Goodness-of-fit on F? 0.790

Ri=3 I(IFol - [FeDI / X Fol, WRz = { X [w (Fo? - FeA)?1/ X [w (Fo?)] 3

4.2.5 Catalytic reaction

The catalytic reactions were carried out in a glass batch reactor according to the following
procedure. Substrate (10 mmol), ethanol (5 ml) and catalyst (2 mg) were first mixed. The mixture was
then equilibrated to desired temperature in an oil bath. After addition of hydrogen peroxide (14.4 mmol,
1.5 equiv.) the reaction mixture was stirred continuously. Reactions were performed in open air. The
products of the reactions were collected at different time intervals and were identified and quantified by

gas chromatography.
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4.3 Results and discussion
4.3.1 Syntheses and imidazole dependent structural variation and transformation

Compound 4, 5, 6 and 7 were synthesized from an identical reaction mixture with different
imidazole concentration (Figure 4.1). All compounds except for 7 are crystallized in a triclinic space

group P1 with Z = 1. Increase of the imidazole concentration led to the formation of compounds 4 to 7.

Basic structure of 4, 5 and 6 are same. These are 1-D coordination polymer contains copper(ll) ions
connected by pdc-dianions forming {[Cu(pdc).]*}» ribbon like chains. Coordination geometry of
copper(l) in 4, 5 and 6 is distorted octahedron where two nitrogen atoms and two oxygen atoms from two
chelating pdc-dianions formed the basal plane of the octahedron while axial positions are occupied by two
oxygen atoms from two different pdc-dianions. When 1 mmol of imidazole is used, compound 4 is
formed where negative charge of {[Cu(pdc)2]*}n is satisfied by the [Mg(H20)s]?* ions and ultimately
formed a hydrogen bonded 2D network through hydrogen of coordinated water molecule and free
carboxylato oxygen atom [14a]. Upon increasing the amount of imidazole to 2 mmol, hydrothermal
treatment of the reaction mixture afforded compound 5 where {[Cu(pdc).]*}n chains are linked with
Mg(1l) ions through carboxylate oxygen atoms and a 2D network was formed [14b]. In compound 5, free
carboxylate oxygen atoms present in compound 4 involved in bonding with Mg(Il) ions and replaced two
coordinated water molecules of Mg(ll) ions present in 4. Upon adjusting the amount of imidazole to 3
mmol, magnesium ions were replaced by the imidazolium ions and compound 6 was thus formed.
Structure of compound 6 is close resembles with compound 4 but only difference is that the place of
hexa-aqua Mg(ll) ions are occupied by uncoordinated imidazolium ions. When amount of the imidazole
was adjusted to 4 mmol, imidazole is coordinated by the Cu(ll) ion and compound 7 was formed [14c]. In
compound 7, each Cu(ll) ion is coordinated by two nitrogen atoms from two imidazole molecules, two
carboxylato oxygen atoms of two different carboxylate groups from two different pdc? ligand and one
nitrogen atom of pdc? ligand. Here, pdc? ligand is connected through two copper(ll) ions in a similar
fashion as in other compounds, thus formed 1D chain of distorted square pyramidal Cu(ll) coordination
geometry. Another difference is that instead of four connecting pdc? ligands with one Cu(ll) center, only

two are involved here.

All structural transformations are shown in Figure 4.1. Upon increasing imidazole concentration 4
was converted to 5, 6 and 7 through hydrothermal treatment. Similarly, 6 was converted to 7. But
attempts for conversion of 5 to 6 and 5 to 7 were unsuccessful. This is important to mention that in

presence of excess magnesium nitrate 6 was also converted to 4 through hydrothermal treatment.
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Pyridine-2,5-dicarboxylic acid (1 mmeol), Imidazole, Magnesium nitrate
hexahydrate (0.5 mmol), Copper nitrate trihydrate (0.5 mmol), Water (5
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Figure 4.1. Imidazole dependent structural variation and inter-conversion

Figure 4.2. PXRD pattern of compound 4 (Black: simulated; Red: experimental)
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Figure 4.3. PXRD pattern of compound 5 (Black: simulated; Green: experimental)
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Figure 4.4. PXRD pattern of compound 6 (Black: simulated; Red: experimental)
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Figure 4.5. PXRD pattern of compound 7 (Black: simulated; Blue: experimental)

4.3.2 X-ray structure of {2(Him)-[Cu(pdc):]}n (6)

Compound 6 crystallized in the triclinic space group

P1 with Z = 1. Compound 6 has a polymeric ribbon like 1D chain structure consist of copper(ll) ion and

carboxylate linker. The chain is propagated parallel to the crystallographic a axis (Figure 4.6). The chain
is actually anionic in nature which is balanced by uncoordinated imidazolium cations.
Crystallographically unique [Cu(pdc)2]* units constructed the ribbon, where each Cu?* adopted a
tetragonally distorted octahedron geometry (Figure 4.7). An ORTEP diagram with atom-numbering
scheme is shown in the Figure 4.8. Selected bond distances and the bond angles are collected in Table 4.2.
Four donor atoms (N1, O1 and °N1, O1; ¢ = —x, -y, —z) from two chelating pdc? ligands occupied the
equatorial positions where N1 and O1 of pdc? ligand form chelate with metal center and axial positions
are occupied by two carboxylato oxygen atoms (204 and °04; a = 1+x, y, z; b = —1-x, -y, —z) from two
different pdc? ligands. The pdc? ligand showed us connectivity mode. In one site it is formed a chelate
with copper center through one heterocyclic nitrogen atom (N1) and one carboxylato oxygen (O1) atom
adjacent to ring nitrogen and in another site, it is linked with another copper center through oxygen (04)
of different carboxylate group. Among the four carboxylato oxygen atoms of pdc? ligand, two (O2 and
03) remain uncoordinated. Those 1-D chains are connected through imidazolium ions by intermolecular
H-bonding between hydrogen bonded with the ring nitrogen of imidazolium ion and free carboxylato

oxygen atom of pdc*ligand resulted a 2D supramoleculer structure (Table 4.3 and Figure 4.6).
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Figure 4.7. Metal-ligand coordination of compound 6
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Figure 4.8. ORTEP diagram of 6 with 409%b ellipsoid probability

Table 4.2. Selected bond-lengths (A) and angles (°) of compound 6

Bond-length
Cul-01 1.9678(13)
Cul-N1 1.9655(14)
Cul-*04 2.6473(15)
Cul-t04 2.6473(15)
Cul-c01 1.9678(13)
Cul-°N1 1.9655(14)
Bond-angle
0O1-Cul-N1 82.98(6)
O1-Cul-204 84.25(5)
01-Cul-’N4 95.75(5)
O1-Cul-c01 180.00
01-Cul-°N1 97.02(6)
104-Cul-N1 93.78(5)
®04-Cul-N1 86.23(5)
°01-Cul-N1 97.02(6)
N1-Cul-°N1 180.00
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204-Cul-"04 180.00
°01-Cul-204 95.75(5)
204-Cu1-°N1 86.23(5)
°01-Cul-"04 84.25(5)
b04-Cul-°N1 93.78(5)
°04-Cu1-°N1 82.98(6)

Symmetry Code: [a] 1+X, Y, z; [b] —-1-X, -y, -zZ; [¢] —X, -V, —Z.

Table 4.3. Hydrogen bonding interactions (A, ©) in compound 6

D-H--A d(D-H) d(H-A) d(D---A) ZDHA Symmetry Transform
compound 3
N2—H?2...02 075(3)  2.02(3) 2.750(2) 164(3) _
N3—H11..03 0.91(3)  1.75(3) 2.655(2) 170(3) 2+X,1+y,2

4.3.3 Thermal analysis of compound {2(Him)-[Cu(pdc):]}n (6)

TG measurement confirms that the compound 6 was thermally stable up to around 325 °C (Figure
4.9). Compound 6 showed a single stage mass loss. A sharp mass loss at around 325 °C observed may be
due to the decomposition of the compound 6. The corresponding DTA curve of compound 6 showed an
endothermic peak centered at 353 °C. The final solid product of thermal decomposition was identified as
CuO with total mass loss of 88.57 % (ca. 88.05 %). Being a 1D chain structure, the high thermal stability
of this MOF can be explained in terms of the salt like nature, rigidity of the linkers, strong bonds between
the metal ions and the organic linkers, absence of solvent molecules, etc. Thermal stability of compound 6
also verified by variable temperature PXRD study. Major experimental PXRD peaks of compound 6 are

well maintained with the simulated one up to 300 °C (Figure 4.10).
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Figure 4.10. Variable temperature PXRD pattern of compound 6
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4.3.4 Catalytic activities of compound {2(Him)-[Cu(pdc).]}n (6)

Catalytic epoxidation of alkenes using compound 6 was performed at 60 °C in heterogeneous
conditions. Examination was carried out by the epoxidation of 1-hexene and cyclooctene in six different
solvents to obtain the suitable solvent. The best conversion and selectivity were found in ethanol.
Although acetonitrile displayed as very good solvent, but selectivity was less in case of styrene and
cyclohexene epoxidation. The conversion increases in the order
CH2CI2>CHCIs>MeOH>CH3COCH3s>EtOH>CHsCN (Figure 4.11). But the selectivity increases in the
order CH:Cl>>CHCI3>CH3COCH3s>CH3;CN>MeOH>EtOH for styrene and cyclohexene (Figure 4.12).
To monitor the temperature effect, reaction temperature was increased from 3078 °C for the epoxidation
of cyclooctene and 1-hexene, a good yield with good product selectivity was obtained at a moderate
temperature of 60 °C (Figure 4.13) in ethanol. At higher temperatures the conversion decreased, as H>O:
started to degrade at higher temperatures. The epoxidation of alkenes was studied here goes smoothly,
displayed an excellent conversion (80% to 100%) to form epoxides as the major product. Results of the
catalytic epoxidation of different substrates are given in Table 4.4. Oxidation of cyclohexene proceeds
smoothly, displayed 100% conversion after 8 h of reaction to form epoxycyclohexane with ca. 72%
selectivity and some amount of alkenes were converted to 2-cyclohexen-1-ol and 2-cyclohexene-1-one.
Cyclooctene was effectively converted to epoxycyclooctane with ca. 100% selectivity and conversion. In
case of linear alkenes, 1-hexene showed almost complete conversion and producing epoxide as the sole
product, but in case of 1-octene the conversion was not complete; the conversion is only limited to 80%
after 8 h of reaction. It suggests that the catalytic activity decreases along with chain length of alkene.
This may due to the larger hexyl group of 1-octene connected to double bond sterically hinders it in
approaching to the active site with respect to 1-hexene in which its double bond carries a smaller butyl
group. Consequently, the conversion was lowered in catalytic reaction. To study conjugated olefins,
styrene, 4-methylstyrene and trans-stilbene were used. Styrene and 4-methylstyrene were converted with
100% efficiency, and the product selectivity remained around 78 and 70%, respectively, with
benzaldehyde as the usual corresponding bi-product. The epoxidation of trans-stilbene with H,O. gives
stilbene oxide in 82% conversion but 100% selectivity. A different substrate, limonene, was also
subjected to oxidation reaction; 100% conversion with a product selectivity of 86% and along with some
unidentified products. A graphical representation of relative efficacy of 6 for the epoxidation of various
alkenes in ethanol with time is given in Figure 4.14. The same reaction was catalyzed by compound 4 but
in homogeneous condition [14a]. Therefore, it can be said that counter ion in compound 6 and also the

nature of supramolecular interactions played crucial role to maintain heterogeneity of the reaction.
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catalytic epoxidation

To ascertain the heterogeneous nature of catalyst, a hot filtration test was performed. The liquid
phase of the reaction mixture was collected by filtration after ca. 36% of the reaction was completed for
epoxycyclooctane. The supernatant solution was then kept in the reaction conditions for another 24 h.
Almost no progress of the reaction was observed during this period, which excludes the presence of active
species in the solution. Besides, atomic absorption spectrometric analysis (sensitivity up to 0.001 ppm) of
the supernatant solution of reaction mixture thus collected by filtration confirms the absence of copper
ions in the liquid phase. For the recycling study, catalyst was recovered by centrifugation, washed
thoroughly with ethanol, then activated at 140 °C under vacuum for 3 h, and reused five times using
epoxycyclooctane. All repeated reactions gave almost identical conversion (Figure 4.15). The IR spectra
and PXRD patterns of a fresh and a used sample of the catalyst did not show any significant differences

which convincingly demonstrated that its structural integrity is well maintained after several cycles of

reactions (Figures 4.16, 4.17).

Table 4.4. Oxidation of selected olefins by H,O with catalyst 61

% yield of product

Substrate Conversion (wt %) TOFP! (h?)
Epoxide Others
100 72 28 332
O 100 100 - 332
NN |92 92 - 305
AN |80 80 - 265
@—/ 100 78 201t 332
—< >ﬁ 100 70 306 332
N
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O N O 82 100
@—{ 100 861" 1419 332

[a] Reaction condition: Substrate (10 mmol), ethanol (10 ml) and catalysts (2 mg); hydrogen peroxide

(1.5 equiv.); temperature: 60 °C; reaction time: 8 h; The products of the reactions were collected at

- 271

different time intervals and were identified and quantified by Varian CP-3800 gas chromatograph
equipped with an FID detector and a CP-Sil 8 CB capillary column. [b] Turn over frequency (TOF) =
moles converted per moles of active site per hour. [c] 2-cyclohexen-1-0l and 2-cyclohexene-1-one. [d]
Benzaldehyde. Benzoic acid. [e] 4-Methylbenzaldehyde. [f] Limonene oxide. [g] Unidentified product.
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Figure 4.11. Catalytic efficacy of compound 6 in different solvents on the basis of olefin conversion.
Reaction conditions were the same as given in the footnote of Table 4 (Reaction temperature is the
boiling point for those solvent having boiling point below 60 °C)
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4.4 Conclusion

In  essence, structural inter-conversion of four metal carboxylate compounds,
{[Mg(H20)e][Cu(pdc)2]-2H0}n (4), {[CuMg(pdc)2(H20)4]-2H20}n (5), {2(Him)-[Cu(pdc)2]}a (6), and
{[Cu(pdc)(im)2]-2H-0}» (7) (Hzpdc = pyridine-2,5-dicarboxylic acid and im = imidazole) through
hydrothermal reaction have been investigated. The new compound, 6, has been synthesized
hydrothermally and characterized by single-crystal-X-ray diffraction. High thermal stability of compound
6 was established by variable temperature PXRD study. Olefin epoxidation reactions in heterogeneous
condition were catalyzed by compound 6 where H,O; displayed the role of oxidizing agent. Catalytic
activities were tested in different temperature and solvent medium. The best catalytic activity of the
compound was observed in ethanol at 60 °C. This demonstrates the choice of an appropriate solvent and

temperature is important in catalytic reactions.
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Chapter 5

5.1 Introduction

Massive emission of anthropogenic carbon dioxide (CO,) into the atmosphere has become a
greatest environmental concern because it is the primary source of greenhouse gas causing climate change
and other environmental problems [1-3]. Separation of CO, from methane (CH,) also plays very crucial for
upgradation and treatment of biogas to improve purity [4]. In addition, pre-combustion CO; capture is
essential to separate it from hydrogen (H), which is produced by the reaction of primary fuel with oxygen
or air [5]. Selective trapping of CO- using carbon capture and sequestration (CCS) technologies play a vital
role in these issues [6, 7]. Presently, along with traditional CCS methods, use of metal-organic frameworks
(MOFs), which is also known as porous coordination polymers (PCPs), have been rapidly emerging as a
new type of functional materials for the selective CO, adsorption due to the presence of highly ordered
pores, large surface areas, and high thermal stability [8-11]. The advantage of PCPs with adjustable pore
shape and size, and controllable pore surface properties for specific applications is based on their design
strategy, which can be elegantly tuned by judicious selection of metal ions and linkers [12-18]. Selective
CO; adsorption by the MOF can be achieved by (a) control of pore aperture [19], (b) presence of open metal
sites within the pore [20-25], (c) decoration of pore wall by polar functional group [26-29], or by the (d)
immobilization of alkali metal ions within the pore [30-32]. The first criterion to make a MOF suitable for
selective CO- sequestration is to have its pore size and pore aperture commensurate with the kinetic
diameters of CO; [33, 34]. Nonetheless, it is difficult to achieve the selectivity of CO, over N2 and CH4
only by the fine control of the pore aperture as their kinetic diameters are very close to each other (CO; =
3.30 A, N,=3.65 A, CH, = 3.76 A). There are only few reported MOFs where selectivity is achieved by
merely controlling the pore size. In most of the cases pore size as well as environment together helped in
achieving selectivity. Because of having quadrupole moment, CO, can efficiently interact with the
coordinately unsaturated metal sites present in any MOF. CO, uptake capacity of MOFs may be enhanced
upon modification of the surface structure of framework by inducting local dipoles which can interact more
strongly through non-bonding interaction. Hence, inclusion of electronegative atoms like N, O, or F in the
pore structure is an effective means to increase adsorption energies for the molecules like H, and CO- [35-
42]. The potential of fluorine or amine groups to interact with CO; has been reasonably exploited in the
industry. Chemisorption of CO, over amines is being applied as an effective tool for removal of CO; from
flue gases. It has been suggested that amending of pore surface by decorating Lewis base centers (-amino,
-pyrimidine, -hydroxo) enhance low pressure CO, uptake as well as isosteric heat of adsorption [36-42].
Studies on synthesis and characterization of MOF were prolific in recent years, however, porous MOF of

mixed ligand systems for selective CO, adsorption are still scanty in the literature. In this study, adsorption
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and storage of small gas molecules in the porous MOF medium have been emphasized. Particularly,
designing of MOFs with ability of selective CO, adsorption.

To this end, a mixed ligand 3D metal carboxylate framework compound,
[Zn2(H20)(nic)(pzdc)].-nH20 (8), (H2pzdc = pyrazole-3,5-dicarboxylic acid and Hnic = isonicotinic acid)
(Figure 5.1) has been synthesized. Compound 8 showed very selective CO. adsorption with respect to small
gas molecules like Hz, N2, CH4 at low partial pressure. To get deeper insight into the selective CO,
adsorption capability of MOF compared to other small gas molecules, Molecular Dynamics and Monte

Carlo simulations have been undertaken vis-a-vis consideration of experimental results.

Figure 5.1. Figure shown structure of pyrazole-3,5-dicarboxylic acid (A) and isonicotinic acid (B).
Atoms colour code: Nitrogen (blue), Oxygen (red), Carbon (grey) and Hydrogen (white).

5.2 Experimental section

5.2.1 Materials

Zinc(ll) nitrate hexahydrate, pyrazole-3,5-dicarboxylic acid and 1,2-bis(4-pyridyl)ethane were
purchased either from Sigma-Aldrich or from Merck (India) and were used as received without further

purification.

5.2.2 Synthesis of [Zn,(H20)(nic)(pzdc)].-nH20 (8)

Equimolar (0.5 mmol) amount of Zn(NO3)..4H,0, pyrazole-3,5-dicarboxylic acid and 1,2-bis(4-
pyridyl)ethane were mixed in milliQ water (8 mL) and stirred for 1 h and it was transferred into a 25 mL
teflon-lined autoclave and kept in an oven at 170 °C for 3 days. After slow cooling to room temperature

over a period of 8 h, rod-shaped, light-yellow crystals were obtained (84% yield based on metal ion).

108



Chapter 5

Elemental analysis (%) ca. for [Zn2(H.0)(nic)(pzdc)],-nH20: C 29.89, H 2.05, N 9.51, O 28.96;
found: C 29.9, H 2.0, N 9.5, O 28.9. Selected IR peaks (KBr disk, v, cm™): 1594, 1559 [vas (CO> )], 1501
[0s (CO2 )], 1388, 1343 [vs (C-O)], and 3019-3505 s.br [vs (O—H)] (Figure 5.2).

—— After Dehydration

——Before Dehydration

I — T+ T ' T T T + T * T T° 1
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm-l)

Figure 5.2. IR spectra of the compound 8 before and after dehydration

5.2.3 Physical measurements
All the physical measurements were undertaken by the same instruments as described previously
in Section 2.2.3, Chapter 2.

5.2.4 X-ray crystallography

X-ray diffraction data for [Zn2(H.O)(nic)(pzdc)]n-nH20 (8) was collected at 180(2) K on a Bruker
SMART APEX CCD X-ray single crystal diffractometer using graphite-monochromated Mo-Ka. radiation
(A=0.71073A). Determination of integrated intensities and cell refinement were performed with the SAINT
[43] software package using a narrow-frame integration algorithm. An empirical absorption correction
SADABS [44] was applied. The structure was solved by direct methods and refined using full-matrix least-
squares technique against F> with anisotropic displacement parameters for non-hydrogen atoms with the
programs SHELXS2018 and SHELXL2018 [45]. Two water solvent molecules (0100 and O200) were
found to be disordered, and their occupancies were fixed at 0.5 before final refinement. All the hydrogen

atoms except the hydrogen at the disordered atom were placed at calculated positions using suitable riding
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models with isotropic displacement parameters derived from their carrier atoms. The hydrogen atoms of
the water molecules with half occupancy as well as the lattice water (O21) were not taken into account in
the structure refinement. In the final difference Fourier maps there were no remarkable peaks except the
ghost peaks surrounding the metal centers. A summary of crystal data and relevant refinement parameters
for compound [Zn2(H20)(nic)(pzdc)].-nH20 has given in Table 5.1.

CCDC 1006963 contain the supplementary crystallographic data for compound 8. These data can
be obtained free of charge via http:// www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-

mail: deposit@ccdc.cam.ac.uk.

Table 5.1. Crystal data and refinement details of [Zn2(H20)(nic)(pzdc)],-nH20

Formula C11HoN3OsZn;
Formula Weight 441.95
Crystal System Monoclinic
Space Group C2/c
a(A) 22.8941(17)
b (A) 11.2210(7)
c(A) 16.7025(11)
a (°) 90.00
B () 127.370(3)
7 (°) 90.00
V (A% 3410.0(4)
Z 8
Dcarc (gcm3) 1.722
u (mm™) 2.855
Rint 0.0895
Unique data 4204
Data with 1 > 2(1) 3045
R1 (1 > 2(1) 0.0632
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WRz (1> 2(1)) 0.1962

(GOF) on F? 1.080

Ri= 3 [(IFol - [FeDI / X Fol, WRa = { X [w (Fo* - FA)?1/ X [w (Fo?)7] 3

5.2.5 Computational details

Molecular dynamics (MD) and Monte Carlo (MC) simulations of the monoclinic C2/c MOF crystal
structure (cell formula of CggsH72N24064Zn16) Was calculated with the GULP and SORPTION program codes
of Accelrys, Inc. [46]. The starting experimental crystal optimization, MD and MC simulations were
calculated with the Dreiding force-field [47]. It is a diagonal force-field with harmonic potentials terms and
a cosine-Fourier expansion torsion term. The umbrella functional form is used for inversions, which were
defined according to the Wilson out-of-plane definition. The Lennard-Jones potential described the Van-
der Waals interactions. Electrostatic interactions were characterized by atomic monopoles and a screened
Coulombic term. An explicit Lennard-Jones 12-10 potential described hydrogen bonding. Materials Studio
provides the QEq method for calculating approximate atomic point charges [48]. The CO2, Hz, N2, and CH4
molecules were treated with the same force field and charges method that the MOF structure. The potential
parameters and charges used are reported in Table 5.2.

Four MD simulations of 10 ns with CO, Hz, N2, and CH4 molecules within the MOF structure were
simulated with the microcanonical ensemble, respectively. The Verlet leapfrog algorithm was used to
integrate the equations of motion with a time step of 1fs. The first 50 ps of the simulation time were spent
in equilibrating the kinetic and potential energy distribution before the production phase. Figure 5.3 showed
the models, which were fully balanced after 1 ns of the simulation time.

The Metropolis Monte Carlo simulations were carried out with grand canonical ensemble [49]. In
this ensemble, the fugacities of all components, volume, as well as the temperature, are fixed. The MOF
was in open contact with an infinite sorbate reservoir with a fixed temperature. In this method, the sorbate
structure is treated as rigid and only rigid body translations and reorientations are incorporated. Sorbate
molecules are allowed to flow in and out the framework to accommodate the fixed fugacity of the reservoir.
A fixed pressure simulation closely mimics experimental conditions and allows to calculate the average
loading of a sorbate component at a given fugacity and temperature. Adsorption isotherm calculation is
essentially performed by using a series of fixed pressure simulations with the grand canonical ensemble
where the fugacity is steadily ramped up over the series. Simulations were carried out for a total of 10°

cycles, in which the first 10° cycles were used for equilibration.
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Table 5.2. Calculated parameters of MOF-CO; (lengths in A, angles in degrees) from 0 to 100 bars

of pressure

P (bar) 1 50 100
a (A) 22.89 22,04 22.04
b (A) 11.22 10.88 10.79
c(A) 16.70 16.36 16.33
@ () 90.0 90.2 90.2
B () 127.4 127.6 127.8
7O 90.0 90.3 88.0
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Figure 5.3. Total internal energies of the MOF-H, (green), MOF-N: (purple) and MOF-CO; (blue)
during 10 ns of MD simulations. The red lines are the average of the series showed in colours.
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5.3 Results and discussion
5.3.1 Synthesis and characterization

The compound have been designed based on pillar-layer technique where pyrazole-3,5-
dicarboxylic acid have been chosen to achieve metal-carboxylate layers and 1,2-bis(4-pyridyl)ethane as
N,N'-donor auxiliary ligand or spacer to extend the layers into 3D porous framework. Pyrazole-3,5-
dicarboxylic acid has multiple donor sites with both oxygen and nitrogen donor atoms and it also has
versatile binding modes which makes it very useful to get a 2D layered network in presence of another
ligand having two donor sites at opposite direction. But the problem of use of very long spacer is the
interpenetration which makes the framework unsuitable for gas adsorption. In this case 1,2-bis(4-
pyridyl)ethane oxidised to isonicotinate in the reaction medium. This conversion from 1,2-bis(4-
pyridyl)ethane to isonicotinate helped to get a desired porous 3D framework without any interpenetration.
Mere use of isonicotinate instead of 1,2-bis(4-pyridyl)ethane does not afford any stable framework

compound.

5.3.2 Crystal structure of [Zn2(H2O)(nic)(pzdc)],-nH20 (8)

Compound 8 crystallized in a monoclinic space group C2/c with Z = 8. Selected bond distances and
angles are collated in Table 5.3. The asymmetric unit of [Zn.(H20)(nic)(pzdc)].-nH.O contains two Zn(Il)
ion, one pyrazole-3,5-dicarboxylate linker (pzdc), one isonicotinate linker (nic), one coordinated water
molecule and one crystalline water molecule. The ORTEP diagram is given in Figure 5.4. Both metal
centers (Znl and Zn2) of compound 8 are hexa-coordinated with distorted octahedral geometry (Figure
5.5). Zn1 center is surrounded by four carboxylato oxygen atoms, three (O1, 0112 and 011° a = x, -y, -
1/2+z; b = 1/2-x, 1/12+y, 1/2-z) from three different pyrazole-3,5-dicarboxylate (pzdc) linker and one (012)
from isonicotinate (nic) linker and other two positions are occupied by two nitrogen atoms, N6 and N18
from pzdc and nic linker respectively. Whereas, Zn2 center contains four carboxylato oxygen atoms (O1,
02, 010 and 013) linked in same fashion as in Zn1 center and one nitrogen atom (N5) from pzdc linker
along with a water molecule. Here two carboxylate group of two different pzdc molecules and one
carboxylate group of nic molecule connect two Zn(Il) centers in w13, 111, and w13 fashion respectively,
forming a dinuclear secondary building unit (SBU), and each dinuclear core connected by the pyrazole-3,5-
dicarboxylate to form 2D sheet arrangements (Figure 5.6) along the crystallographic ac plane. Each 2D
sheet is further pillared by isonicotinate linker resulting in 3D pillared networks (Figure 5.7). The three-
dimensional structure of compound 8 contained water filled channels parallel to crystallographic b-axis.
Coordinated water molecules are pointed towards the interior of the channels. Upon removal of the water

molecules the framework featureed channels along c-axis of dimension about 8.5 x 4.5 A? and along b-axis
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of dimension about 9 x 7 A?, with the open metal sites exposed to the pores. After the removal of the lattice
water molecules void space enhanced from 15.9% to 30.2% with respect to the total crystal volume as
estimated by PLATON and further removal of coordinated water molecules the value again enhanced to
34.1% with the open metal sites exposed to the pores [50].

To understand the structure of compound 8 further, a topological analysis was performed by
reducing the multidimensional structure to a simple node-and-linker net. Topological analysis by TOPOS
revealed that the compound possessed a simple 3-nadal 2,4,6-c 3D net structure (Figure 5.8) consisting of
nic linker as two-coordinated node, pzdc linker as four-coordinated node and Zn dimers as six-coordinated
node [51].

Figure 5.4. ORTEP diagram of [Zn2(pzdc)(nic)].-nH-O with 40% ellipsoid probability
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Figure 5.6. 2D arrangement in [Zn2(H20)(nic)(pzdc)]»-nH-O along crystallographic ac plane.
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Figure 5.7. 3D network in [Znz(H20)(nic)(pzdc)].-nH2O with water filled 1D channels along
crystallographic b-axis.

Figure 5.8. Topological view of the 3D nets of [Zn(H20)(nic)(pzdc)].-nH20 along crystallographic

b-axis.
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Table 5.3. Selected bond lengths (A) and angles (°) of [Zn2(H20)(nic)(pzdc)]»-nH20

Zn1-01 2.057(6) Zn2-01 2.185(5)
Zn1-012 2.150(7) Zn2-013 2.035(7)
Znl- O11° 2.069(5) Zn2-021 2.388(15)
Znl- 011° 2.296(6) Zn2-N5 2.014(7)
Znl- N6° 2.047(6) Zn2-010° 1.994(6)
Znl- N18° 2.155(7) Zn2-02° 2.074(5)
01-Zn1-012 84.9(2) 01-Zn2-013 89.8(2)
O1-Zn1-011° 95.7(2) 01-Zn2-021 95.7(4)
01-Zn1-011° 168.56(18) 01-Zn2-N5 76.0(2)
01-Zn1-N6° 116.6(2) 01-Zn2-010¢ 97.23(18)
O1-Zn1-N18° 88.7(2) 01-Zn2-02¢ 168.3(2)
011*Zn1-012 88.9(2) 013-Zn2-021 173.1(4)
011°-Zn1-012 95.2(2) 013-Zn2-N5 107.5(3)
012-Zn1-N6° 86.7(2) 010*Zn2-013 97.3(3)
012-Zn1-N18° 1735(3) 029-Zn2-013 88.2(2)
O11*—Zn1-011° 72.9(2) 021-Zn2-N5 78.0(4)
011* Zn1-N6° 146.8(3) 010*Zn2-021 78.0(4)
O11* Znl-N1g° 93.1(2) 029-Zn2-021 87.3(4)
011°-Zn1-N6° 74.8(2) 010*Zn2-N5 154.1(3)
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011°-Zn1-N18° 91.4(2) 029-Zn2-N5 93.6(2)

N6°—Zn1-N18° 95.0(2) 029-Zn2-010° 94.5(2)

a=x, -y, -1/2+z; b = 1/2-x, 1/12+y, 1/2-z;

c =-1/2+x, 1/2-y, -1/2+z; d = 1/2-X, -1/2+y, 1/2-z.

5.3.3 TG-DTA analysis

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out to
study the stability of the framework. Thermal analysis of compound 8 was performed using powdered
sample from room temperature to 800 °C under nitrogen atmosphere (Figure 5.9). Compound 8 showed a
two-stage mass loss. At the first step, upon heating a sharp mass loss of 7.8% from 28-68 °C was observed
with the theoretical value of 8.15% owing to loss of one lattice and one coordinated water molecule.
Desolvated framework is then thermally stable up to 270 °C. On further heating compound decomposed
steadily. The corresponding DTA curve showed two endothermic peaks at ca. 55 and 490 °C for the loss of

water molecules and for decomposition of the compound, respectively.
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Figure 5.9. TG-DTA plots of [Znz(H20)(nic)(pzdc)]-nH-O.
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5.3.4 PXRD study

To confirm the phase purity of the bulk material of compound 8, powder X-ray diffraction (PXRD)
measurements were carried out. The PXRD patterns of the compound are shown in Figure 5.10. X-ray
powder diffraction patterns of compound 8 were simulated using their single crystal data. Comparison of
experimental and simulated PXRD patterns showed that all the major peaks of experimental PXRD of
compound 8 matched well with those of simulated ones, indicating their reasonable crystalline phase purity.
TG analysis clearly indicated that upon heating compound 8 lost all water molecules to produce a
dehydrated product which is stable up to 270 °C. For PXRD measurement of dehydrated variety, required
amount of dehydrated product of compound 8 has been collected from the TG analyzer in several batches
after heating up to 270 °C. Dehydration can also be performed by heating compound 8 at 100 °C under
vacuum (10 Torr) for 1 h (conditions used for activation to gas adsorption experiments). Dehydration of
compound 8 was further confirmed by IR spectral analysis and elemental analysis (Figure 5.2) (Anal. for
dehydrated product of compound 8; C = 32.55, H = 1.24, N = 10.35, O = 23.65 found C = 32.58, H = 1.26,
N = 10.31, O = 23.69). PXRD patterns of the calcined species is slightly shifted to a lower 26 angle,
indicating a slight elongation of the unit cell, but is largely unchanged, suggesting the robustness of the
framework, after dehydration. PXRD patterns of the as-synthesized and dehydrated compound are retained
upon prolonged storage (at least 6 months). No significant changes of the PXRD patterns of the as-
synthesized and dehydrated compounds are observed upon exposure to water. Variable temperature PXRD
patterns were also measured for compound 8 up to 250 °C (Figure 5.10). In-situ variable temperature PXRD
measurement also revealed that framework structure of the compound is stable enough up to 250 °C. The

framework structure also retained after gas adsorption study.
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Figure 5.10. PXRD patterns of compound 8.

5.3.5 Gas sorption studies

Gas sorption isotherms for N2 (77 K), H2 (77 K), CO; (273 K and 298 K) and CH, (273 K and 298
K) in the pressures range 0-1 bar was measured with an Autosorb iQ (Quantachrome Inc., USA) gas
sorption system with an ultrahigh pure (99.999% purity) gas source. Samples were evacuated under a
dynamic vacuum (1073 Torr) at the desired temperature (100 °C). For all isotherms, warm and cold free-
space correction measurements were performed with ultrahigh pure He gas (99.999% purity). Prior to all
the measurements, the samples (~150 mg) were activated under vacuum for 3h at 90°C.

[Zn2(H20)(nic)(pzdc)]-nH20 as well as its dehydrated analogue contain solvent accessible voids.
Their pore sizes are bigger than the kinetic diameter of N, CO,, CH4 and H». Thus, to evaluate the porosity
and the adsorption capability of compound 8, N2, Hz, and CO2 adsorption measurements of the compound
were carried out. Compound 8 was found to be very selective towards CO; capture compared to N2, CHa
and H». Even the dehydrated compound adsorbed very small amount of N2, CH4 and H; at low partial

pressure (~1 bar) (Figure 5.11).
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Figure 5.11. Gas adsorption (filled) and desorption (open) curve by the dehydrated compound.

For post-combustion CO- capture, the pressure of the flue gas (~1 bar) and the low partial pressure
of CO; (0.15 bar) thereof leads to the lower-pressure region of the CO; adsorption isotherm being the area
of interest [52]. CO; adsorption isotherms for the as-synthesized (without any activation) and dehydrated
compound were measured at 273 K and 298 K up to 1 bar pressure (Figure 5.12). CO- adsorption of
compound 8 showed type | isotherms. Gas uptake of the as-synthesized (without usual activation) and
dehydrated compound was 5.6 and 11.7 wt% at 0.15 bar and 10.2 and 23.6 wt% at 1 bar respectively, at
273 K. At 298 K, the as-synthesized and dehydrated compound showed an uptake of 2.2 and 5.7 wt% at
0.15 bar and 5.3 and 12.2 wt% at 1 bar, respectively. Steepness of the slope in the low-pressure part of the
isotherms indicates strong adsorption. The presence of hysteresis in adsorption-desorption isotherm also
indicated the presence of strong interaction of CO; with the surface of compound 8. The selective CO;
adsorption capacity of the activated compound was measured with respect to N2, H, and CHa, compared
(Table 5.4) with other reported 3D-porous MOFs [53-67]. The selective CO, uptake capacity of activated
compound was higher than that observed in some of the other MOFs [53-61]. There are few recent reported
MOFs in which the values are higher than that of compound 8 [62-66]. It is noteworthy that Zn-MOF was
highly selective towards CO, adsorption over all three small gas molecules (Hz, N2, CH4) at low partial

pressure. High selectivity of CO- by the PCPs over multiple gas molecules are scanty in literature [67, 68].
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The stable three-dimensional magnesium(I1) and calcium(ll) PCPs synthesized using a neutral ligand are
very selective in carbon dioxide adsorption and separation of small gas molecules [67]. Preferential CO-
adsorption by the 2D Cu(ll) PCP have been achieved due to the strong interaction of CO- with the pore
wall decorated by the fluorinated anions [68]. Selectivity of activated compound 8 was calculated using the
ratio of the initial slopes in the Henry region of the CO; and CH, adsorption isotherms at 273 K. Selectivity
of CO; with respect to CH. at 273 K is calculated to be 22.4 (Figure 5.13). IAST selectivity also has been
simulated on the basis of pure gas sorption data (Figure 5.14). Heat of adsorption calculated for deactivated
and dehydrated compound using DFT model with respect to the CO; isotherms of 298 K and 273 K was
23.40 kJ/mol and 50.57 kJ/mol, respectively at 0.84 mmol/g and 0.51 mmol/g loading (Figure 5.15). At
higher loading these values fall slightly as the highest affinity sites are filled. The isosteric heat of adsorption

for CO; reported in this work is compared with the literature values (Table 5.5) [63-69].
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Figure 5.12. CO; adsorption (filled) and desorption (open) curve of dehydrated compound at (A)
273 K and (B) 298 K and compound 8 without any activation at (C) 273 K and (D) 298 K.
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Figure 5.13. CO2/CH4 selectivity of activated compound at 273 K.

Selectivity

500
450
400

350 A
300 A
250 A
200 A
150 A
100 -
50 A

CO,/N; (15/85)
—o— CO,/N,

—&— CO,/CH,

M

0.2 0.4 0.6 0.8 1

Pressure (bar)

Figure 5.14. Simulated IAST selectivity based on gas sorption.
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compound without any activation (left) and activated (right) compound.

Table 5.4. Comparison of gas uptake ability of different 3D-microporous MOFs*

Surface CcH CO; uptake [wt %] at 1
area from | Hp ) bar
uptake
N2 uptake
. [wt %]
MOFs adsorption | [wt %] Ref.
at 1 bar
[m? g?] at 1 bar
at 298 | 195K | 273K | 298K
at 77K
K
BET
this
Compound 8 (activated) _ _ 0.5 _ 236 | 122
study
[Zn2(NH2PDC)2(dpNDI)]» 89.7 _ _ 6.6 5.6 53
[Cu(bcppm)H20] _ _ _ 814 |762 |54
{[Zn3(bpy)3(H20)2][Fe(CN)s]2-2(bpy)-3H20}n | _ 0.47 _ 589 | 471 |55
{[an(azpy)z(HZO)z][Fe(CN)G]z4H20}n _ 0.7 _ 7.46 5.89 55
Cda(sdb)2(3-
{[Cd:(sdb)o( ~ _ 1196 |75 |57 |56
bpmh)2]}n-3n(H20)-n(CsHsNO)
[{Co(muco)(bpa)(2H20)}-2H,0]. _ _ _ 7 4.9 57
[Zny(imtha).]-2DMA-3H,0 _ 1.18 41 10.29 | 5.36 | 58
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[Mg16(PTCA)s(H2-
) 438.1 0.83 3152 | 868 | 4.63 |59

H20)8(H20)16(dloxan6)8].(H20)13.(DM F)ze
[Zn2(3,3'-PDBA)2(DABCO)15]-2DMF-H,0 - 0.07 821 |387 |23 60
{[Cd(BIPA)(HIPA)]-DMF}n - - - 21.7 | - 61
PCN-124-stu(Cu) 2153 _ _ 31.42 | 16.85 | 62
IISERP-MOF20, 2D Cu based

) 945 - 396 | - 154 | 63
ultramicroporous MOF
[Zna(tdc).dabco] - 2.23 - 30 13.2 | 64
SIFSIX-2-Cu-i - - 0.75 - - 23.8 | 65
Mgdobdc - - 1.78 - - 35.2 | 66
{[Mg2(BDC)2(bpdo)]-2DMF}, - - 1.50 - - 12.99 | 67*

*Ligand used: [53] 2-aminoterephthalic acid (NHPDC) and N,N'-di(4-pyridyl)-1,4,5,8-
naphthalenediimide (dpNDI), [54] Bis(4-(4-carboxyphenyl)-1H-pyrazolyl)methane (H-bcppm), [55] 4,4'-
bipyridyl (bpy), 4,4'-azobipyridyl (azpy) and [Fe(CN)e]*, [56] 4,4"-sulfonyl dibenzoic acid (sdb), N,N-bis-
pyridin-3-ylmethylene-hydrazine (3-bpmh) and 3-pyridinecarboxaldehyde (CeHsNO), [57] Trans, trans-
muconatedianion (muco) and 1,2-bis(4-pyridyl)ethane (bpa), [58] 2-(imidazol-1-yl)terephthalic acid
(Hzimtha), [59] Pyrene-1,3,6,8-tetracarboxylic acid (HsPTCA), [60] 3,3'-(pyrazine-2,5-diyl)dibenzoic acid
(3,3'-PDBA) and 1,4-diazabicyclo[2.2.2]octane (DABCO), [61] bis(4-(1H-imidazol-1-yl)phenyl)amine)
(BIPA) and 5-hydroxyisophthalic acid (H.HIPA), [62] 5,5-(pyridine-3,5-dicarbonyl)bis(azanediyl)di-
isophthalic acid, [63] 2-(4-carboxyphenyl)-1H-benzo-[d]imidazole-5-carboxylate, [64] Thiophene-2,5-
dicarboxylic acid (H»tdc) and 1,4-diazabicyclooctane (dabco), [65] SIFSIX-2-Cu-i is composed of doubly
interpenetrated nets that are isostructural to the nets in SIFSIX-2-Cu where SIFSIX-2-Cu refer to
[Cu(dpa)2(SiFe)]n (4,4'-dipyridylacetylene (dpa)), [66] 2,5-dihydroxyterephthalic acid (Hsdobdc). [67] 1,4-
benzenedicarboxylic acid (H.BDC) and 4,4’-bipyridine-N,N’-dioxide (bpdo). *The values are given at a

pressure near to 1 bar.

Table 5.5. Comparison of isosteric heat of adsorption (Qs:) for CO- in different MOFs at low CO;

loading
MOFs Q:st (kJ/mol) Ref.
Compound 8 without any activation 23.40 this study
Compound 8 (activated) 50.57 this study
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IISERP-MOF20, 2D Cu based ultramicroporous MOF 26 63
SIFSIX-2-Cu 22 65
SIFSIX-2-Cu-i 31.9 65
SIFSIX-2-Zn 45 65
Mgdobdc 47 66
Nidobdc 41 66
Codobdc 37 66
{[Mg2(1,4-bdc).(bpdo)]-2DMF}, 34.9 67
[Cu(PFe)2(4,4"-bpy)z]n 31 68
[Cus(BTC)z]n 35 69

Ligand used: [68] 4,4'-bipyridine (bpy), [69] 1,3,5-benzenetricarboxylate (BTC). Other ligands are same as
in Table 5.4.

5.3.6 Computational studies

A previous geometric optimization for each of the models studied (MOF-CO2, MOF-H;, MOF-N,
and MOF-CH,) was performed starting from the experimental crystal structure and including a CO3, Hz, N2
or CH, molecule. Figure 5.16 showed the isonicotinic acid bridges disposition between Zn layers in each
crystal MOF channel (Figure 5.16A-C). Red arrows in Figure 5.16D showed that the possible diffusion
ways of the gas molecule, through the 001 and 010 faces of the crystal. Later molecular dynamics
simulations have been used to investigate the MOF modifications during a certain time. At that time, the
presence of rotations of the aromatic plane formed by the isonicotinic acid bridged between the Zn layers
have been observed. In Table 5.6, a polar diagram of the changes undergone by each molecule bridge (A-
D) has shown throughout the time of the simulation. Each dot represented the dihedral angle formed by the
aromatic ring with respect to the layers of Zn to which they are attached. These rotations are performed
synchronously with the rest of the bridge molecules found in the MOF. The arrangement of the four-bridge

molecules averaged over the entire time of the MD can be seen schematically in Figure 5.17B.
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Figure 5.16. A) and B) Snapshots of the 010 and 001 miller planes of MOF-CO,. The CO: is
represented with CPK balls. Black arrows shows the Zn layers into the crystal structure. C)
Snapshots of the 100 miller plane of the MOF-CO,. Only the atoms between the layers of Zn are
showed. The aromatic parts of the A, B, C and D isonicotinic acid are represented in ball and sticks,
the Zn layers are only sticks and CO; is only CPK balls. D) Schematic representation of the Figure
C. The aromatic rings of the isonicotinic acid molecules are represented as black lines. The yellow
dot represents the rotation axis of each molecules represented (A, B, C or D) within each unit cell.
The contiguous cell is represented by dotted lines. The red arrows represent the possible routes of
diffusion of water molecules or gases within the MOF. Atoms colour code: Nitrogen (blue), Oxygen
(red), Carbon (grey), Hidrogen (white) and Zn (purple).
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Table 5.6. Evolution of the dihedral angle in the molecular dynamics simulations. Each point of
each diagram represents the dihedral angle of the aromatic part of each isonicotinic acid molecule
(A-D, see Figure 5.16) with the layer of Zn where it is bound in a simulation time. The time is a

picosecond.
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Figure 5.17. A) Snapshots of the 100 miller plane of the MOF-CO.. Only the atoms between the
layers of Zn are showed. The aromatic parts of the A, B, C and D isonicotinic acid are represented
in ball and sticks, the Zn layers are only sticks and CO is only CPK balls. B) Schematic
representation of the Figure B. The aromatic rings of the isonicotinic acid molecules are
represented as black lines. The yellow dot represents the rotation axis of each molecules
represented (A, B, C or D) within each unit cell. Black arrows show the angle range in the MD
simulations. The contiguous cell is represented by dotted lines. The red arrows represent the
possible routes of diffusion of water molecules or gases within the MOF. Atoms colour code:

Nitrogen (blue), Oxygen (red), Carbon (grey), Hydrogen (white) and Zn (purple)
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Figure 5.18. Adsorption isotherms obtained using Grand Canonical Monte Carlo simulation for the
MOF-CO:; (black line), MOF-CHys (red line), MOF-N; (green line) and MOF-H; (blue line) systems
at 273 K.

As can be seen in Table 5.6 and Figure 5.17 the spatial arrangement of the four bridges per unit cell
of the MOF is common and independent of the introduced gas. The synchronized rotations of the aromatic
part of the organic bridges were able to form a hexagonal encapsulation within the Zn layers (Figure 5.17B).

Starting from a repressive snapshot of the full molecular dynamics, the calculation of the adsorption
isotherm with grand canonical Monte Carlo simulation for the MOF-CO,, MOF-H;, MOF-N. and MOF-
CH. systems was performed. This type of calculation allowed to characterize the affinity of a specific
sorbate component toward a framework and can be directly compared with experimental results. In this
case and as shown in Figure 5.18 a great concordance has been found between the theoretical and
experimental results. As can be observed, the MOF-CO; system is the one that presented higher adsorption
even at low pressures (~ 10.7 molecules average loading per unit cell at 1 bar of pressure) being the MOF-
H, system (~ 0.0 molecules loading per unit cell at 1 bar pressure) the worst. The adsorption capacity
between compounds was also correctly characterized, being the same as that found experimentally (MOF-
CO; > MOF-CH4 > MOF-N; > MOF-Hy).

These results are qualitatively similar to those found by MD, where a comparison of the MD
showed that in the case of MOF-CO,, the CO:; is retained in the whole time of the simulation in the formed
packaging. However, the molecules of Hz, N2and CH. can move freely through the channel formed between
layers of Zn without being retained. Differences between MOF-H, and MOF-N, or MOF-CO, MD models
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have also been observed. Just as the N2 and CH, are only able to move freely through the formed zig-zag
path (001 face of the MOF) (red arrows in Figure 5.17B), the H, molecule mostly moves through the face
001 but can also do so by the 010 face of the crystal due to its reduced size.

5.4 Conclusion

In essence, a new mixed ligand porous 3D metal carboxylate framework compound,
[Zn2(H20)(nic)(pzdc)].-nH20 (Hzpzdc = pyrazole-3,5-dicarboxylic acid, Hnic = isonicotinicacid) was
synthesized hydrothermally, and characterized by single crystal X-ray diffraction and other
physicochemical methods. As synthesized compound had large solvent accessible void space (15.9%)
which enhanced to 34.1% upon removal of water molecules led to creation of open metal sites that are
exposed to the pores. [Zn.(H20)(nic)(pzdc)].-nH2O and its dehydrated product were highly selective
towards CO; adsorption over all three small gas molecules viz. H,, N2 and CH4. Molecular Dynamics and
Monte Carlo simulations afforded a possible rationalization of the fact found in experiments.
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Chapter 6

6.1 Introduction

MOFs can be built with single linker or more than one linker to assemble metal ions in the
framework. Single ligand derived MOFs are commonplace and their synthetic methodologies are,
generally, straight-forward. As a result, reports of single linker-based MOFs are prolific in the literature,
however, mixed-linker MOFs are still limited [1]. Hence further exploration is desirable in search of
facile synthetic route for mixed-linker MOFs with required stability and functionality. As regards the
application of MOFs, luminescent MOFs (LMOFs) have witnessed significant progress along with other
applications like catalysis, gas sorption, proton conduction etc. Various molecular processes like ligand-
based emission, metal-based emission, emission due to excimer or exciplex formation, guest induced
emission etc. play crucial role in photoluminescence response in LMOFs [2]. Sensing of neutral molecule
such as organic compounds, gases, vapors etc. entails a large part of luminescence studies of MOFs [3].
Neutral species tends to undergo host-guest type interaction with MOFs and in suitable cases that
manifests in the change of emission profile of MOF. It is well known that sensing of various species with
probes can be realized through two types of responses viz. “turn-on” and “turn-off” [2]. Kitagawa et al. in
their pioneering report showed that [Zn,(BDC)2(DABCO)]-DSB (BDC= 1,4-benzenedicarboxylate,
DABCO= 1,4-diazabicyclo-[2.2.2]octane, DSB= distyrylbenzene) selectively enhanced the fluorescence
response in presence of CO; and C,H., over other gases like N, O, and Ar [4]. Upon exposure to C,H; or
CO, the Iluminophore, DSB  undergone  conformational  changes. Porous  MOF,
[Cd(CVBA)(H.0)]-4DMF-2H,0 (CVBA= (E)-4-(2-carboxyvinyl)-benzoic acid) on absorbing rhodamine
B dye impartedtuneable luminescence in presence of a variety of organic molecules like benzene, toluene,
phenol, acetophenonone, 4-methylphenol etc. [5]. Dong et al. showed copper (I) based MOF can be
utilized for sensing of volatile alcohols, ketones and halocarbons [6]. [Mg(dhtp)(H20).]-DMA (H.dhtp:
2,5-dihydroxy-terepthalic acid; DMA: N,N-dimethylacetamide) exhibited an enhanced fluorescence
associated with a red shift of the fluorescence maxima upon addition of water to dispersed phase of the
MOF in THF, ethanol and acetonitrile [7]. Ming-Sun et al. reported an LMOF,
{Cds(hcpo)(bipy)2.4DMA}, (Hshcpo = (hexa[4-(carboxyphenyl)oxamethyl]-3-oxapentane acid), bipy =
2,2’-bipyridine) displayed a selective turn-on behaviour for benzene. MOF being capable of withstanding
wide range of pH variation along with possibility of its reuse led the authors to conclude the MOF
supposed to be a prospective material for practical usage, particularly, in environmental applications [8].
In addition, MOFs have been demonstrated to be fluorescent sensors for selective detection and
identification of various cations, anions and metal ions based on their fluorescence response [9-12].
MOFs have also been used for the detection of DNA or biomolecules [13]. In this chapter, studies of

luminescent MOFs especially its response towards small organic molecules have been discussed.
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Application of temperature and solvent dependent hydrothermal synthetic routes led to afford a
pair of Cd(ll) based mixed linker 3D MOFs viz., [Cdz(pzdc)z(azpy)os(H20)]n (9) and
{[Cds(pzedc)2(azpy)2]-H20}  (10) (pzdc = pyrazole-3,5-dicarboxylate, pzedc = pyrazolate-3,5-
dicarboxylate and azpy = 4,4’-azopyridine) (Scheme 6.1). Both the framework compounds featured
interesting photoluminescence property in the solid state as well as in dispersed medium. Interestingly,

solvent specific turn-on/turn-off photoluminescence responses have been observed for both the

o U 1090

compounds 9 and 10.

+

\ pzdc

Cd(NOz): + H20, Cd(NO3)2+ H2O-DMF(1:1), 120°C
160°C -

- Compound10 ,

Scheme 6.1. Schematic representation of synthetic route of two 3D Cd-based MOFs, 9-10
6.2 Experimental Section

6.2.1 Materials
Pyrazole-3,5-dicarboxylic  acid, 4,4’-azopyridine and cadmium nitrate tetrahydrate

Cd(NOs).-4H,0O were purchased from Sigma-Aldrich. All other reagents were purchased from Merck

India. Solvents were distilled and dried before use.

6.2.2 Syntheses of MOF

Synthesis of compound [Cd2(pzdc)z(azpy)oes(H20)]n (9)
[Cd2(pzdc)2(azpy)oes(H20)]n (9) was synthesized by mixing Cd(NOs).-4H,0 (0.077 g, 0.25 mmol),
pyrazole-3,5-dicarboxylic acid (0.043 g, 0.25 mmol) and 4,4"-azopyridine (0.046 g, 0.25 mmol) in 3-4 ml
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of water. Then the mixture was transferred to a 20 ml of teflon-lined Parr type acid digestion bomb for
hydrothermal treatment. The desired compound was obtained as orange-colored crystals in a teflon-lined
Parr acid digestion bomb, at 160 °C for 3 days followed by slow cooling at the rate of 5 °C/h to room
temperature.

Yield ca. 0.086 g, 86% based on the metal.

Anal Calc. for C1sHsCd2NgOg in %: C, 28.07; H, 1.25; N, 13.10; Found: C, 28.09; H, 1.31; N,
13.06. IR (KBr disk, v, cm™): 1593 and 1518 [vas(COO")], 1411 [v(CO0")], 1345 [vs(C-O)], 3248 [v(N-
H)],3400 [v(N=N)], 3069-3498 s.br [vs(O-H)] (Figures 6.1, 6.2).

Experimentally measured powder X-ray diffraction patterns matched well with the simulated

ones indicating excellent phase purity of the bulk compound 9 (Figure 6.3).

90

——— Pyrazole-3,5-dicarboxylic acid

—— 4.4 -azopyridine

70
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Figure 6.1. IR spectroscopy of linkers
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Figure 6.3. PXRD patterns of compound 9

Synthesis of compound {[Cds(pzedc).(azpy):]-H20}n (10)

Another Cd-based compound {[Cds(pzedc).(azpy).]-H20}n (10) has also been synthesized by
solvothermal synthesis. First, Cd(NOz)2-4H,O (0.077g, 0.25 mmol), pyrazole-3,5-dicarboxylic acid
(0.043 g, 0.25 mmol) and 4,4 -azopyridine (0.046g, 0.25 mmol) were mixed well in ~4 mL of DMF-H,O

(2:1) and then the mixture was transferred to a 20 mL of teflon-lined Parr type acid digestion bomb.
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Yellowish white block crystalline product was obtained by heating the mixture at 120 °C temperature for
3 days followed by slow cooling to room temperature at 5 °C/h rate.

Yield ca. 0.082 g, 82% based on the metal.

Anal. Calc. for CsH18CdsN1209 in %: C, 34.95; H, 1.94; N, 16.31; Found: C, 34.91; H, 1.92; N
16.41. IR (KBr disk, v, cm™): 1606 and 1523 [v.s(COOY)], 1411 [vs(COOY)], 1360 [vs(C-O)], 3269
[v(N=N)], 3103-3524 s.br [vs(O—H)] (Figure 6.4).

Experimentally measured powder X-ray diffraction patterns matched well with the simulated

ones indicating excellent phase purity of the bulk compound 10 (Figure 6.5).
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Figure 6.4. IR spectroscopy of compound 10
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as synthesized
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Figure 6.5. PXRD patterns of compound 10

6.2.3 Physical measurements

The solid-state **Cd NMR spectra of MOFs were measured with the single crystals collected for
crystallography, in a finely ground powder form. The spectra were obtained using the **Cd CP/MAS
NMR techniques on a Bruker Advance 600 MHz spectrometer (14.10 T) operating at a frequency 133.11
MHz. The contact time was 1 ms, the delay time 10 s and the rotor speed set at 5 and 7 kHz. The solid-
state NMR spectra chemical shifts are quoted relative to Cd(NOs3).-4H,O with positive chemical shifts
downfield. The solid-state photoluminescence experiments were performed by using finely ground
samples (5 mg) of both compounds 9 and 10 on a Horiba FluroMax-4 fluorescence spectrometer. The
luminescence experiments in dispersed media were performed as follows: finely powdered samples (2
mg) were first taken in desired solvents (2 mL) and sonicated for 30 min in an ultrasonic bath, then the
mixture was allowed to stand for some time. The resultant dispersed medium was used for luminescence
measurement. The instruments used for other physical measurements have already been described in
Section 2.2.3, Chapter 2.

6.2.4 X-ray crystallography

Single crystals suitable for X-ray diffraction were selected from bulk under a microscope and
carefully glued to thin glass fiber. Single crystal X-ray diffraction data for 9 and 10 were collected at
298(2) K, on a Bruker-AXS SMART APEX CCD diffractometer with graphite-monochromated Mo-Ka
radiation (A = 0.71073 A). CCD data were integrated and scaled by SAINT software package through a

narrow-frame integration algorithm [14]. The structures were solved by direct methods and refined by
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full-matrix least-squares technique against F2 with anisotropic displacement parameters for non-hydrogen
atoms with the programs SHELXL-2014 package [15], SHELXL 2018 [16]. An empirical absorption
correction was determined by SADABS [17]. All other hydrogen atoms of compounds 9 and 10 were
refined by isotropic thermal parameters and placed in their geometrically idealized positions, except for
the one hydrogen atom (H7) of the azopyridine ring of compound 9, which could not be treated
isotopically in the Fourier map. All calculation and molecular graphics were performed with WinGX [18],
Diamond [19], Mercury [20] and PLATON [21]. A summary of crystal data and related refinement
parameters for two compounds are given in Table 6.1.

CCDC-1986604 and CCDC-1986605 contains the supplementary crystallographic data for
compound 9 and 10 respectively. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.

Table 6.1. Crystal data and structure refinement for compound 9 and 10

Compound 9 10
Mol. Formula C15HgCd2NgOg C30H20Cd3N1209
Formula wt. 641.09 1029.78
Space group P2i/c P212:2;
Crystal system Monoclinic Orthorhombic
alA 9.8244(10) 13.2642(8)
b/A 11.1092(9) 14.2476(8)
c/A 16.9659(14) 17.5525(10)
o/ deg 90 90
B/deg 99.361(7) 90
v/ deg 90 90
v/ A3 1827(3) 3317.1(3)
z 4 4
dear (g.cM®) 2.331 2.062
p (mm) 2.397 1.981
Rint 0.112 0.055
No. of unique data 3743 7349
Data with | > 25(1) 2275 7240
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R1 on [>26(]) 0.0598 0.0608
wR2 on I>26(I) 0.1407 0.1296
GOF on F2 0.99 1.37

F(000) 1232 2000

Ri= 3 [(IFol - [FeDI / X Fol, WRa = { X [w (Fo? - FA)?1/ X [w (Fo?)7] 3

6.3 Results and discussion
6.3.1 X-ray structure

X-ray structure of compound [Cdz(pzdc).(azpy)os(H20)]n (9)

Single-crystal X-ray crystallographic study revealed that compound 9 crystallizes in the space
group P2i/c with Z = 4 (Table 6.1) and possessed a 3D polymeric structure consists of Cd(Il) with
pyrazole-3,5-dicarboxylate and 4,4 -azopyridine linkers (Figure 6.6). The asymmetric unit of 9 with an
atom numbering scheme is shown by ORTEP diagram (Figure 6.7). In compound 9, two
crystallographically different types of Cd metal centers (Cdl and Cd2) with different coordination
numbers, viz. six and seven respectively, are connected through the ligand pyrazole-3,5-dicarboxylate
with s and us- connectivity (Figure 6.6a). Coordination geometry of Cdl in compound 9 is distorted
octahedral (Figure 6.6b) while Cd2 featured a distorted pentagonal bipyramidal geometry (Figure 6.6c).
Of two types of binding modes of pyrazole-3,5-dicarboxylate, one binds with four Cd-centers through
carboxylate oxygen atoms in which one carboxylate group connected Cd1 and Cd2 centers through O7
and O8 atoms adopted us-5*:5? bridging coordination mode and while other carboxylate group connected
with Cd1 center through O5 oxygen atom in monodentate fashion (Figure 6.6d). In another binding mode,
carboxylate groups of pyrazole-3,5-dicarboxylate coordinated to four Cd metal centers where one
carboxylate group linked through z2-5? binding with Cd2 center (through O2 carboxylato oxygen atom)
and another carboxylate group adopted us-#*:5° bridging coordination mode between Cdl and Cd2
centers through 04 and O3 carboxylato oxygen atom (Figure 6.6€). The Cd2 centers formed two types of
five membered chelate rings; while one through N1 nitrogen atom of pyrazole moiety and O8 carboxylato
oxygen atom another through N3 atom of pyrazole and O2 carboxylato oxygen atom (Figures 6.6d, 6.6e).
On the other hand, two pyridyl nitrogen atoms (N5) of 4,4’-azopyridine displayed as a spacer that
connected two Cd1 centers (Figure 6.6f). On the other hand, two pyridyl nitrogen atoms connected with
two Cd1 centers (Figure 6.6f). The Cd-O and Cd-N bond-lengths are in the range of 2.197(7) A- 2.629(7)
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A for both cadmium centers have shown in Table 6.2. Cd-O and Cd-N bond lengths are agreement with
reported values [8, 22]. Selected bond lengths and angles of 9 are given in Table 6.2.

syn-syn

syn-anti
syn- mlfIHA cu1
9 Ccd2
\. Cd1 (‘ cd1
d) H
Syn-syn

Figure 6.6. Coordination environment of Cd(lIl) in compound 9: a) metal coordination of two
different Cd(l1) centers; b) polyhedral drawing of hexa-coordinated Cd1; c) polyhedral drawing of

hepta-coordinated Cd2; d), e), f) various coordination modes of linkers.

In MOF 9 pyrazole-3,5-dicarboxylate connected two crystallographically different Cd metal
centers (Cd1 and Cd2) through syn-syn and syn-anti bridging mode of carboxylato oxygens (08, O7; 03,
04 respectively) (Figures 6.6d, 6.6e). Such Cd-carboxylate moieties are stacked through bis-chelated
mode of two —COO" and one N-atom (N3) parallel to crystallographic b axis (Figure 6.8a) and which are
further pillared by N,N’-donor 4,4"-azopyridine (Figure 6.8b). Finally, a zigzag 3D framework is formed
on further connection of Cdl centers of the above sub-structure via carboxylato oxygen (05, O7) of

pyrazole-3,5-dicarboxylate (Figure 6.8c).
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Figure 6.8. a) Stacking of Cd carboxylate moieties; b) pillaring through 4,4’-azopyridine; c) 3D

zigzag framework.
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To understand the structure of compound 9 further, a topological analysis was performed by
reducing the multidimensional structure to a simple node-and-linker net. Topological analysis by TOPOS
[23] revealed that the compound 9 has a 5-nodal 2,4,4,4,5-c 3D net structure with the Schlafli symbol
{4%.84}6{4%.8°.10%}2{8} consisting of 4,4"-azopyridine as two-coordinated node, pyrazole-3,5-
dicarboxylate as four-coordinated node with two different types of binding mode, Cdl center as four-

coordinated node and Cd2 center as five-coordinated node (Figure 6.9).

Figure 6.9. Topological view of compound 9: a) view along crystallographic b axis, b) view along
crystallographic c axis.

X-ray structure of compound {[Cds(pzedc).(azpy).]-H2O}n (10)

Structure of compound 10 also exhibited a three-dimensional polymeric network consisting of
Cd(I) coordinated by pyrazolate-3,5-dicarboxylate and 4,4"-azopyridine linkers, which crystallized in
the orthorhombic space group P2:2:2; with Z = 4 (Table 6.1). The asymmetric unit of
{[Cds(pzedc)2(azpy)2]-H.O}n contains three different Cd(ll) ions, two pyrazolate-3,5-dicarboxylate linker
(pzedc), two 4,4’ -azopyridine linker (azpy) and one uncoordinated water molecule. The ORTEP diagram
of compound 10 with an atom numbering scheme is shown in the Figure 6.10. Three crystallographically
different types of Cd atoms are present in compound 10 (Figure 6.11a). The coordination around three Cd
centers; Cdl, Cd2, Cd3 is shown in Figures 6.11b, 6.11c, 6.11d, respectively. Cdl center featured a
distorted octahedral geometry (Figure 6.11e) and is surrounded by four donor nitrogen atoms (N2, N6,
N20, N21) and two carboxylato oxygen atoms (O3, 012). Cd2 and Cd3 centers are hepta-coordinated
having distorted pentagonal bi-pyramidal geometry (Figures 6.11f, 6.11g). Cd2 is surrounded by five
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donor oxygen atoms (03, O5, 07, 011, 013°) and two nitrogen atoms (N23¢9, N30"). Cd3 also featured a
similar coordination environment like Cd2. In case of MOF 10, one carboxylate group from a pyrazolate-
3,5-dicaboxylate linker (pzedc) connected two Cd(ll) centers (Cd1 and Cd2) through O3 and O11 atom in
a bridging chelate mode while Cd1 and Cd3 are connected through N21 and N22 of another pzedc ligand
(Figures 6.12a, 6.12b). Cd2 and Cd3 are interconnected by O7 and O13 in a bridging chelate mode
(Figure 6.12a) of pzedc ligand. Pyrazolate-3,5-dicaboxylate linker bound three Cd centers through
carboxylate groups in bridging chelate fashion forming square like channel that leads to square grid
(Figures 6.13a, 6.13b). These channels are further connected through pyrazolate-3,5-dicaroxylate by
sharing the corners resulted a fascinating 3D framework structure (Figure 6.13c). Additional
reinforcement to the network is provided by 4,4"-azopyridine linker by connecting Cdl, Cd2 and Cd1,
Cd3 through N2, N30 and N6, N9, respectively (Figure 6.12c). Interestingly, 4,4"azopyridine linked two
opposite face of the square and featured a wavy structure that propagates throughout the grid (Figures
6.13c, 6.13d). Cd-O and Cd-N bond-lengths are in the range of 2.304(14) A- 2.568(11) A for three Cd
centers in MOF 10 are collated in Table 6.2. To represent the square grid of 10 in the simplest way a
figure has been drawn where 3D cube (green) represents as a square (magenta) (Figures 6.13e, 6.13f). The
square units further connected through sharing of corners resulted in a square grid network structure
(Figure 6.13Q).
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Figure 6.10. Ortep diagram of compound 10
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e) N21

Figure 6.11. a) Part of the molecular structure of 10 (hydrogens are omitted for clarity);
coordination environment of b) Cd1, c) Cd2, d) Cd3 metal center; polyhedral drawing of e) Cd1; f)
Cd2; g) Cd3 coordination environment.
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Cd3

N9

Cdl

ca2y a)

Figure 6.12. a) and b) Coordination modes of pyrazolate-3,5-dicarboxylate; c) coordination modes

of 4,4’-azopyridine in 10.
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Ko

2

Figure 6.13. a) Representative Cd-carboxylate 3D square channel and propagation of square grid
network; b) wavy nature of 4,4’-azopyridine linker; c) 4,4'-azopyridine reinforced grid structure d)
close up picture of part of the square grid; e) cube represent the 3D square shaped channel; f) cube

is represented by two-dimensional square shaped unit (magenta colour); g) representative square

grid architecture.
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Topological analysis of compound 10 revealed that the compound has a 7-nodal 2,2,4,4,4,4,4-c
3D net structure with the Schlafli symbol {6°.8.10.12}{6°.8.10°}{6°.82.10}{6*.8.10}{6°.8}{6}2 consisting
of 4,4"-azopyridine as two-coordinated node with two different types of binding mode, pyrazolate-3,5-
dicarboxylate as four-coordinated node with two different types of binding mode, Cdl, Cd2 and Cd3

center as four-coordinated (Figure 6.14).

Figure 6.14. Topological view of compound 10: view along crystallographic b axis.

Table 6.2. Selected bond lengths (A) and angles (°) of compounds 9 and 10

Bond-length (A) of 9 Bond-length (A) of 10
Cdl-03 2.286(6) Cdl-03 2312(11)
Cd1- 05 2 244(7) Cdl- 012 2.342(12)
Cd1- 08 2.296(7) Cdl— N2 2.357(12)
Cd1- 09 2.399(7) Cdl— N6 2.304(14)

Cd1-N5 2.324(8) Cdl1 - N20 2.328(12)
Cd1 - 072 2.350(7) Cd1 - N21 2.365(11)
Cd2-03 2.349 (7) Cd2-03 2.568(11)
Cd2 - 04 2.629(7) Cd2- 05 2.317(9)
Cd2 - 08 2.455(7) Cd2— 07 2.467(11)
Cd2 - N1 2.301(9) Cd2 - 011 2.337(11)
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Cd2 - 02¢ 2.530(6) Cd2 - 013¢ 2.472(9)
Cd2 - N3¢ 2.257(8) Cd2 — N23¢ 2.317(10)
Cd2 - 02¢ 2.194(7) Cd2 — N30 2.361(12)
Cd3-05 2.391(9)
Cd3-010 2.503(11)
Cd3-013 2.351(9)
Cd3 — N22 2.319(10)
Cd3 — N9? 2.357(13)
Cd3 - 06° 2.400(11)
Cd3-012° 2.463(12)
Bond-angles (degree) of 9 Bond-angles (degree) of 10
03 - Cd1- 05 102.9(2) 03 -Cd1-012 161.9(4)
03 -Cd1- 08 74.8(2) 03 - Cd1-N2 78.5(4)
03 -Cd1- 09 82.6(2) 03 - Cd1 -N6 100.3(5)
03 -Cd1- N5 171.5(3) 03 - Cd1-N20 74.4(4)
03 -Cd1- O7? 96.3(2) 03 -Cd1-N21 103.9(4)
05 -Cd1- 08 98.2(2) 012 - Cd1 -N2 84.0(4)
05 -Cd1- 09 174.4(2) 012 - Cd1-N6 97.3(5)
05 -Cd1- N5 85.6(3) O12-Cdl1-N20  108.9(4)
05 -Cd1- O7? 89.0(2) 012 - Cd1 -N21 72.2(4)
08 -Cd1- 09 82.2(3) N2 - Cd1 -N6 178.2(5)
08 -Cd1- N5 103.8(3) N2 - Cd1-N20 85.3(4)
O72-Cd1- 08 169.6(2) N2 - Cd1-N21 92.4(4)
09 -Cd1- N5 88.9(3) N6 - Cd1 -N20 93.0(5)
08 - Cd2- N1 67.8(3) N6 -Cd1 -N21 89.2(5)
08 - Cd2- N3¢ 91.9(3) N20 - Cd1-N21  177.4(4)
02¢- Cd2- N1 97.2(3) 03 - Cd2 -05 75.8(3)
029- Cd2- N3¢ 67.2(3) 03 -Cd2 -07 149.8(4)
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029- Cd2- N3¢ 135.2(3) 03 - Cd2 -011 53.3(4)
Cd2°- 02- Cd2f 110.4(3) 03-Cd2-013°  143.1(3)
Cd2 - N1- N2 133.9(6) 03-Cd2-N23¢  105.3(4)
Cd2°- N3- N4 131.5(6) 03-Cd2-N30"  77.1(4)
072-Cd1- 09 91.4(3) 05 - Cd2 -07 91.9(3)
O7:-Cd1- N5 84.2(3) 05 - Cd2 -011 125.7(3)
03 -Cd2- 04 52.4(2) 05-Cd2-013° 140.9(3)
03 -Cd2- 08 70.7(2) 05-Cd2-N23¢  72.9(3)
03 -Cd2- N1 130.3(3) O5-Cd2-N30" 104.5(4)
024-Cd2- 03 131.6(2) 07 - Cd2 -011 141.6(3)
03 -Cd2- N3¢ 104.4(3) O7-Cd2-013°  52.9(3)
029-Cd2- 03 95.0(2) O7-Cd2-N23¢  96.9(4)
04 -Cd2- 08 117.3(2) O7-Cd2-N30"  79.6(4)
04 -Cd2- N1 174.1(3) O11-Cd2-013°  92.4(3)
029-Cd2- 04 79.4(2) O11-Cd2-N23g 101.2(4)
04 -Cd2- N3¢ 80.3(3) O11-Cd2-N30"  83.1(4)
029-Cd2- 04 80.5(2) 013°%- Cd2-N23®  93.1(3)
02¢- Cd2- 08 151.5(2) 013°- Cd2 - N30"  86.8(4)
h
02- Cd2- N1 93.8(3) 05 - Cd3 -010 53.9(3)
02°- Cd2- 08 69.6(2) 05 - Cd3-013 140.4(3)
NI - Cd2- N3¢ 103.003) 05 - Cd3 -N22 94.2(3)
05 - Cd3 - N9? 81.2(4)
Cd1 - 03- Cd2 108.3(3)
05 - Cd3 - 06° 86.3(3)
Cd1 - 08- Cd2 104.5(3)
05-Cd3-012¢  139.3(4)
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010-Cd3-013  86.8(3)
010-Cd3-N22  82.0(3)
010-Cd3-N9*  77.6(4)
06°- Cd3-010  140.2(3)
010-Cd3-012¢  164.6(4)
013-Cd3-N22  72.7(3)
013-Cd3-N9*  96.9(4)
06°- Cd3-013  133.0(3)
012-Cd3-013  80.3(3)
N9:-Cd3-N22  157.6(4)
06°- Cd3-N22  105.9(4)
012¢-Cd3-N22  101.9(4)
06¢- Cd3 - N9? 95.8(4)
012°- Cd3 - N9? 95.6(4)

06°-Cd3-012¢  53.4(4)
Cdl-03-Cd2  159.1(5)

Cd2- 05— Cd3 150.3(4)

Symmetry operation of compound 9: a = 1-x, -1/2+y, 3/2-z; b = 1-x, 1/2+y, 3/2-z; ¢ = 2-X, -1/2+y, 3/2-z; d

=2-X, 1/2+y, 3/2-z; f = x, 3/2-y, -1/2+z; g = X, 3/2-y, 1/2+z.

Symmetry operation of compound 10: a = x, -1+y, z; b = X, 1+y, z; ¢ = 1/2-X, -y, -1/2+z; d = 1/2-X, -y,
1/2+z; e = -1/2+x, 1/2-y, 2-z; f =1/2+X, 1/2-y, 2-7; g = 1-X, -1/2+y, 3/2-z; h = 1-x, 1/2+y, 3/2-z.
6.3.2 Thermal analysis

Thermogravimetric (TG) analyses were carried out to study the thermal stability of the

framework in the solid state. Thermal analysis of compound [Cd.(pzdc).(azpy)os(H20)] (9) and
{[Cds(pzedc)2(azpy)2]-H20} (10) was performed using powdered sample from room temperature to 800
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°C under nitrogen atmosphere (Figure 6.15). Upon heating compound 9 showed slow mass loss up to a
temperature of ca. 330 °C which may be attributed to loss of water molecule. On further heating a
continuous weight loss till 800 °C indicated the decomposition of framework compound. Whereas
compound 10 upon heating exhibited a noticeable mass loss up to a temperature of ca. 80 °C that
corroborates with the loss of water of crystallization. Dehydrated framework is then thermally stable up to
~160 °C. On further heating dehydrated compound decomposed steadily showing further weight loss

which completes at ca. 500 °C (Figure 6.15).
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Figure 6.15. TG-DT of compound 9 and 10

6.3.33Cd solid state NMR
13Cd solid state NMR being sensitive probe for understanding local environment of the Cd(ll)

ions both the samples were investigated using CP-MAS NMR experiments at 14 T (Figure 6.16). The
sharp signals are obtained both for 9 and 10 indicating the well-formed crystalline nature of the Cd-
MOFs. 13Cd chemical shifts are strongly affected by the identity of atoms involved in coordination. In
general, **Cd nuclei coordinated exclusively by oxygen-donor ligands showed chemical shift value in the
range —100 to 150 ppm, while for exclusive N-donor ligands resonance lines appeared in the range 200—
380 ppm. In case of mixed donor (O,N) coordination environment, isotropic shift may appear in the
intermediate range [22, 24, 25]. Relaxation time (T1) of samples was long (~100s), which may be ascribed

to rigid structure of framework compounds. **Cd NMR spectra of both compound 9 and 10 featured

156



Chapter 6

central resonance line; while for compound 9 a relatively sharp resonance line appeared at 13.5 ppm, for
compound 9 resonance line centered at ca. 20 ppm. Compound 9 exhibited an additional resonance line in
the downfield region centered at 103 ppm. It is established that various donor groups (triazole, pyridine,
pyrimidine, carboxylate, and water etc.) can have significant influence on **Cd isotropic chemical shifts
[24]. Therefore, role of coordinated water molecule in affecting *3Cd chemical shift of compound 9 could

not be ruled out.

I |
100 0 -100

]
300 200
Chemical Shift / ppm

Figure 6.16. Solid state **Cd NMR of compound 9 (red) and compound 10 (blue) (asterisk marked

peaks are spinning side bands).

6.3.4 Photoluminescence properties and sensing

The n-conjugated organic ligand containing metal-organic frameworks constructed from d°
metal centers (Cd, Zn etc.) have been employed as luminescent sensing materials [26-28]. Luminescence
properties of such MOFs demonstrated their use in potential application of chemical sensing through
host—guest chemistry. To examine the photoluminescence behavior of [Cd2(pzdc).(azpy)os(H20)]. (9) and
{[Cds(pzedc)2(azpy)2]-H20}n (10) emission spectral measurements have been carried out. Emission
spectra of linkers along with compounds 9 and 10 were measured in the solid state at room temperature
(Figure 6.17). It is noteworthy that while pyrazole-3,5-dicarboxylic acid is emissive in nature, 4,4'-

azopyridine is not under the experimental condition. Pyrazole-3,5-dicarboxylic acid exhibited an intense
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fluorescence band centered at 388 nm upon excitation at 233 nm in the solid-state (Figure 6.18). This
emission may be attributed to to ©*—n or n*—n transition. Two MOFs have shown 1-4 nm red shift in
their emission maxima in comparison to neat pyrazole-3,5-dicarboxylic acid upon excitation at 233 nm
(Figure 6.17). Therefore, solid state luminescence responses of 9 and 10 are due to ligand-based emission.
It is well known that for d'® metal compounds, no emission originated from the metal-to-ligand (MLCT)
or ligand-to-metal charge transfer (LMCT) excited states, since the d'® metal ions are normally difficult to
be oxidized or reduced [29-32]. Thus, the fluorescent emission of compounds 9 and 10 may be assigned
primarily to the intra-ligand and inter-ligand charge transition (ILCT) [33]. Interestingly, the
luminescence intensity of both 9 and 10 is remarkably dependent on the organic solvent. The
photoluminescence spectra of the powder samples of compounds 9 and 10 dispersed in various organic
solvents were recorded (Figure 6.19). Intensity of the luminescence spectrum of MOF 9 dispersed in
solvents like acetone, dichloromethane, benzene, acetylacetone, water and DMF did not show much
difference from each other. However, such spectrum measured in methanol exhibits remarkable
guenching of the luminescence intensity. In contrast, a significant increase in luminescence intensity was
observed in isopropanol medium. Around six-fold increase in luminescence intensity was recorded in
isopropanol in comparison to the other solvents like acetone, dichloromethane, benzene, acetylacetone,
water etc. (Figure 6.20). Both 9 and 10 are stable in common organic solvents and can easily be dispersed
in solvents without changing their framework structure (Figures 6.21, 6.22). Compound 10 has also
showed the similar type of photoluminescence property. In case of 10 little over five-fold increase in
luminescence intensity was observed in isopropanol in comparison to the other solvents like acetone,
dichloromethane, benzene, acetylacetone, water etc. It is noteworthy that the luminescence can be
regenerated upon removal of methanol from compound 9 and 10. These results suggest that both 9 and 10
could be promising luminescent probes for detecting methanol and isopropanol. Interestingly, solvent
dependent “turn-on” and “turn-off” photoluminescence responses have been observed for both the
compounds 9 and 10. Solvent specific both type of responses (“turn-on” and “turn-off”) displayed by a
single MOF are rarely reported previously. Nevertheless, selective responses (turn-on or turn-off) towards
organic small molecules by luminescent MOF due to host-guest interaction are well documented in the
literature [34]. Considering the intricacy of the structure of the MOFs possibility of similar kind of host-

guest interaction in the framework compounds 9 and 10 is highly expected.
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Figure 6.17. Photoluminescence spectra of compounds 9, 10 and ligand in solid state (Aex= 233 NmM).
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Figure 6.19. Comparative photoluminescence responses of compounds 9 (a) and 10 (b) towards a
variety of solvents (hex= 277 nm for compound 9 and Aex= 292 nm for compound 10).

100

80

% Intensity
2
1

S
=3
1

20

0 -

Isopropanol AcAe  Water  DCM  Acetone Benzene DMF  Methanol

Solvent

a)

% Intensity

100

80 4

o
o
1

&
1

20 +

[

Isopropanol Acetone  AcAc  Benzene Water DCM  DMF  Methanol

Solvent

b)

Figure 6.20. Comparison of emission intensity (in %) among various solvents for compound 9 (a)

and compound 10 (b).

160



Chapter 6

Isopropanol

Water

Acetone

LM
—— DCM
.l
Benzene
Acetylacetone
—— DMF

Methanol

I l | Simulated
I S I o ) U I S 1
10 20 30 40 50

2 Theta/degree

Figure 6.21. PXRD of 9 in different solvent-soaked condition
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6.4 Conclusion

In brief, two structurally diverse 3D mixed-linker cadmium based metal-organic framework
(MOF), [Cda(pzdc)2(azpy)es(H20)]n (9) and {[Cds(pzedc)z(azpy).]-H20}n (10) have been synthesized
through solvothermal route by mere subtle change in reaction conditions. Both compounds 9 and 10 have
been structurally characterized by X-ray single crystal analysis. Photoluminescence properties of the
framework compounds have been thoroughly investigated. Notably, each of the MOF system displayed
both “turn on” and turn off” type of photoluminescence responses selectively towards specific solvent.
Hence, MOF supposed to be a prospective material for practical usage, particularly, in sensing
applications.
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Chapter 7

7.1 Highlights

The main findings of the present investigation are collated in these chapters. The thesis presents a
glimpse of recent advances in the field of gas adsorption, heterogeneous catalysis and luminescence
properties of metal-organic frameworks vis-a-vis their synthesis and structural diversity. The major
emphasis given in on the synthesis, structural characterization, gas uptake capacity of small gas molecules
like COz2, H2, CH4, N2 etc. especially selective CO2 adsorption over N2, CH4 and theoretical interpretation

and photoluminescence behaviors.

The importance of framework compounds in industrial and fundamental research led us to develop
various metal-based systems mostly d'° metals (Cd, Zn etc.) and transition metals (Cu, Co etc.) that have
potential application in luminescence properties, heterogeneous catalysis and gas adsorption studies. To
develop porous MOFs, various types of carboxylate linkers and spacers have been used in various reaction
conditions. Solvothermal and hydrothermal both techniques have been used for synthesis of MOFs.
Depending on the nature of framework these have been appropriately employed in different studies.

A new cadmium(ll) containing 2D metal-organic framework compound, [Cd(abb)H2QO]. (abb =
3,3’-azobis(benzoate)) have been synthesized by hydrothermal process and characterized by single-crystal
X-ray diffraction method. The supramolecular structure which is formed through H-bonding in 2D
framework gives the framework additional space and flexibility to accommodate small gaseous molecules.
Notably, [Cd(abb)H:0]. exhibited unprecedented high uptake of hydrogen and also displayed moderate
uptake capacity of CO..

Two new quinoline derivative linker based polymeric and monomeric metal carboxylates, viz.,
[Co(mqc)2]s, and [Zn(mqc)2(H20)] (mgc = 4-methoxy-2-quinolinecarboxylate) have been synthesized
solvothermally and characterized by single-crystal X-ray diffraction measurement. [Co(mqc).]. is a 2D
coordination polymer, which further extended to a 3D porous supramolecular network having void space
in between each 2D layers. [Co(mqc).]. displayed high uptake of H, and CO, comparison to the many other

2D metal-organic frameworks reported so far. While [Zn(mqc).(H20)] is a simple monomer.

Structural diversity and inter-conversion among four Cu(11)/Cu(11)-Mg(Il) containing pyridine-2,5-
dicarboxylate based hydrothermally synthesized metal carboxylate compounds have been investigated.
Compounds {[Mg(H:0)s][Cu(pdc).]-2H.0}n, {[CuMg(pdc)2(H20)4]-2H20}s, {2(Him)-[Cu(pdc)2]}s, and
{[Cu(pdc)(im).]-2H.0}» (pdc = pyridine-2,5-dicarboxylate and im = imidazole) were synthesized
respectively from 1, 2, 3 and 4 mmol of imidazole. Framework compounds have been characterized by

single-crystal X-ray diffraction and powder X-ray diffraction analysis. {2(Him)-[Cu(pdc):]}n revealed a
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polymeric ribbon like 1D chain structure that catalyzes olefin epoxidation reaction in heterogeneous
condition. Remarkably, cyclooctene was fully converted to epoxy-cyclooctane with ca. 100% selectivity.

Further a new mixed ligand porous 3D metal carboxylate framework compound,
[Zn2(H20)(nic)(pzdc)],.nH20O (pzdc = pyrazole-3,5-dicarboxylate, Hnic = isonicotinic acid) was
synthesized hydrothermally and characterized. The compound has large solvent accessible void space
(15.9%) which was significantly enhanced to 34.1% upon dehydration, leading to creation of open metal
sites that are exposed to the pores. The framework compound and its dehydrated product show highly
selective CO; adsorption compared to other small gas molecules like H,, N2, and CH4 at low partial pressure.
The selectivity of CO with respect to CH,4 at 273 K is calculated to be 22.4. The low-pressure selective
CO, adsorption is quite impressive with respect to other reported framework systems.
[Zn2(H20)(nic)(pzdc)]..nH20 exhibited fairly strong CO-framework interactions as evidenced from the
measured heat of adsorption, ~50 kJ mol* at low loading. Molecular dynamics and Monte Carlo simulations
explain the selective CO, adsorption over other small gas molecules (Hz, N2 and CH.) in the framework

compound.

Furthermore a pair of novel 3D mixed-linker cadmium based metal-organic frameworks,
[Cd2(pzdc)2(azpy)os(H20)]s and {[Cds(pzedc)2(azpy).]-H20}n (pzdc = pyrazole-3,5-dicarboxylate, pzedc =
pyrazolate-3,5-dicarboxylate and azpy = 4,4"-azopyridine) have been synthesized by solvothermal
methods. Interestingly, subtle change in reaction conditions afforded two strikingly different MOFs.
Compounds have been characterized structurally by single-crystal X-ray analysis. Both the compounds
feature a pillared-layer framework structure. Photoluminescence properties of the framework compounds
have been investigated in the solid state as well as in solvent dispersed medium. Notably, solvent specific

turn-on/turn-off photo-luminescence responses have been observed for both the compounds.

Therefore, MOF is class of compounds that received ever increasing attention in recent time. It can
be realized that these compounds especially porous MOFs will be continuing to become more
interdisciplinary in future with features of their fundamental and practical applications in field of catalysis,
gas storage and separations, sensing etc. may lead to offer better system having prospect in technological

use in industry or elsewhere.
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