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ABSTRACT

Metal organic frameworks (MOF) are a class of materials which are formed by a combination of
metal with organic linkers. The properties of organic ligands such as bond angles, length,
bulkiness and chirality plays an important part in determination of resultant framework. The metal
ions can also adopt various geometries and affect the structure of MOFs. These solids have stable
and ordered structures with high surface areas. Metal organic frameworks (MOFs) have different
names such as porous coordination networks (PCNs) or porous coordination polymers (PCPs),
yet all of these refer to same kind of materials. These materials have attracted a huge attention
over the last three decades because of their applications in gas storage, gas separation, catalysis,

luminescent and fluorescent materials, and drug storage and drug delivery.

By convention, metal organic frameworks have been synthesized by solvo thermal
process which involves a reaction of organic ligands with metal salts at relatively low temperature
(below 300°C). Additionally, other methodologies such as electrochemical, mechanochemical,
microwave assisted heating and sonochemical routes have also been employed successfully with

appreciable product yields.

Copper and Nickel based MOFs were synthesized from ultrasonic and solvo
thermal techniques and their properties were investigated. Cu-BTC has been synthesized by
ultrasonic treatment while using different combinations of organic and inorganic solvents. The
solvent combination Dimethylformamide (DMF)/De-ionized water (H.O) produced a MOF
product of highest surface area (1434m?/g) in one of these reactions. The product yield tend to
vary with sonication time and applied power of sonication. Particle size and morphology vary

with the type of solvent combination being employed.



The ultrasonic technique was also used to synthesize Ni-BTC by reacting Nickel
metal precursor (NiNOs.6H20) with benzenetricaroxylic acid at various probe temperatures and
power levels. The probe temperatures and intermediate power level are the key operating
principles for obtaining meaningful product yield. The Ni-BTC has also been synthesized by
solvo thermal reactions. Seven different solvent combinations were used at identical operating
conditions. The product yields were consistent but surface areas and other physico-chemical

properties of MOFs tend to differ with each solvo thermal reaction mixture.

An intermediate/low temperature hydrothermal process approach was adopted for
synthesis of Fe-BTC. This low temperature and short time reaction approach made the synthesis
economically feasible and less time consuming compared to conventional processes. High
temperature stability of synthesized MOF was investigated by comparing the XRD patterns of as

prepared and heat treated samples of Fe-BTC.

Xi



Outline of Thesis
An outline of the different chapters of this thesis is as follow:

Chapter 1 introduces the metal organic frameworks (MOFs). The synthesis
techniques of metal organic frameworks and their industrial applications in general.

Chapter 2 discusses the brief introduction of characterization techniques
which have been used to examine the metal organic frameworks (MOFs).

Chapter 3 demonstrates the results of Cu-BTC synthesis through ultrasonic
treatment. Different combinations of inorganic and organic solvent were used in these
experiments and their outcomes were compared.

Chapter 4 shows the results of Ni-BTC synthesis through ultrasonic treatment.
The effects of process parameters upon the properties of synthesized MOFs were recorded and
presented.

Chapter 5 illustrates the solvothermal of Ni-BTC. Several organic and
inorganic solvents were employed in synthesis processes. Each process showed characteristic
yield and physical properties of synthesized MOF.

Chapter 6 demonstrates the hydrothermal synthesis of Fe-BTC at intermediate
temperature and short reaction time.

Chapter 7 illustrates the hydrothermal synthesis of a Nickel based MOF in a
cost effective and low energy consuming way.

Chapter 8 concludes this thesis by summarizing number of results from the
present research work.

Chapter 9 is devoted to the acknowledgements related to the funding for this

research work.

xii



l. Introduction

1.1 Basic concept of Metal Organic Frameworks

The bridging of organic ligands with metal nodes forms extended metal-ligands networks which
are called Metal organic frameworks (MOFs)[1,2]. MOFs have attracted a huge interest over the
last three decades[3]. The MOFs have large surface areas and tunable pore sizes and structures.
MOFs consist of metal atoms or metal clusters as nodes, which are linked through organic ligands.
These metal-ligand network materials are synthesized from molecular building blocks (Fig. 1.1).
The metal ions act nodes and are cations in MOF structure. In order to balance the charge anions
are necessary. These anions come from negatively charged bridging ligands such as carboxylates
(Fig. 1.2)

Metal ions or metal-ligand fragments with free coordination sites

|
== _M\ _hlﬂ_ i M"n:' Tl

-=M M M=- 1D coordination polymer,

chain

/ 0\ ' )
2D
==H M== = " coordination polymer,
- — M —— - \ / coordination netwark,

| | M M metal-organic framework
! ! M M (MOF)
1 \
/ \ "
. I\i“ ¢ ) »
. i s 4
'—M———M—' --M’...-""—/’ -\‘hq.__M{_- ‘%M -
| / l 1 i y 3
AT ! ] aD
=M= —-M-- _M . M =M< M., coordination polymer,
! B M}-"""" s 5 *  coordination network,
= M _._'._ M- | / i M g metal-organic framework
F - M S (MOF)
1 R e

& o L)
multidentate . . .
bridging ligands e . . N
- L)
g .

Fig. 1.1 Construction of MOFs from molecular building blocks. [4]



Benzene-multicarboxylate ligands, are frequent choices for metal-organic networks[1][5-
11].Benzene-1, 4-dicarboxylate (Fig. 1.2)[12-14] can link with four metal ions[15-18] or it can
form long bridges through benzene ring with variety of resulting structures [19,20]. Benzene-1,
3-dicarboxylate[21] is considered as good oxygen donor for building metal-organic networks.
Benzene-1, 3, 5-tricarboxylic acid is a rigid, planar molecule and provides three anions as

bridging ligands in the synthesis of multidimensional MOFs.

o 0 0 Q
T oWt

oxalate benzene-1 4-dicarboxylate,
ox terephthalate
1,4-bde (or simply bdc)

Qo0
3 A da
0 9] (0] 0
benzene-1,3-dicarboxylate, benzene-1,3,5-tricarboxylate,
isaphthalate Iimasate
1,3-bde bt

Fig. 1.2 Examples for anionic di- or tricarboxylate bridging ligands for MOFs.[22,23]

Then there are neutral bridging ligands (Fig. 1.3) as well where charge balance is achieved by
anions from the original metal salt, for example, CI*, NOs, SO4?, and BF4. The compounds
such as 4, 4-bipyridine, pyrazine, 1, 4-diaza-bicyclo octane, bis (pyridine-4-yl)-1, 2-ethene and 2,

4,6-tris(4-pyridyl)-1, 3, 5-triazine are few example of neutral organic linkers.
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4, 4"-Dipy Py

N, i
O N Y] M _\‘ =
L SN M
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dabcoa bpe
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1ot

Fig. 1.3 Examples of neutral nitrogen-heterocyclic bridging ligands for MOFs[23-26]

1.2 Categories of MOFs based on linkers

There is a variety of linkers which can be employed for the construction of metal organic

frameworks. These are discussed briefly here.
1.2.1 Carboxylate based MOFs

MOFs that make use of organic carboxylate ligands (RCO2 -) are known as carboxylate based
MOFs. The Fig. 1.4 [27]shows an example of large pore size iron (I11) carboxylic metal organic
framework. The strength of these MOFs is moderate which allows the reversibility in the
formation of framework and correction [28] in initial structural errors. The bonding mode in
carboxylate MOFs is predictable which allows for structure prediction and derivatization [29,30].
Carboxylates can bind in a monodentate and bidentate fashions but most of the important
carboxylate systems are found in a bidentate fashion [31,32]. The known metal-carboxylate

clusters are termed as secondary building units (SBUs) [33]. With mixing of an SBU with a ligand



of a given geometry (linear, trigonal, etc.), a certain number of possible structures could be
formed, which can lead to a greater degree of predetermined design. Furthermore, isoreticular
MOF families [34,35] are obtained by altering the size of linker, while maintaining the geometry.
The size, polarity and functionality of the pore is adjusted accordingly. The isoreticular
carboxylate MOFs have large pore volumes and some have Brunauer-Emmett-Teller (BET)
surface areas in excess of 7,000 m?/g. These MOFs thus have been studied extensively for gas
storage applications [36][37]. Transition metal-carboxylates have bond strengths on the order of

180 kJ/mol per M-O-C bond [35]

Carboxylate-based MOFs have remarkably high surface area and uniform pore size distribution.
The drawback for carboxylate MOFs is their lack of stability in air and water [38,39] which poses
a significant problem if they are to be used in industrial or commercial applications. Divalent
metal carboxylates undergo hydrolysis quite easily and are soluble in acid solution. The MOFs

based on pyrazolate ligands are much more robust.

1.2.2 Phosphonate based MOFs

The phosphonate based MOF structures are less common as compared to the carboxylate ones.
This is because of certain factors;
1. The ease of making simple phosphonate structures in the form of dense layered materials.
2. Phosphonate phases are insoluble and precipitate in less a ordered way due to which
growth of single crystal is difficult.
3. The phosphonate has complex coordination chemistry because of varying stages in

deprotonation



Regardless of all these factors, it is interesting to use phosphonate ligands for preparing attractive
compounds with different structures and properties. In general, mild synthetic conditions are
required for organo phosphonic acids to form the metal phosphonates. The resulting structures of
metal phosphonates are determined by many synthesis variables such as the phosphonate source,
the metal source, the metal/P ratio, the solvent, the concentration, the pH, and the reaction
temperature. Phosphonates form stronger bonds than carboxylates do with metal atoms.
Monovalent metal phosphonates are highly soluble. The solubility decreases as the valence of
metal increases. Divalent metal phosphonates has enough solubility such that their single crystals
can be obtained. In case of trivalent and tetravalent metal phosphonates, these are difficult to
crystalline because of their high insolubility. The trivalent and tetravalent metal phosphonates

precipitate as poorly ordered layered materials.

The porous phosphonates are referred as unconventional MOFs, or UMOFs. UMOFs are poorly
crystalline but show great thermal stability and are insoluble in highly acidic media. These
materials are used ion exchange materials, proton conductors, catalysts, and sorbents. The well-
known phosphonate framework structures are formed and reported with a variety of lanthanide
elements, p-block elements and transition metals[40-46]. A microporous phosphonate
[Cus(HsL)(OH)(H20)s]-H.O-MeOH (HsL = 1,3,5,7-tetrakis(4-phosphonatophenyl)adamantine)
[40] has been reported by Shimizu and co-workers. This structure has an interpenetrated
diamondoid related topology with both the [Cus(u-OH)] trimer unit and the phosphonate ligands
acting as the tetrahedral nodes (Fig. 1.5). The other two similar kind of phosphonates are
[Al2(O3PCsHgPO3)(H20)2F2]-2H,0  and  [Al(OsPC3HgPO3)(H20)2.F2]-H,O  with  three-

dimensional structures [47,48]
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Fig. 1.4 a) Oxo-centered trimer of FeOs octahedra in MIL-142A (Fe atoms: orange, O atoms: red,
water molecules: blue, counteranion: purple); b) terephthalate (bdc); ¢) 1,3,5-benzenetrisbenzoate
(btb); d) views of the hybrid superoctahedra along the b (left) and c axis (right); e) view of the
structure of MIL-142 along the c axis; f) schematic representation of the interpenetrated ReOs

topology.
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Fig. 1.5 (a) The connectivity between the [Cus(u-OH)] trimer units and 1,3,5,7-tetrakis
(4-phosphonatophenyl) adamantine in the MOF, [Cus(HsL)(OH)(H20)s:]-H20-MeOH
(HsL = 1,3,5,7-tetrakis(4-phosphonatophenyl)adamantane) (b) The connectivity between
the [Cuz(u-OH)] trimer unit (light blue sphere) and 1,3,5,7-tetrakis
(4-phosphonatophenyl)adamantane (orange sphere) forming the diamond structure.



1.2.3 Sulphonate based MOFs

With most of the sulphonate frameworks prepared so far has lower dimensionality [48]. There is
not a lot much research has been done for investigation of sulphonated MOFs. The sulphonated
MOFs are also difficult to synthesize because of lack of reactivity of the organo sulphonic acid.
The sulphonate anions produce less coordinated products because of their low reactivity. The
structures are not robust and do not have permanent porosity. The lower reactivity along with the
tendency of ligand to appear in spherical geometry in sulphonates makes it difficult to predict the
possible coordination bonding mode. The sulphonates structures of barium, copper and
lanthanides have been reported been reported [49-55]. Among the sulphonates structures that
have been synthesized, two dimensional layered structures of silver are considered the most

important [56].

1.2.4 Zeolitic Imidazolate frameworks

The aluminosilicate zeolite are the most popular framework with which the current class of metal
organic frameworks are associated. Earlier, the formation of aluminum phosphate structures
during the 80s acted as a pioneer landmark such that virtually all the metals are now part of this
family of frameworks structures. There is a continuous effort to develop newer metal organic
frameworks that can resemble the topological features of the aluminosilicate zeolites. In such
direction, structures based on 4-connected networks are important. In 4-connected imidazolate
frameworks, divalent metal ions (Zn*2, Co*?) replace the Si and imidazolate (Im°) substitute for

02 of zeolite.



The imidazolate structures of Fe*2, Co*2, Cu*? and Zn*? are dense and have low symmetry. The
synthesis of porous and symmetrical Zn-imidazolate structure was one of the earliest effort for
the formation of open structure [57]. Zinc-imidazolates are analogous to zeolite such as sodalite
(SOD), analcime (ANA), and rho (RHO) (Fig. 1.6). Yaghi and co-workers [58-61] have put good

effort to emphasize many different imidazolate frameworks of diverse topologies.

Feng and co-workers synthesized zinc-imidazolate structures by using mixtures of imidazole and
its derivatives along with solvent mixtures [62] and [63]. ZIF are very robust and the presence of

reactive sites makes them interesting candidate for catalytic properties.

1.2.5 Porphyrin based MOFs

Porphyrins have important properties regarding their use in photochemistry, catalysis etc. it has
rigid building unit which promotes various possibilities for functionalization. The porphyrins as
building unit has resulted in interesting structures such as sheets, chains and molecular tapes [64].
The porphyrins can accommodate different metal ions at the center of rings, this ability of

porphyrins based compounds is attractive for device purposes.

The porphyrins have good thermal and chemical stability under hydrothermal conditions. The
meso-tetra (4-pyridyl) porphyrin and meso-tetra (4-carboxylphenyl) porphyrin ligands produce
three dimensional structures in which porphyrin molecules are connected with individual metal
centers in to extended structures. This way homometallic as well as heterometallic organic
compounds can be formed [65,66] and [67]. The Fig. 1.7 shows an example of a porphyrin based
compound where carboxylate group and bipyridine units are involved in formation of compound.

The paddle wheel building units Co2(COQ)a, cis-ZnDCPP, and 4,4’ -bipyridine are connected to
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produce two dimensional layers. Sapphyrins are other systems which have higher available

electrons. Sapphyrins can extend this family of compounds further [68].

1.2.6 Carborane based MOFs

Carboranes based MOFs possess quite a bit rigidity, thermal and chemical stability. An example
of carborane based MOF [Zn3(OH)(p-CDC).5(DEF)4] (p-CDC? = depronated form of 1, 12 -
dihydroxy dicarbonyl - 1, 12 — dicarba — closo — dodecarborane; DEF = diethylformamide)

[69,70] is shown in Fig. 1.8.

10



(b)

AT
| |

= 29
%T |

“

(c)

Fig. 1.6 (a) The connectivity between 2-methylimidazolate and Zn*2 ions in [Zn(mim)_]
(mim = 2-methylimidazolate), (ZIF-8). (b) The connectivity of the Zn*?ions. Four 2-
methylimidazolate units connect with one Zn*?ion. (c) The connectivity between
Zn*? ions through 2-methylimidazolate units forming the sodalite network.
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(b)

Fig. 1.7 (a) The connectivity between the cobalt paddle—wheel units and the cis-ZnDCPP
forming one-dimensional motif in [Co(cis-ZnDCPP)(bpy)]-4DMF-H,O (cis-
ZnDCPP = zinc 5,10-di(4-carboxyphenyl)-15,20-diphenylporphyrin; bpy =4,4'-
bipyridine; DMF = dimethyl formamide). (b) The connectivity between the paddle—
wheel building units, Co2(COOQ)a, cis-ZnDCPP, and the 4,4'-bipyridine forming the two-
dimensional layers. The layers have close resemblance to the CdCl. layers.
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(a)
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(c)
Fig. 1.8 (a) The connectivity of p-CDC?> with the Zn*2ions in [Zn3(OH)(p-
CDC).5(DEF)4] (p-CDC? = deprotonated form of 1,12-dihydroxydicarbonyl-1,12-
dicarba-closo-dodecaborane; DEF = diethylformamide) (b) Structure of Zns cluster
formed by the connectivity of ps-OH and Zn*2ions. (c) The connectivity between the
Zn; cluster and the p-CDC? units forming the three-dimensional structure.
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1.3 Synthesis of MOFs

MOFs are synthesized by various approaches as shown in Fig. 1.9. In most synthesis
methodologies, the reactions are liquid phase based where metal salts are mixed with organic
linker in the presence of solvents. The selection of solvent is based upon factors such as
reactivity, solubility, redox potential and stability constant. Solvent is also important in
determining the thermodynamics and activation energy for reaction. The description of various

MOFs synthesis approaches are given as:

1.3.1 The slow evaporation method

The slow evaporation method is a room temperature process in which low boiling solvents are
evaporated. By evaporation of solvents the solution of starting materials is made concentrated.
This method does not require any external energy source. This method is good for growing simple
molecular or ionic crystals by tuning the rate of nucleation and crystal growth. For crystal growth,
reactant concentration has to be adjusted such that the critical nucleation concentration is
surpassed. This is done by change of temperature or by solvent evaporation. The solvent
evaporation creates a concentration gradient which initiate the formation of MOF. Though
sometimes it is preferred but real disadvantage of such process is that it requires more time
compared with other well-known conventional methods. In cases when a mixture of solvents is
involved, it can increase the solubility of the reagents and can make the process faster by quicker

evaporation of low-boiling solvents [71-74].

14



Solvothermal
Energy: Thermal Energy
Time: 48-96 hours
 Temperature: 353-453 K

Microwave
Energy: Microwave Radiation
Time: 4 mins - 4 hours

Electrochemical
Energy: Electrical Energy
Time:10-30 mins S—

_Temperature: 273-303 K / Mhetal Sal Temperature:303-373 K
| Ligand ]
+ 4
Mechanochemical W/ Sonochemical
Energy: Mechanical Energy ¢ Energy: Ultrasonic Radiation
Time: 30 mins - 2 hours Time: 30-180 mins
Temperature: 298 K X Temperature: 273-313 K

Slow Evaporation
Energy: No External Energy
Time: 7 days - 7 months

Temperature: 298 K

(a)
70 -
60 E
=2
a 501 S
= = s
£ 401 £ S
S = = = =
L2 30 = @ = S R
& £ e S 3 S
20 = 8 S § g
= = g
o) N . w
o s ‘ q— - .— =
o 1 2 3 4 5 6
Synthesis Method
»)

Fig. 1.9 (a) Synthesis conditions commonly used for MOF preparation;
(b) Indicative summary of the percentage of MOFs synthesized
using the various preparation routes.

1.3.2 Solvothermal synthesis

Solvothermal reactions are operated under autogenous pressure above the boiling point of the
solvent. The reaction is carried out in a closed vessel under autogenous pressure. The non-
solvothermal processes take place below or at the boiling point at ambient pressure[75]. The
most commonly used organic solvents are dimethyl formamide, diethyl formamide,

acetonitrile, acetone, ethanol, methanol etc. In order to avoid problems of differing solubility
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for the different starting materials, mixtures of solvents have also been used. The temperatures
of solvothermal reactions vary with respect to the requirements of particular reaction. In
general, MOFs synthesis takes place at temperatures ranging from room temperature to about
250°C. The heat energy can be provided through conventional electric heating such as oven
via convection. For low temperature operations glass vial are used but for high temperature
reactions, Teflon liners are employed [76]. The hydrothermal method has been used
successfully for the synthesis of an enormous number of inorganic compounds and inorganic

organic hybrid materials.
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Fig. 1.10 Conventional solvothermal synthesis of MOF structures.

1.3.3 Microwave assisted synthesis

Microwave-assisted synthesis involves heating a solution with microwaves for a period
of few minutes to an hour for producing nano sized crystals. In microwave assisted process the
interaction of electromagnetic waves with mobile electric charges take place. In case of solids, an
electrictical resistance with in the solid produce heating. In case of solution, polar molecules align
and oscillate in the presence of electromagnetic field. Through the application of appropriate

frequency, collisions between the molecules take place which lead to an increase in system
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temperature. In this process, high heating rates and homogeneous heating of reactants system is
achieved. Microwave ovens for materials synthesis has the provision for temperature and pressure
monitoring and this way precise control of reaction conditions is possible. The main aims in

microwave assisted process are:

1. The acceleration of crystallization.
2. Nano-scale product formation.
3. Improved product purity.

4. Selectively synthesizing polymorphs.

It is considered as a rapid method for synthesis of MOFs and has been used extensively to produce
nano sized metal oxides[77]. The quality of the crystals obtained by microwave-assisted processes
are generally the same as those produced by the regular solvothermal processes, but the synthesis

is much quicker[78].
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Fig. 1.11 Microwave-assisted solvothermal synthesis of MOF structures.
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1.3.4 Electrochemical synthesis

The electrochemical synthesis of MOFs uses a conducting reaction medium which contains a
conducting salt and dissolved linker molecules whereas metallic ions are supplied through anodic
deposition. The electrochemical route is also possible to run a continuous process to obtain a
higher solids content compared to normal batch reactions[79]. This process was initially reported
in 2005 at BASF [80]. The purpose of its use was to exclude nitrates, perchlorates and chlorides

during the synthesis which can cause problems for large scale production processes.

In this process metal ions are continuously introduced anodic dissolution in the reaction media.
The reaction medium contains linker molecules and a conducting salt. Cathode metal deposition
is protected by using protic solvent or compounds such as acrylonitrile, acrylic and maleic easter.

The pioneering work for the production of MOFs from electrochemical process was
established from BASF [80]. Different combinations of anode materials (Zn, Cu, Mg, Co) and
organic linkers [1,3,5-HsBTC, 1,2,3-HsBTC, H,BDC and H,BDC-OH] were used in the synthesis

of MOFs. Electrochemical MOF synthesis has several advantages:

1. Faster synthesis at lower temperatures than conventional synthesis.

2. Recycling of solvent solution is trouble free because of absence of any kind of anions.
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3. Virtual total utilization of the linker can be achieved.
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Fig. 1.12 Electrochemical synthesis of MOF structures

1.3.5 Mechanochemical synthesis

Mechanical force can induce different physical phenomena and chemical reactions. In
mechanochemical synthesis, Mechanical breakage of intramolecular bonds initiate chemical
transformation which results in formation of MOFs. Mechanochemical process has a history in
synthetic chemistry[81]. It has been employed to perform pharmaceutically active cocrystals,
organic synthesis, inorganic solid-state chemistry and polymers [82-84]. Mechanochemical
reactions can occur at room temperature under solvent-free conditions, which is especially
advantageous when organic solvents can be avoided[83]. In short reaction times of 10-60 minutes,
Quantitative yields of small MOF particles can be obtained. In certain cases, metal oxides are
preferred as a starting material, which results in water as the only side product[79]. The interesting

advantages of using mechanochemical MOF synthesis are:

1. Reaction can be done at room temperature under solvent free conditions, especially when
organic solvents can be avoided[83].

2. High yield is attainable within a short reaction time of 10-60 minutes.
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3. Product particles are smaller in size.

4. For starting materials, metal salts can be replaced by metal oxides which reduces the

production of unwanted by-products.
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Fig. 1.13 Mechanochemical synthesis of MOFs

1.3.6 Sonochemical synthesis

In ultrasonic synthesis, high intensity ultrasonic radiations (20 kHz-10MHz) are applied through
which molecules undergo chemical change. Ultrasound induces chemical or physical changes due
to a cavitation process involving the formation, growth and instantaneous collapse of bubbles in
a liquid, which creates local hot spots of a short lifetime with high temperature and pressure. The
extreme conditions promote chemical reactions by immediate formation of crystallization nuclei.
Due this rapid nucleation centers formation, crystallization time is considerably reduced as

compared with conventional hydrothermal methods
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Fig. 1.14 Ultrasonic synthesis of MOFs

In general, the wavelength is much larger than the molecular dimensions. Therefore direct
interaction of ultrasonic wave with molecules cannot create the chemical reaction. However when
high energy ultrasound interacts with liquids, cyclic alternating areas of low pressures and high
pressures are created within the liquid. Within the low pressure region, the pressure drops below
the vapor pressure of reactant which produce small bubbles. These small bubbles then grow in
size as the ultrasound energy is accumulated. Once the bubble size reaches to a critical maxima,
it becomes unstable and collapses. This bubble collapse is called as cavitation and it rapidly
releases an energy with a heating and cooling rates of > 10 K/Sec, temperatures of ~ 5000K and
pressures of ~ 1000 bar. These hot spots create such extreme conditions not only within the bubble

but also in nearby vicinity (~200nm).

In actual, only a fraction of input energy is transformed in to cavitation. The creation of
cavities and their collapsing intensity is dependent over large number of parameters. The
cavitation process and resulting extreme pressure and temperature conditions are governed by
acoustic frequency, acoustic intensity, choice of liquid (vapor pressure, viscosity, and chemical

reactivity), and temperature and gas atmosphere.
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The sonochemical synthesis has been widely used for organic synthesis [85] and
nanomaterials synthesis [86]. The employment of sonochemical technique for MOF synthesis has

the following prime objectives.

1. To operate a room temperature synthesis method which is fast, energy efficient and
environmentally friendly.

2. Thisis advantageous in the way that fast reaction will allow scale up production of MOFs.

3. To achieve the product of MOFs in the form of nanocrystalline particles which is quite

an advantage for their further applications.

1.4 Post Synthesis modification of MOFs

The post synthetic modification is an area in which the functionalization of available space in
metal organic framework is made. Although the development of new structures is a prime concern
but still it is imperative to utilize the already known structures for useful properties. The MOF
with the presence of many carbon centers for functionalization/modifications provide excellent

opportunities to explore unique chemical properties [87].

The first known post synthetic modification is the one in which excess CHsl in DMF at room
temperature has connected the free pyridyl groups in to N-methyl pyridinium ions. The MOF,
(IRMOF-3), has been modified by acetylating the amino group of 2-amino benzene-dicarboxylate
through acetic anhydrite [88]. Salicyladehyde have been used to functionalize the free amino
group in IRMOF-3 [89]. A combination of crotonic anhydride and acetic anhydride along with
crotonic anhydride and Br has been used to introduce tandem modifications in IRMOF-3 [90].

Similarly, a doubly-interpenetrating MOF structure was prepared by 4,4-biphenyldicarboxylate
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with an aldehyde group at the 2-position. This MOF was then reacted with 2,4-dinitrophenyl
hydrazine to produce the hydrazine [91]. In some cases post synthesis modifications results in
formation of new structures; such as a reaction between NaBH4 and [Zn(C4H3N20)] (ZIF-90)

results in formation of alcohol functionalized pores [92] (Fig. 1.15).

H

NaBH;
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Z1F-90 ZIF-91
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ZIF-90 ZIF-92

Fig. 1.15 Schematic of the post-synthetic modification reaction for the ZIF-90

1.5 Applications of MOFs

MOFs have been employed for a large number of industrial applications owing to their unique

structures and high surface areas. Few of those applications are briefly described here.
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1.5.1 Gas storage in MOFs

Gases are important for energy production. Gas storage needs storage tanks and special
requirements such has employment of high pressure and multi stage compressors. Such methods
are highly expensive for practical uses and there is a need for them to be substituted by simple
and cheaper solutions. MOFs due to easy synthetic procedures, high surface area, wide
opportunities for functionalization and tunable pore structures have shown outstanding

performance for such applications. Few of such applications are described here.

1.5.1.1 Hydrogen storage in MOFs

Hydrogen (H) is considered as a possible ideal source of energy due to its large gravimetric heat
of combustion (120 MJ kg!). However, due to its low density in the gaseous state (0.08 kg m™3),
its storage at ambient temperature and pressure is difficult. Low volumetric storage density of H,
hinders its use as a fuel and therefore effective storage materials need to be explored. MOFs due
to their high surface areas, light weight, open metal centers and specific week interactions have
appropriate characteristics to be utilized for H. storage. More than 300 MOFs have been tested
so far for their H, uptake capacity. Few prominent examples are MOF-177 (BET surface area (
~ 5000 m? g1) and large pore volume (1.59 cm? g?)), MOF-5 (BET surface area of 3800 m? g%),
MOF-210, MIL-101, HKUST-1, NU-100, PCN-12, NOTT-102 and MOF-205 [93-95]. MOFs
with open metal sites provide high surface area which facilitates stronger interaction between the
metal ion nodes and H, molecules. This is the principal reason behind the high H, uptake in these

promising class of materials.
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1.5.1.2 CO; storage in MOFs

The rising level of atmospheric CO; is considered as major threat towards living beings. The
emission from coal, oil and natural gas due to rapid industrial development is mostly responsible
for the rising CO- level in the atmosphere. Zeolites and activated carbon has been used previously
for CO; adsorption but in recent times MOFs have picked up attention as potential adsorbents.
Very high internal surface area with polar functional groups associated with pores provides
grounds for high CO; uptake capacity in MOFs. MOF-210 is the highest surface area
(10450 m? g) MOF known to date, has the CO; uptake value of 2400 mg g* (74.2 wt.%, 50 bar
at 298 K) which exceeds that of any other porous material, such as MOF-177 or MIL-101(Cr) (60
and 56.9 wt.%, respectively)[32,96]. Other well-known MOFs are MOF-200, NU-100 (69.8 wt%,
40 bar at 298 K), Mg-MOF-74 (68.9 wt%, 36 bar at 278 K), MOF-5 (58 wt%, 10 bar at 273 K),

and HKUST-1 (19.8 wt%, 1 bar at 298 K) which also show considerably higher CO. uptake.

1.5.1.3 CHj4 storage in MOFs

Methane is another potential fuel. The natural gas contains about 95% of methane. The MOFs
employed for CH,4 adsorption are MOF-177 (adsorption capacity of 22 wt% at 298 K and 100 bar,
HKUST-1 (15.7 wt% at 150 bar), MIL-101 (14.2 wt% at 125 bar), IRMOF-1 [228 cm® (STP) g°

1 at 298 K and ~ 36 bar] and Ni-MOF-74 [190 cm? (STP) g* (298 K, 35 bar)].

1.5.1.4 CO and NO storage in MOFs

CO and NO are considered as hazardous gases and their separation from gaseous mixtures is of a
paramount importance. MOFs with pores compatible with the kinetic diameter of these gases
could be useful for this purpose. So far, the capture of CO in MOFs has not been achieved

experimentally; it is believed that the interaction between the CO dipole and the open metal sites
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of MOFs are the dominating factor for the sorption performance. In order to achieve better
selectivity, some chemical modification needs to be adopted into these porous materials. On the
other hand, for selective capture of NO, MOFs such as Cu-SIP-3, Zn(TCNQ-TCNQ)(bipy) [97]

and Ni- and Co-MOF-74 have been successfully used.

1.5.2 MOFs as magnetic materials

Magnetism in solids is of considerable interest due to its widespread applications in
electromagnetism, devices and sensing. MMOFs magnetic metal organic frameworks) have been
developed through the use of paramagnetic 3d transition metal nodes along with suitable organic
linkers. The MOFs based on V, Cr, Mn, Fe, Co, Ni and Cu have contributed significantly to
developing porous molecular magnets [2,98-102]. The porous nature of MOFs combined with
magnetic properties find interesting applications for air separation. Framework structure having
layered geometry with shorter distance between metal nodes is also a contributing factor for
magnetism in MOFs. Radicals associated with certain organic linkers also have properties to
generate magnetism effects. Also metal-radical combined approaches have been used to

synthesize a variety of magnetic metal-organic materials [103-105].

1.5.3 MOFs as sensors

The use of MOFs as luminescent materials have their potential application in small-molecule
sensors [106,107], pH sensors [108], light concentrators for photovoltaic devices, antennae in
photo-sensitive bioinorganic compounds and high-technology optics. MOF materials are
advantageous because of their hybrid nature, which includes inorganic metal ions, organic linkers

and also guest molecules. Lanthanide metal ions such as Eu, Tb, Dy, Sm, Nd, Gd, Er and Yb are
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widely used for the synthesis of luminescent MOFs, due to their electronic transitions
from d to f shells, with accompanying photon emission. The luminescent properties of transition-
metal MOFs only come from the linkers. Naphthalene, anthracene, pyrene, perylene and stilbene

types of ligands are most commonly used for luminescent MOF synthesis [109-111].

1.5.4 MOFs for drugs delivery

MOFs of MIL series function for drug delivery. These frameworks can absorb anti-tumor and
anti-AIDS active agents (busulfan, azidothymidine triphosphate, doxorubicin and cidofovir) and
release them again inhuman organs like the liver. The storage capacity depended on the pore size,
pore functionalization and the MIL-particle size. For example, 40 mass% of doxorubin could be

stored in (aminoterephthalato) iron (111) (MIL-101-NH2) [112].
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Il.  Characterization of Metal Organic Frameworks

The Characterization methods applied during this research work are described in this section. X-
ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy,
thermo gravimetric analysis (TGA) and Fourier transform infra-red (FT-IR) spectroscopy were

used for the synthesized MOFs.

2.1 X-ray diffraction (XRD)

X-ray diffraction is the best technique for observing crystallinity in MOF. XRD is a very useful
tool for identification of crystalline phase(s) and estimation of phase fractions. Ideally, the sample
analyzed with XRD should contain a large number of randomly oriented, small crystals. The X-

rays are therefore diffracted from different (hkl)-planes simultaneously according to Bragg’s law:

A =2dnq - sin0 2.1)

Where A is the wavelength, dn is the distance between the (hkl)-planes and 6 is the diffraction
angle between the incoming beam and the (hkl)-planes. The resulting XRD pattern can be
regarded as a fingerprint of a crystalline phase. The relative diffraction intensities and positions
of peaks are compared with known samples. This comparison gives a fair identification of
crystalline phase. In case if patterns are not match able then it indicates that a new phase is
achieved. Various features of a XRD pattern reveal different information (Fig. 2.1). Such as (1)
Unit cell dimensions can be accurately determined from the position of the diffraction peaks (2)

The relative intensities of the diffraction peaks give information about the type of atoms and their
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positions in the crystal (3) The degree of crystallinity in a sample can also be estimated from

XRD.
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Fig. 2.1 The information from XRD pattern[113]
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If the samples crystals are needle like or plate type, it is better that sample should be
ground carefully before examination. It will avoid preferred orientation which would otherwise
give rise to wrong relative intensities. The peak widths indicates about the size of the crystallites.
Small crystallites can cause broadening of the peaks. A high background in an XRD pattern
indicate the presence of an amorphous phase. XRD diffraction is also associated with overlap
problem. This means that two or more unique reflections are superimposed at the same position
(20 angle). The intensity of overlapped peaks is the sum of all those reflections. The XRD data
for MOFs in this thesis work was collected by using Rikagu D/MAX 2200H, Bede model200 X-

ray diffractometer. The measurements were performed using a Cu-K, radiation source of
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wavelength A=1 54064 and the diffraction intensity were recorded in 26 range of 2-60°with a step

of 0.02°.

2.2 Scanning electron microscopy

The scanning electron microscope (SEM) is a tool which is widely used in number of industries
and laboratories for investigating the microstructures of metallic and non-metallic materials. In a
SEM, an electron beam is generated from an electron gun and directed over a surface to create its
image. The electrons in the beam interact with the sample surface. With the interaction of these

primary electrons, two types of scattered electrons are generated from the surface

1. The in-elastic collision of primary electrons with the surface produces secondary
electrons of low energy from sample surface. Of these secondary electrons, only those
who are generated from top (1-2nm) surface of sample can escape whereas the remaining

get reabsorbed in the sample itself.

2. Primary electrons that maintain their energy and velocity during change of direction, as
in elastic scattering, are called backscattered electrons (BSEs). The BSEs have high
energies (>50 eV) and leave the surface from different depths of the sample. Both SEs
and BSEs are used in the imaging but the BSEs can also provide additional information
about the elemental content of a sample.

For this work over MOFs, the SEM measurements were performed on JEOL, JEM1200EX 11 set

up equipped with field emission gun.
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2.3 Fourier transform infra-red spectroscopy (FT-IR)

Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique used to identify
organic (and in some cases inorganic) materials. This technique measures the absorption of
infrared radiation by the sample material at characteristic wavelength. The infrared absorption
bands identify molecular components and structures. When a material is irradiated with infrared

radiation, the molecules of materials are excited to higher vibrational state.

. 1 \oi .
o Ty P
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- % k73

Fig. 2.2 SEM image of ultrasonically synthesised Cu-BTC

The wavelength of light absorbed by a particular molecule is a function of the energy difference
between the ground and excited vibrational states. The wavelengths that are absorbed by the

sample are characteristic of its molecular structure. Samples may be in liquid, solid or gaseous
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form. The FTIR spectrometer uses an interferometer. A detector measures the intensity of
transmitted or reflected light as a function of its wavelength. The signals obtained from the
detector are analyzed with a computer using Fourier transforms to obtain infrared spectrum. The
FTIR spectra are usually presented as plots of intensity versus wavenumber (in cm™).
Wavenumber is the reciprocal of the wavelength. The intensity can be plotted as the percentage
of light transmitted or absorbed at each wavenumber. The identification of a material is made by
comparing its spectrum with an authenticated spectra of same known material. The identification
is obtained by matching the polymers and other constituent in sample. The Absorption bands in
the range of 1500-4000 wavenumbers are typically due to functional groups (e.g., -OH, C=0, N-
H, CHs, etc.) [114]. The region from 400-1500 wavenumbers is referred to as the fingerprint
region. Absorption bands in this region are generally due to intramolecular phenomena.

FT-IR can also be used for quantification as well. The concentration of a compound can be
determined from the area under the curve in characteristic regions of IR spectrum. Concentration

calibration is obtained through a standard curve from spectrum of known concentrations.

FT-IR has applications:

1. Identification of foreign materials such as particulates, fibers and residues.

2. ldentification of bulk material compounds.

w

Identification of constituents in multilayered materials.

e

Quantification of silicone and ester as contamination on various materials.
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Fig. 2.3 FT-IR graph for ultrasonically synthesized Cu-BTC

For the work in this thesis, FT-IR has been employed for identification of various organic bonding
in MOF structures. FT-IR spectra were collected on a BRUKER IFS66/S Fourier transform IR
spectrophotometer in KBr disks at room temperature. A typical FT-IR spectra collected during

this research work is shown as Fig. 2.3.

2.4 Nitrogen sorption isotherms

In order to measure the extent of permanent porosity in a porous solid such as MOF, gas
adsorption technique is used. The gas adsorption technique measures the specific surface area and
pore size distribution of powdered or solid materials. For this usually nitrogen, krypton and argon
gases are used. The samples are dried, evacuated and cooled to a temperature of 77K, the

temperature of liquid nitrogen prior to measurement. At this temperature inert gases such as
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nitrogen, argon and krypton will physically adsorb on the surface of the sample. This adsorption
process can be considered to be a reversible condensation or layering of molecules on the sample
surface during which heat is evolved. Nitrogen gas is ideal for measuring surface area and pore

size distribution.

The adsorption measurement is represented as adsorption isotherm. An adsorption
isotherm is usually recorded as volume of gas adsorbed (cc/g @ STP) versus relative pressure
(i.e., sample pressure / saturation vapor pressure). Using relative pressure to construct the
isotherm eliminates changes in pressure from small changes in temperature. A small change in
temperature changes the saturation vapor pressure considerably. The use of relative pressure is
convenient and is scaled from 0 to 1. A relative pressure of 1 represents a completely saturated
sample, i.e., all of the available surface structure is filled with liquid-like gas. The resulting
adsorption isotherm from N, adsorption is also known as BET (after Brunauer, Emmett and
Teller) isotherm. The BET isotherm gives the volume of gas needed to form a monolayer on the

surface of the sample.

Single or multiple point BET equation is used to measure specific surface area of sample. The
actual surface area can be calculated from knowledge of the size and number of the adsorbed gas
molecules. Nitrogen is used most often to measure BET surface, but if the surface area is very
low, argon or krypton may be used as both give a more sensitive measurement, because of their

lower saturation vapor pressures at liquid nitrogen temperature.

An example of an isotherm of Cu-BTC Is shown in Figure
2.4. Nitrogen adsorption and desorption isotherms were measured at 77 K on a Micrometrics

ASAP 2020 system.
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Fig. 2.4 N adsorption isotherm for Cu-BTC

2.5 Thermo gravimetric analysis

The thermal stability and decomposition of MOFs are studied by thermo gravimetric analysis
(TGA). The sample weight is measured as the temperature is increased with a continuous heating
rate (2-5 °C/min) in an oxidizing (oxygen) or inert (nitrogen or argon) atmosphere. It is
important, as always, to calibrate the instrument and to saturate the system with particular chosen
atmosphere. The resulting thermogram shows sample remaining weight as a function of
temperature in various steps. At first there is a release of uncoordinated water and solvent from
the pores/channels of material. This is followed by release of crystal water (coordinated water
molecules) and finally the loss of the linkers resulting in decomposition of the MOF. The amount
of released crystal water and water/solvent occupying the pores can be calculated from these
steps. Information about framework composition obtained from single crystal structure
refinement can be of great help during these calculations. The results are compared with those

from CHN elemental analysis.
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In general, MOFs have relatively low thermal stability. From TGA curves it appears that certain
MOFs remain stable up to the temperatures of about 300—400 °C. However, it is more useful if

TGA results are validated by in situ XRPD.

The TGA thermograms for this thesis work were obtained from SDT2960 (DTA-TGA) analyzer

where MOF samples were heated from room temperature to 600°C at heating rate of 5°C/min

under nitrogen atmosphere. An example of thermogram of Ni-BTC is shown here (Fig. 2.5).
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Fig. 2.5 TGA curve for Ni-BTC

2.6 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique which measures:
1. Elemental composition of the surface (top 0-10nm).
2. Empirical formula of pure materials.
3. The surface contaminations.
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4. Chemical and electronic state of surface elements.
5. Uniformity of elemental composition on the top surface.

6. Depth profiling to read the compositional uniformity inside the sample

XPS spectra are obtained by irradiating a material with a beam of X-rays. This irradiation is
accompanied with simultaneous measurement of total number of escaping electrons from
the top surface along with their individual kinetic energies. XPS requires high vacuum. It

can detect all elements from atomic number (Z) of 3 and above [115].

An XPS spectrum is a plot of the number of electrons detected against the binding energy
of electrons. Each element produces a characteristic set of XPS peaks at specific binding
energy values that directly identify each element that exists in or on the surface of the
material. The number of detected electrons in each of the characteristic peaks is directly
related to the amount of element within the XPS sampling volume. XPS detects only those
electrons that have actually escaped from the sample into the vacuum of the instrument, and
reach the detector. In order to escape from the sample into vacuum, a photoelectron must

travel through the sample.

For the present thesis work, XPS analysis were done with theta probe AR-XPS
system, Thermo Fisher Scientific (UK). XPS measurements were made with mono
chromatic Al-K, X-ray source of 15kv, 150w. An example of XPS data plot for Ni-BTC is

shown here (Fig. 2.6).
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I1l.  Synthesis of porous Cu-BTC with ultrasonic treatment: Effects of
ultrasonic power and solvent condition

3.1 Introduction

Metal organic frameworks (MOFs) are a new class of porous 3-D structures, which have
attained a remarkable attention over the recent few years for certain applications such as gas
storage, gas separation, catalyst materials [116-125], gas carrier for nano-sized materials [126]
and drug delivery [127,128]. There high surface areas and unique pore structures are key
properties for such applications. Cu-BTC (BTC= 1,3,5-benzenetricarboxylic acid), is a well-

established MOF for hydrogen gas storage, gas storage and heterogeneous catalysis [129-134].

Cu-BTC resembles a paddle wheel complex built from Cu*? ions and 1, 3, 5-benzenetricarboxylic
acid (HsBTC). It has three dimensional face centered cubic crystal structure with two different
pore sizes [135]. Larger pores are in square cross section with 0.9nm diameter whereas smaller
pores approximate a tetrahedral slot with 0.5nm diameter. Initially reported [31] Cu-BTC was

synthesized by solvothermal process at 180°C.

The drawbacks associated with solvo-thermal process are long reaction time (12 hours or more)
and consumption of large amount of solvents used during operation. In contrast to it, novel
developments such as ultrasonic irradiation, microwave heating and mechanochemical techniques
have also been successfully employed for synthesis of Cu-BTC [83,136-140]. Fast crystallization
in porous materials has been induced through microwave heating [141]. Employment of
microwave assisted hydrothermal process for synthesis of Cu-BTC reduced the reaction time to
few minutes with high phase purity and yield [137], but high reaction temperature and pressure

are still needed. Compared with traditional techniques, sonochemical method is more convenient
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and easily controlled. The ultrasound methods for synthesis of Cu-BTC reported so far, has
employed typical organic solvents (DMF/EtOH/H,O or EtOH/H,0) for complete dissolution of
reactants prior to sonication. Thus there is an ample scope of investigation for usage of alternative
solvents, their performance under various operating conditions and overall effect on product

yield.

In this work we report Cu-BTC synthesis by using combinations of organic and inorganic
solvents. As for our knowledge, the solvent combinations of DMF/H,O, NaOH/EtOH/H-0,
NH4OH/EtOH/H,0 and Pyr/EtOH/H20 has never been reported so far during ultrasonic synthesis
of Cu-BTC. The experiments were conducted with the addition of three bases such as NaOH,
NH4OH and pyridine. It was anticipated that addition of a base will deprotonate the carboxylic
acid. The deprotonation is the starting point towards the MOF formation. the anions generated by
the deprotonation effects are then capable of attracting the metal ions to complete the reaction.
From our experiment with DMF/H,0, we recorded an appreciably high surface area (1434 m?/g)
MOF product. In previously reported ultrasonic and microwave assisted synthesis, either
Cu(NOs3)2.3H,20 or Cu(OAc)2.H20 has been used as metal precursor. We have experimented with
CuCl,.2H,0 instead. The comparison of synthesis with various solvent combinations revealed
that product yield and physicochemical properties (morphology, surface area, pore volume and

particle size) varied with each solvent.

3.2 Experimental

3.2.1 Materials and methods
All materials including CuCl,.2H.O (99.5%, Alfa Aesar), 1,3,5-Benzenetricarboxylic acid
(HsBTC) (99%, Alfa Aesar), N, N-Dimethylformamide (DMF) (99.8%, Alfa Aesar), Ethyl

alcohol (94-96%, Alfa Aesar), NaOH (pellets 98%, Alfa Aesar), NHs; water (Daejung chem.) and
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Pyridine (99.5%, Daejung chem.) were used as received. We experimented for four Cu-BTC
yields resulting from DMF/H,O, DMF/EtOH/H,O, 0.5MNaoH/EtOH/H,O, 0.5M
NH4OH/EtOH/H,0 and 0.5M pyridine/EtOH/H-0 as solvents. The details of solutions prepared
before sonication are described as under:

3.2.1.1 Cu-BTCpwmr

0.5mmol of H:BTC and 0.125M solution of CuCl2.2H,0 were dissolved in 30ml DMF.

3.2.1.2 Cu-BTCpmr+EtoH

0.5mmol of HsBTC and 0.125M solution of CuCl..2H20 were dissolved in a mixed solution of

DMF and Ethyl alcohol. DMF and Ethyl alcohol were in a molar ratio of 1:2.

3.2.1.3 Cu-BTCnaoH
0.5mmol of HsBTC and 0.125M solution of CuCl,.2H,0O were dissolved in a mixed solution of
0.5M NaOH, de-ionized water and Ethyl alcohol in molar ratio of 2:4:11 respectively.
3.2.1.4 Cu-BTCnHaoH
0.5mmol of HsBTC and 0.125M solution of CuCl..2H20 were dissolved in a mixed solution of
0.5M NH4OH and Ethyl alcohol in molar ratio of 2:3.
3.2.1.5 Cu-BTCpyr
0.5mmol of HsBTC and 0.125M solution of CuCl2.2H.0 were dissolved in a mixed solution of

0.5M pyridine and Ethyl alcohol in molar ratio of 1:4.

Each sample solution was then irradiated through ultrasonic generator
(VCX 750, Sonics & materials, Inc.) for 10, 20, 30, 60 and 120 minutes. The energy of ultrasound
was kept at 40% of the maximum power (750W) for those reactions. Additionally, for observing
the effect of applied sonication power level, sample solutions of Cu-BTCpwme+eion Were also

irradiated under 20%, 60% and 80% of the maximum power of ultrasonic generator. The probe
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temperature was maintained below 40°C in all reactions. The solid products were allowed to settle
down in solution as precipitates. After the removal of top solution, the solid products were then
purified through 30 minutes sonication at low power (20%) in the presence of 20ml DMF. The
purified products were then filtered and washed with de-ionized water (20mlIx3) and Ethyl alcohol

(20mIx3) repetitively. The precipitates were then dried for 12 hours at 100°C.

3.3 Results and discussion

From the initial hydrothermally prepared Cu-BTC at 180°C by Chui et al.[31], Cu(NOs)..2H,0
was a premier choice as starting material for most of solvo-thermal synthesis of this MOF. The
optimal temperature for using Cu(NO3)2.2H,0 without formation of any impurity is about 120°C
[142]. In an another study[143], Cu(OAc)..H.O has been used as starting material for solvo-
thermal synthesis at 70°C with high yield of Cu-BTC without impurities. In this work we have
used CuCl,.2H,0 as metal precursor and successfully synthesized Cu-BTC through ultrasonic
irradiation at ambient temperature and atmospheric pressure. The reaction of CuCl,.2H,0 with
HsBTC in various solvents solutions gave a Cu-BTC yield in a wide range of 24-86% (based on
H3BTC as limiting reagent). Compared with traditional hydrothermal and solvo-thermal methods
for preparing same compound, by which product yields varied from 60% to 65% for various
reaction times, high yields were obtained within a short period of time by using ultrasonic method

at ambient temperature.

The presence of solvents in general, tends to increase the chemical activity of the reactants. It
increases the mobility of reactants during the chemical reaction and the rate of mass transfer from
reactants to product phases. The water of hydration present within salt also acts as internal solvent.

Traditionally synthesis processes of Cu-BTC, either hydrothermal [31], ultrasonic [144],
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microwave assisted [145,146] or mechanochemical [147], have employed typical solvent
mixtures for efficient dissolution of metal precursor and carboxylate ligands prior to the
treatment. In the present work, we have extended the solvent usage scope by including some
inorganic solvents in ultrasonic synthesis of Cu-BTC. The synthesis was successfully
accomplished with appreciable product yields. In addition to the previously reported [147,148]
synthesis for Cu-BTC which used DMF/EtOH/H,0 as solvent, We have accomplished the
process with four new solvent combinations.i.e. DMF/H,O, NaOH/EtOH/H0,
NH;OH/EtOH/H,O and Pyr/EtOH/H,O. All reactant solutions were tested under ultrasonic
irradiation at 40% of maximum power (750W) for 10, 20, 30, 60 and 120 minutes at ambient
temperature and atmospheric pressure. For Cu-BTCpme+eion With conventional solvent
(DMF/EtOH/H,0), the maximum yield of 86% has been obtained after 120 minutes of sonication
(Table. 1). Cu-BTCopmr, Cu-BTCnaon and Cu-BTCnnaon has yields of 73%, 33% and 81%
respectively. Cu-BTCpy, did not show any increase in yield after 20 minutes of irradiation, and
in fact, sonication of 30 minutes or more tend to dissolve the initial product into original reaction

mixture.

The XRD patterns (Fig. 3.1) of Cu-BTCs were compatible with each other and matched with the
one reported in literature [144]. The appearance of sharp peaks in XRD patterns was a testimony
of good degree of crystallinity in synthesized product.

The vibrational spectral analysis of synthesized MOFs were compared (Fig. 3.2) and matched
with those previously reported [149]. The bands at 950cm™, 1050cm™, 1660cm™ and 3250-

3500cm™ represented N-CHO, C-N, C=0 and O-H bonding in Cu-BTC.
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The specific surface area and pore volumes are considered to be the important properties of metal
organic frameworks because of their use in certain applications. For these characteristics, BET

N2 gas adsorption isotherms were measured
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Fig. 3.1 XRD patterns of Cu-BTCs
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The BET isotherms (Fig. 3.3) resembled type-I isotherm, with a clear

evidence of steep rise in adsorption at high relative pressure (P/Po). That confirmed the

nanoporous nature of synthesized powder. We have achieved extremely high surface area (1434

m2/g) while using DMF/H-O as solvent in one of our experiment. As per our knowledge, this

surface area value is higher than so far previously reported [147,148] Cu-BTC synthesize by room

temperature ultrasonic treatment. The surface areas of 1434m?/g, 1401m?/g, 1185m?/g, 925.6m?/g

and 791m?/g
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Fig. 3.3 BET adsorption Isotherms for Cu-BTCs
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were obtained for Cu-BTCpmr, Cu-BTCpmr+eton, CU-BTCnaon, Cu-BTCnraon and Cu-BTCopy,
respectively. The micro pore volumes, particle sizes and surface areas are tabulated in Table 1.
The order of the values of micro pore volume and particle size were quite logical and
understandable since for a fixed sample test volume, both, typical porosity present inside a
material and individual particle size would offer corresponding surface area of material.

The microstructures (Fig. 3.6) of the five MOF products were also found to be comparable with
those reported before [139], which validated the fact that MOF product has been successfully

synthesized from all of the solvents employed in this work.
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Fig. 3.4 variation of yield with sonication time
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Ultrasonic radiation leads to acoustic cavitation. During cavitation process, mechanical activation
through ultrasonic waves destroy the original attractive forces among the molecules in liquid
phase [150]. The activation force provided by ultrasonic radiation to overcome the bonding
energy provides impetus to reacting species for completion of successful reaction. Increased
sonication time would provide more of such activation energy and such fact has been shown quite
evidently in this work (Fig. 3.4). It has been observed that increased sonication time resulted in

successive higher yield of Cu-BTCs when the reacting precursor solutions were treated for series

of sonication times at 40% power.
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Fig. 3.5 variation in yield with sonication time at different operating power levels
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With the fixed sonic power of 40%, the solvent effect on isolated crystal yields was
tested with a variety of different solvent mixtures, and the results are shown in Fig. 2 and
summarized in Table 1. With the increase in irradiation time for 10, 20, 30, 60 and 120
minutes at ambient temperature, water/ethanol/DMF condition resulted in the maximum
yield of 86% after 120 minutes. Solvent systems with the addition of NH4sOH base led
the yield reach quickly to 72% after 30 minutes then the increase slows reaching
maximum of 81% yield after 120 minutes of treatment. Water/DMF condition results in
increase in the yields reaching 73 % after 60 minutes then the trend saturates after that.
Meanwhile the reaction condition with the addition of NaOH leads to the maximum yield
of only 31% after 30 minutes then the trend slows after that. Addition of NHsOH looks
help produce initial crystal seeds effectively even under lower ultrasonic power
conditions. that leads to the similar trends between 40% with NH4OH and 60% without
NH4OH. Addition of NaOH was working negatively toward the formation of Cu-BTC.
The condition with the addition of pyridine did not show any increase in yield after 20
minutes of irradiation, and in fact, sonication of 30 minutes or more made the crystals re-
dissolved into the solution, probably because of non-chelating pyridine’s participating
into the metal organic frame work preventing the formation of three dimensional
networks.

For evaluating the influence of applied sonication power, one of the reference solution for Cu-
BTCowmr+eton has been examined for series of sonication times under varying ultrasonic power
from generator. The corresponding yields results were found to be quite interesting (Fig. 3.5).
Apparently the yields from 20% and 40% power levels are very much similar and almost replicate

each other both at low (10 minutes) and high (120 minutes) sonication times. 80% power level
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seemed to be a bit harsh for this process as the maximum product yield has found to be only 20%
after 60 minutes of sonication and remained unchanged even after 120 minutes. The 60% power
level operation appeared to be the most consistent in terms of product yield, here the variation in
yield with sonication was quite steady.i.e. 44% (product yield) after 10 minutes to 80% after 120
minutes. Thus for a short sonication time (10-30 minutes), 60% power level sonication operation
gave the best output. Thermo gravimetric analysis (Fig. 3.7) were done under N, atmosphere. Cu-
BTCowmr and Cu-BT Comr+eton Showed continuous mass loss of about 14% until 300°C. In between
300°C and 370°C, Cu-MOF structure collapsed and final masses of residue were found to be 37%
and 38% respectively. Thermo gravimetric analysis graphs of Cu-BTCwaon, Cu-BTCnnaon and
Cu-BTCpyr showed three distinct regions. Viz., (1) weight losses of 35%, 24% and 18%
respectively at 100°C indicating the loss of moisture (2) weight losses of 13%, 12% and 7% in
the region between 100°C and 300°C corresponds to the loss of water molecules from MOF and
(3) between 300 °C and 375°C MOFs collapsed and organic linkers are buried. The final residues

of three MOFs were 28%, 31% and 34% respectively at 600°C.
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Fig. 3.6(b) SEM image of Cu-BTCpwmr+eton
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Fig. 3.6(c) SEM image of Cu-BTCnaon

Fig. 3.6(d) SEM image of Cu-BTCnraon
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Fig. 3.6(e) SEM image of Cu-BTCpyr
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Table 3.1. Reaction conditions and results for synthesis of Cu-BTC by ultrasonic irradiation at
room temperature.

Cu-BTC Solvent pH Time Yield SeeT Micro  pore Particle

(minutes) (%) (m#g) volume Size
(cm®/g) (nm)

Cu-BTCowmr DMF/H,0 1.95 120 73 1434.62 0.6678 4.3258

Cu- DMF/EtOH/H,0 22 120 86 1401.762 0.4874 5.47

BT Cowmr+EtoH

Cu-BTCnaon NaOH/EtOH/H.O 2.2 120 83 925.6 0.3446 6.7893

Cu-BTCnhaon  NH4OH/EtOH/H,O 2.2 120 81 791.973  0.3045 7.952

Cu-BTCpyr Pyr/EtOH/H,0 22 30 24 1185.06 0.4224 4.532
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IVV.  High yield synthesis of Ni-BTC metal —organic framework with

ultrasonic irradiation: Role of polar aprotic DMF solvent

4.1 Introduction

In recent times, remarkable research has been focused on metal organic frame works (MOFs)
[151]. The major portion of that research has been attributed towards their synthesis, structure
analysis and potential applications such as gas adsorption [152—154], separation [155], catalysis
[156], drug carriers [157], luminescence [158], polymerization [159], imaging [160], removal of
hazardous materials [161,162], magnetism [163] and carriers of nanomaterials [164,165].
Traditionally MOFs has been synthesized by hydrothermal or solvo thermal processes at high
temperature using conventional electric heating. To overcome the issues of prolong heating times
at elevated temperature, new synthesis routes such as ultrasonic and microwave assisted heating
has been effectively employed. These facile processes include ultrasonic synthesis of Cus(BTC);
[148], Fe-BDC [166], Ln-BTCs [167], Zns(BTC)2.12H,0 [168], [Zn(BDC)(H:0)]. [169], MOF-
5 [170]. Sonochemistry is the research area in which molecules undergo a reaction due to
application of powerful ultrasonic radiation (20 kHz-10MHz). Compared with traditional

techniques, sonochemical method is more efficient and easily controlled.

Ni-BTC is one of the class of hydrated 1-D hydrogen bonded porous solids
[M3(BTC)2.12H,0(M=Co, Ni and Zn)] which has been initially synthesized through
hydrothermal process and reported by O. M. Yaghi et al [171]. similarly B. Arstad et al.[172] has
reported the solvo thermal synthesis of USO-2-Ni (Niz(dabco).4DMF.0.5H,0) and USO-2-Ni-A
(amine functionalized) in connection with its CO, capture potential. Ultrasound has also been

employed for processing of Nickel based MOFs, for example nickel(ll) metal organic frame
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works with ligand HsL{[Nais(NisL12)(H20)20(H30)4](CH3CN)(H20)155} which were reported to
be synthesized as precursor for the production of nickel oxide nano particles [173]. Enamul Haque
et al.[174] has reported successful ultrasonic synthesis of nickel based CPO-27. Isostructural
MOFs such as CPO-27(Co, Zn and Ni) have high concentrations of coordinatively unsaturated
metal sites and 1D pore structure and had been deeply studied previously for the adsorption of
gases such as hydrogen [175-177], methane [178] and CO;[179]. In the present work we have
successfully synthesized a Ni based porous MOF through ultrasonic technique using 1, 3, 5-
benzenetricarboxylic acid which has not been reported before. During the process, for fix
reactants solution composition and sonication exposure, we have maneuvered the process
parameters (applied ultrasonic power level and probe temperature) to figure out the optimal
conditions for higher process yield. The MOF product yields, adsorption surface areas and surface
compositions from three different applied ultrasound power levels has been obtained and
compared.
4.2 Experimental
4.2.1 Materials and methods

All materials including NiNOs.6H,O (99.5%, Alfa Aesar), 1,3,5-benzenetricarboxylic
acid (HsBTC)(99%, Alfa Aesar), N, N-Dimethylformamide (DMF) (99.8%, Alfa Aesar) and
Ethyl alcohol (94-96%, Alfa Aesar) were used as received. For synthesis, each reactants mixture
was prepared by combining metal precursor solution (2.91g of NiNOs.6H,0 dissolved in 30 ml
DMF) and organic ligand solution (2.1 g of HsBTC dissolved in 30 ml DMF). Sample solutions
were then irradiated through ultrasonic generator (VCX 750, Sonics & materials, Inc.) for 120
minutes at 40%, 60% and 80% of maximum power level for various probe temperatures (50°C,
60°C, 70°C and 80°C). The pH of each solution was maintained at 2.1. After sonication, the

product samples were placed at room temperature for complete separation and settlement of light
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green precipitates in solution. After the removal of top solution through filtration, the solid
precipitates were repeatedly washed with de-ionized water (20mlIx3) and Ethyl alcohol (20ml1x3).

The precipitates were then completely dried by heating at 100°C for 12 hours.

4.3 Results and Discussion

The ultrasonic treatment of nickel nitrate hexahydrate with 1, 3, 5-benzenetricarboxylic acid
(HsBTC) in 1:1 molar ratio yielded green crystals. The process was performed at three different
power levels with varying probe temperatures. Facile synthesis of Ni based MOFs have been
reported [173,174] earlier while using different organic ligands but processing with this current

combination of metal precursor and organic linker has remained so far unprecedented.

A variety of different solution mixtures of H.O with DMF, H.0O with DMF/ethanol, and H20
with ethanol under ultrasonic irradiation were previously tried to synthesize MOF crystals.
However, all of the attempts to use polar-protic solvent systems (H.O and/or ethanol) as part of
the solvent under ultrasonic irradiation were not working for the formation of crystals.However,
successful synthesis of a Ni-BTC MOF through ultrasonic treatment was achieved in two hours
of ultrasonic treatment by using polar aprotic solvent N, N-Dimethylformamide (DMF) as a sole
solvent. The synthetic process using ultrasound was performed at three different power levels of
40%, 60% and 80% with different reaction temperatures. Two reactants ofNi (NO3)..6H.O and
HsBTC were completely dissolved in DMF separately prior to the ultrasonic treatment. Two
solutions were then mixed and irradiated at 40%, 60% and 80% of maximum generator power
with each solution temperatures of 50°C, 60°C, 70°C and 80°C for 2 hours. The isolated yield
from each condition is tabulated in Table 1. The isolated yield is tending upward from 21% at
50°C-40% to 88% at 60°-80% as the applied power level was increased from 40% to 80%. From

the yield point of view, a probe temperature of 60°C at each power level resulted in higher
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numbers than the other temperature conditions, and the maximum vyield (based on metal
precursor) of 88% was observed from 80% power level at 60°C, which is a very high number

compared to reported ~70% yields from conventional solvo-thermal methods (Table 4.1(a)).

Table 4.1(a) Ni-BTC yield with different power levels and probe temperatures combinations

Power level Probe Temperature(°C) yield%
40% 50 21
60 29
70 24
80 26
60% 50 64
60 78
70 62
80 78
80% 50 74
60 88
70 82
80 84

A reported study on the accelerated rate of MOF crystal formation under ultrasonic treatment
in terms of Arrhenius plot showed that the rate of both nucleation and crystal growth are caused
by increased pre-exponential factor (A) instead of decrease in activation energy (Ea). In terms of
activation energy, the addition of polar-protic solvents, like HO or ethanol, to the reaction
mixture surrounds possible negative anions by hydrogen bonding which raises activation energy
hampering the reaction between Ni cation and ligands, while DMF which is a polar aprotic solvent
frees motion of negative anions toward the reaction with Ni cation. If the activation energy of the
reaction is increased by ultrasonic treatment, it might be from the blockage of intervening polar-
protic solvent between metal cation and ligands, preventing MOF crystal formation. However, it
is not clear to explain why this effect happens more seriously under ultrasonic irradiation than

conventional solvo-thermal reaction.The possible explanation of the increase in reaction rate
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could be explained by any or all of theincrease in the heating rate, more uniform heating, and

enhancement of the dissolution of precursor gel caused by ultrasonic irradiation to the solution.

The XRD patterns of Ni-BTC MOFs are shown in Fig. 4.1. XRD patterns are quite
compatible to each other and sharpness of respective peaks is the evidence of inherent
crystallinity. While the patterns taken from US4 and USeo sShow the same crystal structure, USso
forms different crystal structure under stronger agitation effect under higher power ultrasound.
The XRD patterns were further examined through X’Pert HighScorePlus software. The Reitveld
refinement was performed to obtain the approximate crystal structures of US4, USeo and USso.
The structure parameters are reported in Table 4.2. The chemical formulas obtained from the
elemental analysis measurements are: US40 and USgo: C16H4107NisN17 with C: 23.47%, H: 5.01%,
0:13.7%, N: 29.1%, Ni: 28.7%; USsgo: C26H40gNi2Ng with C: 47.73%, H: 6.16%, O: 17.94%, N:
15.7%, Ni: 16.45%.

The infra-red spectra of products were shown in Fig. 4.2. These Ni-BTCs show identical

spectra with absorption band at 1438cm?, 1562cm™ and 1625cm™. They show similar IR
absorption patterns with Ni ion coordinated COO moiety in the range of 1350 — 1650 cm"
1and ven and ven-cho Vibrational frequencies observed at 1055 cm™ and 932 cm

lindicating the presence of Ni coordinating to DMF molecules.

The multipoint BET surface surface areas (between P/P, = 0.12 to 0.3) and pore volumes (at
P/P, =0.992826292) of synthesized Ni-BTCs were measured by N.gas adsorption isotherms. The
BET isotherms resembles type-I isotherm. The sharp increase in adsorption capacity at the end
stage of the curve is the evidence of multilayer formation of adsorbent. It makes an appreciable
increase in adsorption as the relative pressure (P/Po) value approaches unity (Fig. 4.3). Surface

areas of 1000m?/g, 980m?/g and 960m?/g were recorded for the MOF crystals from USgo, USso
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and US4 conditions. Surface areas, pore volumes for Ni-BTCs taken from US40, USeo, and
USgoare tabulated in Table. 4.3. The MOFs show good potential in terms of their
physisorption, and properties such as pore size, pore volume and average particle size.
Pore volumes of MOFs are reasonably ranged between 0.55 ~ 0.57 cm®/g. For comparison
with single crystal, the approximated unit cell volume obtained from Reitveld refinement and
standard atomic volumes of the constituent elements in one formula unit were used to calculate
the total free volume or total pore volume in unit cell. The pore volume per unit mass of unit cell
was calculated and compared with experimentally measured pore volumes. The calculated pore
volume of USg (0.3953cm?/g) is 29.4% less than the experimentally observed value (0.56cm®/g),
while US4 and USg show the calculated pore volume (0.4671cm?/g) of 15.07% and 18.05% less
than experimental values of 0.55cm?®/g and 0.57cm?®/g, respectively.

In order to have an insight about surface compositions of MOFs particles, XPS analyses for
the top 5nm surface layer were conducted, and the results are shown in Fig. 4. Peaks of Ni, C and
O are vividly shown, and the results are summarized in Table 3.

The morphology of Ni-BTC was characterized by field emission SEM. SEM images of the
MOF crystals are shown in Fig. 6. It shows that the products are composed of nano spheroidal

structure with regulated particle sized of 0.5-0.8 pum.

The thermograms of synthesized MOFs were measured under N, atmosphere and the results
are shown in Fig. 7.Thermo-grams show broadly losing weights of 45%, 50% and 53% from
US40, USgo, and USgo respectively until 400°C due to the slow loss of coordinated DMF in
channel, and possibly some probably was captured during washing process. MOFs structures
are to be broken at the temperatures of between 400°C and 450°C. The weights of residues at

600°C were 20%, 22% and 21% respectively from USao, USeo, and USsgo.
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Fig. 4.1 XRD patterns of three Ni-BTCs
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Table 4.1(b) Comparison with selected synthesis routes

Ni-MOF Synthesis Time % Yield Reference
Route
NizC1sH30024 Hydrothermal 24 hrs Not [30]
mentioned
NizCisH30024 Hydrothermal 48 hrs 71% [41]
USO-2-Ni Solvothermal 24 hrs Not [31]
mentioned
USO-2-Ni-A Solvothermal 24 hrs Not [31]
mentioned
{[Nals(Ni8L12)(HzO)zo(H304)](CH3CN)(H20)18,5} Ultrasonic 1hr 53.9% [32]
{[Nals(Ni3L12)(HzO)zo(H304)](CH3CN)(H20)18,5} Reflux 2 hrs 57.3% [32]
CPO-27 (Ni) Ultrasonic 58min Not [33]
(Nucleation mentioned
time)
USso Ultrasonic 2 hrs 74%-88%  Present
work
USko Ultrasonic 2 hrs 64%-78% Present
work
US40 Ultrasonic 2 hrs 21%-29% Present
work

Table 4.2 Physical properties of Ni-BTC

Ni-BTC SSAger Pore Pore Particle XPS Surface
(m?/g) volume(cm?/g) size(nm) size(nm) composition
US40 957.87 0.5464 2.1786 7.5683 Cls (57.16%)

N1s (3.72%)
Ni2ps (4.3%)
Ols (34.81%)
USso 1001 0.5685 2.200665 7.90096 Cls (54.96%)
N1s (6.37%)
Ni2ps (5.26%)
Ols (33.41%)
USso 978.37 0.5572 2.189915 8.2170 Cls (54.01%)
N1s (6.08%)
Ni2ps (5.42%)
Ols (34.49%)
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Table 4.3 Crystal structures and unit cell parameters of synthesized MOFs

US40 USeo USso
Chemical Formula C16H4107Ni4N17 C15H4107Ni4N17 C25H4408Ni2N8
Molecular weight 817.8 817.8 713.4
Crystal system Monoclinic Monoclinic Monoclinic
Space group Cl2/C1 Cl2/C1 Cl2/C1
Space group No. 15 15 15
a (A 20.2304 20.2304 8.546
b (A) 13.2202 13.2202 30.263
c(A) 13.9978 13.9978 15.6278
[V} 90° 90° 90°
] 116.50294° 116.50294° 118.305°
Y 90° 90° 90°
Density (g/cm?®) 1.6212 1.6212 1.33
V (A)? 3350.289 3350.289 3558.53
Z 8 8 8
RIR 1.1945 1.1945 0.79
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Fig. 4.4 Surface composition of Ni-BTCs from XPS
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Fig. 4.5 Process yield at three different power levels with variation of probe temperature
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Fig. 4.6(b) SEM image of Ni-BTCusso
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Fig. 4.6(c) SEM image of Ni-BTCusso
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Fig. 4.7 Thermo gravimetric analysis of Ni-BTCs
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V.  Scope of various solvents and their effects-Solvothermal

Synthesis of Ni-BTC

5.1 Introduction

Coordination polymers (CPs) and metal- organic frameworks (MOFs) represent one of the most
attractive research areas of coordination chemistry. The combination of metal ions and organic
linkers provides various possibilities for the fabrication of materials with different structure and
functionality. These have wide potential application in the fields of gas adsorption and storage,
separation, sensors and catalysis [180-185]. These crystalline, highly porous solids can possess
ultra-high Brunauer-Emmett-Teller (BET) surface areas (~7000 m?/g) [95,186-188]. Due to their
modular nature and structural tunability, MOFs has also found in applications such as light
harvesting [189-193], sensing [194], optical luminescence[195,196], ionic conductivity[197—
199], nonlinear optical behavior[200] and as precursors for the synthesis of nano-materials with

interesting properties[201-207].

A huge variety of MOFs has been synthesized and reported so far with synthesis techniques such
as Hydrothermal, solvo thermal, microwave assisted heating, mechanochemical, electrochemical
and more recently ultrasonic processes. Ni-BTC as a part of this long chain of MOFs, has been
initially reported by O. M. Yaghi et al.[171]. DUT-9 [208] constructed by btb linkers (bth =
benzene 1, 3, 5-tribenzoate) and {Nis(us-0)2(02C)s}, porous paddle-wheel structures using
different combination of metal/organic linker/base/solvents via high through put synthesis [209]

and CPO-27(Ni) [174] are few other noticeable contributions for Ni based porous solids.

In the present work we have opted for solvo thermal synthesis of Ni-BTC. The unique and
interesting aspect here in this work is that we have employed seven different solvents such as
Dimethylformamide (DMF), Ethyl alcohol (EtOH), Sodium hydroxide (NaOH), Ammonium
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hydroxide (NH.OH), Pyridine (Pyr), Aniline (Anl) and Trimethlyamine (TMA) in separate
synthesis. The results in terms of process yields, surface properties, surface compositions and
morphologies are reported and then based on these properties, we have attempted to draw a

comparison among the potential of these solvents.

5.2 Experimental

5.2.1 Materials and methods

All materials including NiNO3.6H,0O (99.5%, Alfa Aesar), 1, 3, 5-Benzenetricarboxylic
acid (HsBTC)(99%, Alfa Aesar), N, N-Dimethylformamide (DMF) (99.8%, Alfa Aesar), Ethyl
alcohol (94-96%, Alfa Aesar), NaOH (pellets 98%, Alfa Aesar), NH3z water (Daejung chem.),
Aniline (99.5%, Daejung chem.), Trimethylamine (TMA) (99%, Alfa Aesar )and Pyridine
(99.5%, Daejung chem.) were used as received. We have synthesized seven Ni-BTC yields from
combination of these solvents. All reactant solutions prepared had pH (2-2.15). The details of

synthesis are as under:

5.2.1.1 Ni-BTCeion
5.82g of NiNO3.6H,0 in 40ml de-ionized water whereas 2.1g of HsBTC in 40ml EtOH were

dissolved separately. The two solutions were then mixed and loaded in Teflon liner assembly.

5.2.1.2 Ni-BTCnaon
For Ni-BTCnaon, 5.82g of NiNO3.6H-0 in 40ml de-ionized water whereas 2.1g of HsBTC in a
mixture of DMF (27ml) and 0.2M NaOH (13ml) were dissolved separately. The solutions were

then mixed and loaded in Teflon liner assembly.
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5.2.1.3 Ni-BTCntson
For Ni-BTCnraon, 5.82g of NiNO3.6H20 in 40ml de-ionized water whereas 2.1g of HsBTC in a
mixture of DMF (24ml) and 0.2M NH4OH (16ml) were dissolved separately. The solutions were

then mixed and loaded in Teflon liner assembly.

5.2.1.4 Ni-BTCani
For Ni-BTCanl, 5.82g of NiNO3.6H2O in 40ml de-ionized water whereas 2.1g of HsBTC in a
mixture of DMF (26ml) and 0.2M Aniline (14ml) were dissolved separately. The solutions were

then mixed and loaded in Teflon liner assembly.

5.2.1.5 Ni-BTCpyr
For Ni-BTCpyr, 5.82g of NiNO3.6H,0 in 40ml de-ionized water whereas 2.1g of HsBTC in a
mixture of DMF (26ml) and 0.2M Pyridine (14ml) were dissolved separately. The solutions were

then mixed and loaded in Teflon liner assembly.

5.2.1.6 Ni-BTCrma
For Ni-BTCrma, 5.82g of NiNO3.6H,0 in 40ml de-ionized water whereas 2.1g of HsBTC in a
mixture of DMF (25ml) and 0.2M TMA (15ml) were dissolved separately. The solutions were

then mixed and loaded in Teflon liner assembly.

5.2.1.7 Ni-BTCpme
5.82g of NiNOs.6H,0 in 40ml de-ionized water whereas 2.1g of HsBTC in 40ml DMF were

dissolved separately. The two solutions were then mixed and loaded in Teflon liner assembly.

Each of these solutions were heated at 160°C for 48 hours in a
convection oven. The Teflon liner assembly was then furnace cooled to room temperature. The
solutions were filtered and precipitates were washed with de-ionized water (20mlIx3) and Ethyl

alcohol (20mlIx3) repetitively. The precipitates were dried for 12 hours at 100°C. On a dry weight
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basis, yields 0f57%, 72%, 75%, 73%, 34%, 74% and 73% were recorded for Ni-BTCpmr, Ni-

BTCeton, Ni-BTCnaor, Ni-BTCnhaon, Ni-BTCani, Ni-BTCpyr and Ni-BTCrma respectively (Table

5.1).

Table 5.1 Physical properties of Ni-BTCs

Compound

SSAgeT(m?/g) Pore-volume

(cm?®g)

Pore
size(nm)

Particle size
(nm)

%Yield XPS-Surface

composition

Ni-BTCani

Ni-
BT CnHaoH

Ni-BTCpwmr

Ni-BTCrma

Ni-BTCnaon

Ni‘BTCPyr

Ni-BT Ceton

8.96

845.83

710

787.3

1.8692

687.8

587.5

0.023037

0.506290

0.423

0.46165

0.013535

0.4119

0.36175

10.32549

2.39786

2.3241

2.28545

28.96389

2.3352

2.38535

672.3247

7.1042

11.846

10.70969

3209.8862

12.17234

13.64675

34

73

57

73

75

74

72

C1s (56.4%)
N1s (2.39%)
Ni2p3 (7.99%)
Ols (33.22%)
C1s (56.46%)

N1s (1.36%)
Ni2p3 (6.65%)
O1s (35.43%)
Cls (52.43%)
N1s (2.88%)
Ni2p3 (7.83%)
O1s (36.86%)
Cls (51.44%)
N1s (2.77%)
Ni2p3 (8.67%)
O1s (37.12%)
Cls (57.98%)
N1s (1.45%)
Ni2p3 (7.1%)
O1s (33.48%)
Cls (57.75%)
N1s (1.29%)
Ni2p3 (6.23%)
O1s (34.73%)
Cls (57.96%)
N1s (1.57%)
Ni2p3 (6.66%)
O1s (33.81%)
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5.3 Results and discussion

Ni-BTC was obtained by solvo-thermal reaction of NiNO:.6H,O and 1, 3, 5-
benzenetricarboxylic acid in 2:1 molar ratio. Seven different organic and inorganic solvents
including Dimethylformamide (DMF), Ethyl alcohol (EtOH), Trimethylamine (TMA), Aniline
(Anl), Pyridine (Pyr), Ammonium hydroxide (NH4OH) and Sodium hydroxide (NaOH) have been
employed. Ni-BTC product from each solvent has characteristic %yield, surface area, surface
composition and morphology. High process yields (up to 75%) have been recorded. Ni-BTCnaon
has the highest recorded surface area of 845 m?/g. of the seven MOF products synthesized in this
work, Ni-BTCanand Ni-BTCnaon has meso-porous nature with lowest recorded surface areas of
8.96m?/g and 1.8692m?/g respectively. However the other five; Ni-BTCnnaon, Ni-BTCpyr, Ni-
BTCowmr, Ni-BTCerion and Ni-BTCyma has shown good potential in terms of their N, gas
physiosorption and properties such as pore size, pore volume and average particle size (Table

5.1).

The addition of NaOH and aniline seemed to reduce the surface areas of MOFs. Most
probably the solvent removal technigque was not effective for the removal of solvents from those

Ni-BTCs.

The lesser yield from aniline solution may be attributed to the fact that non-chelating aniline
participating in the MOF formation which prevented the MOF production or possible

redissolution of the product.

The conventional solvents such as DMF, EtOH and their combination such as DMF/EtOH
showed good solubility and promoted cleaner process yield. The other two bases: NH,OH and
pyridine seemed to show good deprotonation effect and resulted in appreciable yields of Ni-

BTCs.
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The XRD patterns are shown in Fig. 5.1. Interestingly all of the XRD patterns show all different
diffraction patterns meaning they are formed with different crystal structures. MOF of Ni-BTCan
with extremely low BET surface area does not show clear diffraction patterns. The FT-IR spectra
of all of the synthesized MOFs are shown in Fig. 5.2. They show similar IR absorption patterns
with Ni ion coordinated COO moiety in the range of 1350 — 1650 cm™ [210], and vcn and ven-
cho Vibrational frequencies observed at 1103 cm™ and 936 cm? indicating the presence of Ni
coordinating to DMF molecules. The top 5nm surface compositions of MOFs were measured
through XPS analysis (Fig. 5.4). The X-ray photoelectron spectroscopy demonstrated the
appearance of C1s, Ni2ps; and O1s peaks which is the testimony for the presence of fundamental
elements in this metal organic framework. Furthermore, the nitrogen content N1s on surface

found to be very low which showed good purity level of products.

The surface morphology through SEM images (Fig. 5.5) of the MOF powders suggested that Ni-
BTCan has granular structure (Fig. 5.5(a)) whereas the other Ni-BTCs has predominantly rod like
particle morphology with varying particle size for each and every MOF. The process yields, in
general, were found to be on higher side as compared to the conventional hydrothermal/ solvo-
thermal yields of 50-65%. Here the bulk of process runs (5 out of 7) has recorded yields in range
of 73-75% (Fig. 5.6). Which is considered to be fairly high for solvo-thermal synthesis. Thermo
gravimetric analysis (Fig. 5.7) were performed under N, atmosphere. Each of the thermo gram of
Ni-BTCs has three distinct regions at different temperature ranges. Initial weight losses until
decomposition were attributed to the loss of moisture and solvent molecules. The structures of
Ni-BTCpmr and Ni-BTCrma decomposed at 300°C whereas the structures of Ni-BTCegion, Ni-
BTCpyr, Ni-BTCnaoH, Ni-BTCnraon and Ni-BTCane were appeared to be dissolved in the
temperature range of 400-425°C. The final residues weights were in the range of 31-39% at

600°C.
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Fig. 5.1 XRD patterns of Ni-BTCs
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Fig. 5.5 (b) SEM image of Ni-BTCowmr
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Fig. 5.5(d) SEM image of Ni-BTCnaoH
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Fig. 5.5 (f) SEM image of Ni-BTCpy,
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V1.  Hydrothermal synthesis of Fe based MOFs with process economy

approach

6.1 Introduction
Porous metal-organic frameworks (MOFs) are considered to be an important class of advanced
functional materials due to their unique coordination structures, variant configuration and
potential applications [118,159,211]. The features of MOFs such as exceptionally high porosities,
with regular pores and extremely high surface areas, well-defined crystalline structures, and more
accessible bulk volume are hallmark which have attracted the attention of both academia and
industry [212]. The crystalline iron (111) trimesate (MIL-100(Fe)) has three dimensional cubic
structure with two types of meso-cages (25-29A) accessible through micro-porous windows (5—
9A). MIL-100(Fe) is also known as a cheap and biocompatible material. Considering its
physicochemical properties and non-toxicity, MIL-100(Fe) can be a good candidate as a new

adsorbent and catalyst.

Here we have adopted a solvent less synthetic approach for Fe-BTC powder. We conducted
synthesis process at 130°C for 8 hours and were able to obtain noticeable MOF yield. Another
unique feature of this study was the application of detailed diffraction indexing for diffraction
patterns of as prepared and heat treated (200°C) MOF powders. This application not only
validated the crystalline nature of powders but also gave an insight for any possible susceptibility
of material to oxidize at higher temperature.

6.2 Experimental

6.2.1 Materials and methods
The chemicals including iron chloride hexahydrate (FeCl;.6H,O) and trimesic acid

(CsH3(COOH)3) were purchased from sigma Aldrich and used without further purification. A mixture
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of FeCl36H,0 (2.43g) with CeH3(COOH); (0.83g) was dissolved in 30ml de-ionized water, stirred
for 30 minutes, then loaded in Teflon liner and heated at 130°C in autoclave for 8 hours. After
hydrothermal treatment mixture was cooled down to room temperature. The recovered orange slurry
for Fe-BTC was then centrifuged at 3500 rpm. A 30-45 minutes centrifuging was enough to separate
out the clear solution from powder product residue. The powder was then washed with de-ionized

water. After drying at room temperature, an orange Fe-BTC product was obtained.

6.3 Characterization
The crystallinity and phase purity of synthesized MOF was analyzed using X-ray diffractometer
(Rikagu D/MAX 2200H, Bede model200). The X-ray diffraction (XRD) measurement was performed
using a Cu-K, radiation source of wavelength A=1 5406A and the diffraction intensity were recorded
in 260 range of 5-80°with a step of 0.02°. The particle sizes of synthesized powders were calculated by

using the Debye-Scherrer (DS) equation (6.1), as shown below:

_ K2
- Bcos6

(6.1)

Where “D” is crystallite size, “A” is the radiation wavelength (1.5406 A), “B” is the full width half
maximum (FWHM) for diffraction peak, “6” is the diffraction angle. “k” is the shape factor and an
average value for “k” was assumed as 0.9. The FT-IR spectra were collected on a BRUKER IFS66/S
Fourier transform IR spectrophotometer in KBr disks at room temperature. The scanning electron
microscopy (SEM) observations were done on JEOL, JEM1200EX Il set up equipped with field
emission gun. The measurements of N;adsorption were performed on a Quanta chrome

AUTOSORB-1-MP apparatus at —196°C, and the specific surface areas of the investigated samples
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were calculated using the multiple-point Brunauer—Emmett-Teller (BET) method. The samples were

out gassed under vacuum at 150°C for 12 h, prior to the adsorption measurements.

6.4 Results and Discussion
The XRD pattern of Fe-BTC powder in as prepared and heat treated (at 200°C) forms (Fig. 6.1(a)
&(b)) in major portion, matched with the simulated one in literature [213,214] which confirmed that
Fe-BTC has been successfully synthesized. The relative peaks at 26 Bragg reflection values of 9°,
10°, 12°, 15°, 19°, 20°, 24° and 28° were obtained. The Bragg’s equation (6.2) gives relationship

between various diffraction lines and inter planer distance [215].

A = 2dsinf (6.2)

A developed mathematical expression (6.3)

sin? 0/22% = (h*+k2+1%)/42 (6.3)

has been employed for detailed indexing of diffraction pattern (Table 6.1). Here (h k I) values
defined the positional co-ordinates of diffraction peaks and “a” is lattice parameter. The value of
“a” for Fe-BTC calculated from equation (3) was 19.6A. The relative positioning of peaks and
corresponding (h k I) values confirmed the cubic nature of the synthesized Fe-BTC powder. There
appeared to be no difference in structure of powder after heating it at 200°C as the diffraction

peaks are always at the same positions that suggested its compactness at higher temperature. The
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FT-IR spectra (Fig. 6.2) indicated C=0 vibration band at 1710-1720 cm™[216]. The absorption
bands in the range of 1400-1600cm™ and 600-780cm™ owed to C-H bond stretching. The wide
band in the range of 3300-3600 cm™ suggested the presence of water molecules owed to O-H
stretching. The adsorption isotherm for Fe-BTC exhibited the hysteresis loop similar like type |
isotherm [217-219] (Fig. 6.3), typical for adsorbent of 1.5-100nm. The adsorption curve showed
an initial increase (55%) in uptake at exposure of material to N, gas molecules. This uptake then
became steady with increase in relative adsorption pressure as the pores are filled with monolayer

and thereafter point of inflection occurred near the completion of first monolayer.

The BET surface area assessed from Nz adsorption at -196 °C was 885cm?/g which is much less
as compared to those reported in literature [220-222]. The discrepancy may be due to the relative
pressure range difference (P/Po) under which the measurements have been made. The product
yield was around 48% based on stoichiometric calculations. The size of crystal as calculated by

using XRD pattern and equation (1) was 39nm.
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Table 6.1 Indexing of Diffraction pattern for Fe-BTC

Peak No. 1 2 3 5 6 7 8 9

20 9 10 12 15 19 20 24 28

d 0982 0884 0737 059 0467 0443 037 0318
(hkl) (100) (010) (110) (111) (200) (210) (211) (310)
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VIl. Cost effective and low energy consuming hydrothermal synthesis of

Ni based MOF

7.1 Introduction

Porous metal-organic frameworks (MOFs) are an important class of advanced functional
materials. These materials have unique coordination structures and variant configurations due to
which MOFs have wide range of applications [151,159,211]. The features of MOFs such as
exceptionally high porosities, with regular pores and extremely high surface areas, well-defined
crystalline structures, and more accessible bulk volume are hallmark which have attracted the

attention of both academia and industry [223].

Ni-BTC is one such an example of MOF which is known to belong to M (BTC) (M = Cr, Fe, Ni,
Cu, Mo). It has iso-structural relationship along with permanent porous structure. Hydrothermal
and solvo-thermal synthesis has been reported by O. M. Yaghi et al.[224] and Casey R. Wade et
al.[225]. There has been significant research going on for micro- and mesoporous materials as
adsorbents for heat transfer applications in closed systems such as thermally driven adsorption
chillers and heat pumps [226,227]. For a cooling application, the choice of the
adsorbent/adsorptive working pair is key factor. The best pair choice is determined by the amount
of heat that can be extracted from the evaporator per adsorption cycle. In general, the present
generation of adsorption chillers use silica gels as adsorbent. The key problem with silica gel
adsorbents for these applications is that most of the water adsorption occurs at too high relative
pressures. However in recent times nickel based MOF (ISE-1) [228] has been reported which

have good adsorption properties such as consistent water loading capacity over large number of
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adsorption cycles. This metal organic framework is less hydrophilic than silica gel and readily

releases water molecules at low desorption temperature.

The hydrothermal processes employed earlier had the drawback of high operating
temperatures (180°C) and longer reaction times (12 hours or sometimes more than that) along
with consumption of large amount of solvents. Therefore an interest was there to investigate a

hydrothermal process which is less time consuming and more economical.

Here we have adopted a low temperature synthetic approach for Ni-BTC powder. We
conducted synthesis process at 130°C for 8 hours and were able to obtain noticeable MOF yield.
We applied diffraction indexing over diffraction patterns of as synthesized and heat treated Ni-
BTC. This way we were able to gauge the crystalline nature of product in as synthesized condition

and higher temperature stability at heat treatment temperature.

7.2 Experimental

7.2.1 Materials and Method

The chemicals including nickel nitrate hexahydrate (Ni(NOs)2.6H.0) and trimesic acid
(CsH3(COOH)3) were purchased from sigma Aldrich and used without further purification. A mixture
of Ni(NOs), 6H,0 (0.84g) with C¢H3(COOH); (0.42g) was dissolved in 30ml de-mineralized water,
stirred for 30 minutes, then loaded in Teflon liner and heated at 130°C in autoclave for 8 hours. After
hydrothermal treatment solution was cooled down to room temperature. The solution was then filtered
and green precipitates of Ni-BTC were recovered. The precipitates were then washed with de-ionized

water and dried thoroughly.
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7.3 Characterization

The crystallinity and phase purity of synthesized MOFs was analyzed using X-ray diffractometer
(Rikagu D/MAX 2200H, Bede model200). The X-ray diffraction (XRD) measurement was performed
using a Cu-K, radiation source of wavelength A=1 5406A and the diffraction intensity were recorded

in 20 range of 5-80°with a step of 0.02°.
The particle sizes of synthesized powders were calculated by using the Debye-Scherrer (DS)

equation (7.1), as shown below:

_ Ka
- pcosO

(7.1)

Where “D” is crystallite size, “A” is the radiation wavelength (1.5406 A), “B” is the full width half
maximum (FWHM) for diffraction peak, “0” is the diffraction angle. “k” is the shape factor and an
average value for “k” was assumed as 0.9. The FT-IR spectra were collected on a BRUKER IFS66/S
Fourier transform IR spectrophotometer in KBr disks at room temperature. The scanning electron
microscopy (SEM) observation was done on JEOL, JEM1200EX Il set up equipped with field
emission gun. The measurement of N, adsorption was performed on a Quanta chrome AUTOSORB-
1-MP apparatus at —196°C, and the specific surface area of the investigated sample was calculated
using the multiple-point Brunauer—-Emmett-Teller (BET) method. The sample was out gassed under

vacuum at 150°C for 12 h, prior to the adsorption measurements.
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7.4 Results and Discussion

Ni-BTC has been synthesized previously at room temperature [229] and by
high temperature [209] using different solvents. In this work we have synthesized Ni-BTC by
employing intermediate temperature of 130°C for 8 hours operation without using any
conventional organic solvents. The process yield was 38% based on stoichiometric calculations
and is 25% less than those reported [229]. There appeared to be a slight mismatch between the
obtained XRD pattern of as prepared Ni-BTC (Fig. 7.1(a)) as compared to the one reported in

literature[228].

Here the diffraction peaks were shifted to lower angles. The most commonly cited reasons [11]
for such kind of discrepancy are changes in cell parameters typical for solid solutions, induced
compressive stresses and to some extent equipment error. The diffraction peaks were observed at
20 values of 4°, 10°, 13°, 15°, 18°, 20°, 22°, 24°, 25.5°, 28° and 30°, are tabulated along with

their (h k 1) and inter planner spacing values ”d” (Table. 7.1).

The calculated value of lattice parameter “a” for Ni-BTC was 44.1 A. For heat treated sample,
major comparable diffraction lines appeared on almost similar angles as were those for as
prepared sample (Fig. 7.1(a) &1(b)), But in addition to those, there were a few additional peaks

at 20 values of 12°, 14°, 23° and 24.5°.

Those additional peaks might be a result of localized oxide formation within the MOF structure
due to which diffraction pattern of heat treated sample gave somewhat distorted image. The
observed FT-IR spectra of synthesized compound is shown in (Fig. 7.2) depicted C=0 stretch at

1780cmt, O-H band between 1400 and 1600cm™ and C-O stretch at 1200 and 1350cm™.
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The adsorption isotherm for Ni-BTC (Fig. 7.3)) resembled typical type Il category[230-232]
which is a principle characteristics of solids with micro pores. The measured BET surface area
was 137m?/g. The crystal shape as revealed in microstructure (Fig. 7.4) was nano rods with high

aspect ratio. The value of calculated crystal size was found to be 44nm.

counts

Fig. 7.1 XRD patterns of Ni-BTC
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Fig. 7.4 Micro structure of Ni-BTC

7.1 Table Indexing of Diffraction pattern for Ni-BTC

Peak No. 1 2 3 4 5 7 8 9 10 11 12

20 4 10 13 15 18 20 22 24 255 28 30
d 2.207 0.884 0.68 0.59 0.492 0422 0404 037 035 0.318 0.298

(hkl)  (100) (211) (311) (321) (420) (511) (521) (600) (620) (631) (711)

101



VIIl. Conclusions
This thesis work is based on three different synthesis of Copper and Nickel based MOFs.

First Cu-BTC, a copper based MOF was synthesized via ultrasonic
treatment in the presence of some conventional and non-conventional solvents. It was
demonstrated that the scope for the usage of solvents in synthesis of Cu-BTC is quite wide. In
addition to conventional solvent combination of DMF/EtOH/H:O, which has been used
extensively in earlier reported synthesis, four new combinations of solvents have been examined
successively. Extremely high BET surface areas of 1434m?/g and 1401m?/g were recorded for

Cu-BTCpmr and Cu-BTCpmr+EtoH.

These are unprecedented so far from room temperature ultrasonic synthesis with short period of
time. It was found that process yield enhanced progressively with sonication time due to prolong
provision of activation energy to reactants in liquid state. The applied sonication power also has
a strong bearing upon final product yield. Too much higher power tend to dissolve the product
and resulted in decreased yield even after prolong sonication time. A change in ultrasonic power
level from 20% to 40% has no effect on resultant process yields as the two outputs were found to
be equal. Somewhat intermediate power level such as 60% seemed to befitting for a consistent

process yield.

In another work, the ultrasonic synthesis route for Ni based porous solids, while using 1, 3,
5-benzenetricaroxylic acid has been successfully explored. The effects of three different power
levels along with varying probe temperatures upon process has been demonstrated. Ni-BTC

obtained with 60% power level showed highest porosity with lowest crystal size. Surface areas
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and other adsorption properties of synthesized Ni-BTCs confirmed their porous nature. The
process yield was found to vary with operating power level. Higher power level favored the
process yield as we see a yield of up to 88% at 80% power level. In addition, a probe temperature

of 60 °C was found to be the most appropriate operating conditions at any power level.

Ni-BTC was also synthesized by solvothermal process with combinations of organic and
inorganic solvents. The product yields and physical properties were found to vary in each process.

The major finding are summarized as;

1. A combination of NH4OH and DMF as solvents resulted in a Ni based MOF with high
surface area (845 m?/g) along with high pore volume (0.5026 cm?®/g) and particle size of

nm.

2. Appreciably high process yields were obtained in most of experimental results.

3. In general surface areas and physiosorption properties tend to vary in the order of Ni-
BTCnhaon> Ni-BTC tma> Ni-BTC pwe > Ni-BTC Pyr >Ni-BTC gwon >Ni-BTC an >Ni-

BTC NaOH-

In hydrothermal synthesis process for iron (Fe) based MOF, an intermediate process temperature
(130°C instead of 170-180°C) and reduced reaction time (8 Hours instead of 12 Hours or more) has

been used. This way conventional process parameters has been maneuvered.

We were able to accomplish the synthesis successfully under these new set conditions with

recognizable product yield.
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In a nutshell, this synthesis process at intermediate temperature and reduced
operation time seemed to be cost effective and less energy consuming. Here we have also
investigated the high temperature stability of this MOF by examining XRDs patterns of it’s as
prepared and heat treated samples. Fe-BTC product from the current work has shown compatibility
and high temperature stability as there appeared to be no change in its diffraction pattern before and

after heat treatment.
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