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Abstract
Metal-organic frameworks (MOFs) are among the most studied materials in the last three
decades because of their diverse applications in nanotechnology, chemistry, physics and
medicine. ! They belong to a new class of porous materials. Because of their extraordinary
features, such as large surface area, permanent porosity and chemical tunability, this field

has been explored, for a wide range of applications, such as gas storage, >~/

gas
separation,’"!? sensing and catalysis.'*'® Moreover, other than the typical use of MOF for
gas storage and separation, they also have the potential to be explored as an energy storage

2024 capacitors,?® and electrocatalysis,?>? conducting materials®'3 etc. But

device,
unfortunately, these applications are limited by the insulating and redox inactive nature of
the MOFs.3¢ Although, a revolutionary change was realized in the field of electrically
conductive MOFs. In recent years, various strategies have been introduced, including
designing, synthesizing, and post-synthetic modifications etc., through which the
electrical conductivity can be modified.>” There are two ways through which conductive
MOFs can be realized. One is a direct method, in which conductive MOFs are synthesized
by incorporating strategies such as through bond, through space, and conjugated planes.
Most of these MOFs have intrinsic conductivity. Another method is a post-synthetic
modification, which includes modification of the electronic state of the MOFs by means
of incorporating electroactive guest molecules such as TCNQ, lodine, polyiodide etc. This
strategy turns out to be miraculously helpful for the MOFs, which possess very low
intrinsic conductivity. Doping redox-active guest molecules into the pores of the MOF

can modify the electronic state of MOFs and contribute to the enhancement of

conductivity, employing either guest-guest or guest-host interactions. lodine and



polyiodide doping is mostly explored for the guest-promoted enhancement of electrically
conductive MOFs.*!3842 There are plenty of studies on conductive MOFs that have been
reported in the last ten years. Researchers are only focusing on obtaining electrically
conductive MOFs, and almost no focus has been paid to the fundamental electronic
properties such as conductive carrier types and power factors of the MOFs. In this work,
we reported new conducting coordination polymers and investigated the charge carrier
type by measuring thermoelectromotive force. Thermoelectric force is basically the
generation of open circuit voltage across a material when there is temperature difference
applied. Thermoelectric property is one of the powerful tools to investigate the electronic
structure and the efficiency of thermoelectric materials. One of the applications of
thermoelectromotive force is that it can give you information about the majority of charge
carriers responsible for the conduction and information about the Fermi energy level. The
positive and negative sign of the Seebeck coefficient indicates the majority of charge
carriers are holes and electrons, respectively.

Chapter 2. In this study, we investigated the effect of continuous and controlled halogen
doping on structural, optical, semiconducting and thermoelectric properties of
Cu[Cu(pdt)2] (pdt = 2,3-pyrazinedithiolate). Cu[Cu(pdt):] is a prototype of electron
conductive MOF * and possesses permanent porosity (a BET surface area of 280 m? g~
1.4 Halogen doping was performed by exposing Cu[Cu(pdt),] to Br/Iovapor in an N
atmosphere. We Studied the effect of stoichiometric halogen doping on structural, optical
semiconducting and thermoelectric properties of the doped MOF. The MOF skeleton was
maintained upon halogen doping, which implies that halogen doping does not change the

intrinsic structure of the MOF. Whereas the unit cell parameter continuously changed.



Interestingly, we illustrated that the same material could behave as both p- and n-type
semiconductors while tuning the stoichiometry of the doped Br/l in
Bry/Ix@Cu''[Cu'l(pdt).]. This means that a change in the conducting carrier was realized,
and the mode of transportation has changed from holes in pristine MOF to electrons upon
doping of a certain fraction of halogen. Halogen molecules act as an oxidizing agent,
Which causes the selective oxidation of [Cu/(pdt)2] 2~ in the host framework to form
[Cu'(pdt)2]-. The electrical conductivity measurements indicate an enhancement of 10-

fold of conductivity upon doping.
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Chapter 3. Besides 2,3-pyrazinedithiolate ligand, we also explore dhbg“ based MOF
[Fea(dhbq)s].  Coordination polymers of 2,5- dihydroxy-1,4- benzoquinone and its
derivative have been immense out as a new exciting material because of the appealing
feature of acquiring variable oxidation states.*¢ Redox activity and lower molecular weight

of dhbg” based ligands further provides the opportunity to be explored as a high energy-



density storage material. There are two important factors that needs to be considered to
enhance the specific capacity of a material, 1. Low-density molecules, which can be
obtained by removing the possibility of cations. Larger cations usually occupy the pore of
the MOF, which also limits the application of MOFs for further doping purposes. 2.Both
the metal and ligands should possess redox activity. Herein, we report the synthesis,
characterization and physical properties of three-dimensional neutral conducting MOF
based on 2,5-dihydroxy-1,4-benzoquinone ligand without using any cation, formulated as
[Fea(dhbq)s], having a molecular weight of 525.92. The MOF buildup of Fe(Ill) and
dhbg* ligand exhibit redox activity based on both metal and ligand with a theoretical
capacity of 408 mAh / g. It showed relatively high electrical conductivity of 1.6 x 102 S
cm™! as a consequence of strong d-m conjugation, which corresponds to the strong
covalency between metal and ligand. Thermoelectromotive force measurements showed
that it has electrons as a majority of charge carriers, and so it behaves as an n-type
semiconductor. Nitrogen adsorption illustrates that unlike the other reported
benzoquinone derivatized three dimensional MOFs, it shows permanent porosity with a
pore diameter of 0.46 nm. We further explored the redox activity and electrochemical
behaviour of [Fex(dhbq)s] and reported that it shows redox activity based on metal as well
as ligand with a first discharge capacity of 322 mAh / g. Redox behavior of the Fe was
evidenced by ex-situ XANES spectral analysis. Magnetic properties showed that the MOF

showed antiferromagnetic coupling at a lower temperature range.

Chapter 4. Dithiolene-based metal complexes have gained considerable attraction over
the last few decades due to their curious electronic structure and interesting solid-state

properties like molecular conductors and superconductors. In the case of molecular



conductors, designing strategy is very important. Stacks of the square planar dithiolene-
based metal complexes are one of the prelim requirements for the SCMM. Which provides
a delocalized band structure upon establishing effective orbital overlapping between the
two stacks. In this chapter, a new semiconducting Na[Pt(pdt).].2H>0O, 3-D coordination
polymer with a face-to-face stacked arrangement, was reported. We investigated the
electrical conductivity, conduction carriers and mode of charge transportation.
Coordination polymer was synthesized using electro-crystallization method, and black
fiber-like single crystals were obtained. Crystal structure analysis reveals a strong 77
interaction between the ligands in the ‘a’ direction, resulting in a 3D extended framework
as shown in Figure 4.1. Complete face-to-face stacking of the bc plane caused effective
overlapping of wave function between the planes and results in an extraordinary
conductivity of the order 102 S cm™!. Single crystal conductivity measurements showed a
relatively high electrical conductivity of 1.6 x 102 Scm! at 300K which was the highest
among the other pdt* based coordination polymers.*> Thermoelectromotive force
measurements showed that it possesses holes as a majority of charge carriers, and hence

it is a p-type semiconductor.
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Chapterl. Introduction
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1.1 Metal organic Frameworks

Metal-organic frameworks (MOFs) are among the most studied materials in the last
three decades because of their diverse applications in the field of nanotechnology,
chemistry, physics and medicine.! It belongs to a family of porous materials and is also
known as porous coordination polymers. They are constructed with metal clusters and are
connected with the help of an organic ligand as a linker to yield one-, two or three-
dimensional coordination polymers.
This field has gained immense attention because of the extraordinary features it has, such
as functional diversity, structural flexibility and chemical tunability. The striking features
of a MOF are its large surface area, permanent porosity and chemical tunability.?
Moreover, all of these properties can be tuned upon modifying its building blocks which
include linkers as well as metal ions. There are three significant characteristics, 1.
inorganic parts which is constructed of metal clusters, 2. organic ligands and 3. the
topology of frameworks.> Length of the organic ligand between two SBUs units and the
expanded size of metal cluster ensures the high porosity of the framework. Longer the
length of the ligand, more will be the pore diameter. And the topology of the MOF can be
controlled by changing the conformation of ligands as a result of incorporating the steric
effect.’* Because of their striking features such as chemical stability, porous structure and
high surface area, it has been explored a lot in the field of gas storage,?”’ gas separation,’~
12 sensing and heterogeneous catalysis,'*!° drug delivery. The flexibility to modify the
interiors of MOF, such as introducing unsaturated open metal sites and linkers with
various functional groups, makes it more promising to adsorb gas molecules by enhancing

the interaction with the MOF surface.>*
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The diversity of metal cations ranging from monovalent to tetra valent and a variety of
ligands including carboxylate, phosphonates, oxo, nitrogen, and sulfur donor atoms create
more scope for research. The freedom of suitable flexibility opens myriads of

opportunities for researchers to explore its physical and chemical properties. !

1.2 Conducting MOF's
Other than the typical use of MOF for gas storage and separation, they also have the

20-24

potential to be explored as an energy storage device, capacitors,” and

26-30 31-35

electrocatalysis, conducting materials etc. But unfortunately, these applications
are limited by the insulating and redox inactive nature of the MOFs. Unsurprisingly, a vast
majority of MOFs reported in last two decades were insulating in nature because of fully
occupied metal orbitals (closed shell metal center), insulating nature of organic linkers
which are often constructed with redox inactive ligand and their poor spatial orbital
overlapping.®® And that is why only a handful of reports are there in the field of electronics.
However, over the last few years, a revolutionary change has been realized in the field of
electrically conductive MOFs. A variety of strategies have been introduced over the years,
including designing, synthesizing, and post-synthetic modifications etc., through which
the electrical conductivity can be modified.>” As a result of which, the field is expanding
at an enormous rate. And a number of reports on conductive MOFs is coming very

frequently. This consequently opens doors of opportunities for energy storage,

electrochemical sensor, electrical devices, thermoelectric materials etc.
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Electrical conductivity is a fundamental property of a conductive MOF. It is determined
as the equation 1 given below. *’Charge density () and carrier mobility (u) are the two

deciding factors for a material to be conductive.

0 =e (UM + Unlln) equation 1

o = Electrical conductivity
1 = Mobility of electron

1 = Carrier density

e = Charge on electron

e and h = electrons and holes respectively

In a framework, high-energy electrons and holes could be a charge carrier. They can be
derived from metal centre, or redox-active ligands such as TTF, X>dhbq etc.>> Along with
the redox active motif, effective frontier orbital overlapping between metal and ligand

ensures the charge mobility.

1.3 Mechanism involves in charge transportation of MOFs

Fundamentally there are two modes of transportation, 1. hopping transport and 2.
bandlike (ballistic) are responsible for the charge transport in conductive MOFs.*” In
hopping transportation, the charge transport takes place by means of jumps between
discrete nonbonded sites, i.e. stepping from one localized state to another, as shown in
Figure 1.3.1a. Common examples are organic semiconductors and glasses. On the other
hand, in the latter one, the charges are allowed to move in delocalized energy levels
(Figure 1.3.1b), which are formed as a result of strong interaction between the metal

centre and ligands. Inorganic materials often follow this mode of transportation. So

16



basically, materials formed by strong covalent bonding are expected to follow band-like

transportation whereas ionic material are supposed to follow the hopping mechanism.

Figure for band like and hopping transportation

b)

Figure 1.3.1 Schematic representation of (a) band like transport and (b) hopping transport.

MOF-based semiconductors often follow band-like transportation mechanisms. And their

conductivity shows an Arrhenius dependency, o = o, exp [— (i—;)] Where E, term
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represents activation energy and the value of it gives the band gap width. Figure 1.3.2

illustrates the band structure of the metal, semiconductor and insulator.

Conduction

Band A A

Fermi

level
Band
—————————————— e e = gaD

Energy

metal semiconductor insulator

Figurel.3.2 Energy band diagram of metal, semiconductor and insulator.

1.4 Mode of transportation in conductive MOF's

Design and strategies

A number of strategies have been introduced over the last few years in order to design and
synthesize electrically conductive MOFs. For example, Through-Bond Pathways,
Extended Conjugation, Through-Space Pathways, Redox Hopping and last but not least

Guest-Promoted Transport.®’

1.4.1 Through-Bond Pathways: As the name suggest well-matched energy levels and
effective overlapping of orbitals ensure the facile charge transportation. Through bond
mainly focuses on the bonding between metal center and the ligands irrespective of the
organic core of the ligand. (Figure 1.4.1) The stronger the bonding between them, the
more efficiently they promote the charge transportation. This strategy utilizes softer
ligands, for example Nitrogen, Sulphur (-M-S-) based, unlike traditionally used

carboxylate-based(-M-O-) linkers.>> Because the softer ligands provide well-matched
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energy levels and effective orbital overlapping in contrast to ionic bonding, which in turn
results in narrow band gaps and allow significant charge mobility.’¢® Whereas the
carboxylate-based linkers lead to the ionic bonding between ligands and the metal center,
which lacks the effective orbital overlapping and hence results in localized energy levels
which lead to lower conductivity. 1-D pathway®¢-® is the most common among 2-D and

3-D.59’60

Figure 1.4.1 Through-bond pathways for charge transportation in conducting MOFs

1.4.2 Extended Conjugation

Extended conjugation is also known as the through plane pathway. Where the strategy is
to pairing metals with ligands which possess conjugated organic core and chelating
functional groups for example dithiols, diamines, ortho-diols.?” The critical point to keep
in mind is that binding atoms should possess the same energy level and should be in
conjugation with the core of the ligand in order to facilitate the charge transportation. 2D
MOFs with above-mentioned ligands have been considered as the analogues of graphene,
and d-m conjugation in a 2D plane allows effective delocalization of charges, and MOFs

having such a system showed the highest conductivity among the others.®'~%3

1.4.3 Through-space pathways

19



MOFs with organic components having 7t- © interactions can lead to charge transportation
through-space pathways. Small separation between the stacked layer causes the
overlapping of the wave function in the stacked direction and hence creating charge
transport pathways. (Figure 1.4.3) In contrast to metal-ligand bonding, it focuses on the
intermolecular interaction of ligands only. Common examples of organic components that
possess m- 7 stacking are planar conjugated ligands such as tetracyanoquinodimethane
(TCNQ),54-%6 tetrathiafulvalene (TTF),67-% anthracene, naphthalene

naphthalenediimide.”®"2

Figure 1.4.3 Through-space pathways for charge transportation in conducting MOFs.

1.4.4 Redox Hopping

It is quite difficult to distinguish, through which mechanism charge transport is
taking place (band-like or hopping). Some MOFs which do not possess crystallographic
pathways responsible for band-like transport can be categorized under the hopping
transport mechanism. In such materials, the presence of redox-active metals or linkers, as
well as the close distance between them, can promote charge hopping.”>~’> However, in

some cases, they contain redox-active moiety, and those are separated enough to avoid the
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orbital overlap. In these cases, charge hopping is the most probable conduction mechanism.
Hopping could be categorized into three parts. 1. Metal based, 2. Ligand-based and 3.

Mixed metal and ligand-based.

1.4.5 Guest promoted

It is also recognized as post-synthetic modification strategy, where; redox active
guest molecules are introduced into the pores of the MOFs. And they can contribute to the
enhancement of conductivity employing either guest-guest or guest-host interactions. This
strategy turns out to be miraculously helpful for the MOFs, which possess very low
intrinsic conductivity. The most common interaction that led to an increment in the
conductivity is charge transfer between the guest and the framework. Other than that,
guest molecules can also act as oxidants or reductants for the frameworks and can modify
the electronic structure of the MOF. lodine and polyiodide doping is the most familiar

example of the guest-promoted enhancement of electrically conductive MOFs, 313841

1.5 Redox Active MOFs

Redox-active MOFs are categorized as a unique class of MOFs. And are known for
their unique properties to show the switchable physical behaviour upon modulating the
redox state of the material. It has attracted new exciting research interest in the field of

2122 porous conducting polymers,’®’” magnetism,’®” electrochemical

Energy storage,
sensing®® and electrocatalysis. Redox activity of the MOF can be realized by incorporating

redox-active metal or ligand as a building block material, or in the case of post-synthetic
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modification, doping of electroactive material is performed in order to make it redox-

active. Some of the redox active ligands are mentioned in Figure 1.5.

HO
HO™ ~O

Oé OH
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Figure 1.5 List of some of the famous redox active ligands.

1.6 Application of Redox active MOFs
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1.6.1 Energy storage

Awaga and coworker have reported the MOF-based cathode material for the purpose of
lithium-ion battery. Where the MOF exhibited redox activity based on metal as well as
ligand and possess permanent porosity. They reported a 2-D redox-active Cu(2,7-AQDC)
(2,7- HoAQDC = 2,7-anthraquinonedicarboxylic acid) MOF.?! Anthraquinone and the
copper exhibits 2e” and 1e” reversible redox activity respectively. The permanent porosity
of the MOF provides the large no of Li-ion insertions, and redox activity of both metal
and ligand provides more electrons uptake. The Charge-discharge profile reveals that it
possesses a specific capacity of 147 mAhg™! during the first cycle, which was comparable
to the conventionally used inorganic material, i.e., LiCoO, (148 mAhg™'). (Figure 1.6.1.1)
However, within 50 cycles, it has decreased and stabilized to 105 mAhg!. Although it
exhibited multiple redox activities, but the theoretical capacity is not so large as compared
to inorganic materials. One reason for this is the lower conductivity of the MOF towards
the charge transfer and another one could be the irreversible transportation of lithium ions
through the pores because of the inhomogeneity of the crystal size. The Large molecular

weight of H AQDC limits the high theoretical specific capacity.

u (ILIT)
¥
u @D

23



g

8

g—&

« Charge
 Discharge

E (vs. Li'/Li, V)

Y
3
.

Specific Capacity (mAh/g)
g

o

40 80 120 160 0 10 20 30 40 S0
Specific Capacity (mAh/g) Cycle Numbers

— 15th

15 20 25 30 35 40
E (vs. Li'/Li, V)

Figure 1.6.1.1 (a) Charge—discharge profile of MOF battery (10 wt % active material) (b)
Cyclic performance of battery up to 50 cycles. (¢) Solid state cyclic voltammetry of battery.
Where arrow 1 and 2 indicates the separation of the two reduction peaks. Reprinted with

permission.

Considering the impact of lower molecular weight on the specific capacity, our group
recently came up with 2,5-dihydroxy-1,4-benzoquinone based one dimensional
[Fe(dhbq)] MOF 22 having a molecular weight of 193.9¢. Fe(dhbq) MOF is an electrically
conductive MOF synthesized using 2,5-Dihydroxy-1,4 benzoquinone (dhbq). Properties
like Redox activity, electrical conductivity and permanent porosity made it suitable to be
explored as an appealing candidate for cathode material in the secondary battery. With an
electrical conductivity of 5 x10°¢ S cm™! upon incorporation as a cathode material, it shows
a excellent specific capacity of 264 mA hg! in the first discharge cycle. (Figure 1.6.1.2)

Electrochemical properties were investigated using cyclic voltammetry (CV) and charge-
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discharge profile in the solid-state using Fe(dhbq) as a cathode material in a LIB cell. The
value of specific capacity corresponds to the 2e” redox behaviour of the dhbg* ligand,

which was supported by solid CV.
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Figure 1.6.1.2 (a) Solid-state CV at a scan rate of 0.5 mV s! (b) Charge-discharge profile
of Fe(dhbq) at a rate of 0.1 C. Working electrode consists of Fe(dhbq) (50 wt %),
acetylene black (AB, 40 wt %), and polytetrafluoroethylene (PTFE, 10 wt %). Reprinted

with permission.

1.6.2 Conductive MOF's

Apart from using the redox-active ligands and metals as building block units to synthesize
conductive MOFs, there is another strategy to realize conductive MOFs i.e., Post synthetic
modification. Post synthetic modification involves modification of the electronic state of

MOFs by means of incorporating some electroactive guest molecules such as TCNQ,
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iodine and polyiodide etc. This method has gained a lot of attraction among the MOFs,
which are intrinsically insulating in nature. Because, doping some electroactive materials
inside the pore can modify the electronic state of metal and ligand and causes an
introduction of charge transportation pathways. lodine and polyiodide doping is the most

familiar example of the guest-promoted enhancement of electrically conductive MOFs.

A very famous example of the lodine doping effect on conductivity was reported by

Kobayashi et al. They reported Cu[Ni(pdt),] (pdt* = pyrazine-2,3-dithiolate), *! which is
a 3D porous coordination polymer. It exhibited an electrical conductivity of the order of

1 x 10 S cm™! quite low as compared to the it copper analogue i.e. Cu[Cu(pdt)2] (c = 6 x

10#Sem™).# Utilizing the low reduction potential and permanent porosity of the MOF,
iodine doping was performed. I> molecules act as an oxidizing agent and as a result causes
the partial oxidation of the framework. As a consequence of that, an increment of 10* fold
electrical conductivity was achieved (Figure 1.6.2.1). Partial oxidation of Ni causes the
generation of high-energy free electrons as a charge carrier and redox-active ligand
backbone provides through bond pathway for the charge transport between the partially
oxidized Ni centre. With the aforementioned results, it was shown that the optical
bandgap of the MOFs can be tuned upon doping, and it changed from 0.49 in pristine to

0.18 eV in the doped one.
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Figure 1.6.2.1 Left part represent the crystal structure of the Cu[Ni(pdt)2], (light blue
(Cu), green(Ni), yellow(S), blue(N), and gray(C). Middle part shows redox behavior of
[Ni(pdt)2]>". Right part shows conductivity details upon I loading. Reprinted with

permission.

Other than the iodine and polyiodide doping, porosity of MOF also provides the
opportunity to large conjugated to be incorporated. Talin et al. Reported the effect of
encapsulation of large conjugated molecule i.e., TCNQ in to a very well-known Cu and
benzoic acid-based MOF Cus3(BTC), (HKUST-1; BTC, benzene-1,3,5-tricarboxylic
acid).®? The intrinsic conductivity of the pristine MOF is of the order of 10® Scm'. The
author utilizes the axial coordination site of Cu centers and doped with TCNQ an
electroactive material. Doping was performed after removing the water molecules by
heating at 190 °C for 30 mins. The resultant MOF was immediately transferred to
Saturated solution of TCNQ in CH>Cl,. PXRD pattern analysis revealed that TCNQ

molecules occupied the axial site of copper atom and resulting a strong coupling between
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Cu centers. The resultant MOF showed increase in electrical conductivity to 0.07 Scm’!
as a consequence of facile charge transfer (Figure 1.6.2.2). Further investigation suggest
that TCNQ instead of acting as dopants, introduced localized region for conduction leads

to the charge transfer between Cu(Il) and TCNQ.
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Figure 1.6.2.2 In the left half A. TCNQ molecule is shown along with Cu3z(BTC)> MOF.
White (H), blue(N) cyan(C), red(O), light brown(Cu). B. SEM image along with
optical image before and after TCNQ incapsulation. C. PXRD data for a thin film. In

the right half interaction of TCNQ with MOF is shown. Reprinted with permission.

As a result of the introducing aforementioned strategies, plenty of conductive MOFs have
been reported over the last one decade. All the attention was been paid on realizing a
conductive MOF and investigating charge transport pathways. However, almost no
attention has been paid on conductive carriers, what type of charge carriers are responsible
for the current flow. Identification of conductive carriers can be performed using

thermoelectromotive force measurement.
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1.7 Thermoelectric properties
1.7.1 Importance of thermoelectric materials

The significance of thermoelectric materials comes from the need of renewable green
source of energy.®3 A major issue of current generation is deterioration of human health
and environment health because of the accumulation of the disastrous gases such as carbon
dioxide, carbon monoxide and methane. Which is a major consequence of excessive use
of fossils fuels. So, the current focus of research is to realize an alternate source of energy
by means of opting the other earth abundant and renewable source of energy such as solar
energy, wind and biomass. There is another source of energy i.e., electricity which could
be converted from the heat sources. A major portion of energy got wasted in the form of
heat on daily basis activities which includes fossil fuels combustion, sun light and in many
industries such as chemical and nuclear reactors. These heat energies can be converted to
electricity. And here, comes the role of thermoelectric materials. Thermoelectric materials
are solid state-based devices that convert thermal energy into electrical energy and the

process involved is called “Seebeck effect”.®?

1.7.2 Seebeck effect

Seebeck effect is basically the generation of open circuit voltage as a result of
temperature difference across the material. 3* It is the opposite of the “Peltier effect” that
is generation of temperature difference upon apply voltage across the material.
Thermoelectric materials can contribute in energy conservation by harvesting waste heat.
The scope of the material in solving the energy problems depend on how efficient these

materials are.
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1.7.3 Efficiency of thermoelectric materials
The efficiency of the material is determined by the parameter called thermoelectric figure

of merit represented by ZT and Carnot efficiency as shown by equation 2.

equation 2

AT 1+ 27T, —1
n =

Thoe [T+ 2T,,, + %
hot

Where,

Thot= Temperature of hot end.
Teold = Temperature of cold end.
AT = Temperature difference

Tavg = Average Temperature

As equation 2 indicates, efficiency of the material demands high value of both ZT as well
as the temperature difference across the material.* So, in order to realize the high value
of ZT, one should understand the factor that affects the ZT value. Equation 3 represent ZT

in terms of Seebeck coefficient, electrical conductivity and thermal conductivity.
ZT = (% a/K)T equation 3

Where,

S = Seebeck Coefficient

o = Electrical conductivity
k = Thermal conductivity

T = Temperature

As can be seen in equation 3, Figure of merit (ZT) is a dimensionless quantity. Moreover,

for a thermoelectric material large value of ZT rely on the high electrical conductivity,
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large Seebeck coefficient and low thermal conductivity of the same material. However,
these parameters are not independent of each other. As illustrated by equation 3, the term
S%c is called Power factor and is directly proportion to the high performance. High value
of it corresponds to generation of high voltage and large current. On the other hand, k

value is consisting of two factors kel and Kia as shown by equation 4.3

K= K + K equation 4
Where,
ket = Thermal conductivity of carriers
Klat= L hermal conductivity from lattice vibration.
Intuitively, equation 3 and 4 indicates that the material must possess low thermal
conductivity even at large AT. There are two important factor that should be consider, in
order to obtained Increasing value of ZT, either maximized the power factor (ZT) or
minimized thermal conductivity ().8* Since both the factor are not independent on each
other. Hence, To fulfill these requirements, new methodology or modification of existing
materials (by means of doping) is required. While improving the value of power factor,
one should understand the more details about Seebeck coefficient. It is expressed in the

form of Mott equation as shown below.3

_ m*k*T dino (E) _ .
=S ——at E=E; equation 5

Where,

6 (E) = Electrical conductivity as a function of Fermi energy (E¢)
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K = Boltzmann constant

The above equation indicates that Seebeck coefficient is directly related to the logarithmic
derivative of density of state and is basically variation of ¢ (E) above and below the fermi
level. Large value of Inc(E) indicates the rapid change of DOS at fermi level and is the
expected reason for larger value of Seebeck coefficient. Or in other words S signifies the
asymmetry of electronic structure near fermi level. So, our aim should be to incorporate
complexity in the electronic structure within a small energy range near Ey. 3

Materials such as composites and doped compounds with complex electronic structure
have a good opportunity to emerge as suitable material for high power factor.

Seebeck coefficient can also be expressed in the form of thermoelectromotive force (AV)

and AT as shown in equation 6.34

AV

S= ——
AT

equation 6

One of the applications of Seebeck coefficient is that it gives the information about the
conductive carriers in an extrinsic semiconductor. Sign of Seebeck coefficient depend on
type of majority of charge carrier. For example, p-type semiconductor will have a positive
sign and n-type semiconductors will have negative sign. Let’s understand the reason
behind this. Let’s take a n-type semiconductor and applied a temperature difference across
the material. Put one end at high temperature and another end at low temperature. As a
result of temperature difference across the material, electrons will try to diffuse towards
cooler side and a positive potential will have to develop at hotter end to hold the electrons
back in order to stop the current flow to give an open circuit situation. Since Seebeck

coefficient is negative of the open circuit voltage, hence its negative for n-type
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semiconductor. In contrast to n-type, negative potential will have to develop on the hotter
side in case of p-type materials to hold the holes back. Hence its positive for p-type

semiconductors.
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Figure 1.7.3 Schematic representation of generation of thermomotive voltage. a) n-type

and b) p-type material ¢) Fermi energy of extrinsic semiconductors.

Recently, So and coworker reported theoretical and experimental perspective of charge
transport properties of a 2-dimensional MOF upon metal substitution.®” MOF is consisting
of HITP (2,3,6,7,10,11-hexaaminotriphenylene) ligand and Ni as a metal center. Effect Pt
doping on charge carrier type was reported. Charge carrier type was determined with the
help of Seebeck coefficient measurement. And it was reported electronic structure of the
MOF can be modify without changing the structure. And type of charge carrier has
changed from electron to holes upon doping with Pt as evidenced by the change of sign
of Seebeck coefficient from negative in pristine to positive in case of Pt doped one (Figure

1.7.4).
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Figure 1.7.4 Left. Bonding between metal metal and HITP ligand. Right

Thermoelectromotive characteristics of Ni and Pt compound. Reprinted with permission.

Recently Bao group have reported series of hexaaminobenzene (HAB) based metal
organic frameworks using metals, Co, Ni, Cu. And studied the effect of changing the metal
center on the electrical conductivity and the charge carrier type and the air-stability of the
MOFs.3* They reported the effect of atmospheric environment on type of charge carrier.
It was found that the Cu and Co based MOFs exhibits n-type semiconductor i.e., majority
of charge carriers were electrons. While Ni-HAB MOF showed change in charge carrier
type from electron to holes upon changing the environment from ambient to nitrogen

atmosphere. (Figure 1.7.5)
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Figure 1.7.5 A. schematic representation of synthesis of MOF. B. electrical conductivity

report, C. Seebeck coefficient report of M-HAB. Reprinted with permission.
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Chapter 2.

Effect of halogen doping on electrical conductivity and Seebeck coefficient of metal-

organic framework Cu''[Cu''(pdt)](pdt = 2,3-pyrazinedithiol)
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2.1 Chapter introduction

MOFs come under a new category of porous materials because of their outstanding
properties for a wide range of applications, such as gas storage,'® gas separation,’!?

13-18

sensing and catalysis, etc. In recent years, electrically conductive MOFs have been

explored extensively due to their potential applications in the field of electronics as active

19-24 25-29 30-33

materials for energy storage, electrocatalysis, and chemiresistive sensing.
There are many strategies that have been introduced in order to synthesize conductive
MOFs. They are roughly classified into four categories: through-bond, through-space,
extended conjugation, and guest-promoted strategies.>* The first three strategies are
mainly focused on the formation of the conductive pathway, in other words, the formation
of overlap of the frontier orbitals by using n-r stacking or extended m-conjugation. In these
compounds, conductive carriers are doped during crystallization by utilizing charge-
transfer (CT) interactions or a mixed-valence strategy. Whereas guest-promoted strategies
are focused on band-filling control or carrier doping by using post-synthetic encapsulation
of guests. Such a post-synthetic modification is a unique characteristic of porous materials.
There are hundreds of electrically conductive MOFs that have been reported, most of them
have been synthesized by using the three strategies mentioned earlier. As for the post-

3438 or polyiodide***! have been used to enhance the

synthetic doped strategy, iodine
electrical conductivities of MOFs. Kobayashi et al. have reported Cu[Ni(pdt):] (pdt = 2,3-
pyrazinedithiolate) and realised the enhancement of electrical conductivity by a factor 10*

upon doping with I, vapor.®> Although the effects of halogen doping on the electrical

conductivities of MOFs have been demonstrated, But detailed study on stoichiometric

53



halogen doping on structural changes, optical properties, conductive carriers and

thermoelectromotive measurements has scarcely been performed.

2.2 Research objective

Guest-induced modification of the electronic states in metal-organic frameworks
(MOFs) has brought about a new field of interdisciplinary research which includes host-
guest chemistry and solid-state physics. Although there have been plenty of studies on
guest-promoted enhancement of electrical conductivity. However, properties like
structure-property relationships, stoichiometry and conductive carriers have not been
studied in detail. So, we studied the effect of continuous and controlled halogen doping
on structural, optical, thermoelectric and semiconducting properties of Cu[Cu(pdt):] (pdt
= 2,3-pyrazinedithiolate) as a function of halogen stoichiometry. Cu[Cu(pdt):] is a
prototype of electron conductive MOFs** and have permanent porosity (a BET surface
area of 280 m? g!).** Taking advantage of porosity halogen doping was performed. We
doped Cu[Cu(pdt).] (Figure 1, pdt = 2,3-pyrazinedithiolate) with Br»/I; vapor by keeping
the amount of MOF constant and varying halogen concentration. After doping, annealing
of the samples was performed at 60 °C for 24hr. Then the samples were used for the

structural, optical, semiconductive and thermoelectric properties measurements.
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2.3 Synthesis

Synthesis of Na|Cu(pdt):]-2H20. 2,3-Pyrazinedithiol (H2pdt) was prepared following a
procedure reported earlier.* Na[Cu(pdt).]-2H2O was synthesized as mentioned in scheme
1. In a 1000 ml conical flask, NaOH (0.8 g, 20 mmol) was dissolved in 300 ml of deionized
water. Hopdt (1.44 g, 10 mmol) was added to the NaOH solution. The solution was stirred
until the color became pale yellow. After that Cu(ClOs4),-6H,O (1.84 g, 5 mmol) was
added to the flask, followed by 300 ml methanol, while stirring. After which the color of
the solution turned dark red. After that NaBr (2 g) was added to the reaction mixture,
followed by H>0O, (0.6 ml, 30%). Upon adding H>O», dark green precipitate starts forming.
The solid was collected by filtration and washed with HO. Compound was characterized

with the help of PXRD pattern and CHN analysis.

Synthesis of Cu[Cu(pdt):]. Cu[Cu(pdt):] was synthesized using a procedure reported by
our group.®® Procedure is shown in scheme 2.3 . In a 1000 ml conical flask,
Na[Cu(pdt)2]-2H>0 (1.0 g, 2.5 mmol) was dissolved in 500 ml of CH3CN, and the solution
was filtered to remove the undissolved impurities. Cul (0.45 g, 2.3 mmol) in 100 ml
CH3CN was added dropwise to the filtrate, while stirring. After stirring for 30 minutes at
room temperature, black polycrystalline solid was obtained and was collected by using a
membrane filter. The product was dried under vacuum overnight before characterization.
Final product characterization was performed with the help of PXRD pattern and CHN

analysis.
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Scheme 2.3 Reactions involve in the synthesis of Cu[Cu(pdtz)] MOF.
2.4 Characterization of Cu[Cu(pdt,)]

2.4.1 Crystal description

Crystal structure of Cu[Cu(pdtz)] was reported our group.® It crystalizes in a
tetragonal lattice with space P4>/mmc group. Crystal description show that there are two
crystallographically different Copper centers were present in formal oxidation state of +I1.
One is surrounded by the four S atom from two pyrazine ligands in a square planar manner
forming a 2D sheet (Figure 2.4 b). On the other hand, another Cu center is coordinated
with four N atom from four pyrazine ligand and bridging Cu-bisdithiolate unit leading to
a 1-D pore channel along ¢ axis with a pore size of diameter 3.4 A (Figure 2.4 ¢). We

utilize the permanent porosity of the MOF and dopped with bromine vapor.
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Figure 2.4.1 (a) Molecular structure of Cu(pdt).. Crystal structure of Cu[Cu(pdt).] with

(b) stick model and (¢) space filling model. Brown: Cu, Blue: N, Gray: C, Yellow: S
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2.4.2 PXRD pattern

Phase purity of the bulk sample was investigated using PXRD pattern as shown is

Figure 2.4.2

Cu[Cu(pdt),]
—— Simulated

LMJL.JW

Intensity (a.u.)

W N

1'0 ' 2'0 ' 3'0 ' 4'0 ' 50
degree (26)

Figure 2.4.2 PXRD pattern of Cu[Cu(pdt)2]. Red line (as synthesized) and black line

(simulated).

2.5 Bromine doping

As we noted above, Cu[Cu(pdt):] has 1D pores with a relatively small pore diameter
of 4A. Taking the advantage of porosity Br, doping was performed using 100 mg of
Cu[Cu(pdt):] at a time and a different volume of Br, vapor. Detailed experimental setup
for Br, doping is described in Figure 2.5. Bromine vapor doping was performed using the
following procedure. Polycrystalline Cu[Cu(pdt)>] (100 mg) was placed into a double
necked round bottom flask. One neck was connected to a vacuum line, and the other neck

was sealed with a rubber septum. The atmosphere in the flask was replaced with N> by
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using a pump-purge process three times. Then different volumes of bromine vapor (not
liquid) were withdrawn from the bottle with a syringe and injected into the flask. The
schematic drawing of the experimental apparatus is shown in Figure 2.5. After doping
with bromine vapor, all samples were transferred to screw vials and annealed for 24 h at

60 °C.

Rubber septum

Cu[Cu(pdt),]

Figure 2.5 Apparatus for the bromine doping into Cu[Cu(pdt)z].

We incorporated different volumes of Br, vapor while keeping the amount of MOF
constant to afford Br.@Cu[Cu(pdt)2] (0 < x < 1.03). it was realized that even if we used
an excess amount of Br» vapor, the Br fraction (x) of Bri@Cu[Cu(pdt)] was

approximately 1, indicating that x = 1 is the upper limit of the Br loading. This finding
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indicates that Br atoms is not merely physiosorbed but electronically interact with
Cu[Cu(pdt)z].
2.6 Structural investigation of Bry@Cu[Cu(pdt):]

Structural analyses were performed using powder X-ray diffraction (PXRD) on a
Rigaku Smart Lab diffractometer (plate stage) with Cu Ka radiation source (1= 1.5456 A,
40 kW/40 mA, 26 = 5°=50°, and a speed of 1°/min). PXRD data was further fitted using

Le Bail refinement with the rietica software.

X-ray diffraction patterns of Br.(@Cu[Cu(pdt).] were plotted with respect to 26 in Figure
2.6.1 a. It reveals that PXRD patterns of Bri(@Cu[Cu(pdt).] are isomorphic with pristine
Cu[Cu(pdt):], and the crystallinities of the doped samples were retained, which further
confirms that the Br doping does not change the intrinsic skeleton of the MOFs. However,
with the inclusion of bromine, the intensity of the peak for the (100) face of
Br.@Cu[Cu(pdt)2] continuously decreased with an increase in x. This corresponds to the

successive incorporation of bromine molecules into the pores of Cu[Cu(pdt)z].
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Figure 2.6.1 (a) PXRD patterns of Brx@Cu[Cu(pdt):]. (b) Lattice parameters of

Bri@Cu[Cu(pdt):] as a function of the Br fraction/mol.
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The PXRD patterns of Bri(@Cu[Cu(pdt).] were fitted using the Le Bail method to estimate
the unit cell parameters (Figure 2.6.1 b). It reveals that all of the doped samples retained
tetragonal lattice as shown in Table 1. Although the lattice parameter a-axis has barely
changed but the c-axis significantly changed and it continuously shortened with an

increase in x.

2.6.2 Le Bail Plot
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Figure 2.6.2 Le Balil fitting of PXRD patterns of a) Cu[Cu(pdt)2], b) Bro.os@Cu[Cu(pdt)2],
¢) Brox@Cu[Cu(pdt):], d) Bros@Cu[Cu(pdt):], e) Bros@Cu[Cu(pdt);], and f)

Bro.o4@Cu[Cu(pdt):],. Red and green lines represent fitted and differential patterns.
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Table 1 Unit cell parameters for Brx@ Cu[Cu(pdt):]

Sample Space Group Lattice parameters Rp(%) wRp(%) %2 ‘
a(A) c(A)

Cu[Cu(pdt):] Par/mmce 6.8372(1) 16.6100(2) 2.252 3.402 10.74
Bro.os@Cu[Cu(pdt)z] PAr/mmce 6.8487(2) 16.5510(8) 2.934 4.109 0.137
Bro22@Cu[Cu(pdt):] Par/mmce 6.8556(3) 16.5790(12) 3.513 4.608 0.089
Bross@Cu[Cu(pdt)z] PAr/mmce 6.8184(3) 16.4650(13) 3.223 4.385 0.076
Bro.4s@Cu[Cu(pdt)z] Par/mmce 6.8371(7) 16.5310(18) 4.365 5.990 3.102
Bro.s2@Cu[Cu(pdt):] Par/mmce 6.8361(5) 16.4330(13) 2.791 4.003 13.188
Broos@Cu[Cu(pdt)2] Par/mmce 6.8322(2) 16.3230(7) 2.186 2.904 6.740

Table 2. Elemental analysis data for Br.@Cu[Cu(pdt):]

Sample Found Calcd. for BriCu[Cu(pdt):]n(CH3CN) ‘
X Br(%) S(%) n Br(%) S(%)
0.08 1.43 27.70 1.0 1.39 27.95
0.22 3.71 27.17 1.0 3.74 27.28
0.44 7.06 25.06 1.5 6.92 25.24
0.62 9.92 25.93 0.9 9.95 25.76
0.94 14.39 24.99 0.7 14.57 24.89

*The following equation was used to evaluate x.

= (f;.gﬁ) N (4 xSSzA).st)

Shrinkage of c-axis could be better understood with the help of bond distance analysis.
We have examined two [Cu(pdt).]"? unit as shown in Figure 2.6.3. One [Cu'/(pdt),]™" has

Cu in +II oxidation state on the other hand another one has [Cu"(pdt):]"' Cu in +III
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oxidation state. We have shown the bond distance details of the two. The one with Cu!!
shows a Cu-S bond distance 0f 2.264 A and Cu'" shows a bond distance of 2.183 A. Which

indicates that as Cu" oxidizes to Cu'!!

, Cu-S bond has shorten as a result S-S bond also get
shorten by 0.16 A. And these results indicates that bromine molecules might have oxidizes

Cu"' to Cu'.

Cu''[Cu'(pdt),]

3.183A

S----S distance gets shorter by 0.16 Al

Na[Cu'(pdt),] - 2H,0

3.021A

Figure 2.6.3 Bond distance analysis of Cu'' and Cu'" based pdt>~ complexes.

To clarify the reason for the shrinkage of the c-axis, the electronic structure investigation
was performed using DFT calculations. As shown in Figure 2.6.4, the singly occupied
molecular orbital (SOMO) of [Cu'(pdt),]*~ is mostly composed of the antibonding dx>.?
orbital of Cu and the S ps orbitals. As a result, the Cu—S bond distances of the optimized
structures in [Cu'(pdt)2] (2.24 A) are shorter than those in [Cu'(pdt)2]> (2.35 A). In the
actual compounds, the Cu—S bond length of Na[Cu"/(pdt)>] (2.18 A)** which is shorter

than that of Cu"[Cu'(pdt)2] (2.26 A) .** Thus, it can be understand that when Cu" is
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oxidizing to Cu', the electron is removed from the antibonding orbital and hence causes
the strengthening of bond order which results in the shortening of Cu—S bond length.
From the crystal packing Figure 2.6.5, the Cu-S bond lies along c-axis. Hence, the
shortening of the Cu—S bond caused the c-axis to shorten, whereas it did not affect the a-
axis. Thus, the shortening of the c-axis could be attributed to the oxidation of [Cu'(pdt)2]*~

to [Cu'(pdt).] by the bromine vapor.

Figure 2.6.4 SOMO of [Cu'(pdt)2]*

/ N N 2-
CO0
N +e.u ) N
COC0Y
\_

Figure 2.6.5 Alignment of Cu-S bond in a unit cell.
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This fact is also supported by the redox potential of the Cu(pdt). species and bromine.

I redox wave in the cyclic

Robira and co-workers have reported a reversible Cu''/Cu
voltammogram (CV) of TBA[Cu(pdt):] at Ei» = —0.33 V vs. Ag/AgClL,* which
corresponds to ca. —0.13 V vs. standard hydrogen electrode (SHE). Kobayashi and co-
workers also reported the solid state CV of Cu[Cu(pdt):] and showed reversible redox
wave at Eip = —0.65 V vs. Ag/Ag" (ca. +0.15 V vs SHE),*® Since these are much lower

than the bromine reduction potential (E° = 1.066 V vs. SHE for Bra(1) + 2e~ — 2Br),* so,

it can be estimated that bromine vapor can oxidize [Cu"(pdt)2]* to [Cu™(pdt).]".

2.7 Optical Properties
2.7.1 Raman Spectra

In order to visualize the effect of bromine doping on the optical properties of
Cu[Cu(pdt)2], we measured Raman spectra as show in Figure 2.7.1. A prominent peak
was observed around 160 cm™'. This peak was assigned to the Cu-pdt symmetrical
stretching vibrational (Ag) mode. The Raman shift of this peak gradually shifted from 157
cm™! (x =0) to 163 cm™ (x = 0.95). Using DFT calculations, the vibrational frequency of
[Cu'(pdt)2]* and [Cu(pdt)2]~ were calculated to be 134.3 and 148.3 cm™, respectively.
Although the absolute values of the calculated Raman shifts are different from the
experimental values. Which could probably be because, the calculations were done on
isolated molecules. Moreover, this shift in the Raman peaks supports that the Cu(pdt).

moiety has been oxidized by the bromine vapor.
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Figure 2.7.1.1 Raman spectra of Brx@Cu[Cu(pdt)-].

It was quite challenging to assign the electronic state of bromine. Typically, there are three
possible forms of bromine, namely molecular bromine (Br2), bromide (Br~) and tribromide
(Br3"). It is well known that Br; and Brs~ species shows Raman signals at around 320 and

160 cm™!, respectively,**4

whereas monoatomic Br~ should show no Rama signal.
Although it is hard to determine the existence of Br, or Brs~ species since pristine
Cu[Cu(pdt):] originally possesses Raman peak at these areas Figure 2.7.2a. Since there
1s no prominent increase of Raman signal intensity upon bromine doping, hence we

suppose that bromine is in the Br~ form. Although a detailed study is required in order to

tackle this assignment.
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Figure 2.7.1.2 (a) Raman spectra of Br.(@Cu[Cu(pdt)]. (b) Schematic illustration of the

displacement vectors of the Agl and Ag2 modes of Cu(pdt)..

Here we consider the chemical formula of the partially oxidized Bri(@Cu[Cu(pdt).]. If all
of the Cu(pdt), species are crystallographically equivalent, the compounds should be
formulated as Br@Cu"[Cu**(pdt)2]. On the other hand, given that Cu'/(pdt), and
Cu'(pdt), are distributed in the crystal, the compounds should be formulated as Br-
{@Cu"[Cu"(pdt)2]i—[Cu(pdt):]r. The former one denotes a partially oxidized state and
should be categorized as class 111 of the Robin-Day classification of mixed valency.*’ On
the other hand, the latter one should be categorized as class Il of the Robin-Day
classification of mixed valency.*” Although it is impossible to distinguish them from the
conventional PXRD studies since X-ray diffraction reflects the averaged crystal structure,
the former and latter states should give metallic and semiconductive properties,

respectively.
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2.7.2 UV-vis-NIR Spectra
UV-vis-NIR diffuse reflectivity spectra in the range of 2000-350 nm (0.6-3.5 eV, black

line) and FT-IR spectra (0.1-0.5 eV, red lines) of Br,@Cu[Cu(pdt)2] were measured and
are shown in Figure 2.7.2. Samples were diluted with BaSO4 as matrix. Obtained diffuse
reflectivity spectra were converted into absorption spectra by Kubelka-Munk
function.UV-vis-NIR spectra. The spectra of the pristine compound showed a broad
absorption peak appeared around 1.3 eV, indicating a narrow band gap of this compound
and is a semiconductor. The narrowere band gap is the origin of the electrical conductivity.
On the other hand, in case of bromine doped spectra, the absorption peak shifted to lower
energy, and a new band was observed around 0.3 eV. The shift of the absorption band
supports that the bromine oxidizes [Cu''(pdt).]>~ to [Cu'(pdt).]-, modulating their
electronic states. The absorbance below 0.3 eV started to decrease with a decrease in the
photon energy at each amount of bromine, indicating that bromine doped compounds still
had a finite band gap. Thus, we concluded that the electronic states of Br.(@Cu[Cu(pdt)2]
were in a semiconductive ground state due to their segregated valence states (formulated
as Br@Cu"[Cu"(pdt):]ix[Cu'(pdt)2]x). We also measured the temperature dependent
electrical conductivity of Bri(@Cu[Cu(pdt)] which further confirms semiconductive
nature of the doped sample. Although we assume that this absorption band is assigned to
the intervalence charge-transfer (IVCT) band from Cu! to Cu'! species, further study has

to be done to confirm this assignment.
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Figure 2.7.2 UV-vis-NIR (black lines) and FT-IR spectra (red lines) of Br.(@Cu[Cu(pdt)2].

Semiconductive Properties
2.8 Electrical Conductivity

The electrical conductivities were measured with the help of current (/)-voltage (V)
characteristics of compressed pellet (3 mmd) samples using two-electrode configurations
at 293 K. The current (/)-voltage (V) plots were converted to current density (J) and
electric field (E) using a value of 0.07 cm? as surface area and a thickness of typically 0.05
cm. Figure 2.8.1 a shows J-E characteristics of Bri(@Cu[Cu(pdt).]. Slope of J-E curve at

E = 0 gives the value of the electrical conductivity of each sample. The conductivity of
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Cu[Cu(pdt)2] was 1.4 x 10* S cm™. In the case of Br,@Cu[Cu(pdt):], the conductivity
was increased by an order of magnitude higher than those of the pristine compounds.
Figure 2.8.1 b This is probably because the band filling changed due to the partial
oxidation of [Cu'(pdt).]>~ to form mixed valence Br@Cu"[Cu"(pdt)2]i-.[Cu"(pdt).]s.
while looking at Figure 2.8.1 a, it can be seen that the J-E curves of the bromine doped
compounds around x = 0.5 were highly nonlinear. Such a nonlinear curve is often observed
for organic semiconductors and is explained by melting of the charge order* or sliding of
the charge-density wave.’' Although we do not have any data on the arrangement of the

Cu'l(pdt), and Cu'(pdt), species in the crystal, there may be some ordering which would

give a similar mechanism.
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Figure 2.8.1 (a) J-E characteristics and (b) electrical conductivity at 293 K as function of

Br fraction.

Further in order to confirm semiconductive nature of bromine doped samples, we
measured temperature dependence of the electrical conductivity of one of the
Br:@Cu[Cu(pdt)>] samples. We decided to choose Brys@Cu[Cu(pdt):] x = 0.44. In
Figure 2.8.2 a, the electrical conductivity increases with temperature which showed
semiconductive temperature dependency. Upon fitting the conductivity data using
Arrhenius plot, It showed an activation energy of 220 meV. This finding indicates that the

bromine doped compounds possesses a finite band gap, which is consistent with the

optical data.
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Figure 2.8.2 (a) Temperature dependent of the electrical conductivity of
Bro4s@Cu[Cu(pdt)2]. (b) Arrhenius plot of the electrical conductivity in
Bro.44@Cu[ Cu(pdt)z].

Since the conductivity enhancement was an order higher that the pristine one. Sometimes
it might be because of crystal- terminal contact issues. Usually, conductivity

measurements on pellet samples are not very accurate because of the interference of the
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grain boundary effect. So, in order to clarify that the conductivity enhancement is a result
of the bromine doping (not due to the crystal-terminal contact issue), we performed a time-
course measurement of the single crystal electrical resistance of the Cu[Cu(pdt)2] in-situ
bromine doping. (Figure 2.8.3) Electrical resistance promptly decreased after exposure
to Br> vapor and became 1/40 after a spam of 2000 sec. This result clearly indicates that

the decrease of the resistance is result of the bromine doping.
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Figure 2.8.3 (a) Time course of the electrical resistance of a Cu[Cu(pdt):] single crystal

upon Br; doping. Brz vapor was injected at 7= 0 sec. (b) Apparatus for the meausrement.
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2.9 Thermoelectric properties

The thermoelectric properties are powerful tools for clarifying the electronic states of the
materials. Positive and negative sign of Seebeck coefficients indicate that the conduction
carriers are holes and electrons, respectively. Recently, So and co-workers have reported
the effects of metal substitution from Ni to Pt on the thermoelectric properties of M-HITP
(M =Nior Ptand HITP = 2,3,6,7,10,11-hexaiminotriphenylene) and demonstrate that M-
HITP, in contrast to pristine MOF, starts behaving like p-type semiconductor as the Ni
center are replaced by Pt.’? In addition, Bao and co-workers have investigated the effects
of the atmospheric environment on a series of M-HAB (M = Co, Ni and Cu; HAB =
hexaaminobenzene) and reported that the type of majority of charge carrier has changed

from electrons to holes upon changing the environment from ambient to N, atmospheres.>?

Charge carrier type investigation was performed with the help of the thermoelectromotive
forces (AV) measurement. Thermoelectric properties were measured using a home-built

apparatus as shown in Figure 2.9.1 The details are described in the section.

Measurement was performed on pressed pellets of a series of pristine and doped samples
at an ambient temperature and normal atmospheric condition (details of measurement
setup are shown in Figure 2.9.1. Figure 2.9 a shows A} as a function of AT. Seebeck
coefficients were determined from the slope of the plot (S = —AV/AT). The pristine
Cu[Cu(pdt)2] MOF exhibits a Seebeck coefficient of +337 pV K7!, indicating that it is a

p-type semiconductor.
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Figure 2.9 (a) Thermoelectromotive force of Brx@Cu[Cu(pdt):], (b) Seebeck coefficients

and (c) Schematic illustration of plausive band structure of Cu[Cu(pdt).].

Figure 2.9 b shows the change of Seebeck coefficient as function of Bromine doping. And
it shows that the pristine MOF has a positive Seebeck coefficient with a value of +337 uV
K'and it started decreasing as the bromine fraction increases and after a certain level of
doping the sign of Seebeck coefficient has changed to negative. Which implies that the
charge carrier type has changed from holes in the pristine MOF to electrons in the doped

one.

Recently, Syrotyuk and co-workers have reported the results of band calculations on
Cu[M(pdt)2] (M = Ni and Cu), assuming that Cu[Cu(pdt)2] is a p-type semiconductor,
which is consistent with the positive Seebeck coefficient.>* The Seebeck coefficient
gradually decreased with an increase in the amount of bromine doping, and it became
negative when x > 0.5. Figure 6b shows the x dependence of the Seebeck coefficient, and

it was clarified that the sign of the Seebeck coefficient changed at the boundary of x =0.5.

Here we discuss the origin of this phenomenon. The oxidation state of Cu ions of the
pristine compound is Cu''[Cu'l(pdt),]. Meanwhile, as we stated above, [Cu'l(pdt)2]* can
easily be oxidized to [Cu(pdt).]~, while is hardly reduced to [Cu(pdt).]*~, indicating that
the charge carriers of hole are thermally generated, in other words, the Fermi energy (£F)
is closer to top of the valence band than bottom of the conduction band as shown in Figure
2.9 ¢ which is in the p-type semiconductor. On the other hand, the bromine-doped

compound is in the [Cu(pdt).]~ state, which can easily be reduced to [Cu'(pdt)2]*~
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whereas hardly oxidized to [Cu'V(pdt).]° (Figure 2.9 d), indicating that the charge carriers

of electron are thermally generated (n-type semiconductor).

[Cu"(pdt).]

[Cu”T%i)dt)z]1 Doped @ @ @ @ @
Q0000

[Cu”(pdt)g]z— Pristine

i

[Cul(pdt)z]*-

Figure 2.9 (d) Schematic representation of conversion of conducting carriers.

Seebeck coefficient is determined using the following equation:

_ m2kiT (dlnN(E))
3e dE Jp-g,

where kg is the Boltzmann constant, N is the density of state.>® This equation is known as
the Mott’s formula. According to this equation, the Seebeck coefficient is related to the
derivative of logarithmic density of states (DOS) at the fermi level (Er). In other words,
the Seebeck coefficient is closely related to the slope of DOS at Er. which is basically the
variation of ¢ (E) above and below the fermi level. Or in other words S signifies the
asymmetry of electronic structure near fermi level. Although a quantitative discussion
cannot be done at present, the change in the sign of the Seebeck coefficient is a result of

the oxidation, i.e., hole doping. This phenomenon is schematically illustrated in Figure
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2.9 c. To the best of our knowledge, this is the first example of a change in the type of

conduction carrier via postsynthetic carrier doping.

Iodine doping effect on electrical conductivity and Seebeck coefficient.

2.10 Iodine doping

After Br doping, we also investigated effect of I doping. Taking the advantage of porosity
I> doping was performed using 100 mg of Cu[Cu(pdt).] at a time and varying the amount
of Ib. Detailed experimental setup for I> doping is described in Figure 2.10. lodine doping
was performed using the following procedure. Polycrystalline Cu[Cu(pdt)2] (100 mg) was
placed into a screwed vial along with iodine in a small vial. Different amount of lodine
(solid) was placed in a small vial. The schematic drawing of the experimental apparatus
is shown in Figure 2.10. After doping with lodine, all samples were annealed for 24 h at

60 °C.

i

|
S s s B CulCu(pdt)]

Figure 2.10. Apparatus for the lodine doping into Cu[Cu(pdt)2].
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We incorporated different amount of I, while keeping the amount of MOF constant to
afford [,@Cu[Cu(pdt):] (0 <x<0.9). it was realized that even if we used an excess amount
of Ib, the I fraction (x) of [(@Cu[Cu(pdt).] was approximately 1, indicating that x = 1 is
the upper limit of the I loading. This finding indicates that I atoms is not merely
physiosorbed but electronically interact with Cu[Cu(pdt)z]. The amount of iodine inside

the MOF was investigated using halogen and Sulfur analysis as shown in Table 3.

100:5 Cu[Cu(pdt)z]Jo22.ACNys  25.60:5.57 25.88:5.66
100:10 Cu[Cu(pdt):] Joss. ACN1s  24.80:9.32 25.13:9.19

100:15 Cu[Cu(pdt):] Joss. ACN1s  23.14:14.65  23.30:14.29
100:20 Cu[Cu(pdt)s] Joso. ACN1s  22.08:18.57  22.65:18.84

Table 3. Elemental analysis data for Bri(@Cu[Cu(pdt):]

2.11 Structural investigation of I.@Cu[Cu(pdt):]

X-ray diffraction patterns of [,(@Cu[Cu(pdt).] were plotted with respect to 26 in Figure
2.11 a. It reveals that PXRD patterns of [,(@Cu[Cu(pdt):] are isomorphic with pristine
Cu[Cu(pdt):], and the crystallinities of the doped samples were retained, which further
confirms that the I doping does not change the intrinsic skeleton of the MOFs. However,
with the inclusion of Todine, the intensity of the peak for the (100) face of [,(@Cu[Cu(pdt)2]
continuously decreased with an increase in x. This corresponds to the successive

incorporation of iodine molecules into the pores of Cu[Cu(pdt)a].
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Figure 2.11 (a) PXRD patterns of Ik(@Cu[Cu(pdt):]. (b) Lattice parameters of

Ix@Cu[Cu(pdt):] as a function of the I fraction/mol.

The PXRD patterns of [.@Cu[Cu(pdt):] were fitted using the Le Bail method to estimate

the unit cell parameters (Figure 2.11 b). Although the lattice parameter a-axis has barely
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changed but the c-axis significantly changed and it continuously shortened with an

increase in x.
2.12 Electrical conductivity

The electrical conductivities were measured with the help of current (/)-voltage (V)
characteristics of compressed pellet (3 mmd) samples using two-electrode configurations
at 293 K. The current (/)-voltage (V) plots were converted to current density (J) and
electric field (E) using a value of 0.07 cm? as surface area and a thickness of typically 0.05
cm. The conductivity of Cu[Cu(pdt):] was 1.4 x 10* S cm™!. Figure 2.12 shows, in the
case of I, @Cu[Cu(pdt):], the conductivity was increased by 30 times of higher magnitude
than those of the pristine compounds. This is probably because the band filling changed
due to the partial oxidation of [Cu''(pdt).]*~ to form mixed valence I\@Cu"[Cu"(pdt)2]i-

J[Cu(pdt)z]s.
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Figure 2.12 Electrical conductivity at 293 K as function of I fraction.
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2.13 Thermoelectromotive Force Measurement

Conducting carrier type investigation was performed with the help of the
thermoelectromotive forces (AV) measurement. Measurement was performed on pressed
pellets of a series of pristine and doped samples at an ambient temperature and normal
atmospheric condition (details of measurement setup are shown in Figure 2.14. Seebeck
coefficients were determined from the slope of the plot (S = —AV/AT). The pristine
Cu[Cu(pdt)2] MOF exhibits a Seebeck coefficient of +225 pV K~!, indicating that it is a
p-type semiconductor. Upon lodine doping change in conducting carrier was observed and
charge carrier type has changed from holes in the pristine MOF to electrons in the iodine

doped one.
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Figure 2.13 Thermoelectromotive force of Ix@Cu[Cu(pdt)z].
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2.14 Experimental Details of the thermoelectromotive force measurement

Apartus for the thermoelectromotive force measurement is shown in Figure 2.14.1.
Heating and cooling were realized using peltier module attached on the aluminium blocks.
An aluminium block was placed on the each peltier module with heat conducting double-
sided tape. The pellet sample was mounted on the alminium blocks so as that the pellet
bridges the two alminum block. A little amount of Apiezon N grease was used to fix the
pellet. Copper-constantan (T-type) thermocouples with 100 pm¢ was put with the carbon
paste (Fujikura XC-12) at the both side of the pellet. The DC current was added to the
both peltier module using Kikusui 7316 regulated DC current source as illustrated in
Figure 2.14.1 (a) so as that one side is cooled and another side is heated. The V| and 1>
were measured using Agilent 34420A Nanovolt / Microohm meter. The
thermoelectromotive force was measured from V;. The contribution of the copper wire
was ignored because the thermoelectromotive force of copper (+1.94 uV/K at 300 K)S! is
much smaller than that of Br.@Cu[Cu(pdt):] sample. The temperature defference (A7)

was evaluated using the following equation.

V, =V
ar

AT =

where, ar represents the thermopower of T-type (Copper-Constantan) thermocouple. o

=40 uV/K at 20 °C was used.
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Figure 2.14.1 a) Apparatus for the measurments of thermoelectromotive force. b)

magnification of the sample part (broken circle in a)).
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2.15 Conclusions

We presented the extended application range of the Cu[Cu(pdt).] MOF in the field of
electronics. To the best of our knowledge, for the first time, we have investigated the
detailed study of halogen doping and its effects on structural, optical, semiconductive and
thermoelectric properties of the Cu[Cu(pdt).] MOF. We studied continuous changes upon
controlled doping of halogen. Taking advantage of porosity, encapsulation of halogen was
performed. Halogen molecules act as an oxidizing agent, and it causes the oxidation of the
framework. as a result, enhancement in electrical conductivity was realized by an order
one. And the reason for that is redox hopping between the partially oxidized copper centre.
All the experimental results, such as Raman spectra, UV-vis near IR spectra and single
crystal resistivity measurement, supports the fact. Later, we reported a detailed study on
charge carrier type. And type of charge carrier investigation was performed with the help
of thermoelectromotive force measurement. It was shown that the pristine MOF has a
positive Seebeck coefficient with a value of +337 uV K~! and, it started decreasing as the
halogen fraction increased, and after a certain level of doping the sign of Seebeck
coefficient has changed to a negative. This implies that the charge carrier type changed
from holes in the pristine MOF to electrons in the doped one. Moreover, with selective
doping, the type of conductivity carriers could be modulated while maintaining the
original structure. The halogen doping resulted in a 30-fold increase in the electrical
conductivity. The improved conductivity and device engineering will make this material

a versatile candidate for the field of MOF-based electronic devices.
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Chapter-3

Quinoid-Based Three-Dimensional Metal-Organic Framework, Fe;(dhbq)s:

Porosity, Electrical Conductivity and Solid-State Redox Property
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3.1 Chapter Introduction

Coordination polymers of 2,5- dihydroxy-1,4- benzoquinone and its derivative has
been immense out as a new interesting material because of its appealing feature to acquire
variable oxidation state! and having the same energy level to that of the binding atom
especially early transition metals. In recent years, redox active MOFs seems very helpful
in order to enhance the electronic conductivity. Incorporation of redox active centers can
cause a presence of mixed valence state by means of doping with some electroactive
material which can enhance the conductivity. Moreover, effective frontier orbital
overlapping and similar energy level of binding atoms can cause long range d-
n conjugation. And hence current focus of research is exploring materials whose
conductivity can be modulated upon tuning its redox state. (NBus)2Fe'''»(dhbq); MOF
reported by Long and co-workers, consist of Fe'' and dhbg>’*~ was one of the most
conductive MOFs.? The intrinsic conductivity (0.16 S cm™) of MOF was a result of ligand
based intervalence charge transfer due to the presence of mixed valence dhbg?>”*~. Another
[(Mex2NH»):Fe'l,(Cladhbq)s]-2H20-6DMF two-dimensional MOF investigated by Harris
and co-workers reported that upon chemical reduction using Cp>Co results in a 10? fold
decrement of the conductivity?. The significant reduction in conductivity is due to the
absence of mixed valency upon reduction, since the reduction was based on ligand which
was supported by spectral analysis. Owing to the manipulation of electronic state of ligand,
long range magnetic interaction stems to magnetic ordering below 105 K upon complete

reduction of ligand.

Redox activity of dhbq” based ligands further provide the opportunity to explore the

material as a low-density energy storage material. [(Me:NH:):Fe",(Cl, dhbq)s] was
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further explored by Long and co-workers as a promising material for cathode
performances in a Li-ion battery*. It was demonstrated that upon fabricating
aforementioned material as a cathode, energy density up to 533 Wh / Kg was realized.
Moreover, it also showed retention of capacity over 50 cycles, which is the highest among
the MOF based cathode materials reported till now. Combined metal and ligand based
redox activity, electrical conductivity and porosity came out to be the probable reasons

for the extra ordinary performance of this MOF.

Considering the impact of lower molecular weight on the specific capacity, our group
recently came out with 2,5-dihydroxy-1,4-benzoquinone based one dimensional
[Fe(dhbq)] MOF having a molecular weight of 193.9.° Interestingly, it showed
microporous structure upon desolvating and a 10* fold dramatic decrement of resistivity.
Upon fabricating the MOF as a cathode material, exhibited specific capacity of 264 mAh
/ g during its first discharge process with an energy density of 556 Wh / Kg, which was
even higher than [(Me:NH,),Fe''',(Clodhbq)s]. [Fe(dhbq)] exhibited a theoretical capacity
of 276 mAh/ g based on 2 e reversible redox behavior based on ligand. Metal based redox
activity could have caused even more enhanced specific capacity. It is cleared from the
aforementioned results that in order to enhance the specific capacity of a material two
important factors needs to be consider, 1. Low density molecules which can be obtained
by removing the possibility of cations. Larger cations usually occupy the pore of the MOF
which also limits the further application of MOFs for further doping purpose. 2. Both the

metal and ligands should possess redox activity.
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3.2 Research objective and strategies

Plenty of reports are there based on MOF originated cathode materials which utilizes
the redox active metal and ligand in order to achieve the better performance for lithium-
ion storage. However, Lower electrical conductivity and lack of porosity limits the use of
a MOF to be incorporated. *° There have been several reports published based on
X>dhbg?*3~ ligands including 1D 3, 2D 347 coordination polymers. However, only few
conducting 3D coordination polymers were reported and that too upon incorporating
larger cations as a template.>®%!0 Larger cations usually occupy the pore of the MOF and
results in a non-porous polymer which limits its application towards lithium storage.
Herein, we report synthesis, characterization and physical properties of three-dimensional
neutral conducting MOF based on 2,5-dihydroxy-1,4-benzoquinone ligand without using
any cation, formulated as [Fe>(dhbq)3], having a molecular weight of 525.92. The MOF
buildup of Fe(IIl) and dhbg?~ligand exhibit redox activity based on both metal and ligand
with a theoretical capacity of 408 mAh / g. It showed relatively high electrical
conductivity of 1.6 x 102 S c¢m™ as a consequence of strong d-m conjugation which
corresponds to the strong covalency between metal and ligand. Nitrogen adsorption
illustrates that unlike the other reported benzoquinone derivatized three dimensional
MOFs, it shows permanent porosity with a pore diameter of 0.46 nm. We further explore
the redox activity and electrochemical behavior of [Fe2(dhbq);] and reported that it shows
redox activity based on metal as well as ligand with a first discharge capacity of 322 mAh
/ g. Redox behavior of the Fe was evidenced by ex-situ XANES spectral analysis.
Magnetic properties showed that the MOF showed antiferromagnetic coupling at lower

temperature range.
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3.3 Synthesis

3.3.1 Synthesis of Hsthb

Tetrahydroxy benzene (Hsthb) was prepared from dihydroxy benzoquinone (H»dhbq).
H>dhbq (2.8 g, 20 mmol) was reduced using (4.0 g, 20 mmol) of SnCl; in 50ml conc HCI,
taking small fraction at a time. Refluxed the solution at 80 °C for 3hr, color of the solution
become off white. Filtered the colorless needle like crystals after cooling down the

reaction mixture and washed with cold acetonitrile. Yield: 64 %.

3.3.2 Synthesis of [Fez(dhbq)s]-#H2O slow diffusion

In a 100 ml vial, a solution of FeSO4.7H>0 (140 mg, 0.5 mmol) in 20 ml of deionized
water was sparged with N> for 15 min. 80 ml of Methanol was added to the solution and
again sparged N> for 15min. At last, Hsthb (120mg, 0.85 mmol) was added to the above
solution and sealed with paraffin paper with some holes on it. The reaction mixture was
kept at room temperature for several days. The resulting black shiny solid was filtered off
and washed with MeOH. Black crystals suitable for Single-crystal structural analysis were

obtained. Yield : 43 %.

3.3.3 Synthesis of [Fez(dhbq)s]-nH2O rt

In a round bottom flask, a solution of Fex(SO4)3-nH>0 (908mg, 2 mmol) in 30ml of
deionized water was taken. On the other hand, Hodhbq (420 mg, 3 mmol) was dissolved
in 30 ml of deionized water separately. Both the solutions were mixed and stirred
overnight at rt. Black solid with a little reddish tint was filtered off and washed with water.

Characterization and phase purity was performed using PXRD and CHN analysis. Yield:
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87%. Elemental analysis: Found C: 37.886, H: 1.810 (Calc. C: 37.63, H: 2.00 for

[Fe2(dhbq)s]-2.7H-0).

3.4 Characterization

3.4.1 Crystal description of [Fez(dhbq)3]-nH20

Single crystal X-ray analysis reveals, unlike previously reported [(NBus).Fe''';(dhbq)s]
and [(NBus)2Fe;(fan)s] (fan = floranilate) MOFs which utilizes tetra butylammonium
cation as a template to build a 3-D network***’, it’s a neutral [Fe2(dhbq)3] 3D MOF with
no cation associated with it. Most of the transition metals upon associating with dhbg>-
derivative ligand acquires one- or two-dimensional coordination polymer. Using dhbq™
derivative ligands few 3-D MOFs were reported but they are not purely metal and ligand
based but also incorporate some cations. [Fea(dhbq)s] crystalizes in Fddd space group.
Each Fe center octahedrally coordinated with 6 O atom from three different deprotonated
dhbg*ligands. With a total of 1.5 dhbq? per Fe atom leading to a three-dimensional
network (Figure 3.4.1). The Fe-O and C-O bond lengths were determined to be in the
range of 1.995-2.026 and 1.267-1.288 A respectively. Which are even shorter than Fe-O
(2.008, 2.031) and C-O (1.281, 1.308) observed in [(NBus):Fe''»(dhbq)3].** which was an
early indication of the presence of Fe'! (high spin) and dhbg?~. The magnetic susceptibility
of Feodhbqs was consistent with Fe''! high spin state. Figure 3.4.3 shows one dimensional

pore channel along a- axis.

Detailed crystal analysis reveals that there are three interpenetrated structures were present.

All the three structures are similar to each other. Slight difference in bond lengths were
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observed. We concluded that three different iron centers were present which belongs to
each interpenetrated structure. However, four kinds of ligands were identified depending
on the bond length they shared with iron. Other than that, we also tried to find the
Topology and network of the crystal using Topospro software. Upon simplifying the
structure as shown in Figure 3.4.2, it was concluded three nodes were present in which
the node with 3-c coordination mode is a representation of metal centers and one node
with 2-c coordination mode is a representation of ligands.

No any solvent molecules were detected crystallographically inside the pores. However,
this MOF have the capacity to adsorb water molecules, which was confirmed from the
TGA and elemental analysis. Two adsorption isotherms, 77K N> and 77K H», were
investigated after activating the sample to 150°C under vacuum for overnight both the

measurements further confirm the presence of microporous structure.
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Figure 3.4.1 Crystal structure of [Fea(dhbq)3]. (a) Coordination environment of iron (b)

View from different crystallographic axis (¢) one of the three interpenetrated structures.
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Figure 3.4.2 Network representation of [Fex(dhbq)s].
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Figure 3.4.3 Network representation of [Fex(dhbq)s].

3.4.4 PXRD data

Feodhbqs rt was characterized by PXRD. Figure 3.4.4 shows that Feodhbgs rt has same
PXRD pattern to that of the simulated data.

——Feopdhbq3_activated
—— Fepdhbqgga_rt
—— Fepdhbgg_simulated

RN N s

Intensity (a.u.)

_J A S AN A

JW

10 20 30 40 50
degree(26)

Figure 3.4.4 Simulated X-ray powder diffraction pattern for Feodhbqs and X-ray powder

diffraction pattern for Feodhbqsrt before (blue line) and after activation (red line).
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3.5 Thermal stability

To investigate the thermal stability and water content inside the MOFs, thermogravimetric
measurements was performed upon activating the samples to 140 °C for 24 hr under
reduced pressure. While looking at Figure 3.5.1, no well-developed plateau but a
continuous weight loss near 400 °C can be seen which might corresponds to
decomposition of MOF. However, the crystallinity of the sample was maintained up to
200 °C activation with slight broadening of peaks as shown in Figure 3.5.2. On the other
hand, result of CHN analysis confirms the presence of 2.7 H>O molecules after activating

sample to 140 °C. Which implies that subsequent activation was not sufficient for

complete desolvation.
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Figure 3.5.1 Thermogravimetric analysis of [Fe2(dhbq)s].
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Figure 3.5.2 Variable temperature X-ray powder diffraction pattern for Feodhbqs.
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3.6 BET surface

Surface area of the MOF was investigated using N> adsorption isotherm. The
measurement was performed at 77K in liquid N;. In Figure 3.6.1a it shows type-I
adsorption isotherm having a Langmuir surface area of 556 m? g'!, which clearly confirms
that it possesses permanent micropores structure. This value is highest reported for any 3-
D MOF based on dhbg?derivatized ligand. Although it has relatively small pore size of
0.46 nm calculated using Horvath - Kawazoe model (Figure 3.6.1b). Both surface area
and pore size were almost compared to [Fe(dhbq)] MOF reported by our group.> We also
perform hydrogen sorption measurement as shown in Figure 3.6.2. Hydrogen sorption
measurement also showed type- I adsorption. And the amount of adsorbed hydrogen was

nearly same to that of the nitrogen amount of hydrogen.
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Figure 3.6.1 (a) N> isotherm (b) pore size distribution (Horvath— Kawazoe plot) for
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Figure 3.6.2 77-K H> adsorption isotherm of Fe,dhbqsrt confirming microporosity.

Adsorption isotherm was measured after activating sample under vacuum at 140 °C

overnight.

3.7 Optical properties

3.7.1 Infrared Spectroscopy
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FTIR spectra was also obtained using KBr pellet to probe if there is any charge transfer
band was observed (Figure 3.7.1). In case of dhbg?> based MOF, FTIR spectra proofs
helpful to understand if the ligand possesses localized electronic structure or delocalized.
Consistent with the previously reported dhbg® based MOFs the symmetrical vibration
stretching frequency was observed at 1489 cm™' as shown in Figure 3.7.1 which can be
assigned to vc-o (dhbg?) because complexes containing dhbg*radical anion crucially
show C=0 stretching frequency in the range of 1460-14300."':'2 Multiple sharp and
intense peaks is consistent with the fact that both localized and delocalized quinoid bridge
were present in the compound.'* We assigned peaks at 1489 and 1342cm’! were
corresponding to the localized and partially delocalized C=O stretching respectively. Ex
situ IR Figure 3.13.1 spectra unveil the disappearance of aforementioned peaks upon
electrochemical reduction which verifies the assignments. Also, a flat band in NIR region
indicates absence of intervalence charge transfer (IVCT) which further support the fact

that no mixed valence was found in the compound.
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Figure 3.7.1 FTIR spectra of [Fex(dhbq)s] using KBr pellet.
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3.7.2 UV-Vis -NIR Spectroscopy

UV-vis-NIR diffuse reflectivity spectra were collected on Shimadzu UV-3100PC
spectrometer attached with Shimadzu ISR-3100 integrating sphere. BaSO4 was used as a
non-absorbing matrix to dilute the sample. Obtained diffuse reflectivity spectra were
converted into absorption spectra by applying Kubelka-Munk function F(R) = (1-R)?/2R.
The solid-state UV-vis-NIR spectrum illustrate a narrow and not so intense band in NIR
region as shown in Figure 3.7.2, another strong feature was observed at 17000 cm™' which
was assigned to be a ligand-based m to m* transitions. Since an intense and broad
absorbance band in the NIR region has been the fingerprint for the intervalence charge
transfer in the mixed valence materials.'* Although a band was observed in the NIR region
but the intensity was not so high. The absence of intense absorption band in NIR further

support the claim that no mixed valency exists and the electronic state of dhbg?>".
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Figure 3.7.2 Diffuse reflectance spectra of [Fea(dhbq)s] using KBr pellet.
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3.8 XANES spectra

Further confirmation of Fe(III) high spin was probed by X-ray absorption near-edge
structure (XANES) at the Fe K edge of [Fe2(dhbq)s]. XANE spectra of [Fe'l(dhbq)]-2H.0,
a 1D coordination polymer reported by our group, along with Fe'l(acac)s; were used as a
reference.’ [Fe!! (dhbq)]-:2H20 have Fe centers in purely +2 oxidation state. As shown in
the Figure 3.8 it can clearly be seen that the absorption edge of [Fe2(dhbq)3] corresponds
to an energy value higher than that of [Fe!'(dhbq)]-2H,O. Moreover, absorption edge
energy of Fe'(acac); was found to be very close to [Fex(dhbq)s] Which is a clear
indication that the oxidation state of iron center is +3. Furthermore, low intensity of 1s to
3d pre-edge peak verifies the octahedral geometry around the Fe center. Low intensity is

a consequence of forbidden transition in the complexes having inversion symmetry.'>
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Figure 3.8 Normalized XANES spectra of [Fex(dhbq)s] (black line). Cyan and red lines
in the graph indicates XANES of [Fe' (dhbq)]-2H>0 and Fe''! (acac); as a reference.
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3.9 Electrical conductivity

Temperature dependent behavior of electrical conductivity was measured on a
quantum design using a two-probe method using pressed pellet at an applied temperature
ranging from 160 to 300 K. Figure 3.9.1 a show the dependency of electrical conductivity
on temperature which confirms the semiconductive behavior of MOF with an electrical
conductivity of 1.2 x 102 S cm™' at 300 K. Figure 3.9.1 b shows the Arrhenius plot of the
conductivity data and calculated activation energy is found to be 212 meV. Unlike the
redox hoping between radical organic ligands, responsible for the electrical conductivity
found in the other dhbq"~ derivative Fe based MOFs, This MOF showed conductivity
entirely depend on long range d-m conjugation as a result of strong covalency between

metal and ligand.
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Figure 3.9.1 (a) Variable temperature conductivity data in the range of 160 to 300K (b)
Arrhenius plot of the electrical conductivity of [Feodhbqs]. The red line represents the

fitted line by the Arrhenius model.

3.9.2 Current (I)/ Voltage (V) characteristics

The room temperature electrical conductivity was investigated with the help of
current(/) - voltage (V) characteristic using a pressed pellet of surface area 0.07 cm? and
length 0.06cm (Figure 3.9.2 a). The slope of this plot gives the resistance of the sample.
The I-V plot was then converted to current density(J) vs electric field(E) as shown in
Figure 3.9.2 b. The slope of the J-E characteristic gives the electrical conductivity at room
temperature. The conductivity was estimated to 1.6 x 102 S cm™ from J-E plot. One
order lower conductivity in the case of I-V measurement could probably be due to the

grain boundary effect.
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Figure 3.9.2 (a) /-V characterstic collected on Fe>dhbqs rt at 300K showing Ohmic
response between 0 to 25 mV. (b) J-E Characteristic.
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3.10 Thermoelectromotive Force

We investigated the charge carrier type using thermoelectromotive force
measurement. (Figure 3.10). shows a plot AV vs AT of Feodhbqs. Negative of the slope
of the plot gives the value of Seebeck coefficient. Fe,dhbqs exhibited a Seebeck
coefficient of -370 pVK™' , negative sign of the Seebeck coefficient implies that it’s a n-

type semiconductor with electrons as a majority of charge carriers.
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Figure 3.10 Thermoelectromotive force of Fexdhbqs rt.

3.11 Magnetic data

To investigate the magnetic behavior of [Fex(dhbq)s], variable- temperature dc magnetic
susceptibility data were collected, and the resulting plots of ym 7'and ym vs T are shown
in Figure 3.11.1. yv 7 value at room temperature was found to be 8.45 cm? K/ mol per

formula unit, which were in agreement with the theoretically calculated value expected
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for two magnetically isolated Fe'!

centers. For [Fex(dhbq)s], considering both the Fe center
in +3 high spin oxidation state the expected magnetic moment corresponds to two S = 5/2
is 8.75 cm? K/ mol. The observed ym 7 value is a bit lower than the expected value which
could probably be because of some magnetic impurity present. ym 7 vs T plot showed
similar shape that observed for [Fe(dhbq)] with Fe(I) coordinated with dhbq?*", what
correspond to spin-only value of Fe!'l; 4.375 ¢cm? K / mol. Moreover, abrupt increment of
magnetic susceptibility below 50 K reveals the existence of antiferromagnetic coupling

between high spin Fe'l

center which was further evidenced by low temperature reduced
MH plot (Figure 3.11.2), as no saturation in magnetization could be seen even after

applying a magnetic field of 7 T.
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Figure 3.11.1 (a) Plot of ymT vs temperature and (b) Plot of ym vs temperature.
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Figure 3.11.2 Magnetization (M) versus applied dc magnetic field (H) at variable
temperature.
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3.12 Solid state electrochemical study

3.12.1 Cyclic voltammetry

Plenty of reports are there based on MOF originated cathode materials which utilizes the
redox active metal and ligand in order to achieve the better performance for lithium-ion
storage however, Lower electrical conductivity and lack of porosity limits the use of a

MOF to be used. *3

The intrinsic conductive behavior, redox activity of well recognized dhbg?*~ ligands and
microporosity of [Fe2(dhbq)s;] encouraged us to explore this as a cathode material. To
probe the electrochemical behavior of [Fex(dhbq)s], we performed slow scan cyclic
voltammetry. All samples preparation were performed inside the Ar glovebox. A glassy
carbon electrode was used as working electrode, and a Ni wire coated with Li ribbon was
used as reference and counter electrodes. The supporting electrolyte was 1M LiClO4 in
EC/DEC= 50/50 (V/V). Working electrode was prepared from a composite of activated
metal organic framework (80 wt %), PVDF (Polyvinylidene Difluoride) (10 wt % ) and
acetylene black (10 wt % ) after soft grinding dispersed in few drop of NMP. Drop cast
on carbon electrode and let it dry in the glovebox. All the electrode were soaked in
electrolyte filled a working cell. Figure 3.12.1 shows a voltammogram of [Fex(dhbq)s]
measured at a scan rate of 0.1 mV/S. Slow scan will help to investigate the redox activity
inside the pores rather than the crystallite surface. It shows a broad reduction peak with a
shoulder peak at 2.2 and 2.6 V versus Li%Li" respectively. The main reduction peak
exclusively corresponds to 6¢~ reduction based on 3dhbq~? ligands and the shoulder peak
could be assigned as partially Fe"' /Fe! reduction centered, which was also confirmed by

XANES spectra.
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Figure 3.12.1 Solid-state cyclic voltammogram with a scan rate of 0.1 mV S™'.

3.12.2 Galvanostatic measurements

For Galvanostatic measurements, coin cell was prepared using lithium foil as anode
celgard separator and 50/40/10 wt % (MOF/ PVDF/ acetylene black) as cathode
composite filled with electrolyte and sealed. Galvanostatic characteristic was performed
with a charge rate of 41 mA g in a potential window of 1.3 - 4.0 V and estimated the
capacity of the cathode (Figure 3.12.2). [Fex(dhbq)s] achieved a first discharged capacity
value of 322 mA h/ g, which was more than the theoretically calculated value of 306 mA
h / g considering 6e~ reduction upon complete reduction. The increased capacity of the
material could be derived from the reduction of Fe (III). Although in the next cycles the

capacity has decreased to 170 mA h / g which could be because of the irreversible redox
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behavior of Fe (III) or once iron is reduced to Fe (1) it may have combined THB* and an
irreversible loss of crystal happened. Taking the aforementioned statement into
consideration, we performed ex-situ XANES spectral measurement upon complete 1%
reduction and 1% oxidation. Over the course of electrochemical cycling, subsequent
decrement in the capacity can be seen. Foremost reason could be the irreversibility of the

redox activity of Fe which further leads to decomposition of MOF.

Potential / V vs. Li/Li*
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Figure 3.12.2 Charge—discharge characteristics of [Fe>(dhbq)s] at a rate of 0.1 C (41 mA
g

3.13 Ex-Situ investigation

Upon comparing with the edge absorption spectra of as synthesized [Fex(dhbq)s], shift
towards lower energy was observed somewhere in between the energy of Fe (III) and Fe
(IT) (Figure 3.13.1). However, the absorption energy does not correspond to the
[Fe(dhbq)]. As indicative of the fact that the energy of absorption edge decreases upon

lowering the oxidation state, we concluded that a fraction of Fe(Ill) center gets also
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reduced. The reason for relatively lower capacity value of 164 mA h / g upon complete
oxidation could probably be because of irreversible redox behavior of Fe center, which
was further evidenced by XANES spectra Figure 3.13.1. Since the pore diameter is
comparatively small Which clearly indicates the identical absorption edge spectra in the

complete reduced and oxidized state of the MOF.
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Figure 3.13.1 Ex-situ XANE spectra of Feodhbqsrt (black line), After 1st reduction (red

line), after 1st oxidation (blue line).
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Figure 3.13.2 Ex-situ FT-IR spectra of Feodhbqsrt before and after 1st reduction.

3.14 Conclusion

In this chapter, we have reported the first ever obtained neutral dhbq based neutral 3-D
micropores [Fex(dhbq);] MOF. There have been several reports published based on
X>dhbg?**~ ligands, including 1D and 2D coordination polymers. However, only a few
conducting 3D coordination polymers were reported and that too upon incorporating
larger cations as a template. Larger cations usually occupy the pore of the MOF and result
in a non-porous polymer. The compound was synthesized using slow aerial oxidation of
the starting material i.e., THB* and Fe?" in order slow down the nucleation and
crystallization process and to grow single crystal. [Fe2(dhbq)s] solely derived from dhbg*",
no metal and ligand-based mixed valency was observed which was supported by diffuse
reflectance spectra and FTIR spectra. The MOF exhibited significantly high electrical

conductivity of 1.2 x 102 S cm'at 300 K which is because of the strong covalency
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between metal and ligand. The majority of charge carrier was found to be electron
investigated by thermoelectromotive force measurements. Solid state redox activity of the
MOF was explored using cyclic voltammetry and it was reported that two redox peaks
were observed which belongs to the redox activity of metal as well as ligand. The redox
activity based of metal ligand and such a high electrical conductivity inspired us to be
investigate the MOF as a cathode material for LIB. Upon fabricating the MOF as a
cathode for a LIB, it showed a significantly high specific capacity (322 mA h/ g ) while
undergoing first discharge. Such a high value of discharge capacity is result of the many
electron uptakes which was consistent with the result obtained by solid CV. The capacity
loss was encountered in the second discharge cycle which is because of the irreversible
redox behavior of metal. Once iron is reduced to Fe (II) it may have combined THB* and
an irreversible loss of crystal could be possible. Which was also supported by Ex situ

XANES spectral analysis.
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Chapter 4.
Development of Na[Pt'"(pdt)].2H,0 based 1-D conductor and Investigating

Electrical, Thermoelectric Properties.
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4.1 Chapter introduction

Dithiolene based metal complexes'= have gained considerable attraction over the last
few decades due to its curious electronic structure and very interesting solid-state
properties like molecular conductors and superconductors.** Dozens of studies on metal
dithiolene based complexes have been reported which reveals single molecular metals and
super conductors likes behavior have been realized.
In the case of molecular conductors, designing strategy is very important. In order to
achieve the stacks of the square planar dithiolene based metal complexes is one of the
prelim requirements for the SCMM.® Which provides a delocalized band structure upon
establishing effective orbital overlapping between the two stacks. Another requirement is
the partially occupied delocalized band structure.® In the case of 1-D organic metals it can
undergo Peierls instability as a result of lattice distortion which in turn convert the metallic
behavior to semiconductors. Peierls instability can be suppress upon incorporating the
increased inter stacked structure which will help in maintaining the metallic state even at
low temperatures.
Square planar dithiolene based metal complexes can exists in the form of dianions,
monoanions or the neutral form.” In the case of monoanions, HOMO is having one
electron. When the delocalized band will form upon overlapping the HOMO of the
adjacent molecules, it will result in the half full delocalized band. Such kind of systems
are prone to Peierls instability. And undergo dimerization which in turn causes a formation
of filled bands and hence a semiconducting property. Whereas, in the case of dianions and

neutral complexes, a pair of electrons is there in the HOMO and upon overlapping of the
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HOMO from adjacent molecules, it will result in the completely full delocalized band and
hence a semiconducting property.

There are many organic compounds reported, that showed low temperature
superconductivity, either at ambient pressure or under pressure. Most of them are based
of TTF molecules and its derivatives.® Where metallic characteristics arise from the
effective overlapping of wavefunction of two stacked layers.

7- 7 interactions in the case MOFs can also lead to a formation of 1-D charge transport
pathway. MOFs with organic components having m- 7 interactions can lead to the charge
transportation through-space pathways. Small separation between the stacked layer causes
the overlapping of the wave function in the stacked direction and hence creating charge
transport pathways. In contrast to metal-ligand bonding, it focuses on intermolecular
interaction of ligands only. Common example of organic components that possess -
7 stacking are planar conjugated ligands such as tetracyanoquinodimethane (TCNQ),
tetrathiafulvalene (TTF), anthracene, naphthalene naphthalenediimide.

4.2 Research objective and strategy

In order to achieve through space conduction, stacks of the square planar dithiolene based
metal complexes is one of the prelim requirements. Complete face to face stacking ensures
the proper overlapping of the wavefunctions of two r stacked organic core, which creates
the pathways for the charge delocalization in the direction of stacking. Drawback of 1-D
organic metals is lattice distortion, which causes Peierls instability and is responsible for
conversion of metallic to insulators. Peierls instability can be suppress upon incorporating

the increased inter stacked structure.
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Another requirement is the partially occupied delocalized band structure. In the case of
monoanions, the HOMO is having one electron. When the delocalized band will form
upon overlapping the HOMO of the adjacent molecules, it will result in the half full
delocalized band. So, considering the above two requirements in order to realize
molecular conductor so we decided to choose dithiolene based ligand i.e., 2,3-
Pyrazinedithiol as an organic core. The extended orbital of Sulfur will help in achieving
the stacked structure and short-range intermolecular interactions such as S-S, S-H and S-
N contributes to increase the dimensionality. In order to attain the partially delocalized
HOMO, monoanion structural unit is design upon incorporating Platinum in +I1I oxidation
state. Detailed study of conductivity, charge carrier and magnetic data will be discussed

in the nest section.

4.3 Synthesis of Na[Pt(pdt):].2H,O

2,3-Pyrazinedithiol ligand was prepared according to protocols mentioned in the
literature. Na[Pt(pdt).].2H>O was synthesized as follows. In a conical flask, NaOH (80
mg, 2eq, 2 mmol) was dissolved in 44 ml of deionized water. Hopdts (144 mg, 1eq, Immol)
was added to the NaOH solution. Stir the mixture until color of the solution became pale
yellow. PtCl> (133 mg, 0.5eq, 0.5mmol) was added to the flask while stirring, followed
by 6 ml MeOH. After mixing everything sonication was performed for 20 minutes. The

color of the solution turned dark red. The reaction mixture was heated at 60 °C overnight.
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Scheme 4.3.1 Synthetic scheme of Na[Pt(pdt).].2H>0O

After cooling down to room temperature, supporting electrolyte NaCl (75mg, 50mmol)
was added to the reaction mixture. (Scheme 3.3.1). Small fraction of the solution was
kept for electro-crystallization at a constant current of 10 pA for a week. Detailed setup
for the electro-crystallization method in demonstrated in Figure 3.3.1. Black color needle
like crystals was obtained at anode. Crystals were carefully collected and washed with
water. Single crystals obtained were of very small size, not suitable for SXRD
measurement. However relatively larger crystals were grown using slow evaporation of
acetone solution. Obtained crystals were suitable for SXRD measurement. Elemental
analysis, Calcd for NaPtCsHsS4N4O4: C, 17.84 % ; H, 1.5 % ; N, 10.4 %. Found: C,

17.77 % ; H, 1.52 % ; N, 10.24 %.

Cathode connection

Anode connection

—— Pt electrode

Fibre like crystals

Solution of Na,[Pt(pdt),] in a
mixture of MeOH and H,O

Figure 4.3.1 Schematic illustration of electrolysis method used for the synthesis of

Na[Pt(pdt).].2H-0 single crystals.
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Characterization

4.4 Crystal description

Single crystals of Na[Pt(pdt).].2H>O were obtained by recrystallization in acetone were
analyzed using single-crystal X-ray diffraction (SXRD). It crystalizes in a orthorhombic
crystal system with an space group of Pnnm. Each Pt center is coordinated to 4 S atoms
in a square planar geometry (Figure 4.4.1a ). Sulfur atoms are derived from 2 pdt*- ligands.
One of the two nitrogen atoms from the pyrazinedithiolate ligand was coordinated to
sodium atom (N-Pt distance=2.564) via weak N-Pt coordination bond. So basically,
sodium atom acts as a bridge between two [Pt(pdt):] unit in bc plane (Figure 4.4.1a). The
geometry around Na is octahedral where four other positions are occupied oxygen atom
from four aqua molecules. Thus a 1-D chain is formed in a direction with Na and two aqua
molecules placed alternatively with an Na-Na distance of 3.63 A (Figure 4.4.2b). Each
aqua molecules are bonded to two sodium atoms in a po manner. The square planar units
are face to face stacked in a direction with an interplanar distance of 3.63 A. A strong 7
7 interaction between the ligands in a-direction result in a 3D extended framework
(Figure 4.4.2a). In case of the ligand such as semiquinones, bond length estimation plays
an important role in order to decide the nature of aromatic ligand weather it is open shell
or closed shell. Where open shell aromatic ring usually exhibits short-long-short order of
bond length, which implies a presence of pi radical system. On the other hand, aromatic
ring containing closed ring shows all the C-C bonds of equal size. In our report of Pt,
considering the bond length semi thionate character was emerged which could be because

of strong charge transfer from ligand to metal center.
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4.4.1 Crystal structure of Na[Pt(pdt):].2H.0
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Figure 4.4.1 (a) View along a axis (Stacking axis) (b) along b axis (c) along the c axis
(shortest axis) Violet (sodium), yellow (sulfur), red (oxygen), purple (nitrogen), gray

(carbon).

Figure 4.4.2 (a) Octahedral coordination environment around Na center. Infinite chain of
—Na—(1-0aq) -Na—(p-Oaq) along b axis. (b) representation of stacked structure along a-

axis with intermolecular stacking of 3.63 A.
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Table 4.4.1 Crystallographic information of Na[Pt(pdt)].2H>O

Empirical formula CsHsN4NaO2PtSys
Formula weight 538
Temperature/K 120

Crystal system monoclinic
Space group P2i/n

alA 3.63000(10)
b/A 15.1334(6)
c/A 12.4026(5)
al® 90

ple 92.502(4)
y/° 90
Volume/A3 680.68(4)

z 4

Peale g/cm® 2.627
w/mm’! 10.955
F(000) 506.0

Crystal size/mm®

0.1 x0.02 x0.02

Radiation

Mo Ka (A =0.71073)

20 range for data collection/°

7.106 to 63.852

-5<h<5s,
Index ranges -22<k <19,

-17<1<17
Reflections collected 7737
Data/restraints/parameters 2017/0/94
Goodness-of-fit on F? 1.081

Final R indexes [[>=2c (I)] Ri=0.0270, wR2=0.0709

Final R indexes [all data] R1=0.0351, wR2=0.0746

Largest diff. peak/hole / e A~ 3.99/-1.64
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4.4.2 PXRD data

Phase purity of the bulk sample was investigated with the help of PXRD measurement.
As shown in Figure 4.4.2 bulk sample showed the same diffraction pattern to that of the

simulated data and also confirmed the phase purity.

Na[Pt(pdt),].2H,0 (bulk)
Na[Pt(pdt),].2H,O (simulated)

¥

Intensity (a.u.)

1|0 ' 2l0 ' 3|0 ' 4|0 ' 5|0
20 (degree)

Figure 4.4.2 PXRD pattern of Na[Pt(pdt)].2H>O (simulated) and as synthesized .
4.5 Structural investigation of recrystallized sample

As mentioned in the section 3.1, square planar dithiolene based metal complexes can
exists in the form of dianions, monoanions or the neutral form. In the case of monoanions,
the HOMO is having one electron. When the delocalized band will form upon overlapping
the HOMO of the adjacent molecules, it will result in the half full delocalized band. Such

kind of systems are prone dimerization which in turn causes a formation of filled bands
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and hence a semiconducting property. Since all the investigation related to electrical
properties were performed using the single crystal obtained by recrystallization, so it’s
very crucial to investigate if the crystal structure is same after the recrystallization. The
first investigation was performed using PXRD. In Figure 4.5.1 the PXRD pattern of both
the samples are same, which indicates that structural skeleton was same. Just a little bit of

crystallinity loss was there in case of recrystallized one.

After recrystlization in acetone
Na[Pt(pdt),].2H,O(as syntheisized)

_JLLLMW._—.—

10 20 30 40 50
degree / 26

Figure 4.5.1 PXRD pattern of Na[Pt(pdt).].2H>O (as synthesized and) and
recrystallized.

Later we measured the FTIR spectra of both the samples and we found that transmittance
spectra of both the samples were same Figure 4.5.2. In the solid state, both of the above
investigation suggested that the sample was retained the same even after the
recrystallization. But what about in the solution state? To know more detailed information

about the structural changes in the solution state we measured the mass spectra of the
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sample in the solution to investigate if there is any dimerization is occurring. Figure 4.5.3
shows the mass spectra in the acetone, the base peak at 479 corresponds to [Pt(pdt)].

There was no any peak was observed which corresponds to the dimerization of Pt(pdt).

unit.

——NalPt(pdt),).2H,0_ATR _after recrystallization
—— Na[Pt(pdt),].2H,0_KBr
—— Na[Pt(pdt),).2H,0_ATR

Transmitance (%)

R

7000 6000 5000 4000 3000 2000 1000
Wavenumber (cm™)

Figure 4.5.2 FTIR spectra of Na[Pt(pdt)2].2H-0 (as synthesized and) and recrystallized.

Figure 4.5.3 Mass spectra of Na[Pt(pdt)2].2H20 in acetone
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In order to confirm the formal charge of Pt in Na[Pt(pdt).].2H>0, we perform the X-ray
absorption near-edge structure (XANES) at the Pt L3 edge of Na[Pt(pdt).].2H>O. For the
reference sample, we used XANES spectra of TBA>[Pt(pdt).] (Figure 4.5.4). The
complex was synthesized using the reported procedure. TBA[Pt(pdt):] has Pt center in
+II oxidation state. Figure shows the XANES spectra of both the above-mentioned
complexes. Absorption edge energy of Na[Pt(pdt)].2H>0O was found to be very close to

TBA[Pt(pdt)2]. So, XANES spectral analysis was not sufficient enough to justify the

formal oxidation state of Platinum to be in +III.

1_ -
6 ] a »  Na[Pt(pdt),].2H,0
1.4 ] = TBA,[Pt(pdt),]
] ]
1.2 o
[}
EJ\ b n
\51.0 . _
D0.8- H
% I
'
O
Z0.4- .'
0.2 1
0.0 -

T T T T T T T
11560 11580 11600 11620

1 1%40
Energy (eV)

Figure 4.5.4 XANES Na[Pt(pdt)>].2H>0O (black line). Red line in the graph indicates

XANES spectra of TBA>[Pt(pdt)] used as a reference sample.
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EPR spectra of Na[Pt(pdt)>].2H>0O was measured in solution (solvent = acetone) as well
as in solid state at 293 K. The spectrum displayed a broad signal at g =2.03 in the solution
state. However, a rhombic signal was obtained in a solid state. Considering the SOMO
obtained from the TD DFT calculation. It seems like SOMO has considerably huge
contribution from the ligand and ESR signal is basically coming as a result of electron

resides in the molecular orbital that have [PtS4] character.

T T T T T T T
-200000 |- ]
— 9.850253 GHz
400000 |- ]
3
(]
>
3
& -600000 |- ]
S
800000 |- i
n 1 n 1 n 1 n
3400 3450 3500 3550 3600

B/ Gauss

Figure 4.5.5 Solid state ESR spectra of Na[Pt(pdt).].2H>O at room temperature.

In order to get more detailed information, DFT calculation was performed. Electronic
structural calculation was performed using Gaussianl6, B3LYP/Lanl2dz method, shown
in Figure 4.5.6. SOMO is mainly consists of & orbital of ligand. So, basically the relevant
electron is not located in metal orbital, instead being reside in SOMO having [PtS4]

character with mostly contribution from ligands.
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-

Figure 4.5.6 SOMO of Na[Pt(pdt).].2H,O

"H NMR spectrum has been playing an important role in order to characterize d® square
planar diamagnetic complexes. Diamagnetic complexes containing aromatic protons
shows a sharp peak in the aromatic region. However, paramagnetic complexes show
broaden or no signal for the aromatic protons of the ligand. '"H NMR spectra of
Na[Pt(pdt):].2H20 was measured in acetone d® and deuterated methanol as sown in
Figure 4.5.7. The spectra clearly indicate no signals for the protons attached to pyrazine

molecules.
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2.05 Acetone-d6
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1282
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Figure 4.5.7 '"H NMR spectra of Na[Pt(pdt).].2HO (a) in acetone (b) in methanol.
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4.6 Thermal stability

Thermal stability of the compound was investigated with the help of
thermogravimetric analysis (TGA). Thermogravimetric measurement was performed
upon activating the samples to 80 °C for 24 hr under reduced pressure. Data was collected
under N, atmosphere with a flow rate of 5°/ C. It can be seen in Figure that no weight was
observed upto 160 °C which implies that compound is thermally stable up to 160 °C. After
that a clear weight loss of 5.5% was observed. Which was in agreement with the 2 two
water molecules that are coordinated to the sodium atom. TGA result was consistent with
the elemental analysis (5.8%). There is no weight loss was observed up to 300 °C. PXRD
measurements of recovered sample from the TGA was performed. As shown in Figure
4.6.1 loss of crystallinity was observed which implies that with the loss of the water
molecules the crystal structure was decomposed. Water molecules played an important

role for the stability of the compound.

5.5%

T T v T T T v T v T
50 100 150 200 250 300
Temperature / °C

Figure 4.6.1 Thermogravimetric analysis up to 300 °C under N> flow.
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—— 200 °C for 60 min
—— 160 °C for 60 min
Na[Pt(pdt),].2H,0 (as synthesized)

WMMM”M»W

Intensity (a.u.)

JW

I M 1 1 1
10 20 30 40 50
26 (degree)

Figure 4.6.2 PXRD pattern of Na[Pt(pdt)].2H>O after TGA at different temperatures

Optical properties
4.7 UV-Vis-NIR spectroscopy

UV-Vis spectra was performed in the solution as well as in solid state. Solution state UV
was carried out in acetone. A very intense band at 900nm was observed which was
assigned to ligand-based transition i.e., @ to t* transition. In the lower wavelength, at 450
nm relatively low intensity peak was observed. This peak was assigned as HOMO to
LUMO transition.The UV-vis spectra were performed using polar protic (methanol and
ethanol) and polar aprotic (acetone and acetonitrile) solvents. The compound showed
solvatochromism effect (Figure 4.7.1). Absorption spectra correspond to HOMO-LUMO
transition showed bathochromic shift upon changing the solvents from polar aprotic to

polar protic. i.e., absorbance shifted toward higher wavelength.
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Figure 4.7.1 UV-vis spectra of Na[Pt(pdt),].2H>O in acetone (light green), acetonitrile

(dark green), ethanol (purple) and methanol (brown).

UV-vis-NIR diffuse reflectivity spectra were collected on Shimadzu UV-3100PC
spectrometer attached with Shimadzu ISR-3100 integrating sphere. BaSO4 was used as a
non-absorbing matrix to dilute the sample. The solid-state UV-vis-NIR spectrum illustrate
a broad band at 0.7 eV, which indicates that the polymer possess a very small band gap of

0.7 eV (Figure 4.7.2).
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Figure 4.7.2 UV-vis-NIR diffuse reflectivity spectra of Na[Pt(pdt)>]2H-O.

4.8 Cyclic Voltammetry

Redox activity of the compound was investigated with the help of Cyclic voltammetry.
Measurement was carried out in acetonitrile using TBAPFg as an electrolyte at a scan rate
of 100 mVs!. The CV of Na[Pt(pdt).].2H,O showed only one redox phenomena.
Reversible wave at Ei2=0.40 V vs Fc/Fc™is assigned to the [Pt(pdt)]*’!- couple (Figure
4.8). The reversible [Pt(pdt).]>”’!- couple was earlier reported in DMF. The obtained E/
value is in agreement with literature report of TBA[Pt(pdt):]. Other than that, no any peak
was observed which was in agreement with the other complexes based on pdt* and
Cu/Ni/Pt/Pd. Furthermore, in the case all four metals different value of redox potential

confirms the fact that redox process centered on metal atom rather than ligand.
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Figure 4.8 Cyclic voltammogram plot in acetonitrile using 0.1 M TBAPFs as an

electrolyte.
4.9 Electrical properties
4.9.1 Temperature dependence of conductivity

Single crystal electrical conductivity was performed using a two-probe method.
Dependency of temperature on conductivity was measured in the range of 150 to 300 K
with heating and cooling cycles. As can be seen in Figure 4.9.1a electrical conductivity
is increasing as result of result temperature increment, which confirms the semiconductor
behavior of the compound. The compound showed an electrical conductivity of 1.2 x 10~

2S cmtat 300 K.
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Figure 4.9.1 Temperature dependent electrical conductivity (a) Two probe single crystal

conductivity (b) Arrhenius fitting of the conductivity data.
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Such a high electrical conductivity is a result of m—r interaction between the organic core
along a-axis. The strong m—n interaction leads to a 1D & stacked column which provides
the pathway for the electron delocalization in the direction of stacking. Although the
interlayer distance along the direction of stacking is relatively large (3.6 A) but the
extended orbital of the Sulfur atom and the face on stacking results in a proper overlapping
of the wavefunction of two planes. Figure 4.9.1b shows the Arrhenius plot of the
conductivity data and calculated activation energy is found to be 167 meV. Which
indicates a narrower band gap. The very tiny and fragile crystal of the compound
prevented the reproducibility of resistivity measurements. However, upon fitting the two
halves of the Arrhenius plot showed an activation energy of 124 and 156 meV in the range

of 300-240 K and 240-150 K respectively.

In order to confirm the room temperature conductivity, we also investigated the
temperature dependent conductivity using a pressed pellet sample via two-point contact
method. The observed data was in great agreement with the data obtained from single
crystal which shows an electrical conductivity of 1.2 x 102 S em™" at 300 K. Arrhenius

fitting of the conductivity data indicate an activation energy of 178 meV. (Figure 4.9.2)
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Figure 4.9.2 (a) Temperature dependent electrical conductivity of pressed pellet sample

using two probe method (b) Arrhenius fitting of the conductivity data.

152



4.9.3 Current (I)/ Voltage (V) characteristics

The room temperature electrical conductivity of bulk sample was also investigated with
the help of current(/) - voltage (V) characteristic using a pressed pellet of surface area 0.07
cm? and length 0.06¢cm as shown in Figure 4.9.3 A linear relationship between current
and voltage indicates that it follows ohmic relationship. The slope of this plot gives the
resistance of the sample. The conductivity was estimated to 1.6 x 102 S cm™ from I-V
plot. One order lower conductivity in the case of /-} measurement could probably be due

to the grain boundary effect or the thermally induced resistance.

3.0x10°

O Nal[Pt(pdt),].2H,0
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Figure 4.9.3 [-V characteristic of Na[Pt(pdt)>].2H20 using pressed pellet sample at room

temperature.
4.10 Thermoelectromotive force measurement

We investigated the charge carrier type using thermoelectromotive force measurement.

Figure 3.10 shows a plot of generation of AV when there is temperature difference of AT
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applied. Negative of the slope of the plot gives the value of Seebeck coefficient.
Na[Pt(pdt):].2H20 exhibited a Seebeck coefficient of +570 uVK™! | positive sign of the
Seebeck coefficient reveal that it’s a p-type semiconductor with holes as a majority of

charge carriers.
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Figure 4.10 Thermoelectromotive force
4.11 Magnetic resonance Spectroscopy

In order to investigate the magnetic behavior of Na[Pt(pdt).].2H>O, variable- temperature
dc magnetic susceptibility data were collected at 1000 Oe, and the resulting plots of ym 7T
and ym vs T are shown in Figure 4.11 (v = molar magnetic susceptibility). It can be
seen that ym7 shows a linear relationship with temperature. For Na[Pt(pdt).].2H-0,
considering the Pt center in +III oxidation state the expected magnetic moment

corresponds to S = 1/2 is 0.375 c¢cm® K/ mol at room temperature. However, the
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experimental result shows ym 7 value of 1.2 cm?® K/ mol per formula unit indicating that

the obtained value is significantly higher than the theoretical one.
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Figure 4.11 (a) Plot of ymT vs temperature and (b) Plot of ym vs temperature
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4.12 Conclusion

In this work, we have reported a 3-D conducting coordination polymer using Platinum
and 2,3-pyrazene dithiol ligand. The polymer was synthesized using electro-
crystallization technique. Crystal structure analysis reveals that it has face-to-face stacking
along a-axis, which resulted in a 3-dimensional coordination polymer. Cyclic
voltammetry measurement showed that the polymer exhibited le™ reversible redox
behavior. The electron being removed is located in the SOMO. Which has a contribution
from metal as well as ligand. Since the SOMO has a comparatively large contribution
from the ligand hence, the electron is localized on the ligand. This result also supported
by the XANES, ESR and DFT calculations. Thermal stability investigation illustrates that
the polymer was stable up to 180 °C. The polymer exhibited a relatively high electrical
conductivity of 1.6 x 102 Scm™'. Such a high electrical conductivity is a result of
n—7 interaction between the organic core along the a-axis. The strong m—r interaction
leads to a 1D & stacked column which provides the pathway for the electron delocalization
in the direction of stacking. Further charge carrier type investigation was performed using
thermoelectromotive force measurement. Where, the positive sign of the Seebeck
coefficient indicates that holes are the majority charge carrier. Considering the fact that it
has an unpaired electron, we investigated the temperature dependence of magnetic
susceptibility and it was found that ym 7 shows a linear relationship with temperature.
However, the experimental result shows ym 7 value of 1.2 cm?® K/ mol per formula unit
at room temperature, indicating that the obtained value is significantly higher than the
theoretical one. Unfortunately, at this moment we do not have appropriate reasoning to

explain such a magnetic behavior.

156



Reference:

(D) Eduok, E. E.; Krawiec, mariusz; Buisson, Y.-S. L.; O’Conner, C. j.; Sun, D.;
Watson, W. H. Structure and Properties of Transition Metal Complexes of
Naphthoquinonedithiolate. J Chem  Crystallogr 1996, 26 (9), 621-638.
https://doi.org/10.1007/BF01668623.

2) Hummel, H.-U. Synthesis and X-Ray Crystal Structure of Tetracthylammonium
Bis[ 1, 1-Dicyanoethylene-2, 2-Dithiolato]Platinate(Il). Transition Met Chem 1987, 12 (2),
172—174. https://doi.org/10.1007/BF01022349.

3) Holm, R. H.; Chakravorty, A.; Theriot, L. J. The Synthesis, Structures, and
Solution Equilibria of Bis(Pyrrole-2-Aldimino)Metal(I) Complexes. Inorg. Chem. 1966,
5 (4), 625-635. https://doi.org/10.1021/ic50038a028.

4) CL.1987.Pdf.

(5) CL.1993.Pdf.

(6) PII: 0010-8545(91)80024-8 | Elsevier Enhanced Reader.
https://doi.org/10.1016/0010-8545(91)80024-8.

(7 Ja00896a028.Pdf.

(8) Martin, N.; Segura, J. L.; Seoane, C. Design and Synthesis of TCNQ and DCNQI
Type Electron Acceptor Molecules as Precursors for ‘Organic Metals.” J. Mater. Chem.
1997, 7 (9), 1661-1676. https://doi.org/10.1039/a7023 14f.

)] PII: 0379-6779(90)90025-G | Elsevier Enhanced Reader.

https://do1.0org/10.1016/0379-6779(90)90025-G.

157



Chapter- 5. Conclusion

158



5.1 Conclusion

In this work, we have reported electrically conductive coordination polymers that exhibit
redox activity based on metal or ligand. Semiconducting and Thermoelectric properties
were investigated. Thermoelectromotive force measurement was incorporated in order to
investigate conductive carriers. Thermoelectromotive force is well-known among
thermoelectric materials to investigate the electronic structure and find the efficiency of
the material in converting heat into electrical energy. And it’s a new concept in the field
of MOF chemistry. Where, this can be used to investigate conducting carrier types in case
of conductive MOF. And the study in this work shows that in the MOFs, if the metal centre
is in the easily accessible reduced state, which means that charge carrier of holes can be
generated thermally. This implies that the fermi energy level will be close to the valence
band and hence it’s a p-type semiconductor. Whereas, if the metal centre is in the easily
accessible oxidized state, which means that charge carrier of electrons can be generated
thermally. This implies that fermi energy level will be close to the conduction band and
hence it’s an n-type semiconductor. In chapter 2, we presented the extended application
range of the Cu[Cu(pdt)2] MOF in the field of electronics. For the first time, we reported
the change in the Seebeck coefficient of MOFs via halogen doping. Conducting carrier
has changed from holes to electrons after a certain fraction of halogen doping while
maintaining the original structure. And halogen doping causes an appreciable amount of
enhancement in the electrical conductivity. The improved conductivity and device
engineering will make this material a versatile candidate for the field of MOF-based
electronic devices. Cu[Cu'(pdt):] possesses holes as conductive carriers and act as p-

type semiconductor and upon halogen doping [Cu''(pdt):] oxidizes to [Cu'(pdt):].
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[Cu'l(pdt)2]* can easily be oxidized to [Cu'(pdt).]-, while is hardly reduced to
[Cu'(pdt):]*, indicating that the charge carriers of hole are thermally generated, in other
words, the Fermi energy (EF) is closer to top of the valence band than bottom of the
conduction band. Which means that it is a p-type semiconductor. On the other hand, the
bromine-doped compound is in the [Cul(pdt).]  state, which can easily be reduced to
[Cu'(pdt)2]*~ whereas hardly oxidized to [Cu'V(pdt).]°, indicating that the charge carriers

of an electron are thermally generated (n-type semiconductor).

In chapter 3 we reported neutral electrically conducting MOF Fe!',dhbgs. And the MOF
possess redox activity based on metal as well as ligand. It exhibited significantly high
electrical conductivity of 1.2 x 102 S cm'at 300 K as a result of strong covalency between
metal and ligand. The majority of charge carrier was found to be electron investigated by
thermoelectromotive force measurements. In the case of Fel'hdhbgs, for Fe!'' it is easy to
reduce to Fe! rather than to oxidize to Fe!V (which is also supported by the cyclic
voltammetry measurement), indicating that the charge carriers of electrons are thermally
generated, in other words, the Fermi energy (EF) is closer to bottom of the conduction
band (n-type semiconductor). Upon fabricating the MOF as a cathode for a LIB, it showed
a significantly high specific capacity (322 mA h / g ) while undergoing first discharge.
Such a high value of discharge capacity is the result of the many-electron uptakes which
was consistent with the result obtained by solid CV. In chapter 4, we have reported a 3-D
conducting coordination polymer Na[Pt(pdt).].2H>O using Platinum and 2,3-pyrazene
dithiol ligand. It has face-to-face stacking along a-axis, which results in a 3-dimensional
coordination polymer. Cyclic voltammetry measurement showed that the polymer

exhibited 1e reversible redox behavior based on metal. The polymer exhibited a relatively
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high electrical conductivity of 1.6 x 102 Scm™!. Such a high electrical conductivity is a
result of n—m interaction between the organic core along the a-axis. The strong
n—7 interaction leads to a 1D & stacked column, which provides the pathway for the
electron delocalization in the direction of stacking. Further charge carrier type
investigation was performed using thermoelectromotive force measurement. Where the
positive sign of the Seebeck coefficient indicates that holes are the majority charge carrier.
For Na[Pt(pdt)2].2H20, Since Pt is in +III oxidation state and for Pt both the oxidation
state (i.e. reduced form Pt" and oxidized one Pt!) are accessible as there are already
reports on Pt and Pt'"Y complexes. At this moment, we do not have idea most easily
accessible oxidation state. Although, based on the results obtained from the
thermoelectromotive force (as it’s a p-type semiconductor), it seems that for Pt'!!it is easier

to oxidize to Pt'Y rather than to reduce to Pt".
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