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CHAPTER I: INTRODUCTION

1.1 Overview

The extensive possible combination of the inorganic metal nodes and organic ligands as building
blocks of thousands of Metal-Organic Frameworks (MOFs) structures has been created. Many
MOFs have been synthesized, functionalizing the organic linker.! Very few experimental and
computational studies have been conducted on MOFs, either functionalizing the organic linker or
varying the metallic oxide cluster.3* MOFs have been explored widely as a promising novel area
of functional luminescent materials. Luminescence properties of MOFs can arise from the direct
emission of the organic linkers, emission of transition-metal centered, and the interactions between
the organic chromophore and the metal node via charge transfer processes between ligands and
metals, which include either Ligand-to-Metal Charge Transfers (LMCT) or Metal-to-Ligand

Charge Transfers (MLCT).

Around 90,000 MOFs have already been synthesized, and more than 500,000 MOFs are predicted.’
Among all MOFs, luminescent MOFs have emerged as developing materials that combine light
emission with the properties of porosity, magnetism, chirality, molecule, and ion sensing, catalysis,
and activity as multimodal imaging contrast agents.” Nanoporous MOFs have potential
applications in gas storage, gas separation, and catalysis because of its prudent options of organic
linkers and unique structural features of MOFs such as pore size, shape, and chemical

functionality.®91°



Thus, MOFs have attained significant research interest. Among them, isoreticular MOFs
(IRMOFs) have been abundantly studied because of their simple synthesis and potential

applications.!

MOF-5, also known as IRMOF-1, is one of the well-studied MOF structures, the first MOF in the
series of isoreticular MOFs, represented by the formula MsO(L)s, where M = Zn and the organic
ligand L = benzene-1,4-dicarboxylic acid (BDC). It is the template for constructing the series of
isoreticular MOFs (IRMOFs-n, where n = 1-8, 10, 12,14, and 16).%2 Here, three different IRMOFs
are synthesized and characterized, the solvent-dependent charge transfer dynamics of IRMOFs are

investigated, and band structures are predicted.

1.2 Research Goal

The research goal is to understand the photophysical and dielectric properties of three different
IRMOFs with respect to the conjugation length of the organic linker while keeping the same metal

node.

Aim 1: Synthesis and characterization of three isoreticular MOFs with Zn4O(L)3 formula

Task 1: Synthesis of IRMOF-1 (or MOF 5), IRMOF-8, and IRMOF-10 using Zinc acetate and
Benzene-1, 4-dicarboxylic acid (BDC), 2, 6-Naphthalene dicarboxylic acid (NDC), and Biphenyl-

4, 4'- dicarboxylic acid (BPDC), respectively

Task 2: Studying morphological, compositional, structural, and dielectric properties of IRMOF-1,

IRMOF-8, and IRMOF-10

Aim 2: Understanding photophysics of the isoreticular series of ZnsO(L)s MOFs



Task 1: Studying photophysical properties of three IRMOFs in different solvents

Task 2: Predicting energy band diagrams for the three IRMOFs



CHAPTER II: BACKGROUND

2.1 Metal-Organic Frameworks (MOFs)

Metal-organic framework is a hybrid crystalline porous structure of organic and inorganic
components shown in Figure 1, which is self-assembled from the organic ligands and inorganic
metal nodes. This type of framework is included as a subclass of the co-ordination network, one
of the co-ordination polymer subsets.® According to IUPAC, MOF is a co-ordination network
where organic ligands contain potential voids.'* In literature, MOFs are mentioned by using several
terminologies such as metal-organic material (MOM), porous co-ordination network (PCN), co-
ordination polymer (CP), microporous co-ordination polymer (MCP), and metal-organic co-

ordination network (MOCN).°

+ @ ——

Figure 1: Schematic Diagram of Metal-Organic Framework (MOF)

2.1.1 Isoreticular Metal-Organic Frameworks (IRMOFs)

IRMOFs show similar crystal structures consisting of zinc-based metal oxide clusters and benzene
carboxylate-based organic linkers.’® All IRMOFs have the presumed topology of cubic CaBs
modified by the prototype IRMOF-1, an oxide-centered ZnsO tetrahedron, and edge-bridged six

carboxylates to give the octahedron-shaped secondary building unit (SBU) that reticulates into the



3-D cubic porous network. In IRMOF-2 through IRMOF-7, benzene dicarboxylic acid (BDC)
links with six separate functional groups. IRMOF-8 through -16 have progressively longer links
where BPDC linkers in IRMOF-9 and IRMOF10 are reticulated as like as doubly interpenetrating

structures.118.19

Among all IRMOFs, IRMOF-1 and IRMOF-8 have been widely studied for gas-sorption and
storage applications.? MOFs as thin films have advanced optical?!, electronic, and magnetic

applications.16%2

2.2 Photophysical Properties

Electronically excited states play one of the most vital roles in different materials and chemical
engineering, organic chemistry, and condensed matter physics.?® Photophysical properties describe
the compound’s photoexcitation, absorption, and emission energy, not involving any chemical
change. Organic functional materials have many applications compared with inorganic materials
because of their less complicated processing and tunability of properties through a simple

modification of their chemical reaction.?*

Photophysical properties such as excited-state emissive lifetime and emission intensity of organic
ligands in MOFs are generally different from those properties of the free molecules. It occurs as
locked organic linkers in the MOF structure, reducing the nonradiative decay rate, leading to
higher quantum efficiencies, fluorescence intensity, and lifetimes.?® Very few research works have
been conducted to evaluate the photophysics of IRMOFs series along with their luminescence

behavior. Here, we assessed the photophysical properties of ZnsO-based IRMOFs.



2.3 Dielectric Constant

The dielectric constant, also termed the permittivity (€), describes the material’s interaction with
an electric field. The dielectric constant (k) is also known as relative permittivity (er), which is the
absolute permittivity (€) relative to the permittivity of free space (eo). There is two part for the
permittivity of a material. This permittivity’s fundamental role is measuring the amount of energy
stored in material from an external source of the electric field. The imaginary part of this
permittivity is the loss factor, which calculates how dissipative material is in the electric field’s
external source. However, the dielectric constant is neither a function of frequency nor
temperature. The relative lossiness of material is also known as tangent loss, and it is the ratio of

lost energy to stored energy.

The dielectric constant was calculated by creating a capacitor-type device. A capacitor is a charge
storage type device that stores the electric field’s electric charge. This is a passive electronic
component that has two terminals. Capacitance, Cp is measured from this type of device. Cp is the
ratio of the charge (electric) amount stored on a conductor to a difference in electric potential.
Nowadays, capacitors are used in electronic circuits for blocking the direct current while allowing
the alternating current to pass through. the formulae to find dielectric constant

tC,

£=m

Where ¢ is the dielectric constant, t is the thickness of thin-film, C, is the capacitance of the device,

and S is the capacitor zone’s surface area.?®



2.4 State-of-the-Art

Around 15% of synthetically known MOFs exhibit luminescence properties. The percentage is
increasing tremendously in recent years?"? because of their potential application in light-emitting
and display devices, fluorescent sensors,?®3° nonlinear optics, electroluminescent devices,3"%
photocatalysis, and biomedical imaging.®>** MOFs with large organic chromophore groups-
porphyrin, pyrene, and others, have been investigated for the efficient exciton hopping and large
exciton displacement within the framework.3¢-3° Deria et al. reported a series of porphyrin-based

MOFs and their emissive properties depending on framework topology.*°

Lee et al. prepared Cu-based MOF films using a layer-by-layer (LBL) technique investigated as a
light-absorbing layer in TiO2-based solar cells.*! Zhang et al. created an optical sensing motif
based on an electrodeposited luminescent Europium-thiophene-2,5-dicarboxylate (Eu-TDC) MOF
thin film by the optimization of the parameters, which were used for the electrodeposition process.
This thin film shows luminescence properties with the characteristic of Eu3*, which is sensitized
by the electron-rich ligands.” Li et al. showed that when they implemented the reversible
photochromism from bright yellow to dark green, the photochromic component of m-benzene
dicarboxylate organic linker of Tb-BDC MOF can modulate the luminescence properties of the
tetranuclear terbium cluster under irradiation of UV light. They defined this as photoluminescence
switching behavior.*?> Wen et al. showed that IRMOF-3, where BDC links with an amino-
functional group as the organic linker, could be a potential luminescent probe for detecting
nitrobenzene or 2-nitrotoluene via fluorescence enhancement. They evaluated this MOF as a

promising visible-light-driven photocatalyst for the degradation of organic pollutants.*®



Hu et al. developed a novel Zn-MOF-based photochromic complex showing tunable photophysical
behavior. They used viologen diacetic acid dichloride and BTEC as their organic ligands. They
utilized suitable molecular self-assembly of luminophore and photochromic components to control
luminescent emission in a single compound. They showed that a stable Zn-MOF structure provides
a durable donor-acceptor framework with photo-stimulus luminescence patterning, reversible
luminescence switching, and nondestructive readout of the luminescence signal.** Farahani et al.
revealed microporous azine functionalized MOF, TMU-16 as the first example of MOF-based
luminescent sensor and efficient multifunctional fluorescence material which can be used as

selective sensing of ions such as Fe(l11) and Cd(11) and small molecules such as CH2Cl,

Ding et al. showed their approach to fabricate energy-transfer MOF for ratiometric peroxynitrite
(ONOO) sensing. They quenched the bright blue fluorescence of MOF while the green or red
emission from the acceptor is enhanced to increase the efficiency of FRET.*® Tan et al.
demonstrated the potential of MOF in the establishment of self-assembled FRET for developing
ratiometric fluorescent nanoprobe. They used zeolitic imidazolate framework-8 as a MOF model

to entrap carbon dot (CD) and curcumin (CCM) during its self-assembly.*

Stavila et al. focused on the basic requirements and structural elements to fabricate MOF-based
devices and showed the current state of MOF research in the area of electronic, optoelectronic, and
sensor devices.*® Gan et al. developed a Cu-TCPP MOF nanosheets-based FRET autosensing
platform to detect antibiotics. They found that Cu-TCPP nanosheets have an excellent affinity and
quenching ability for novel hairpin probes and the SYBR Green complex.*® Zhou et al. discussed
the recent research advancements in using nanomaterials as donors and acceptors in FRET sensors.
They showed the potential for Cu-MOFs and other 2-D nanomaterials in FRET sensing

applications.®°



Very few researches had been done to predict or calculate the electronic band structures of the
Metal-Organic Framework (MOF).%15253 Most of the researchers formulated the band structures
by the computational method and estimated the band gaps from the experimental method via
optical spectroscopy. But no research was done to tailor the band structure by using experimental
parameters and theoretical calculations. Some research had done experimentally to check the

impacts of the organic linkers of MOF on their electronic properties.>*°5¢

Physicist Yablonovitch did a series of experimental and theoretical searches for the elusive
photonic bandgap structures and summarized the similarities and the differences between photonic
and electronic band structures.®” Yablonovitch et al. introduced a new face-centered-cubic
dielectric structure that simultaneously solves two of the photonic band structure’s significant
problems. They predicted the application of photonic band gaps to semiconductor physics, optical,

and atomic physics, which might be practical !

Pham-Tran et al. engineered the bandgap in MOFs by functionalizing organic linkers. They
investigated the electronic band structures of a series of isoreticular MOFs (IRMOFs) and
estimated bandgap from predicted HOMO— LUMO Energy for IRMOFs. They assessed bandgap
experimentally, but no research had been done to check the band gap from the theoretical

predictions for any type of MOFs up to date.

Wu et al. modulated the functionalized MOF’s electronic band gaps where metal was Zirconium
(Zr). Organic linkers were benzene- 1, 4- dicarboxylic acid (BDC) with different branched groups,
i.e., H, NO2, and NH». They calculated the UV-Vis bandgap from UV-Vis Cutting Edge and
showed that bandgap is minimum for MOF with organic linker NH>-BDC as it has the maximum

improvement in the light absorption.®



Using Discrete Fourier Transform (DFT), Liljeroth et al. calculated electronic band structures of
two honeycomb MOFs with Cobalt metal and different linkers Dicyanobiphenyl (DCBP) and
Dicyanoanthracene (DCA). They summarized that MOF with DCBP linker only has weak
coupling between the building blocks and MOF. DCA linker shows in-plane hybridization,
resulting in 2D electronic states with significant bandwidth.>® But there are some overestimate and

underestimate issues in the DFT method when predicting band structures.

Gascon et al. determined bandgap energies of MOFs with different organic dicarboxylic acid
linkers by UV-Vis spectroscopy. They demonstrated that varying the metal incorporated in the
MOF structure with the organic linker, benzene dicarboxylic acid (BDC), had little impact on the
bandgap (around 3.5 eV). They showed the highest bandgap (4 eV) for MOFs with BDC linker

and lowest (3.3 eV) for MOFs with naphthalene dicarboxylic acid (NDC) linker.>®

Baimuratov et al. theoretically formulated exciton bands of two-dimensional super crystals with
both hexagonal and centered rectangular lattices as well as square and rectangular lattices for the
advancement of emerging nanophotonic technologies.>? Their work was only on the formulation
of exciton bands without experimental values. In our case, we predicted band structures of MOF
using the theoretical equation in Bloch condition of Schrodinger equation combined with
experimental parameters — optical absorption wavelength and material’s dielectric constant. Thus,
it is a unique method to predict the 1D array of any photonic nanocrystals’ electronic band

structures.

Additionally, MOFs have been tested as promising candidates for solar energy harvesting.
Besides, a large proportion of the solar spectrum and most artificial light sources are in the visible

spectrum. The progress of photocatalysts with high activity under visible-light irradiation is

10



required. Thus, new MOF materials with the visible light response are highly desirable.>® Zhang
et al. described exciton dynamics on MOF networks as a step-by-step random hopping. They
monitored exciton migration by employing coumarin dye molecules in the MOF cavity as an
emissive observer. They determined migration distances of exciton around 48 nm within their

lifetimes.>®

Most of the luminescence MOFs are based on lanthanide (having valence electron in 5d shell)
containing MOFs.%%-62 Comparing that a smaller number of transition-metal-based luminescence
MOFs have yet been found. Among the transition-metal-based luminescent MOFs, MOFs with Zn
and Cd metal nodes are the most reported.®*%° The research interest on IRMOFs for electronic
properties, energy-harvesting, and photocatalysis applications is exploded by the recent studies on
IRMOF-1 for photoluminescence® and solar energy harvesting and IRMOF-8 for optoelectronic

properties.5’

2.4 Theoretical Background

2.4.1 Analytical Approach to Predict Band Structure

We can consider the 1D array of Zn MOF as a case of a valence electron in a solid. This electron
may separate from its nucleus and travel through the material. An electron that travels through the
crystal feels the entire crystal lattice’s potential. A periodic delta-function potential can represent

the stationary and evenly spaced lattice nuclei’s influence.

Periodic potential in 1D space repeats itself after some fixed distance a. For the potential (V) of a

single particle,

V(x+a) =V(x)

11



Where a is the distance between two nodes and V(x) is the potential at the axis, and V(x+a) is the

potential at distance ‘a’.

® 6 ¢ o & o o o

DN
Vix)

Il x | | l o

-2a ~d () a 2a sa da X

Figure 2: 1-D Array of Zn Metal Nodes and Corresponding Periodic Delta Function

Figure 2 is showing 1-D Array of Zn metal nodes and corresponding periodic delta function

spike potential where blue dots are denoted Zn nodes

2.4.2 Implement of Bloch Theorem
The wave function of the particles has to be the solution of Schrédinger’s equation

K% d?
() + VW) = EY®)

2m dx?

and has to satisfy Bloch’s condition

P(x +a) = e"Y(x)
or,

P = e " W(x +a)

12



where V¥ is the wavefunction, m is the mass of the electron, k is the wavenumber, A is reduced

Planck’s constant, the wavenumber for the allowed zone, k = 21\1:—; andn=0,+1,+2,+3, ...

when we know k, Bloch’s theorem requires solving Schrodinger’s equation just in one particular
cell.®® The recursive application of this equation generates solutions elsewhere. The set of delta

function potentials can describe metal nodes of Zinc MOF:

N-1
V) =a ) 6(x—ja)
2

)

Where a is the amplitude of the potentials

Solution of Schrédinger’s equation in region 0<x<a®®7°:

ma
cos(ka) = cos(ka) + ﬂsm (ka)

maoa

Let, f(z) = cos (xa),z =ka, p = —

Now,
ma  maa _E
h2k  h’ka z
So,
sinz (1)

f(z) = cosz + BT

It is essential to realize that the value of the left-hand side varies between +1 to -1 as it is a cosine

function cos (ka), but the value of the right-hand side of the same equation can be higher or lower
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than +1 due to the scaling factor next to the sinus. This equation can be solved only in the case
when both sides match, and this represents the energy bands. If the right side is outside the range
(-1,+1), we cannot solve the equation describing the energy gap (or forbidden energies) between

the bands.5%70

2.5+
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0.5

f(z)

ap

z

Figure 3: Graph of f(z) vs. z Showing Allowed Bands and Energy Gaps’®

In energy band diagrams, energy bands’ width depends on the absorption and emission energy. As
absorption wavelength decreases, absorption energy and corresponding values of z and B also
increase. It, in turn, shortens the width of the energy bands and broadens the width of band gaps.
On the other hand, as emission wavelength decreases, emission energy and z value for absorption
and the corresponding value of B also decreases. It, in turn, broadens the width of the energy bands

and shortens the width of band gaps. Thus, the jump between the two allowed bands is reduced.
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CHAPTER IlI: EXPERIMENTAL PROCEDURES

3.1 Synthesis of Isoreticular Series of ZnsO(L)s MOFs

IRMOF-1 (or MOF 5), IRMOF-8, and IRMOF-10 were synthesized by using Zinc acetate and
Benzene- 1, 4- dicarboxylic acid (BDC), 2, 6- Naphthalene dicarboxylic acid (NDC), and

Biphenyl- 4, 4'- dicarboxylic acid (BPDC), respectively.

3.1.1 Reaction Scheme for the Synthesis Route of IRMOFs:

0 0
»—ar—  + Zn(OCH,CO), 20 »  Zn-DC MOF
HO OH

Annealing at 260°C for 7 min
covered with Aluminum Foil

Where “Ar’ represents different types of aromatic rings and ‘DC’ is a short form of Dicarboxylic

Acid
3.2 Synthesis Method

A rapid and self-assembly-driven solvothermal synthesis method was used. Three different
microstructures of Isoreticular MOFs-nanocrystals were prepared from solutions of organic
dicarboxylic acids (organic ligand) and metal precursors (Zn*2). Solvents are chosen according to
the organic ligand and metal precursor’s solubility. In this case, dimethylformamide (DMF) is used
as a solvent. Initially, the organic ligand and metal precursor are dissolved in a solvent using
stirring at room temperature and then subjecting the reaction to solvothermal annealing at the
temperature above the solvent’s boiling point for 7 minutes. After completing the reaction, the
resulting off-white powders were collected to yield a pure crystalline product. The above reaction
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summarizes the synthetic self-assembly path used to make microstructures of three different

Isoreticular MOFs.%7
3.2.1 Synthesis of IRMOF-8

Zn-NDC MOF (IRMOF-8) nanocrystals were prepared from solutions of 2,6-Naphthalene

dicarboxylic acid (organic ligand) and metal precursor (Zn*?).

In a typical process, 2, 6- Naphthalene dicarboxylic acid (98.8 mg, 0.456 mmol) and zinc acetate
(50 mg, 0.228 mmol) were added to anhydrous DMF (1 mL) solution in a crucible. The reactants
were stirred for 10 minutes at room temperature. Then the crucible was covered by aluminum foil
and heated to 260 °C for 7 minutes. After that, the sample was dried at room temperature for 12
hours. Finally, the resulting grayish powder was collected from both the crucible and the foil to

yield the pure crystalline product for further characterization.

O

HO
{)l |+ Zn(OCH:CO), DME = 7Zn;O(NDC);
Annealing at 260°C for 7 min

Q

Reaction Scheme 1: The synthesis route to IRMOF-8 (Zn-NDC MOF)

3.2.2 Synthesis of IRMOF-10

At first, Long et al. introduced and synthesized Zn-BPDC MOF by hydrothermal reaction.” Zn-
BPDC MOF (IRMOF-10) nanocrystals were prepared from solutions of Biphenyl- 4, 4'-

dicarboxylic acid (organic ligand) and metal precursor (Zn*?).
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In a typical process, Biphenyl- 4, 4’- dicarboxylic acid (110.5 mg, 0.456 mmol) and zinc acetate
(50 mg, 0.228 mmol) were added to anhydrous DMF (1 mL) solution in a crucible. The reactants
were stirred for 10 minutes at room temperature. Then the crucible was covered by aluminum foil
and heated to 260 °C for 7 minutes. After that, the sample was dried at room temperature for 12
hours. Finally, the resulting grayish powder was collected from both the crucible and the foil to

yield the pure crystalline product for further characterization.

0 - 0
)‘,-—<f\’_‘>—<’ Y4+ Za(OCH,CO), DMF
HO = —/" OH H(OCHCO, = Zn,0(BPDC);

Annealing at 260°C for 7 min

Reaction Scheme 2: The synthesis route to IRMOF-10 (Zn-BPDC MOF)

3.2.3 Synthesis of IRMOF-1

Zn-BDC MOF (MOF-5 or IRMOF-1) nanocrystals were prepared from solutions of Benzene- 1,

4- dicarboxylic acid (organic ligand), and metal precursor (Zn*?).

In a typical process, 1, 4 Benzene dicarboxylic acid (Terephthalic Acid) (75.8 mg, 0.456 mmol)
and zinc acetate (50 mg, 0.228 mmol) were added to anhydrous DMF (1 mL) solution in a crucible.
The reactants were stirred for 10 minutes at room temperature. Then the crucible was covered by
aluminum foil and heated to 260 °C for 7 minutes. After that, the sample was dried at room
temperature for 12 hours. Finally, the resulting grayish powder was collected from both the

crucible and the foil to yield the pure crystalline product for further characterization.
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o}

OH DMF
+ Zn(OCH,CO), - —=  Zn,0BDC);
HO Annealing at 260°C for 7 min

o]

Reaction Scheme 3: The synthesis route to IRMOF-1 (Zn-BDC MOF)

Different characterization of the synthesized three IRMOFs was performed, and properties were
compared. The morphology studies, material composition, dielectric and photophysical properties

of three different Isoreticular MOFs were analyzed.
3.3 Dielectric Properties
3.3.1 Capacitor type Device Making

The ITO-coated glass substrate was ozone-treated by using Bio Force Ozone Pro Cleaner. Then it
was cleaned by sonicating it in IPA for 15 mins followed by the sonication in DI water for 15 mins.
After sonication, the substrate was dried with a nitrogen gun. Using a mask, 100 nm of copper as
the first electrode was deposited on the cleaned and dried glass substrate by Physical Vapor
Deposition (PVD) using the PVVD 75 Evaporation System. Then 10 mg of Zn MOF in 500 uL DMF
and 500 uL TPA were immediately spin-coated on the copper-deposited substrate at a spin rate of
3000 rpm for 60 seconds and dried for 12 hours. Then 100nm of copper as the second electrode

was deposited again by PVD at a 90 rotation to the first layer by rotating the mask’? (figure 10).

Cu Layers

IRMOF
thin films

Glass
Substrate

Figure 4: Schematic Diagram of Dielectric Capacitor
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3.3.2 Capacitance Measurement

Capacitance was then measured with a capacitometer (CM9610A) between the electrodes that

form a capacitor area of 4.75 cm?. Capacitance was measured in the 200 nF range.

3.3.3 Thickness Measurement

The thin film’s active layer thickness was measured by viewing a device’s broken side under SEM.
At first, the device was kept in liquid nitrogen for 5 minutes, and then it was broken to get the
sharp edges. Finally, the sample was prepared for measuring the thickness. The broken side was

rotated by 60°, and the tilt was corrected automatically by turning the tilt correction in SEM.

3.4 Photophysical Properties

3.4.1 UV-Vis Analysis

IRMOF (1.0 mg) was added to anhydrous ethanol (1 mL) to make the UV-Vis analysis solution.
For the baseline, ethanol was used in the cuvette. Then 250 uLL IRMOF solution was added to the

cuvette with ethanol to check the absorption peak.

3.4.2 PL Analysis

1 mg of MOF was added to 1mL solvent to make the solution for PL analysis. 250 uL of MOF
solution was added to the cuvette, filled with the PL analysis solvent to check the emission peak
excited at a different wavelength. The range of wavelengths was taken to avoid excitation peaks

and stokes shifts.
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3.4.3 Solvent-Dependent Charge Transfer Dynamics Studies

To investigate the solvent-dependent charge transfer dynamics of IRMOFs in different polar
solvents, the PL emission behavior of IRMOFs is explored in five different polar solvents by
maintaining the same solute concentration in each solvent. Here we used Ethanol, Acetonitrile,
Dimethylformamide (DMF), Tetrahydrofuran (THF), and Chloroform as polar solvents to dissolve

three different IRMOFs as solute materials separately.
3.5 The Technique to Predict Band Structures
The solution of Schrédinger’s equation in region 0<x<a in Bloch condition

f(z) = cosz + B% (1)

Band structures were predicted from the absorbance and emission peak
3.5.1 Considering only Metal Nodes

Necessary equations for absorption and emission energies were calculated from the wavelength

for absorption and emission peak.

The wavelength for absorption peak = Aavsorption and wavelength for emission peak = Aemission

. h
The energy at emission peak, Ecpission = =
}‘emission
. h
The energy at absorption peak, Eapsorption = ————
Aabsorbance

Where, hc = 1240 eVnm
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If we know the wavelength of absorption and emission peak, we can calculate

Eemission & Eabsorption-

maoa

have -
P , We have m—

Sincez = kaand = %

Energy,E = hszl = zhm— = (2_) (:1_) - (2_) (%)

2
To find z values, we can use E = (;—a) (%) for both energy values Eepmission & Eabsorption
_ Zemission” | (@ (2)
Eemission - T E
Zabsorption2 ot (3)
Eabsorption = T E

From equations 2 and 3, we find the relation between E & z for both absorption and emission.

2
Eabsorption _ <Zabsorption ) (4)

E .. 7 L2
emission emission

The value of z for the emission peak, Zgmission Should be the maximum value of z for the first

allowed energy band or the first bandgap’s minimum value. The maximum value of k for the first

- T
allowed band is - and thus, zemission = kKa = .

2
Eabsorption _ <Zabsorption >

2
Eemission T
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From this equation, we can calculate the value of z for the absorption peak.

Finally, by plugging z in equation 1, we calculate the value of B. The range of the values for the
left-hand side of equation 1, f(z) is from -1 tol. For maximum, we have to plug either -1 or +1.
But if we plug +1 for f(z), B is negative, but it is unrealistic as the amplitude of the potential cannot

be negative. Thus, we have to plug -1 for f(z) to get a positive value for the amplitude of potential.

From equation 1 using the calculated p values, we can predict the energy band diagram for the 1D

array of Zn-MOFs considering only metal nodes.”
3.5.2 Considering the Organic Ligands with Metal Nodes

The previous P value is hypothetical as we got this considering only metal nodes of ZN-MOFs. If
we consider the organic parts and metal nodes, we have to bring dielectric constant in the picture.

Considering the dielectric constant, €, we find a new value of B from the following equation:

Brew = €x

From equation 1, using the calculated 3,0, We can predict the energy band diagram for the 1D

array of Zn-MOFs.

3.5.3 Calculations for Plotting Energy Curve

sinz
cos(ka) = cosz + —
v/

sinz

(xa) ={cos!(cosz + B—)}

(ka)?

For allowed band Energy, E = —

2
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h2 2 hZ 2,2 h2 2 h2 :
gz X Mea b Gay, {cos™(cosz + B%)}z

2m 2ma? 2ma? 2ma?2

3.5.4 E vs ka for Showing Allowed Energy Bands

E vs ka curves of Zn MOFs were plotted considering the organic part for different Brew Values from
MATLAB programming where the x-axis is ka. Then E vs ka curve was plotted for the 1-D array

of different MOFs in a single plotting to compare the jumps between two allowed bands.
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CHAPTER IV: RESULTS AND DISCUSSION

4.1 Chemical Composition

4.1.1 Functional Groups by FTIR

The chemical composition and functional groups of synthesized IRMOFs are analyzed using

Fourier Transform Infrared Spectroscopy (FTIR-Varian 670-IR Spectrometer).
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Figure 5: FTIR for IRMOF-1

Here, the FTIR spectrum (figure-5) of IRMOF-1 showed signals for metal coordinated carboxylate
carbonyl stretching at 1685 cm™, aromatic C=C bonds stretching at1540—-1600 cm™, stretching

from C-O-Zn at1400-1355 cm™2, and broad O-H stretching at 3158 cm™.
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4.1.2 Chemical Composition, Oxidation States, and Chemical Environment by XPS

The chemical composition and purity, oxidation states, and nature of the chemical environments

of different IRMOFs were confirmed from XPS.
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Figure 6: XPS of IRMOF-1: (a) XPS survey, (b)Zn 2p, (c) C 1s, and (d) O 1s

Figure 6 shows the X-ray photoelectron spectroscopy (XPS) survey spectrum and Zn 2p, C 1s, and
O 1s binding energy spectra for IRMOF-1 (Zn-BDC MOF). The survey spectrum (Figure 6(a))
and resulted atomic % composition analysis confirmed the expected empirical formula of Zn-BDC
MOF. The Zn 2p spectrum shown in Figure 6(b) revealed the oxidation state of zinc from the

binding energy spectrum, which showed binding energies for the typical Zn*? oxidation state

25



concerning Zn 2pz and Zn 2p1s2 spin-orbit states at 1021 eV and 1044.18 eV. C 1s spectrum shown
in Figure 6(c) showed the deconvoluted three peaks attributing to three different chemical bonding
environments, which belong to C—C, C— O—C, and O—C=0 at 284.8, 285.15, and 288.86 eV,
respectively. O 1s spectrum shown in Figure 6(d) showed the binding energy peak at 530.31 eV

represents the Zn—C—O co-ordination bonds in IRMOF-1.
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Figure 7: XPS of IRMOF-8: (a) XPS survey, (b) Zn 2p, (c) C 1s, and (d) O 1s
Figure 7 shows the X-ray photoelectron spectroscopy (XPS) survey spectrum and Zn 2p, C 1s, and
O 1s binding energy spectra for IRMOF-8 (Zn-NDC MOF). The survey spectrum (Figure 7(a))
and resulted atomic % composition analysis confirmed the expected empirical formula of IRMOF-
8. The Zn 2p spectrum shown in Figure 7(b) revealed the oxidation state of zinc from the binding
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energy spectrum, which showed binding energies for the typical Zn*? oxidation state concerning

Zn 2pzp and Zn 2pyz spin-orbit states at 1021 eV and 1044.18 eV. C 1s spectrum shown in Figure

7(c) showed the deconvoluted three peaks attributing to three different chemical bonding

environments, which belong to C—C, C— O—C, and O—C=0 at 284.8, 285.15, and 288.86 eV,

respectively. O 1s spectrum shown in Figure 7(d) showed the binding energy peak at 530.31 eV

represents the Zn—C—O co-ordination bonds in IRMOF-8.
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Figure 8: XPS of IRMOF-10: (a) XPS survey, (b) Zn 2p, (c) C 1s, and (d) O 1s
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Figure 8 shows the X-ray photoelectron spectroscopy (XPS) survey spectrum along with Zn 2p, C

1s, and O 1s binding energy spectra for IRMOF-10 (Zn-BPDC MOF). The survey spectrum

(Figure 8(a)) and resulted atomic % composition analysis confirmed the expected empirical
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formula of IRMOF-10. The Zn 2p spectrum shown in Figure 8(b) revealed the oxidation state of
zinc from the binding energy spectrum, which showed binding energies for the typical Zn*2
oxidation state concerning Zn 2pz; and Zn 2p12 spin-orbit states at 1023.23 eV and 1046.27 eV. C
1s spectrum shown in Figure 8(c) showed the deconvoluted three peaks attributing to three
different chemical bonding environments, which belong to C—C, C— O—C, and O—C=0 at 284.9
eV, 286 eV, and 289.18 eV, respectively. O 1s spectrum shown in Figure 8(d) showed the binding

energy peak at 530.57 eV represents the Zn—C—O co-ordination bonds in IRMOF-10.

4.2 Morphologies of IRMOFs

The morphology of IRMOF microstructures was analyzed using scanning electron microscopy

(Zeiss Auriga FIB/FESEM).
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Figure 9: SEM of IRMOF-8 (top left), IRMOF-10 (top right), and IRMOF-1(bottom)

Microstructures of IRMOF-8 (Figure 9) show Cuboid-type structures. IRMOF-10 and IRMOF-1

have ellipse and cubic-type structures, respectively.

4.3 Structural Properties by XRD

The crystal structures of IRMOFs were confirmed by the experimental powder X-ray Diffraction
(XRD) analysis combined with the simulated XRD spectra obtained for the original crystal
structures of IRMOF-1, IRMOF-8, and IRMOF-10 from the Cambridge Crystallographic Data
Center (IRMOF-1: Deposition no. CCDC-256965, IRMOF-8: Deposition No. CCDC-957268,
IRMOF-10: Deposition No. CCDC-190973) and the cif files of IRMOF-1, IRMOF-8 and IRMOF-
10778, Simulated powder XRD spectra of IRMOFs were generated from VESTA by selecting the

“Powder diffraction pattern” function from “Utilities”.
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Figure 10: XRD Spectrum of IRMOF-8 (Experimental and Simulated)’’

The experimental XRD pattern of IRMOF-8 microstructures was compared with the simulated
powder XRD spectra of IRMOF-8, and INT-IRMOF-8 A, generated from the crystal structures of
IRMOF-8 and INT-IRMOF-8 A, deposited in the crystallographic data bank (Deposition No.
CCDC-957268), and are represented in Figure 10. The experimental diffraction pattern of
synthesized IRMOF-8 overlaps with the simulated XRD spectral pattern of INT-IRMOF-8 A,
which confirms the similarity of generated unit cell crystal structure of the microstructures from

the powder XRD pattern is similar to the reported crystal structure of the INT- IRMOF-8A.”8
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Figure 11: XRD Spectrum of IRMOF-10 (Experimental and Simulated)

The experimental XRD pattern of IRMOF-10 microstructures was compared with the simulated
powder XRD spectra of IRMOF-10, generated from the crystal structures of IRMOF-10, deposited
in the crystallographic data bank (Deposition No. CCDC-190973), and are represented in Figure
11. The experimental diffraction pattern of synthesized IRMOF-10 overlaps with the simulated

XRD spectral pattern of IRMOF-10.
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Figure 12: XRD Spectrum of IRMOF-1 (Experimental and Simulated)

The experimental XRD pattern of IRMOF-1 microstructures was compared with the simulated
powder XRD spectra of IRMOF-1, generated from the crystal structures of IRMOF-1, deposited
in the crystallographic data bank (Deposition No. CCDC-256965), and are represented in Figure
12. The experimental diffraction pattern of synthesized IRMOF-1 overlaps with the simulated
XRD spectral pattern of IRMOF-1.

4.4 Photophysical Properties

4.4.1 Absorption and Emission Spectra for Band Structure

Absorption and emission energy were calculated from absorption and emission spectra maxima.
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Figure 13: UV-Vis (left) & PL-Analysis (right) for IRMOF-8

For IRMOF-8, the absorbance peak was found at 243nm. After excited at 250nm, the emission

peak was 385nm.
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Figure 14: UV-Vis (left) & PL-Analysis (right) for IRMOF-10

For IRMOF-10, the absorbance peak was found at 281nm. After excited at 280nm, the emission

peak was 352nm.
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Figure 15: UV-Vis (left) & PL-Analysis (right) for IRMOF-1

For IRMOF-1, the absorbance peak was found at 240nm. After excited at 240nm, the emission

peak was 379 nm.

The longer the conjugation length, the lower the separation between adjacent energy levels. The
longer the absorption wavelength as the absorption band in the visible region is increasingly red-
shifted, the conjugation length increases. Hence, with larger conjugated systems, the absorption
peak wavelengths tend to be shifted toward the long-wavelength region. BPDC linker has a longer
conjugation length than NDC and BDC linkers. Thus, the absorption peaks for IRMOF-10 moved

toward the longer wavelength region than the other two MOFs.

4.4.2 Solvent-Dependent Photoluminescence Emission

We performed PL analysis of different IRMOFs in five different polar solvents. We used Ethanol,
Acetonitrile, Dimethylformamide (DMF), Tetrahydrofuran (THF), and Chloroform to dissolve
IRMOFs. We collected PL data with the same amount of each solute (IRMOF) concentration in
different solvents. Photoluminescence Emission Spectra of three IRMOFs were analyzed

separately with emission intensity comparison in those five solvents. We observed the impact of
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the solvent type on the intensity of fluorescence emission during our solvent-dependent

fluorescence studies.
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Figure 16: PL Emission Spectra of IRMOF-8 in Five Different Polar Solvents

In Figure 16, PL emission intensity of IRMOF-8 is compared in five different polar solvents
maintaining the same solute concentration. Here, ligand-centered emission is observed for
IRMOF-8 in THF solvent, apart from 5 nm and 6 nm blue-shifted PL emission peak maxima
compared to the emission vibronic peak maxima at 363 and 381 nm in ethanol. The
photoluminescence emission intensity of IRMOF -8 in THF exhibits about 22% decrease
compared to the photoluminescence emission intensity in ethanol, having the same solute
concentration. There is no evidence of solvent-dependent charge transfer transition occurred for
IRMOF-8 in THF as in ethanol. The PL intensity of IRMOF-8 in acetonitrile exhibits 33% increase
compared to the intensity of IRMOF-8 in ethanol. However, we observed significant quenching of
the PL intensity of IRMOF-8 in DMF and chloroform. The ligand-centered emission of IRMOF-

8 is wholly quenched in both solvents DMF and chloroform. In DMF, the emission peak is not
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much shifted from the peak in THF or ethanol, but in chloroform and acetonitrile, the emission
peak in PL spectra is found at the longer wavelength, 395 nm. This longer wavelength emission
band in chloroform and acetonitrile may be attributed to ligand-to-metal charge transfers (LMCT)

transition.
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Figure 17: PL Emission Spectra of IRMOF-1 in Five Different Polar Solvents

In Figure 17, PL emission intensity of IRMOF-1 is compared in five different polar solvents
maintaining the same solute concentration. Here, ligand-centered emission is observed for
IRMOF-1 in THF solvent, apart from 12 nm blue-shifted PL emission peak maxima compared to
the emission vibronic peak maxima at 377 nm in ethanol. The photoluminescence emission
intensity of IRMOF-1 in THF exhibits about 6% increase compared to the photoluminescence
emission intensity in ethanol, having the same solute concentration. There is no evidence of
solvent-dependent charge transfer transition occurred for IRMOF-1 in THF as in ethanol.
However, we observed significant quenching of the PL intensity of IRMOF-1 in acetonitrile, DMF,
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and chloroform. The ligand-centered emission of IRMOF-1 is wholly quenched in three solvents-
acetonitrile, DMF, and chloroform. In DMF and acetonitrile, the emission peak is not much shifted
from the peak in THF or ethanol. Still, in chloroform, the emission peak in PL spectra is found at

the shorter wavelength, 340 nm, attributed to the LMCT transition.

The longer wavelength emission band in chloroform and acetonitrile may be attributed to ligand-
to-metal charge transfers (LMCT) transition, which is induced by dipole—dipole interactions of
solvent and solute, creating local electrostatics and could control the electron density distribution
around the IRMOF framework.? The reshaping of the electron density distribution between the
metal ion node and the organic ligand and dispersing the solute in different polar solvents may

facilitate the energy transfer from the ligand to the metal node via LMCT transition.”*
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Figure 18: PL Emission Spectra of IRMOF-10 in Five Different Polar Solvents

In Figure 16, PL emission intensity of IRMOF-10 is compared in five different polar solvents

maintaining the same solute concentration. Here, ligand-centered emission is observed for
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IRMOF-10 in THF solvent, apart from 2 nm blue-shifted PL emission peak maxima in compared
to the emission vibronic peak maxima at 334 nm in ethanol. The photoluminescence emission
intensity of IRMOF-10 in THF exhibits about 37% increase compared to the photoluminescence
emission intensity in ethanol, having the same solute concentration. There is no evidence of
solvent-dependent charge transfer transition occurred for IRMOF-10 in THF as in ethanol.
However, we observed significant quenching of the PL intensity of IRMOF-10 in acetonitrile,
DMF, and chloroform. The ligand-centered emission of IRMOF-10 is wholly quenched in three
solvents- acetonitrile, DMF, and chloroform. In DMF, the emission peak is not much shifted from
the peak in THF or ethanol. Still, in chloroform and acetonitrile, the emission peak in PL spectra

is found at the longer wavelength, 397 nm, attributed to the LMCT transition.

4.5 Thermal Stability

The thermal stability of IRMOFs was found from the Thermogravimetric Analysis (TGA). We got
the idea of the temperature zone from the analysis where the removal of phenyl rings and
carboxylate groups from organic ligands occurred. The TGA analysis shows the temperature up to
which synthesized IRMOFs are stable, and beyond this temperature, the decomposition and

collapsing of the framework occur.
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Figure 19: TGA for IRMOF-1

TGA of IRMOF-1 shows three distinct weight losses at 190 °C, 305 °C, and 440 to 480 °C. The
initial weight loss of less than 15% at 190 °C was due to the loss of free and lattice water molecules
and solvent molecules (DMF) incorporated into the microstructure’s void spaces. The second
weight loss of 40% can be attributed to removing carboxylate groups and phenyl rings from
organic ligands. The temperature range of 440—480 °C is showing the indication of decomposing
the residual organic fractions (30% weight loss) and collapsing the framework to form the residual
metal oxide. The TGA analysis verified that microstructures of IRMOF-1 are thermally stable up

to 305 °C.
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Figure 20: TGA for IRMOF-8

TGA for IRMOF-8 shows three distinct weight losses at 200 °C, 340 °C, and 440 to 490 °C. The
initial weight loss of less than 10% at 200 °C could be due to the loss of free and lattice water
molecules and solvent molecules (DMF) incorporated into the microstructure’s void spaces. The
second weight loss of 40% can be attributed to removing carboxylate groups and phenyl rings from
organic ligands. The temperature range of 440-500 °C is showing the indication of decomposing
residual organic fractions (40% weight loss) and collapsing the framework to form the residual

metal oxide. The TGA analysis verified that IRMOF-8 microstructures are thermally stable up to

340 °C.
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Figure 21: TGA for IRMOF-10

TGA for IRMOF-10 shows three distinct weight losses at 210 °C, 360 °C, and 450 to 490 °C. The
initial weight loss of less than 10% at 260 °C could be due to the loss of free and lattice water
molecules and solvent molecules (DMF) incorporated into the microstructure’s void spaces. The
second weight loss of 55% can be attributed to removing carboxylate groups and phenyl rings from
organic ligands. The temperature range of 450-490 °C is showing the indication of decomposing
residual organic fractions (30% weight loss) and collapsing the framework to form the residual
metal oxide. The TGA analysis verified that microstructures of IRMOF-10 are thermally stable up

to 360 °C.
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4.6 Dielectric Properties

The dielectric constant depends on ligand size. The longer the ligand size for IRMOFs, the higher

the dielectric constant of IRMOFs.

4.6.1 Thin-Film Thickness Measurement from SEM

Thin-film thickness was found from the SEM image (Figure 22) of the cross-sectional part of the

capacitor type device.

i . o

Figure 22: SEM Image of the Cross-Sectional Part of the Device

4.6.2 Dielectric Constant Calculation
The dielectric constant was measured from the formulae,

tC,

S:E

Where ¢ is the dielectric constant, t is the thickness of thin-film, C;, is the capacitance of the

device, and S is the capacitor zone’s surface area.

Capacitance was measured in nF by the capacitometer (CM9610A).
42



Table 1: Dielectric Constant Calculation from Capacitance for IRMOF-8

Cp(nF) S(m?) Ko(F/m) t(nm) €
14.3 0.000475 8.85E-12 870.9 2.96
14.2 0.000475 8.85E-12 870.9 2.94
13.9 0.000475 8.85E-12 870.9 2.88
14.0 0.000475 8.85E-12 870.9 2.90
14.2 0.000475 8.85E-12 870.9 2.94
14.3 0.000475 8.85E-12 870.9 2.96
13.8 0.000475 8.85E-12 870.9 2.86
14.1 0.000475 8.85E-12 870.9 2.92
14.0 0.000475 8.85E-12 870.9 2.90

Table 2: Dielectric Constant Calculation from Capacitance for IRMOF-10

Cp(nF) S(m?) Ko(F/m) t(nm) £
13.8 0.000475 8.85E-12 769.3 2.53
13.9 0.000475 8.85E-12 769.3 2.54
13.7 0.000475 8.85E-12 769.3 2.51
14.0 0.000475 8.85E-12 769.3 2.56
13.6 0.000475 8.85E-12 769.3 2.49
13.7 0.000475 8.85E-12 769.3 2.51
13.8 0.000475 8.85E-12 769.3 2.53
14.1 0.000475 8.85E-12 769.3 2.58
13.8 0.000475 8.85E-12 769.3 2.53
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Table 3: Dielectric Constant Calculation from Capacitance for IRMOF-1

Cp(nF) | S(m?) Ko(F/m) t(nm) £
13.4 | 0.000475 8.85E-12 770 2.45
13.5 | 0.000475 8.85E-12 770 2.47
13.7 | 0.000475 8.85E-12 770 251
13.6 | 0.000475 8.85E-12 770 2.49
13.4 | 0.000475 8.85E-12 770 2.45
13.3 | 0.000475 8.85E-12 770 2.44
13.5 | 0.000475 8.85E-12 770 2.47
13.7 | 0.000475 8.85E-12 770 251
13.6 | 0.000475 8.85E-12 770 2.49

Standard deviations of the values of the dielectric constant of three IRMOFs are less than 0.04

298 258 253
258 252
2157 251
256 250
255 249
254 248
247
146

296
254
292

290
288

251 285

286 244

243

284 248

Figure 23: Comparing € Values (from left to right: IRMOF-8, IRMOF-10, IRMOF-1)

The dielectric constant depends on ligand length but not on the ligand’s conjugation length. The
longer the ligand length of organic linkers, the higher the value of dielectric constant for
corresponding MOFs. The ligand length of the NDC linker is more than BPDC, and BDC linker
as benzene rings of BPDC is perpendicular, and the BDC linker has the lowest ligand length. Thus,
the dielectric constant is decreasing from IRMOF-8 (2.919) to IRMOF-10 (2.529) and IRMOF-1
(2.477).
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4.7 B Calculation Considering Only Metal Nodes

The solution of Schrédinger’s equation in region 0<x<a in Bloch condition

f(z) = cosz + Bs’i% (1)

Necessary equations for absorption and emission energies:

Zemission2 o 2)
Eemission = T E

Zabsorption2 ot 3)
Eabsorption = T E

Band structures of MOFs are predicted from the dielectric constant, the wavelength of absorbance,

and emission peak.
4.7.1 g for IRMOF-8 (Zn-NDC MOF)

For Zn-NDC MOF, Agpsorption= 243nm and Agpission= 385nM,

. _ hc 1240 eVnm 3221eV
emission = Aemission B 385 nm T ’
. _ hc _ 1240 eVnm 5 103eV
absorption — Aabsorption - 243 nm = J. e
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From equation 2 and 3:

For Eemission,

3.221 = i
. (Za)(ﬁ)
For Eabsorptiom
5.103 = z
' (Za)(ﬁ)

Solving the emission and absorption energy equations, z = 3.9543

From equation 1,

3.9543) + sin(3.9543)
c05(3.9543) + f—zge— =
B =1.702

4.7.2 g for IRMOF-10 (Zn-BPDC MOF)

For Zn-BPDC MOF, Agpsorption= 281 nm and Agpission= 352 NM

£ _ hc _ 1240 eVnm 35236V
emission — Aemission - 352 nm - . e
£ B hc B 1240 eVnm _ 44136V
absorption — Aabsorption - 281 nm -t e
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From equation 2 and 3:

For Eemission,

3.523 = i
. (Za) (,3)
For Eabsorptiom
4413 = z
' (Za) (ﬁ)

Solving the emission and absorption energy equations, z = 3.5161
From equation 1,

sin(3.5161)

cos(3.5161) + 35101

B = 0.666
4.7.3 g for IRMOF-1 (Zn-BDC MOF)

For Zn-BDC MOF, Agpsorption= 240 nm and A pission= 379 NmM

£ _ hc _ 1240 eVnm 3979V
emission — Aemission - 379 nm - . e
£ B hc B 1240 eVnm 1676V
absorption — Aabsorption - 240 nm - - e
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From equation 2 and 3:

For Eemission,

For Eabsorptiom

(04

B)

1.[2
3272 = ()

2

Z (04
5.167 = GO (3

B)

Solving the emission and absorption energy equations, z = 3.9479

From equation 1,

3.9479) + sin(3.9479)
cos(3.9479) + B—F 5779 =
B =1.684

Table 4: ¢ & p Values of IRMOFs

MOFs Ligand Ligand Structure 3 B
Zn-NDC 2,6- Naphthalene i 2.919 1.702
dicarboxylic ”OOH
acid ¢
Zn-BPDC Biphenyl-4,4'- o 0 2.529 0.666
dicarboxylic HOOH
acid
Zn-BDC Benzene- 1, 4- i 2.477 1.684
dicarboxylic HO\”/QAOH
acid 5
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From the table, the dielectric constant values of MOFs decrease when the ligands’ length is
becoming shorter. But B values are not following the trend as it depends on the absorption and
emission peaks. The emission peak for Zn-BPDC MOF is at the shorter wavelength than the other

two. Thus, the B value is lower for Zn-BPDC MOF.

4.8 Mapping Energy Band Structures for IRMOFs

4.8.1 Predicting Energy Band Structures Considering Only Metal Nodes

We have already calculated 3 values for three different MOFs. Now, we can predict the energy

band diagram for the 1D array of IRMOFs considering only metal nodes.

Now plotting of f(z) vs z in equation 1, when p=1.702 for IRMOF-8

Figure 24: Energy Bands of IRMOF-8 Without Considering Organic Part

Here grey regions are denoting energy bands, and white regions between two allowed bands

represent band gaps.
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Now plotting of f(z) vs z in equation 1, when p=0.666 for IRMOF-10

1.5\
1 =

Figure 25: Energy Bands of IRMOF-10 Without Considering Organic Part

Now plotting of f(z) vs z in equation 1, when p=1.684 for IRMOF-1

Figure 26: Energy Bands of IRMOF-1 Without Considering Organic Part
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4.8.2 Mapping Energy Band Structures with the Impact of Organic Parts

We calculate new values of B to plot the energy band diagram for the 1D array of all 3 MOFs

considering the organic parts.

Table 5: B for All IRMOFs Considering the Organic Parts

IRMOFs Dielectric | p considering | P considering both metal
Constant, only metal nodes and ligands,
> nodes Brew = €* B
Zn-BDC MOF (IRMOF-1) 2477 1.684 4171
Zn-NDC MOF (IRMOF-8) 2.919 1.702 4.968
Zn-BPDC MOF (IRMOF-10) 2.529 0.666 1.685

Solution of Schrodinger’s equation in region 0<x<a in Bloch condition for 3.y,
sinz 4)

f(z) = cosz + BnewT

Now plotting of f(z) vs z in equation 4, when Prew= 4.968 for IRMOF-8

51



f(z)

z

Figure 27: Energy Bands of IRMOF-8 Considering Organic Part (Dielectric Substance)

Here, red regions denote energy bands, and white regions between two allowed bands represent

band gaps.

Now plotting of f(z) vs z in equation 4, when Brew = 1.685 for IRMOF-10

f(z)

Figure 28: Energy bands of IRMOF-10 Considering Organic Part (Dielectric Substance)
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Now plotting of f(z) vs z in equation 4, when Brew = 4.171 for IRMOF-1

15+

05+

f(z)

o
T

0.5+

-1.5

z

Figure 29: Energy bands of IRMOF-1 Considering Organic Part (Dielectric Substance)

4.9 Energy Band Diagrams for IRMOFs

From the previous measurements and calculations, comparison of allowed bands for only metal

nodes and metal with organic parts are figured from MATLAB programming.

4.9.1 IRMOF-8

Now plotting of f(z) vs z in equation 1 and 4, when B=1.702 & Pnew = 4.968
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Figure 30: Energy Band Diagram for IRMOF-8

Here, grey parts are the hypothetical energy band regions considering only metal nodes (f=1.702),
and red parts are the energy band regions considering both metal nodes and organic parts (Bnew=
4.968). After considering organic parts, allowed bands decrease (only red areas), and band gaps

increase.
4.9.2 IRMOF-10

Now plotting of f(z) vs z in equation 1 and 4, when = 0.666 & PBnew = 1.685
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Figure 31: Energy Band Diagram for IRMOF-10

Here, grey parts are the hypothetical energy bands considering only metal nodes (p= 0.666), and

red parts are the energy bands considering both metal nodes and organic parts (Pnew = 1.685)

4.9.3 IRMOF-1

Now plotting of f(z) vs z in equation 1 and 4, when = 1.684 & Bnew = 4.171

f(z)

z

Figure 32: Energy Band Diagram for IRMOF-1
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Here grey parts are the hypothetical energy bands considering only metal nodes (B= 1.684), and

red parts are the energy bands considering both metal nodes and organic parts (Prew = 4.171)
4.10 Energy Curves

E vs ka curves are plotted considering the organic part of IRMOFs for different Bnew Values from

MATLAB programming where the X-axis is Ka.

4.10.1 Calculations for Energy Curve

sinz
cos(ka) = cosz + BT

sinz

(xa) ={cos*(cosz + B=)}

(xa)?

For allowed band Energy, E = —

2

h2x?_ h?k2?a?_ h%(ka)?_ h?

2m  2ma?  2ma?  2ma?2

E=

{cos™(cosz + B Si%)}2

4.10.2 E vs ka for Showing Allowed Energy Bands

Now, we are plotting E vs ka curves for all § values in a single plotting to compare the jumps

between two allowed bands for the 1D array of 3 types of MOFs
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Figure 33: Energy Curve for IRMOF-8
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Figure 34: Energy Curve for IRMOF-10
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Figure 35: Energy Curve for IRMOF-1

We compare E vs ka curves in figure 33 to compare the jumps between two allowed bands for

different IRMOFs.
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Figure 36: Comparing Energy Curves (Blue: IRMOF-8, Green: IRMOF-1, Red: IRMOF-10)
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From the amplitude of the potentials directly calculated from optical energies and solution of
Schrodinger equation in Bloch condition, we got the virtual energy band diagrams for the 1D array
of all IRMOFs considering only metal nodes. Energy bands become narrower, and band gaps
become broader in energy band diagrams for a 1-D array of MOFs after considering the organic
parts and dielectric constants. From the energy curves of the 1-D array of Zn-MOFs, it could be
concluded that jump from one allowed band to another one, bandgap, is maximum for IRMOF-8,
whereas, for IRMOF-10, it is minimum as this jump depends on the  values, which are changing

because of the length of ligands and the absorption and emission energy.
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CHAPTER V: CONCLUSION

In conclusion, a series of isoreticular MOFs (IRMOF-1, 8, and 10) were synthesized utilizing the
modified solvothermal method. Here materials composition, crystallinity, morphology, dielectric
properties, photophysical properties, and thermal stabilities of these three IRMOFs are revealed
using different characterization techniques. We found the relationship between the organic
subunits’ conjugation length and dielectric properties for corresponding IRMOFs. The capacitance
(in nF) and the value of dielectric constant for IRMOFs increase for the longer length of Zn-MOFs’
ligands. The photoluminescence properties of IRMOFs in different polar solvents exhibit either
solvent-driven LMCT emission or ligand-based emission. But it shows only the ligand-centered
emission in solid-state because of the interpenetrated and rigid arrangement of dicarboxylic acid
chromophores within the IRMOF structure and localized electron density of both the metal nodes
and linkers. We observed that solvent type, solvation, and polarity affect the charge transfer
dynamics of the IRMOFs in different solutions from the PL analysis. Future studies can explore
the effect of solvation dynamics on the charge transfer process in the series of IRMOFs. Different
IRMOFs may be utilized as a versatile photosensitizer for molecular electronics, light-energy
conversion, or photonic devices, which will provide a potential new area of research in the field of
photophysics. Here, energy bands become narrower, and band gaps become broader in energy
band diagrams for a 1-D array of MOFs after considering the organic parts. From the energy curves
of the 1-D array of three IRMOFs, it could be concluded that dielectric constants and the jump
from one allowed band to another one, bandgap, is maximum for IRMOF-8 whereas, for IRMOF-

10, it is minimum as this jump between two allowed bands depends on the amplitude of potential
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and P values, which are changing because of the length of ligands and the absorption and emission

energy.
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APPENDIX A: MATLAB PROGRAMMING

Finding Energy Bands for IRMOFs

function ZincMOFPlot (beta)

syms x
fz = Q@(x) cos(x) + ((beta.*sin(x))./x):
onePos = (@ (x) 1*(x.70);
oneNeg = @(x) -1*(x.70);

xxx = 0:.01:5%pi;

plot (xxx, fz(xxx), xxx, onePos(xxx), xxx, oneNeg(xxx))
xlabel('z")

ylabel ("f(z)")

title('Energy Bands for IRMOEF')

axis ([0, 5*pi, -1.5, 31])

xticks ([0, pi, 2*pi, 3*pi, 4*pi, 5*pil])
xticklabels ({'0', "\pi',"2\pi"', '"3\pi', "4\pi', 'S\pi'})
check = 0;

num = 1;
for j = xxx
if fz(j) <=1 && fz(j) >= -1 && check ==
pos (num) = j;
check = 1;
num = num+2;
end
if fz(j) >= 1 || fz(j) <= -1 && check ==
check = 0;
end
end
for 1 = 1:2:9
rectangle('Position', [pos(i), -1, ((i+1) *pi/2) -pos (1),
2], 'FaceColor', 'c'")
end
shg;
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E vs ka curve for IRMOFs

clear
clc
xx = 0:.00001:5*p1i;
beta = 4.171;
hold on
syms x
fz = @(x) cos(x) + ((beta.*sin(x))./x);
num = 2;
num2 = 0;
num3 = -1;
check = 1;
zz (1) = 0;
for 1 = xx
if fz(i) <=1 && fz (i) >= -1
if check == 0
num2 = num2 + pi;
num3 = num3*-1;
check = 1;
end
shift (num) = num?2;
zz (num) = 1i;
num = num+1;
else
zz (num) = zz (num-1);
shift (num) = num?2;
check = 0;
end
thing (num) = num3;
end
thing = thing(2:end);

kappa = acos(fz(zz).*thing)+shift-pi;
E=zz."2 ./ pi~2;

figure (1)

plot (kappa, E, 'b.")

axis ([0, 5*pi, 0, 25])

xticks ([0,pi,2*%pi,3*%pi,4*pi,5*pi])

xticklabels ({'0', "\pi', '2\pi', '3\pi', "4\pi',

xlabel ('ka')
ylabel ('E")
shg;
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