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Abstract

Ferroelectric properties derived from the metal-organic assemblies have attracted significant
attention as an alternate choice of the conventional inorganic ceramics due to their fascinating
structural architectures, simple protocol of synthesis and no potential toxic elements. Here, a
new discrete octahedral metal-organic cage [Cus(H20)12(TPPA)g].(NO3)12.(H20)24has been
synthesized using a flexible tripodal ligand TPPA (TPPA=tris(3-pyridinyl) phosphoric triamide).

SCXRD analysis reveals that the cage is crystallized in non-centrosymmetric polar space group
(14) which is suitable to show ferroelectric behaviour. Ferroelectric measurements were
performed on the powder pressed pellet at room temperature on the Sawyer-Tower circuit. The
well resolved rectangular P-E hysteresis loop was obtained exhibiting high remnant polarization
(Py) of 39.23uCcm™ at 0.1 Hz. The switching rate strongly affects the dynamics of the domain
walls which is clearly reflected in the frequency dependent studies of P-E loop which shows a
significant decrease in the P; values when increasing the AC frequency. The ferroelectric
response is due to the ordering of disordered nitrate ions and solvate molecule which is present
between the pockets of the cages. Solvent dependent studies confirm the reversible nature of
desolvation and resolvation in this cage.



Chapter 1

Introduction

1.1 Introduction to Ferroelectric Metal-Organic Self Assemblies

Ferroelectric materials are a special type of dielectrics with spontaneous electric polarization
which can be reversed by the application of an external electric field.® Over the past decades,
substantial studies have been made on materials with ferroelectric properties from which metal-
organic self assemblies have gained remarkable attention due to their simple synthesis protocols,
fascinating structural architectures, manageability for low temperature, low cost, non-toxicity,
and their potential for numerous applications.>® These assemblies entails various interactions
such as hydrogen-bonding, ionic, coordination etc. between organic ligands and metal ions to
form discrete to higher dimensional structures.*

1.2 Dielectric Materials

Dielectric materials are electrical insulators, which can be polarized in the presence of an
external electric field. Even if they are non-conductive materials, because of an applied electric
field there is marginally shift in charges within dielectrics which leads to creating electric dipoles
in system.® The density of these induced electric dipole moments called dielectric polarization.

Electric Field, E

OQ)
OQ\Q)
@

BICIoR
SRCIORY

Distance, d Distance, d
A. Polar molecules in dielectric B. Polar molecules in the dielectric with
without electric field the application of electric field

Figure 1.1: Polarization in dielectric material in external applied electric field.



1.2.1 Polarization in Dielectric Materials

In the absence of electric field an atom is neutral by balancing the positively and negatively
charged particles, but when we apply electric field charges are imbalanced by the following
polarization mechanisms.®2

1.2.1.1 Electronic Polarization

In neutral atom nucleus is surrounded by the electronic cloud which would move from original
position towards positive electrode on the application of an external electric field. Thus this is an
induced polarization effect. The magnitude of electronic polarization is smaller than other
polarization pathways.>’

1.2.1.2 lonic/Atomic Polarization

It is related to the displacement of ions, it occurs in the ionic compound when the bond between
ions get stretched in the presence of electric field and changes the dipole moment of the
molecule. Since the ionic bond is strong there is no displacement of high magnitude, but it is
higher than electronic polarization .>’

1.2.1.3 Dipolar/Orientational Polarization

It is present in dipolar materials with permanent dipole moments. Initially all dipoles are present
in a random direction and hence there is no net dipole moment in system. When we apply
electric field molecule having a permanent dipole moment align themselves in the direction of
electric field and gives net dipole moment to system.>’

1.2.1.4 Space Charge Polarization

It is produced by the movement or migration of charge carriers by some distance through
dielectric material (via hopping, diffusion etc.) in the existence of an electric field. This charge
carriers movement can be terminated by an interface which leads to space charge formation.>’

1.2.2 Frequency and Temperature effect on Dielectric Polarization

Dielectric polarization which includes movements of ions or electrons are highly dependent on
the frequency of the applied electric field and the one with higher mass will take more time to
displace than a lighter one.



Table 1.1: Occurring frequency of different ways of polarization.

Polarization type Occurring frequency
Electronic polarization ~10%3-10% Hz

lonic polarization ~10°-10% Hz

Dipolar polarization Below 10° Hz

Space charge polarization Below 10 Hz

Dielectric polarization exhibits dependence on temperature. In ionic systems increase in
temperature increases the ion mobility and charge carriers which enhance the polarization.While
in the case of dipolar polarization as the temperature increases the polarization effect is
decreased because of increase in thermal agitation.®

1.2.3 Dielectric Constant

Dielectric constant tells about the ability of dielectric material to store electric energy when an
electric field is applied. It is also known as relative permittivity (er).

e=¢l¢g ....Eql.l
wheree is the absolute permittivity of material andeg isthe permittivity of vacuum

It is also calculated as a ratio of the capacitance of parallel plate electrodes.

Er= Cm/ CO.Eq 1.2
where Co is capacitance when there is vacuum between two plate electrodes and Cr, is
when a dielectric material is filled between two plates.>81°

1.2.4 Applications of Dielectric Materials

Dielectric materials with a high dielectric constant are used for charge storage in capacitors,
materials with a low dielectric constant are utilized in microelectronic circuits as electrical
insulators. Dielectrics are also used in transducers, heating devices, resonators, power
transformers and other high technique applications.>#10



1.3 Classification of Dielectrics

Linear dielectrics show linear nature between polarization and applied electric field. On the
removal of the electric field, this dielectric material get depolarized.'*By the mechanism of
polarization this class is further divided into

e Non-polar materials
e Polar materials

There are some dielectric materials that show high dielectric constant which indicate non-
linearity between polarization and applied electric field are called as non-linear dielectrics. They
may have non zero polarization when no electric field is applied. This special class of dielectrics
exhibit unusual properties.8®

Based on the crystal classes, the non-linear dielectrics shows important physical properties,
which include ferroelectricity, pyroelectricity and piezoelectricity. In total there are32 crystal
classes, from which 11 are centrosymmetric and the remaining 21 are non-centrosymmetric
crystal classes. From all non-centrosymmetric crystal classes 20 classes show piezoelectricity
and out of 20 there are 10 polar crystal classes which exhibit ferroelectricity and
pyroelectricity.3911
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Dielectrics
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Pyroelectrics

Ferroelectrics

Figure 1.2: Classification of dielectric materials based on crystal classes.



1.4 Piezoelectric Materials

In 1880 Curie brothers, Pierre and Jacques , first demonstrated the direct piezoelectric effect.
Piezoelectric materials are a special class of non-linear dielectrics which on application of
mechanical strain accumulate electric charge in response. Some naturally occurring piezoelectric
crystals are quartz, sucrose, Rochelle salt, topaz, tourmaline etc. Piezoelectric materials are used
in various applications such as medical devices, sonar devices, actuators, sensors,
telecommunications etc.>®

1.5 Pyroelectric Materials

Pyroelectric materials are those materials which generate electric potential when there is thermal
gradient produced around them. This effect was first discovered by Theophrastus in 314 BC.

As they are responsive to changes in temperature pyroelectric materials are mainly used in
infrared detectors, intruder alarms, energy harvesting etc.>®

1.6 Ferroelectric Materials

Ferroelectric materials are a special type of dielectric materials with spontaneous electric
polarization which can be reversed by the application of an external electric field. The compound
should be crystalline in nature and must adopt polar non-centrosymmetric point group to show
ferroelectricity.®

Ferroelectric materials shows a hysteresis loop which is a plot between their polarization (P) vs
applied electric field (E). When we increase the strength of electric field polarisation of
ferroelectric material also increases and at the higher value of the electric field it reaches to a
saturation polarization (Ps). After the removal of applied electric field there is still some
polarization at zero field called as remnant polarization (Py) and the field required to reverse the
direction of polarization is termed as a coercive field (Ec) and when we increase electric field
beyond E.we get polarization in a reverse direction.>°

Temperature plays a vital role in the observation of ferroelectricity in a material. At high
temperatures, most of the crystals drop their polar alignments of dipoles and become non polar
whereas on cooling crystal again gain polar alignments of dipoles. A temperature below/at which
crystals shows ferroelectricity called as curie temperature (T¢).

The paraelectric-ferroelectric phase transition are of two types : a) Displacive : In this
displacement of ions occurs below T b)Order-disorder : Dipolar ions reassemble to achieve
polar order below T.8%16
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1.7 History of Ferroelectric Materials

In 1920, Valasek first discovered the ferroelectric behaviour in the crystal of Rochelle salt.’®
KH2PO4 (KDP) was the first hydrogen-bonded ferroelectric introduced by Busch and Scherrer.t’
Later barium titanate (BaTiOs; BTO), first non-hydrogen bonded ferroelectric was discovered in
early 1940s. Most commercially used ferroelectrics are inorganic ceramics with perovskite
structure such as lead zirconatetitanate (PZT), LiNbOgz, and barium titanate (BTO), etc., they
displayed excellent polarization responses, the higher value of T and dielectric constant but they
exhibit some limitations because of the requirement of high cost, complex synthesis, high-
temperature processing and most importantly it contains the potential toxic element lead. This
prompted the researchers to look for alternative ferroelectric materials. Recently, ferroelectric
materials based on organic, metal-organic, charge-transfer, liquid crystalline systems gained
considerably importance because of the flexibility, easy synthesis, absence of toxic elements and
low temperature processing.®1%2

1.8 Application of Ferroelectric Materials

Based on their switchable spontaneous electric polarization, these materials are mainly used in
memory devices and field-effect transistors. Ferroelectric materials also show piezoelectricity,
pyroelectricity and high dielectric constant which leads their utility in transducers, micro-electro-
mechanical systems (MEMS), actuators, microsensors, etc. Due to their attractive properties they
are also used in electro-optical devices, light deflectors etc.?
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Figure 1.5: Applications of ferroelectrics.



1.9 Metal-Organic Ferroelectric Materials

Metal-organic ferroelectric materials consists of organic and inorganic parts (ligands, linkers,
solvent, metal ions etc.) and hence also referred to as metal organic-inorganic hybrid assemblies.
Organic components give various advantages like the variation in structure, tenability and
flexibility. In these assemblies, ligands interact with metal ions via many interactions such as
hydrogen bonding, ionic, coordination interaction etc.).? Rochelle salt is the first metal-organic
ferroelectric material.*®By using building blocks with three-fold symmetry and chiral linkers
without coordinating polar head non-centrosymmetric arrangement in metal-organic frameworks
can be achieved. The mechanism behind these systems showing ferroelectricity involves the
ordering of disordered counter anions, encapsulated guest solvent molecules, distortions around
the metal centre and rotation of ligand which bridges metal ions.25%7

There are several ferroelectric metal-organic frameworks, which crystallize in polar point group
but observed ferroelectric polarization values, and transition temperatures are far from the
practical utility, except for few. To date, various interesting families of metal organic assemblies
derived from phosphorous based ligands have been reported. These materials exhibit different
properties such as ferroelectric, dielectric, solvent sorption properties, host guest chemistries,
thermochromic and mechanochromic behaviour etc.

Thus this thesis aims:

» to synthesize and characterize new polar metal organic cages by using a phosphorous
based flexible ligand.

> to study the ferroelectric , dielectric and solvent dependent behaviour of metal-organic
cages.



Chapter 2

Materials and Methods

2.1 General Remarks

The phosphoryl chloride was purchased from Sigma-Aldrich and used after distillation because it
is very sensitive to moisture. All other chemicals used in synthesis were purchased from Sigma-
Aldrich and used without any further purification. NMR spectra were recorded on Bruker
Advanced 400 MHz DPX spectrometer at room temperature using 1,1,1,1-tetramethyl silane
(TMS) as an internal standard. Data of thermogravimetric analysis (TGA) was obtained from
Perkin-Elmer STA 1000 thermogravimetric analyzer. The powder X-ray diffraction (PXRD) data
was measured on Bruker-D8 Advance diffractometer. Spectra for FT-IR were obtained in ATR
mode on neat samples on a Bruker Alpha spectrophotometer.

2.2 Synthesis
2.2.1 Synthesis of ligand [PO(NH3®Py)s] (TPPA):

In the well stirred solution of 3-aminopyridine (7g, 0.075mol) in toluene (~100 ml) the solution
of POCIz( 1ml, 0.01mol) in toluene (20 ml) was added dropwise (POCIz&3-aminopyridine was
taken in 1:7 ratio). Then solution mixture was refluxed for 12 hrs.?® Formation of TPPA was
confirmed by NMR and MALDI-TOF. We got a yield of 70.55%.

2.2.2 Synthesis of compound [Cus(H20)12(TPPA)s].(NO3)12.(H20)24]

The solution of Cu(NO3)..6H20 (27.76mg,0.1149mmol) in water (1ml) was carefully dropwise
added to a well stirred solution of TPPA ligand (50mg, 0.1532mmol) in MeOH (3ml). The
resultant mixture was filtered by celite filtration and kept in 10ml vial, at room temperature in an
undisturbed way. After 2-3 weeks, we got blue coloured crystals of compound 1 which were
suitable for single-crystal X-ray diffraction analysis.

2.3 Crystallography

The diffraction data were collected on a Bruker Smart Apex Duo diffractometer using Mo Ka
radiation (A = 0.71073 A). The structure was refined by full-matrix least-squares on F? using
SHELXL program. Crystallographic data for compound 1 are listed in Table 2.1

9



Table 2.1:Details of crystallographic data collection

Compound 1

Chemical formula C120H192CUsNg0Os0Ps
Formula weight 4380.44
Temperature 100(2) K
Crystal system Tetragonal
Space group 14

a (A); o(°) 21.14A; 90

b (A); B(°) 21.14 A; 90
c(A); v (°) 23.96 A;90
Vv (A3); 10710(4); 2
p (calc.) mg m3 2.132

20max (°) 50

R(int) 0.1237

Data / param. GOF 1.938

R1 [F>40(F)] 01150

wR2 (all data) 0.3177
max.peak/hole (e.A?3) 1.401/-1.058

2.4 Ferroelectric and Dielectric measurements

To determine the ferroelectric and dielectric properties, powder sample of compound 1 was
compacted into pallets of 6 mm diameter and 1 mm thickness. Later, aluminium adhesive foils
were attached to pallets which eventually act as electrodes for both measurements. The
frequency-dependent dielectric measurements were carried out on the Novocontrol dielectric
spectrometer at different temperatures. The P-E loop measurements were performed on the
powder pressed pallet of compound 1 using Sawyer-Tower circuit at room temperature for
different frequencies. During hysteresis loop measurements time-dependent leakage current for
various voltage was measured.

10



Chapter 3

Results and Discussion

3.1 Syntheses

The tripodal ligand TPPA was synthesized from POCIs and 3-aminopyridine in toluene as
mentioned by M. Hong and co-workers. It is easily soluble in MeOH. In TPPA ligand the
central phosphoryl group and three pyridyl rings are connected by imino groups. Presence of -
NH- group reduces rigidity and provides flexible arm to a ligand. It is propeller-shaped tridentate
ligand with pyramidal geometry.

Scheme 3.1: Synthesis of ligand TPPA

NH, N
/ 0 = |

_ l’ - \"
Cl | Cl Toluene, (110°C) —
. Y
\ 7
N

The flexible TPPA ligand adopts various conformation as per the requirement of coordination
geometry of metal ions in the assembly process. The reaction of TPPA ligand with
Cu(NOz3)2.6H-0 in a ratio of 4:3 at room temperature resulted in the formation of the cationic
discrete octahedral cage [Cus(H20)12(TPPA)g].(NO3)12.(H20)24] (compound 1). The blue
coloured crystals of compound 1 are soluble in common polar solvents such as methanol,
acetonitrile etc.

11



Scheme 3.2: Schematic of Cmpound 1 formation

&

3.2 Crystal Structures

The X-ray crystallographic analysis reveals that compound 1 form a discrete octahedral cage of
MeLs type.MeLg coordination cage is an important species among discrete metal-ligand
assemblies. The crystal structure of compound 1 was solved in the tetragonal space group 14. The
octahedral cage consists of six hexa-coordinated Cu(ll) metal ions and eight TPPA ligands. Each
Cu(ll) ions equatorially coordinated with Npyrigyi donor site belonging to four different ligands
and axially connected with two water molecules of solvent. We can consider an imaginary
octahedron formed by all six Cu(ll) metal ions. All eight TPPA ligands present in the discrete
cage are in syn conformation with respect to P=O group. There are three 4-fold axes passing
through Cu(ll) metal ions (Figure 3.1.b) and four 3-fold axes contain P=O groups of TPPA
ligands (Figure 3.1.a). The cavity of the cageis filled with water molecules and inward-facing
P=0 moieties which makes hydrophilic environment inside the cage. Free waters molecules and
nitrate ions are present disorderly in between the pockets of the cage.

12



Figure 3.1: View of compound 1 octahedral cage along (a) 3- fold and (b) 4-fold axes

3.3 Ferroelectric and Dielectric Studies

Compound 1 crystallises in 14 space group and the space group 14 belongs to non-
centrosymmetric polar crystal class which motivated us to probe the ferroelectricity in this
assembly.

3.3.1 Ferroelectric Results:

Ferroelectric hysteresis loop is the most important observation about ferroelectric materials. The
ferroelectric measurement was performed on the powder pressed palle tof compound 1, it gives a
well resolved rectangular loop at a frequency of 0.1 Hz (Figure 3.2). The hysteresis loop
indicates the remnant polarization (P;) values of 39.23 uC/cm? and saturation polarization (Ps)
19.56 uC/cm?. The value of Ps is lesser than P; indicate that domains formed by the ordering of
nitrate ions and solvate ions require high relaxation time. The obtained coercive field (Ec) value
is 0.64 kV/cm; this noticeably low value of Ec shows that ferroelectric domains of compound 1
are easily switchable. Leakage current vs. applied field plot reveals low leakage current in the
range around 10 to 107 Acm and exhibit peaks correlated to the domain switching which is the
typical characteristic of ferroelectric materials.The ferroelectric response is due to the ordering of
disordered nitrate ions and solvate molecule which is present between the pockets of the cages.

Frequency plays an important role in the polarization of ferroelectric materials. The frequency-
dependent studies of P-E loop shows a significant decrease in the P values when increasing the

13




AC frequency showing the switching rate strongly affects the dynamics of the domain walls
(when electric field switching is fast vanishing of domain walls becomes slow and vice versa).
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Figure 3.2: Ferroelectric hysteresis loop for compound 1 at frequency 0.01 Hz.
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Figure3.3: Frequency dependent P-E loop studies.
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3.2.2 Dielectric studies:

Further, dielectric measurements were performed on pallets of compound 1. The plot of the real
part of dielectric permittivity (¢') vs. frequency at different temperatures indicates the maximum
e value of 124.4 at a frequency of 1 Hz at 45 °C (Figure 3.4.a). From the nature of the obtained
graph it is apparent that decreasing as frequency increases the value of ¢ decreases. This shows
that at lower frequencies there are enhanced contributions of all mechanism of polarisation. The
graph of ¢ as a function of temperature at different frequencies ranges between 1 to 10° Hz
shows £ maxima around 45°C and the highest value is 124.4 at 1 Hz. The intensity of ¢ peak
decreases at a higher frequencies. The real part of dielectric permittivity first increases up to 45
°C and then further decreases at a higher temperature (figure 3.4.b). The plot of dielectric loss at
different frequencies shows less dielectric loss which confirms the high dielectric nature of
compound 1(figure 3.5.a). At the temperature rises above 100 °C the higher dielectric loss was
observed due to desolvation of the compound 1(figure 3.5.b).
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120+ —6—65°C 120 -

—ia— 85°C 1
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40-_ 20 -

20 0

100- ----:Iu|01- --u{-lozv ””{"03' --.-;104- --n’iulos- --"iulos T 6 T 5'0 T 160 T 150
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Figure 3.4: Plots of the real part of the dielectric permittivity (a) vs. frequency, (b) vs.
temperature.
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Figure 3.5: Plots of the dielectric loss (a) as a function of temperature, (d) as a function of
frequency.

3.4 Solvent dependent studies of Compound 1

3.41TGA

Thermogravimetric differential analysis of compound 1 shows weight loss around 100 °C which
correspond to the loss of water molecule . There is a sudden drop of heat flow around 225 °C in
the heat flow vs. temperature plot which corresponds to the melting point of compound 1 (Figure
3.6.8). TGA studies of lgesoivated cOmpound (removal of solvent molecules) shows no weight
loss related to water molecules and for Ilresovatea COMpound (addition of mother liquor to
desolvated compound) there is weight loss corresponding to water molecules(figure 3.6.b).
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Figure 3.6:a) TGA & DTA plots of as-synthesized (1), b)TGA plots of 1, ldesolvated, aNd Lresolvated
3.4.2FT-IR

Fourier-transform infrared spectra were measured for all three samples 1, ldesolvated and Lresolvated -
FT-IR spectra of all show similar peak patterns excluding peak related to -OH stretching
frequencies of solvated molecules. In the case of laesonvated It IS absent as expected. Whereas,
both 1 and Lresovated have peak for —OH stretching of solvent species (figure 3.7).
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Figure 3.7: IR spectra for 1, Lgesolvated, aNdLresolvated-
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3.4.3 PXRD

Powder X-ray diffraction analysis confirms the formation of compound 1 as all peak patterns of
simulated peaks from the single crystal X-ray structure matches with those of the as-synthesized
compound 1. Further, desolvated compound the PXRD pattern does not match with as-
synthesized, whereas peak patterns of the resolvated compound exactly resembles with that of
the as-synthesized which confirms the reversible nature of process(figure 3.8).

4-

1 desolvated

VA Aonrh - —

1 resolvated

Intensity

1 As synthesized

1simulate-d

0 A

10 20 30 40 50

2A
Figure 38 PXRD pattern Of 1, ldesolvated, andlresolvated.
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Conclusion

e We have synthesized a new cationic discrete  octahedral  cage
[Cus(H20)12(TPPA)g].(NO3)12.(H20)24]with non-centrosymmetric and polar space group
14

e Counterion plays vital role in properties of metal-organic cages as cage formed by the
treatment of TPPA with Cu(NOz3)..6H20 shows well-resolved rectangular P-E loop and
the literature reported cage [Cus(TPPA)s(H20)6](ClO4)12(H20)24] shows no
ferroelectricity.

e Compound 1 shows a Py value 39.23 uC/cm?, Ps value of 19.56 uC/cm? and E. of 0.64
kV/cm.

e The ferroelectric response in compound 1 is due to the ordering of disordered nitrate ions
and solvate molecule which is present between the pockets of the cages.

e Frequency-dependent P-E loop studies suggest that the switching rate strongly affects the
dynamics of the domain walls.

e Solvent dependent studies confirm the reversible nature of desolvation and resolvation in
compound 1.
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