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Synopsis 

The thesis entitled "Design and Synthesis of Ferroelectric Metal-Ligand Architectures ad 

their Piezolelectric Energy Harvesting Studies" focused on designing the intelligent pathways 

to obtain the non-centrosymmetric polar metal-organic cages and coordination polymers 

based on the amino phosphorous P(V) ligand motifs with a rigid and flexible backbone (N- or 

O-donor) (Figure 1), study their structure-function property, ferroelectric, piezoelectric , 

dielectric behaviour and utlize them for mechanical energy harvesting applications. 

 

Figure 1: Outline of the Thesis. 

 

Chapter 1: Introduction 

Chapter 1 provides the basic idea relating to the materials' dielectric, piezoelectric, pyroelectric 

and ferroelectric properties. In particular, a thorough explanation of the ferroelectric 

characteristics, the polarisation mechanism, and the numerous uses of polar crystalline solids 

have been provided. Notably, a comprehensive survey on the various families of non-

centrosymmetric polar metal-ligand architectures like perovskite systems, discrete 

supramolecular cages, one, two or three-dimensional coordination polymers and hybrid salts 

has been discussed in detail where supramolecular interaction with the polar solvent molecules, 

order-disorder arrangement of the backbone is responsible for the bistable polarization. The 

primary examples of the usage of piezoelectric and ferroelectric substances and their polymeric 

composite materials for mechanical energy harvesting applications are briefly illustrated in the 

later portion of this chapter. Also, it offers a summary of the current thesis. 

Amino-P(V) 
Scaffolds

Piezo and Ferroelectric

Energy 
Harvesting 

Applications

E = O, S

Metal-Ligand assemblies
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Synopsis 

Chapter 2: Ferroelectric Behavior of an Octahedral Metal-Ligand cage and its 2D-Connected 

Cage Framework  

Supramolecular systems hold great potential as ferroelectric materials because they are easy to 

prepare and do not require toxic and environmentally damaging elements. However, directing 

the self-assembly process of a supramolecular array to yield polarizable solids is still 

challenging. Here, we describe induced ferroelectricity in a supramolecular framework of 

metal-organic cages that are supported by a flexible tripodal ligand (NHCH2-(3-Py))3PO 

(TPPA). Ferroelectric responses on the discrete cage [Cu6(H2O)12(TPPA)8](NO3)12· 45H2O 

(1) and its 2D-connected framework [{Cu6Cl4(H2O)6(TPPA)8}(NO3)8· 60H2O]n (2) yielded 

well-resolved rectangular hysteresis loops at room temperature with remnant polarization 

values of 27.27 and 29.09 μC/cm2, respectively. Thermal hysteresis measurements (THM) and 

capacitance-voltage (CV) plots further corroborate the ferroelectric behavior in these 

compounds. The polarization in them is due to the displacements of solvated molecules and 

nitrate ions in the pockets of these frameworks. 

 

Figure 2: Discrete cage and its 2D connected cage framework templated by tripodal picolyl 

phosphoramide ligand and their representative polarization vs. electric field (P-E) loop at 

room temperature 

 

Chapter 3: Visualization of Domain Structure and Piezoelectric Energy Harvesting in a 

Ferroelectric Metal-Ligand Cage 

The ferroelectric behaviour of an octahedral cage [[Ni6(H2O)12(TPTA)8]∙(NO3)12∙36H2O] (1) 

exhibiting high remnant polarization of 25.31 µC/cm2 is discovered. For the first time, clear 
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Synopsis 

domain structures and the characteristic electromechanical responses are demonstrated using 

piezoresponsive force microscopy for a thin film of 1. Owing to its mechanical energy 

conversion capability, polymer composites of 1 were employed as efficient piezoelectric 

nanogenerators.  

 

Figure 3: Single crystal X-ray structure of the discrete cage. The converse piezoelectric 

response obtained from the single-crystalline thin film of discrete cage from piezoresponse 

force microscopy (PFM) measurements. The direct piezoelectric output obtained from the 

flexible composites made up of PDMS polymer of 1 from the home-built impact stimulator. 

 

Chapter 4: Flexible Piezoelectric Nanogenerator of Two-Dimensional Metal-Organic 

Coordination Polymer that shows Efficient Electromechanical Coupling. 

The non-centrosymmetric, polar two-dimensional coordination polymer (1) obtained from the 

flexible dipodal picolyl-based phosphoramide ligand. The ferroelectric and piezoelectric 

behaviour was established by the piezoresponse-force microscopy (PFM) experiments. The 

characteristic butterfly amplitude loop and rectangular phase hysteresis loop establish the firm 

ferroelectric and piezoelectric behaviour. The high longitudinal piezoelectric coefficient (d33) 

value obtained was 82 pm/V which is unprecedented in the case of MOFs. Due to its inherent 

ferro- and piezoelectric properties, the flexible polymer composites of 1 in TPU were employed 

for mechanical energy harvesting studies. The high output value of 25.05 V and power density 

of 48.69 µW/cm2 was obtained from the 10 wt% (1-TPU) champion device. 

vi 



 
 

Synopsis 

 

Figure 4: The polar two-dimensional coordination polymer; its direct and converse 

electromechanical performance. 

 

Chapter 5: Flexible Piezoelectric Nanogenerators Based on One-Dimensional Neutral 

Coordination Network Composites. 

Metal-organic coordination polymers are modular systems whose structures can be modified 

in numerous ways to introduce and influence non-linear optical and electrical properties. 

However, their full potential as piezoelectric nanogenerators for self-powered electronics is yet 

to be uncovered. Here, we report a Zn(II) based ferroelectric 1D-coordination network 

{[Zn(L1)(bpy)]•(H2O)1.5}∞ (1) derived from a flexible dicarboxylate ligand [PhPO(NH-

(C6H4COOH))2] (L1H2) and 2,2´-bipyridine as a co-ligand. The origin of polarization in 1, 

despite its neutral structure, is due to the polyhedral distortions around the Zn(II) center as 

revealed by ab-initio calculations. The presence of polarizable domains was visualized by 

piezoresponse force microscopy (PFM) experiments. Also, from the PFM studies a sizable 

converse piezoelectric coefficient (d33) value of 19.4 pm/V was noticed for 1, which is 

unprecedentedly high for the class of neutral-network coordination polymers. Furthermore, 

flexible composite devices comprising thermoplastic polyurethane (TPU) polymer with 

different weight percentage (wt%) of 1 were prepared and examined for application as 

piezoelectric nanogenerators. Notably, the champion device of this series (poled 5 wt% 1-TPU 

composite) exhibits a highest open-circuit voltage of 5.6 V and power density output of 14.6 

µW/cm2. 
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Figure 5: A one-dimensional neutral coordination polymer obtained from the dipodal carboxyl 

functionalised phosphoramide ligand in which dipole moment is induced due to the distortion 

around the metal-centre and their polymer composite materials for mechanical energy 

harvesting studies.  
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1.1 Introduction to Ferroelectric and Piezoelectric Metal-Ligand Architectures 

Self-assembly is a powerful technique in the design of molecular and functional materials.1 

Metal-ligand self-assemblies have gained tremendous interest due to their easy synthesis, 

diverse structures, and their interesting physical and chemical properties.2, 3 Formation of self-

assembled metal-ligand motifs is achieved via the interaction of well-designed rigid and 

flexible organic linkers containing directional bonding sites (ligands) with an inorganic core 

(metal or metal-cluster centers). Moreover, these supramolecular ensembles take advantage of 

weak interactions (like covalent, hydrogen bonding, pi-pi interactions, etc.), resulting in the 

formation of discrete crystalline architectures like cages, 1D-chains (linear, helix), 2D 

coordination sheets/grids or 3D frameworks.4, 5 Due to their versatile architectures and 

functionalities, metal-ligand self-assemblies found applications in various domains such as 

catalysis,6, 7 storage and separation,8 host-guest chemistry,9-11 and electrical/optical/magnetic 

devices.12-14 Over the years, materials exhibiting ferroelectricity, magnetism, 

magnetoelectricity, and piezoelectricity are of keen interest due to their utility in molecular 

electronics, non-linear optical devices, photovoltaics, and energy-harvesting applications.15-18 

In recent times, ferroelectrics are getting prime importance because it is a subset of the 

piezoelectric and pyroelectric materials which can be utilised in technological applications.19-

25 Ferroelectric materials are an important class among all dielectrics, in which spontaneous 

polarisation can be reversed by the application of an external electric field. 

The first ferroelectric compound is the hydrogen-bonded system, which is known as Rochelle 

salt (sodium potassium tartrate tetrahydrate; NaKC4H4O6·4H2O). After that, various families 

like inorganic ceramic oxides, and organic, organic-inorganic hybrid materials were explored 

for their ferroelectric properties and further utilised in piezoelectric mechanical energy 

harvesting applications.12, 26, 27  The commercial market is dominated by inorganic ceramics, 

but they are intrinsically limited due to their requirement of high-temperature synthesis, longer 

processing time, tedious fabrication and poling procedures,  toxic and heavy metal content, all 

of which complicate their use in wearable electronics.28-30 Although organic ferroelectrics like 

PVDF (polyvinyl difluoride) and its co-polymers provide flexibility and easy solution 

processability, it suffers from poor crystallinity, requirement of high-voltage poling to enhance 

electroactive β-phase and high-temperature annealing and poling. These short-comings 

triggered the research towards alternative materials with robust polarization and high device 

performance characteristics. In this context, the organic-inorganic hybrid materials with high 
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piezo-and ferroelectric properties are highly desirable for their potential to bridge the gap 

between organic and inorganic ferroelectrics.31-33 

This thesis describes the design, synthesis and characterisation of new metal-organic 

ferroelectric materials derived from dipodal and tripodal amino-P(V) phosphoramide scaffolds. 

Subsequent discussion in this chapter provides an introduction to dielectrics and their 

subclasses piezoelectrics, pyroelectrics, and ferroelectrics, along with a brief discussion about 

the concepts and mechanisms behind them. It provides a key literature on new examples of 

metal-ligand hybrid materials showing ferroelectric materials and their further utilisation for 

piezoelectric energy harvesting applications. 

1.2 Dielectric Materials 

Dielectric materials are electrical insulators that are perturbed by the applied electric field. 

When a voltage is applied across the dielectric surface, the electric charges don’t flow through 

the material, which means it does not conduct electricity as in the case of conductors. Instead, 

the randomly arranged bound electric charges slightly get shifted from their equilibrium 

positions and aligned in the opposite direction of an applied electric field. This induces electric 

dipoles in the material, which at once leads to the generation of dielectric polarization.34  

Polarisation includes the alignment of the existing dipoles or induced dipoles in the direction 

of the electric field. There are fundamentally four mechanisms of polarisation that controls the 

behaviour of an insulator material under the electric field as described below (Figure 1.1).34, 35  

1. Electronic Polarisation: This polarisation is exhibited by all the materials, as evident 

by its name. It relates to the shifting of the electron cloud in an atom concerning the 

nucleus due to the external electric field. This creates a dipole moment within the atom. 

However, due to its small displacement, it leads to the induction of a small magnitude 

of electronic polarisation as compared to other mechanisms.34, 35 

2. Dipolar (or Orientational) Polarisation: This type of polarisation is observed in 

materials having permanent dipole moments. Due to thermal motions, all the dipoles 

are randomly aligned or oriented in the material, and the net dipole moment tends to be 

zero. However, when exposed to the external electric field, the dipoles of the material 

start drifting or orienting towards the electric field and create a net electric 

polarization.34, 35  
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3. Ionic Polarisation: As its name suggests, this type of polarisation occurs in ionic 

compounds like NaCl. In these compounds, ions are symmetrically arranged in such a 

manner that they nullify the overall dipole moment. In the presence of an electric field, 

the ions tend to displace from their positions which tends to create an overall dipole 

moment.34, 35 

4. Space Charge (Interfacial) Polarisation: This polarisation happens at the interfaces 

means the junction of the two dielectrics or the junction of the dielectric and electrode. 

When an electric field is applied, the free charge carriers at the grain boundaries tend 

to migrate to an appreciable distance through the dielectric, which becomes trapped and 

can’t  be discharged at the electrode.34, 35 

 

Figure 1.1 Schematic of various types of polarisation mechanisms in dielectrics. 

 

All dielectric materials exhibit electronic polarisation. However, in most the cases more than 

one polarisation is present. For total polarisation, we can consider all other polarisation except 

interfacial polarisation because of the lack of a method for computing the charges present in 

interfacial polarisation. 

 Total Polarization, P = Pelectronic + Pionic + Porientation    ……. Eq. 1.1 

These polarisations respond as a function of frequency as well as temperature as 

ions/atoms/molecules require time to move or orient, which turns out to be mass-dependent 

entities. The heavier entities take more time to displace than the lighter ones, a similar trend is 

witnessed for the polarisation mechanisms as going from electronic to ionic to dipolar. The 

(a) Electronic Polarization (b) Dipolar Polarization

(c) Ionic  Polarization (d) Interfacial Polarization
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slowest polarisation mechanism, which occur under 10 Hz, is interfacial polarisation. The 

dipolar mechanism is faster than the interfacial and generally persists between 101 – 109 Hz.  

The range of the ionic polarisation mechanism is even higher in between 109 – 1013 Hz. The 

electronic polarisation persists at higher frequencies (109 – 1013 Hz) means it occurs very 

swiftly. 

These polarisation mechanisms are also affected by the temperature. An increase in 

temperature contributes to increasing in the mobility of ions and charge carriers, which in turn 

increases the extent of polarisation in the case of ionic polarisation. The electronic polarisation 

comparably unresponsive to temperature, whereas a rise in temperature for dipolar polarisation 

leads to thermal agitation, which decreases or opposes the dipolar polarisation mechanism. 

1.2.1 Relative Permittivity (ɛ’) 

The relative permittivity is a quantity that measures the capacity of a material to undergo 

polarisation on the application of an external electric field. It is referred to as dielectric 

permittivity (ɛr), which can also be defined as the ratio of the charge stored in an insulating 

material between two parallel metallic plates to the charge that can be stored when the vacuum 

is present in between the plates. Hence, it is also called as relative permittivity because it is 

measured relative to the free space (ɛo). Its formula is the ratio of the material's absolute 

permittivity (ɛ) to the permittivity of the vacuum. It is a unitless quantity.34, 36 

ɛr = ɛ / ɛo           ……. Eq. 1.2 

The relative permittivity can also be calculated as the ratio of the capacitance induced by the 

insulator (Cm) kept between two metallic plates to the capacitance of air between the same 

metallic plates (Co).
34, 36 

ɛr = Cm / Co       ……. Eq. 1.3 

1.2.2 Dielectric Loss 

Dielectric loss refers to the loss of electromagnetic energy in the form of heat while a dielectric 

material subjected to an external electric field. Dielectric loss is represented as loss tangent (tan 

δ) and it is a dimensionless quantity. The higher value of tan δ corresponds to the high dielectric 

loss. 

tan δ = ɛr'' / ɛr'           ……. Eq. 1.4 

Here, ɛr'' represents the loss factor while tan δ represents the loss tangent. 
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The Dielectric loss majorly stems from conduction loss, electronic polarisation, atomic 

polarisation, ionic polarisation.  Moreover, the dielectric losses are particularly high around the 

relaxation processes or at resonance frequencies of various polarisation mechanisms. It mainly 

depends upon the frequency and the nature of the dielectric material.34, 36 

1.2.3 Dielectric Strength 

Dielectric strength is defined as the maximum potential that dielectric material can tolerate 

without electrical breakdown and become electrically conductive, and it is expressed as Volts 

per unit thickness. This value of dielectric strength puts a restriction on the electric field to be 

applied, which has to be less than the value of dielectric strength. The higher value of dielectric 

strength indicates the more insulating character of the material.34, 36 

1.2.4 Applications of Dielectric Materials 

The dielectric materials with high permittivity are utilised in capacitors to store charge and 

enhance the performance of the semiconductor device, while low permittivity dielectric 

materials are used in microelectronic circuits. The good dielectric material is the one with high 

relative permittivity, low dielectric loss and high dielectric strength. Despite this, the materials 

exhibiting high dielectric loss found applications in heating thermosetting glues, drying fibrous 

materials, etc.34, 36 

1.3 Classification of Dielectric Materials 

There are two types of dielectric materials, (a) linear (b) non-linear dielectrics.  

Linear dielectrics – In the presence of an electric field, the dielectric materials tend to polarise 

and the relative permittivity increase linearly with the electric field. When an electric field is 

reduced to zero, the dielectric permittivity retraces its path and becomes zero (attains non-

polarised state). Such materials are referred to as linear dielectrics. 

Non-Linear dielectrics – These are the special class of dielectrics that possess large relative 

permittivity and show a non-linear relationship with an electric field. The extent of polarisation 

tends to increase with the electric field but does not retrace its path when the electric field 

becomes zero. This means non-zero polarisation or non-zero relative permittivity in the absence 

of an electric field. These special dielectrics display suitable physical phenomena such as 
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polarisation due to mechanical stress (piezoelectricity), temperature gradient (pyroelectricity), 

and reversal of polarisation under a sweeping electric field (ferroelectricity).  

A critical and essential requirement for non-linear dielectric materials to exhibit these 

properties (piezo-, pyro-, or ferroelectricity) is crystallinity. Neumann gave the relationship 

between symmetry elements and physical properties of non-linear dielectric materials. There 

are 32 crystallographic point groups, out of which 11 of them belong to the centrosymmetric 

classes, which do not show any of these properties due to the presence of a center of inversion. 

Of the remaining 21 (except 432), 20 classes have no center of inversion, therefore, exhibits 

piezoelectricity in which mechanical stress induces polarisation. Out of these 20, the 10-point 

groups hold a unique polar axis and hence are called polar point groups. These point groups 

exhibit pyroelectricity (thermal energy change induces polarisation) as well as ferroelectricity 

(polarisation can be reversed by the application of an external electric field). The 

crystallographic classification and the relationship of these materials are schematically 

illustrated in Figure 1.2. As noted, ferroelectric materials are a subset of pyroelectric, which is 

a further subset of piezoelectric materials. So, all ferroelectric materials can show pyro- and 

piezoelectricity, but the reverse is not true. 

 

Figure 1.2 Classification of Dielectric materials. 

 

 

32 Symmetry
classes

(Dielectric Materials)
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21 Non-
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(Piezoelectric)
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1.4 Piezoelectricity 

Piezoelectricity is defined as the charges that accumulate on the surface across the material 

when subjected to mechanical stress. This property is adopted by those materials which are 

crystalline in nature and lack inversion symmetry. When an asymmetric crystal is subjected to 

external stress, the voltage across the material is developed. It is called the Piezoelectric effect. 

It is discovered by the French brothers Jacques Curie and Pierre Curie in the year 1880. The 

word Piezoelectric is derived from the Greek word ‘Piezein’, which means to squeeze or press. 

One of the unique features of the piezoelectric material is the inverse piezoelectric effect which 

is the opposite of the direct effect. When a voltage is applied across the material, the material 

tends to vibrate or deform (Figure 1.3). Piezoelectric materials quantified by the piezoelectric 

coefficient or piezoelectric modulus, d, is the polarization generated per unit of mechanical 

stress. There are various piezoelectric coefficients such as d31, d32, and d33.
37, 38 The each 

subscript holds a different meaning. The first subscript stands for the applied electric field, and 

the second subscript denotes the direction of the mechanical effect. The magnitude of the direct 

piezoelectric effect, d33, is expressed in the unit pC/N while for converse piezoelectric effect is 

represented in pm/V. 

 

Figure 1.3 (a) Direct (b) Converse Piezoelectric effect 

 

The Piezo-meter based on the Berlin-court method is generally employed to extract the direct 

piezoelectric coefficient, whilst the converse piezoelectric effect is measured by strain 

measurements and other surface probe methods such as PFM (Piezo-response force 

Strain (Input)

Voltage (Output)

Voltmeter

Strain (Output)

Voltage (Input)

Direct Piezoelectric effect Converse Piezoelectric effect

(a) (b)



 
 
 

 
Page 9 

   
 

Introduction Chapter 1 

 
microscopy). Piezoelectric materials are widely used for sensing, microphones, energy 

harvesting and as actuators and motors.38, 39 

1.5 Pyroelectricity 

It is the ability to generate an electric potential across the material when it is heated or cooled. 

This special class of dielectrics belongs to those materials which adopt one of the ten polar 

point groups (i.e. spontaneously polarised). The spatial position of the atoms modifies slightly 

within the crystal lattice in response to the change in temperature. The pyroelectric effect found 

many applications in various fields, such as thermal and gas sensing devices, infrared sensors 

and detectors, and for pyroelectric power generation.34 

1.6 Ferroelectricity 

Ferroelectrics are a special class of pyroelectrics in which the direction of spontaneous 

polarisation can be reversed or reoriented by the application of an external electric field. To be 

ferroelectric, a crystal requires the adoption of the space groups that are polar in nature. Thus, 

the ten polar point groups are C1, Cs, C2, C2v, C3, C3v, C4, C4v, C6 and C6v.  

Ferroelectric materials are characterised by the unique rectangular hysteresis loop (P-E), which 

reflects the dynamics of electric domains when an external electric field is applied (Figure 1.4).  

The hysteresis loop can be understood as follows. When one starts to apply an electric field, 

the domains start orientating in a particular direction and become saturated at point C, and this 

polarisation is known as saturation polarisation (Ps). When the field strength is reversed to zero, 

the polarisation does not follow the same path; rather, some domains remain aligned in a 

positive direction which leads to remnant polarisation (Pr). To nullify this remnant polarisation, 

some extra field in the negative direction is required, which is called a coercive field (Ec). 

Further, increment in the electric field in the negative direction, the polarisation completely 

reverses its direction, which is commonly referred to as switching and this way, it completes a 

rectangular loop.34, 40 
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Figure 1.4 Typical Polarisation (P) vs Electric field (E) hysteresis loop. Adapted with 

permission from ref. 40. Copyright © 2012, American Chemical Society 

 

Ferroelectricity does not happen at all temperatures. There is a transition happening from a 

high temperature, high symmetric paraelectric phase to a low temperature, low symmetric 

ferroelectric phase and this happens at a particular temperature which is called Curie 

temperature (Tc). There are two conventional mechanisms of phase change, including (1) 

displacive type and (2) order-disorder type (Figure 1.5). Many inorganic ceramics show a 

displacive type mechanism in which relative displacement of ions induces spontaneous 

polarisation, while an order-disorder type mechanism involves a reorientation of dipolar 

groups. For example, the NO2
- ions of NaNO2 re-aligns from the disordered positions to the 

ordered position inducing ferroelectricity.  
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Figure 1.5 Mechanisms behind paraelectric to the ferroelectric phase transition. Adapted with 

permission from ref. 40. Copyright © 2012, American Chemical Society 

 

The P-E hysteresis loop is an indispensable proof for the characterization of a ferroelectric 

material. Recently, microscopic techniques such as Piezoresponse force microscopy is 

employed to visualize the polarization domains and the amplitude and phase response of the 

polar domains. Ferroelectric phase transitions can be characterised by employing various 

techniques such as temperature-dependent single-crystal X-ray diffraction or powder X-ray 

diffraction, temperature-dependent Second-Harmonic Generation (SHG), Differential 

Scanning Calorimetry  (DSC) techniques, etc.40 

 

1.7 History of Ferroelectric Materials and Their Classification  

Ferroelectricity was discovered by Valasek in the year 1920, who gave its name as an analogy 

of ferromagnetism.26 After fifteen years, the first example of hydrogen-bonded ferroelectric 

KH2PO4 (KDP) was discovered by Busch and Scherrer.41  In the early 1940s, the first non-
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hydrogen bonded ferroelectric system barium titanate (BaTiO3, BTO) was discovered. 

Following that, many other oxide compounds such as lead zirconate titanate (Pb(ZrTi)O3; 

PZT), KNbO3, and LiNbO3, etc., were discovered, and they accelerated the research towards 

the application of ferroelectrics in various devices.42 Owing to the widespread possibility of 

chemical compositions and crystal structures, researchers have explored ferroelectricity in 

several compound classes ranging from ceramic oxides, polymers, liquid crystals to organic-

inorganic hybrids.43  

The most commercially predominant ferroelectric materials are ceramics or inorganic oxides 

owing to their large polarisation values, fatigue-free, large relative permittivity values, higher 

Tc values, etc. However, they are intrinsically limited due to the high-temperature synthesis, 

rigidity, environmentally hazardous toxic and heavy metals, high voltage poling, etc., which 

prompted the search for alternative materials. The polymers like PVDF and its co-polymers are 

being commercially utilised for many applications like piezoelectrics, pyroelectrics, and 

ferroelectrics.44 But its low crystallinity and large coercive field required for the reorientation 

of dipoles limits their use.27, 45 In this regard, the discovery of ferroelectricity in small 

molecules and self-assembled supramolecules (such as non-centrosymmetric crystals of 

molecular/polymeric organic or organic-inorganic hybrids) have shown enormous potential as 

an alternate choice of materials.27, 40 

Among all of them, metal-ligand coordination complexes have been the focus of interest as 

organic-inorganic hybrid ferroelectric materials due to their structural tuenability, 

compositional variability, environment-friendliness due to the presence of 3d-metal ions, ease 

of synthesis, low cost, and noteworthy ferroelectric properties. Also, the covalent and non-

covalent interactions facilitate the arrangement of the polar atoms into ordered assemblies. The 

non-covalent interactions create asymmetry in the electron density of the interacting molecules 

and hence assist in generating the desired polar dipoles. Thus, the introduction of secondary 

forces, such as hydrogen bonds, charge transfer, and molecular rotation, in lattice structures 

could assist in generating ferroelectric assemblies. 

1.8 Ferroelectricity in Metal-Ligand Coordination Complexes 

The metal-organic ferroelectric serves as a hybrid class of materials that bridges the gap 

between inorganic and organic ferroelectric materials. There are several advantages of metal-

organic materials, such as structural tunability, compositional variability, and flexibility due to 

the presence of both inorganic and organic counterparts (metal ions, linkers/ligands, solvent, 

counteranions). As a result, a vast array of metal-organic compounds that can display 
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ferroelectricity are feasible, including coordination complexes, host-guest assemblies, ionic 

metal-organic salts, etc. The first ferroelectric material is a metal-organic salt (Rochelle salt) 

containing tartrate as anions and K+ and Na+ ions as cations.26 Subsequently, researchers 

explored ferroelectricity in Rochelle salt analogous with other cations such as NH4
+, Li+, and 

Tl+ in place of K+ and Na+ ions.  

 

Figure 1.6 (a) A general representation of the crystal structures for the metal-formate 

framework and their organic guest cations (A). (b) Variation in the ferroelectric polarisation as 

a function of polar distortions (λ=0 corresponds to centric and λ=±1 corresponds to polar 

configurations) for the Mn-formate frameworks with different organic cations. (c) Variation in 

polarisation as a function of polar distortions and (d) magnetoelectric (ME) coupling observed 

for the [(CH3)2NH2]Mn(HCOO)3 framework. Adapted with permission from ref. 49. Copyright 

© 2013, American Chemical Society 
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Following this, various families of compounds such as metal-organic sulfates, metal-amino 

acid systems, organo-halogenometallates, metal-formates, and metal-carboxylates have been 

studied for their potential ferroelectric properties.40 These metal-organic assemblies are often 

similar in structure to ferroelectric ceramics. For example, metal formates exhibit the ABX3 

perovskite type three-dimensional lattice composed of infinite metal-formate chains, which 

serve as X-sites, divalent transition metal-ions as B-sites, and organoammonium ions as 

interstitial guests, which serve as A-sites.40, 46-48 Similar to ceramic materials, the polarisation 

in metal-organic systems originates from the order-disorder or displacive type mechanism, 

which resulted from the host-guest interactions in the form of hydrogen bonding, π-π 

interactions, and dipolar interactions. Stroppa and co-workers suggested by theoretical 

calculations that engineering the A-site cations alter the ferroelectric polarisation in Mn-based 

perovskites (Figure 1.6a). The enhancement of ferroelectric polarisation by replacement of 

[NR4]
+ units with cationic phosphorus moieties such as alkyl/aryl phosphonium cations 

([PR’xR4-x]
+) is predicted. The Mn-formate framework with a hypothetical A = 

[PH3(CH2CF3)]
+ motif possesses the highest value of polarisation of ~ 6 µCcm-2 (Figure 

1.6b).49 Interestingly, the coexistence of ferromagnetism and ferroelectricity (multiferroicity) 

was observed in the Mn-formate framework having dimethylammonium (DMA) cation, 

[(CH3)2NH2]Mn(HCOO)3, which reveals the magnetic ordering and ferroelectricity at 4 and 

180 K, respectively.50 This multiferroic MOF shows order-disorder type structural phase 

transition at 180 K where the highest observed polarisation (of 1 µCcm2-) is quite different 

from theoretically predicted polarisation values of 7.3 µCcm2- (Figure 1.6c). This discrepancy 

was explained by using the SHG imaging technique, which shows a possible inhomogeneity in 

the orientation of its ferroelectric domains. Further enhancement of polarisation and ordering 

in it was observed at 4 K by the application of external magnetic fields (Figure 1.6d).  

Apart from these, several metal-organic frameworks (MOFs) have also been studied for their 

ferroelectric behaviour.51 Using (a) three-fold symmetric building blocks, (b) chiral linkers, (c) 

linkers with non-coordinating polar head groups, and (d) polar guests that interact with the host 

MOF through supramolecular interactions, the non-centrosymmetric arrangement can be 

accomplished in MOFs. Mak and co-workers have synthesised a homochiral metal-organic 

framework from Co(II) ions and (1,3-dicarboxy-5-benzyl)carboxymethylglycine and 1,3-

bis(4-pyridyl)ethane linkers. It contains helical water columns in its packing structure.52 These 
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infinite water channels resulted in an ordered chain of polarisable molecules which led to 

solvation (on) and desolvation (off) assisted ferroelectric switching behaviour (Figure 1.7). 

 

Figure 1.7 Solvent-dependent structural transformation and on-off switching of ferroelectric 

behaviour in a Co(II) based metal-organic framework. Adapted with permission from ref. 52. 

Copyright © 2013, American Chemical Society 

 

Pardo and co-workers reported post-synthetic modification of a chiral metal-organic 

ferroelectric framework Ca6
II{Cu24

II[(S,S)-hismox]12(OH2)3]·212H2O (abbreviated as Ca-

BioMOF) via a solid state single crystal to single crystal (SC to SC) process.53 The Ca-BioMOF 

undergoes a cation (Ca2+) exchange reaction with strong dipolar CH3NH3
+ (abbreviated as MA) 

cations to yield MA-BioMOF of formula (CH3NH3)12{Cu24
II[(S,S)-hismox]12(OH2)3]·178H2O 

(Fig. 1.8a-c). Both these MOFs are isomorphous and crystallise in the chiral polar space group 

R3. Hysteresis loop measurement of MA-BioMOF exhibits a below room temperature 
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ferroelectricity (Pr = 1.06 µCcmˉ2) at 103 K (Fig. 1.8d). However, a double hysteresis loop has 

been obtained above its TC (> 260 K), which supports the presence of an antiferroelectric nature 

before it reaches the paraelectric phase.53 

 

Figure 1.8 Perspective view of the crystal structures of (a) Ca-BioMOF and (b) MA-BioMOF 

along the c axis (Ca, purple; N, blue; C, gray; H, pink; Cu, cyan polyhedra). (c) View of their 

Cu24 baskets showing the exchange of the Ca2+ cations with CH3NH3
+ cations. (d) P-E loops 

of MA-BioMOF at different temperatures. Adapted with permission from ref. 53. Copyright © 

2017, American Chemical Society 

 

Ligands derived from pseudo-C2 symmetric and C3 symmetric platforms offer an attractive 

approach for the designing of metal-organic assemblies with ferroelectric properties. Thus, by 

utilising a series of isomeric flexible dipodal and tripodal amino-P(V) ligands, metal-organic 

assemblies with diverse structures in both centrosymmetric and non-centrosymmetric space 

groups have been obtained.54-57 Treatment of PhPO(NH3Py)2 (
3Py = 3-pyridyl) with Cu(II) ions 

gave a helical coordination polymer of formula {[Cu2L4(H2O)2]·(ClO4)4·5(H2O)·(CH3OH)ꝏ} 

in presence of perchlorate ions (Fig. 1.9a). A controlled substitution of some of the perchlorates 

with nitrate ions retains the helical cationic structure as 

[Cu3L6(H2O)3]·(ClO4)5·(NO3)·11(H2O)ꝏ. Interestingly, the former helical assembly exhibits a 
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rectangular ferroelectric hysteresis loop with Pr = 1.8 µCcmˉ2, while the latter shows a distorted 

loop with a lower Pr value of 0.55 µCcmˉ2 (Figure 1.9b). The lowering of the Pr value for the 

mixed anion-containing assembly was attributed to the variations in the long-range order 

caused by the doping of the nitrate ions into the packing structure of the perchlorate anions. 

This suggests that the presence of nitrate anion in the packing structure has an effect in altering 

the asymmetry of the system, which causes a change of polarisation. The corresponding 4-

pyridyl (4Py) substituted ligand PhPO(NH4Py)2 gave rise to a polar 2D-framework of formula 

[CuL2(H2O)2]·(NO3)2·1.5(H2O)·(CH3OH)ꝏ for the Cu(II) ions (Figure 1.9c,d). This 2D 

[CuL2]n derived assembly exhibits a fatigue-free high polarisation value of 28 µCcmˉ2 

(0.1Hz) and 21 µCcm-2 (1Hz) at room temperature, with the considerably low coercive field 

of 5.9 kVcm-1 (Figure 1.9e). Also, it exhibits a broad dielectric anomaly peak at 40 °C, 

exhibiting desolvation-assisted relaxor behaviour (Figure 1.9f). 

 

Figure 1.9 (a) Packing structure of the [CuL2]n based 1D helical assemblies showing the 

location of anions in their trigonal channels. (b) Their corresponding P-E loops show anion-

dependent ferroelectric behaviour. (c) Crystal structure of a [CuL2]n based 2D-sheet structure, 
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obtained from an isomeric 4-pyridyl substituted ligand. (d) The schematic of its unit cell box 

in its solvated and desolvated phases. (e) Ferroelectric hysteresis loops of the as-synthesised, 

desolvated, and resolvated samples of the 2D- [CuL2]n assembly and its temperature 

dependence of the real part of dielectric permittivity (ε'). Adapted with permission from ref. 

55. Copyright © 2015, American Chemical Society Adapted with permission from ref. 56. 

Copyright © 2014, American Chemical Society.  

 

Treatment of the ligand PhPO(NH3Py)2 with the nitrate salts of first-row transition metal ions 

(M) such as Cu(II), Ni(II), and Co(II) ions leads to the formation of an interesting family of 

Metallo-cavitands of formula [M4L8(H2O)8]·(NO3)8·x(H2O) (or simply M4 cavitand) that can 

encapsulate hydrated alkali-metal guest cations (Figure 1.10a). For the Ni(II) and Co(II) ions, 

these tetrameric cavitands exhibit ferroelectric behaviour with guest-dependant variations in 

their polarisation attributes (Figure 1.10b). Both these cavitands were shown to encapsulate a 

series of hydrated alkali metal cations, such as [Li(H2O)5]
+, [Na(H2O)5]

+, [K(H2O)8]
+, 

[Rb(H2O)9]
+ and [Cs(H2O)10]

+, having high hydration spheres (Fig. 1.10c-e). The dipole 

moment (ONIOM) calculations performed on the cavitand assembly shows that almost 60% of 

the polarisable dipoles in them originate from the intrinsic guest solvates. The P-E loop 

measurements gave notable polarisation values in the range of 27-30 μCcm−2 (Fig. 1.10f). 

Furthermore, all these host-guest systems show sizable variations as the cavitands with hard 

Li+ ions exhibit the maximum (fatigue) tolerance, and the ones with higher polarisable Cs+ ions 

show a reduction in Pr values up to 35%, after 105 switching cycles (Fig. 1.10g). The reduction 

of polarisation for the Cs+ ion encapsulated systems at higher cycles can be attributed to its size 

and compact fitting within the cavitand structure. 

BinXue and co-workers have prepared MIL-53(Cr) MOF with a polar linker by continuous 

flow chemistry.58 The continuous flow approach can be employed to achieve the quick 

synthesis of MOFs without sacrificing product quality by optimising the critical reaction 

parameters.59-62 MIL-53(Cr)-F structures consist of terephthalic acid ligands substituted by the 

polar atom fluorine (Figure 1.11a). The impact of the fluorine group on the MIL-53(Cr) 

structure was examined by using SHG microscopy. Figure 1.11b,c displays the optical pictures 

and SHG images of the MIL-53(Cr) and MIL-53(Cr)-F powders, respectively. It is evident that 

SHG is significantly produced by MIL-53(Cr)-F. MIL-53(Cr), in contrast, does not produce 

SHG. The MIL-53(Cr)-F's SHG signal denotes the presence of an acentric organisation. 
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Figure 1.10 (a) The core structure of the M4-tetrameric cavitands (M=Ni and Co) and the 

preferred location for guest encapsulation in them. (b) Ferroelectric hysteresis loop for the Ni4 

cavitand at room temperature. (c) The tetragonal packing structure in M4 cavitand (M=Ni and 

Co) and (d) view of a 1D-channels formed by the eclipsed stacking of the cavitands that runs 

parallel to the c-axis. (e) Idealised core structures of hydrated alkali metal guest cations along 

with their geometries and primary hydration spheres. Comparison of (f) the Pr values and (g) 

ferroelectric fatigue behaviour for all the guest-encapsulated Ni4 and Co4 cavitands (“Hy.” 

before the symbol of alkali metal refers to their hydrated form in the host-guest assembly). 

Adapted with permission from ref. 56. Copyright © 2017 The Royal Society of Chemistry 
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In addition, local ferroelectric hysteresis loops were extracted from the surface of the MIL-

53(Cr)-F nanoparticles using piezoresponse force spectroscopy (PFS). In order to capture the 

MIL-53(Cr)-F piezoelectric responses, the amplitude butterfly loops were recorded with the 

DC in the off state. The amplitude-bias butterfly loop and phase hysteresis loop displays the 

existence of ferroelectricity and piezoelectric characteristics of the MIL(Cr)-53-F. 

  

Figure 1.11 (a) MIL-53(Cr)-F MOF. Optical and SHG images of MIL-53(Cr)-F (b) and MIL-

53(Cr) (c). Piezoresponse-force spectroscopy results of MIL(Cr)-53-F: (d) amplitude-bias 

‘butterfly’ loop (e) phase-bias loop. Adapted with permission from ref. 58. Copyright © 2021 

The Royal Society of Chemistry 

 

Yi Zhang and co-workers confirmed the ferroelectricity in an amphidynamic 2D coordination 

polymer (15-crown-5)Cd3Cl6 (CCC).63 Amphidynamic crystals are made of a combination of 

dynamic materials that exhibit conformational motions in certain directions and static elements 

that direct crystalline order. This coordination polymer is composed of inorganic stators and 

organic rotators (crown-ether); and exhibits van der Waal interactions between the layers 

(Figure 1.12a,b). Single-crystal analysis reveals that at the high-temperature phase (HTP) 

(a) (b)

(c)

(d) (e)



 
 
 

 
Page 21 

   
 

Introduction Chapter 1 

 
exhibits centrosymmetric structure with space group P21/n while at low-temperature phase 

(LTP) symmetry lowers and attains space group P21. At high temperatures, the rotation of 15-

crown-5 is noted signifying a disordered position, while at low temperatures, it gets frozen at 

a fixed position (ordered phase) (Figure 1.12c,d). In addition to structural analysis, the SHG 

measurement reveals the signal appears up to Tc = 320 K, and further, its intensity decreases 

upon heating (Figure 1.12e). The characteristic rectangular P-E loop along with the peaks at 

the coercive field, which corresponds to the two stable polarisation states, confirms the 

ferroelectricity (Figure 1.12f). The two mechanisms involved here can be termed geometric 

ferroelectricity and sliding ferroelectricity. The geometric and sliding ferroelectric contribution 

was analysed by monitoring the ion positions from the single-crystal X-ray diffraction and DFT 

calculation. Geometric ferroelectricity involves the disorder-order transition of crown-ether 

when going from high temperature phase (HTP) to the low-temperature phase (LTP). The two 

apical chloride ions of the crown-ether are likewise marginally impacted by the polar crown-

ether. For each distinct layer, a dipole can be produced by the crown ether in the LTP. The 

other ferroelectric origin, as shown by analysis of the HTP and LTP structures of CCC is due 

to the interlayer sliding present along the b-axis. The relative sliding distance in the ac plane is 

0.30 Å using the cadmium ions in crown-ethers as a distance indicator (0.62 Å between the ±P 

ferroelectric states) (Figure 1.12g).  
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Figure 1.12 Single-crystal X-ray diffraction structure of CCC in HTP (a) with the van der Waal 

stacking along the b-axis (b) Top view of an individual layer. Top view of crown-ether in HTP 

(c) and (d) LTP. (e) The SHG intensity of the powder sample of CCC as a function of 

temperature. (f) The P-E hysteresis loop along with the leakage current plot. (g) The ion 

displacements of CdCl2 chains. Solid outlines, HTP; dashed outlines, LTP (±P). For clarity, 

the organic parts are not shown. The arrows indicate the sliding directions with respect to Cd1 

and not the polarisation directions. Adapted with permission from ref. 63 Copyright © 2022, 

The Author(s), under exclusive licence to Springer Nature Limited 

 

1.9 Applications of Ferroelectric Materials 

Ferroelectric materials are utilised in various domains since their polarisation can be switched 

under an external electric field. Ferroelectric materials are used in non-volatile memory 

devices, such as ferroelectric random access memory (FeRAM) and ferroelectric field-effect 

transistors (FE-FETs). These devices offer high-density storage and fast data access.23, 24, 64, 65 

(a) (b)

(c) (d)

(f) (g)

(e)
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In addition, the diverse physical characteristics of piezoelectricity, pyroelectricity, dielectric 

permittivity, and nonlinear optical behaviour allow ferroelectric materials to be used in a 

variety of additional applications (Figure 1.13).22, 66-72 Ferroelectric materials are used in the 

field of non-linear optics due to their large second-order non-linear susceptibility and high non-

linear electro-optic coefficients. These properties make ferroelectric materials suitable for use 

in devices such as frequency converters, optical modulators, and optical switches. Owing to 

the inherent pyroelectric nature of ferroelectric materials, their use as infrared detectors is well 

understood. These detectors are used in a variety of applications, such as thermal imaging, 

night vision, and temperature sensing, pertaining to their high pyroelectric coefficients and 

their ability to generate an electrical charge in response to infrared radiation.  

 

Figure 1.13 Numerous uses for non-linear dielectric materials, including piezo, pyro, and 

ferroelectric materials. 

 

Ferroelectric materials are used frequently in transducers, actuators, microsensors, 

microphones, micro speakers, micro-electro-mechanical systems (MEMS), etc., because of 

their intrinsic piezoelectricity. Furthermore, nowadays, there is a lot of focussed interest on 

Ferroelectric 
Materials
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harvesting and converting waste mechanical energy due to the electromechanical coupling of 

ferroelectric materials.73  

Ferroelectric materials are therefore set to be innovative materials for the creation of flexible 

self-powered electronics in the future. In view of this, the following section elaborates on using 

piezo- and ferroelectric materials for mechanical energy harvesting applications. 

1.10 Piezo and Ferroelectric Properties for Mechanical Energy Harvesting Applications 

Energy is one of the important resources that dictate the quality of our life. Energy consumption 

increases drastically day by day, which is largely fulfilled by non-renewable resources like 

fossil fuels. Due to the excessive consumption of the fast fuel reserves, there is a need to 

develop energy resources that are renewable and eco-friendly. There are various energy 

resources like solar, thermal, wind, biomass, and mechanical energy which can be collected 

and utilised.74-77 

Among them, mechanical energy exists abundantly in our local environment, but the majority 

of it gets wasted and ignored, such as human body motions, walking, breathing, arm stretching 

and folding, etc.78, 79 These electromechanical responses can be harnessed by a small portable 

device called nanogenerator and further can be utilised as an energy source for wearable 

electronics and sensors in biomedical applications.80 

The semiconducting ZnO nanowires were discovered as the first piezoelectric nanogenerator 

by Zhang et al.81 The nanowires are deflected in response to conductive atomic force 

microscopy in contact mode. The area of 10 µm x 10 µm was scanned, and an output voltage 

of 8 mV and output power of 0.5 pW was obtained with an applied frequency of 1 MHz. 

However for commercial purposes, the output performance is very low, presumably due to its 

low piezoelectric coefficient (d33 = 12 pC/N). It is noteworthy that the d33 is directly 

proportional to the remnant polarisation (d33 α ɛPr) of the materials. Since piezo- and 

ferroelectric materials have permanent dipole moments and high spontaneous polarisation are 

demanded to level up the overall performance of the device. 

Inspired by the discovery of ZnO nanowires as a nanogenerator, researchers explored various 

ferroelectric materials made up of inorganic oxide ceramics such as lead zirconate titanate, lead 

titanate, barium titanate and sodium niobate as mechanical energy harvester.78, 82-84 Despite 

their high performance, the requirement of high-temperature synthesis, the longevity of 

processing time, the requirement of high voltage poling procedures, and the presence heavy 

and toxic metal atom such as lead impede their widespread use in wearable electronics.  
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To overcome this, organic polymers like polyvinylidene fluoride (PVDF) and its co-polymers 

have been utilised as piezoelectric energy harvester. However, achieving the enhancement of 

the polarisable β-phase itself is a challenging task.31-33 Interestingly, the metal-ligand hybrid 

materials with high polarisation render an attractive approach as an alternative due to their 

facile synthesis, easy processing, lightweight, low cost etc.  

Dipankar Mandal and co-workers utilised the crystalline naphthyl amine bridged [Cd(II)-μ-I4] 

two-dimensional (2D) metal–organic framework (MOF) to reinforce the electroactive β-phase 

of PVDF for piezoelectric energy harvesting applications (Figure 1.14a).85 The piezoelectric 

coefficient of these composite nanofibres was 41 pC/N due to the large interfacial interaction 

of −CH2−/−CF2– dipoles of PVDF with 2D MOF. The highly flexible composite film was then 

electroded by using Cu–Ni plated polyester fabric and then finally encapsulated with PDMS 

(Figure 1.14b). The highest open-circuit voltage of 22 V and corresponding power density of 

22 μW/cm2 under applied stress of 22 kPa (Figure 1.14c,d). Further, they have also explored 

its acoustoelectric performance, which demonstrates its ability to act as an active sensor that is 

sensitive to different acoustic vibrations. 

 

Figure 1.14 (a) Schematic diagram of the as-synthesised MOF with its X-ray diffraction 

pattern. (b) Photograph of the electrospun fiber mat in a combination of MOF with PVDF. (c) 

Photograph of the encapsulated fabricated device with PDMS along with the flexibility and 

(a)
(b) (c)

(d) (e)
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rollability. (d) The open-circuit voltage of the composite assembly under a pressure of 22 kPa. 

(e) Output voltage and corresponding power density across various load resistances. Adapted 

with permission from ref. 85. Copyright © 2021, American Chemical Society 

 

Boomishankar and co-workers explored the ferroelectric and piezoelectric properties of A4BX6 

type lightweight metal ion containing organic-inorganic hybrid salt composed of phosphonium 

cations and NiII isothiocyanate ions and demonstrated its piezoelectric energy harvesting 

properties (Figure 1.15a).86 The rectangular ferroelectric hysteresis loop was obtained on the 

sawyer-tower circuit having remnant polarisation of 18.71 μC cm2− (Figure 1.15b). The stable 

charge-separated structure comprising of octahedrally coordinated [Ni(NCS)6]
4− ions and 

cationic phosphorous centers and the polarisable non-covalent interactions between them is 

responsible for high polarisation in them. They have embedded this hybrid material in flexible 

piezo-inactive TPU (Thermoplastic polyurethane) polymer, which exhibits the maximum 

output of 19.29V and power density of 2.51 mW cm3− of 15 wt% hybrid device (Figure 

1.15c,d). Further, the generated output voltages from this hybrid device was utilised for 

charging different rated capacitors. 
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Figure 1.15 A4BX6 type organic-inorganic hybrid salt composed of phosphonium cations and 

NiII isothiocyanate ions. (b) P-E hysteresis loop. (c) Piezoelectric energy harvesting 

performance of different weight percentages of hybrid material composite in combination with 

TPU polymer. (d) The voltages and their corresponding power density across different load 

resistances. Adapted with permission from ref. 86. Copyright © 2020 Wiley‐VCH Verlag 

GmbH & Co. KGaA, Weinheim 

 

Recently, Gazit and co-workers have demonstrated nanogenerators constructed from a Zn-

peptide-based coordination polymer, in which the output performance was governed by the 

choice of guest molecules (Figure 1.16a).87 They demonstrated that MeCN among the five 

different guest solvents, namely dimethylformamide (DMF), acetonitrile (MeCN), isopropyl 

alcohol (IPA), acetone, and ethanol (EtOH), act as a structure-directing agent and alter the 

symmetry of the unit cell (Figure 1.16b). They designed and fabricated the Zn-peptide-based 

coordination polymer with MeCN solvent crystals between the two gold-coated silicon dioxide 

(a) (b)

(c) (d)
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substrates and finally encapsulated them with the Kapton tape to protect them from external 

interference (Figure 1.16c). The output signal of 1.42 V was obtained when periodically 

compressed with 25 N force (Figure 1.16d). 

 

Figure 1.16 (a) Zn-peptide based coordination polymer. (b) The alignment of guest solvent 

MeCN in the Zn-peptide framework channel is circled in red along with the resultant molecular 

dipole along the a-axis (green arrow). (c) Schematic fabrication of the piezoelectric 

nanogenerator using the Zn-peptide MOF. (d) Piezoelectric energy harvesting performance of 

the composite of Zn-peptide MOF. Adapted with permission from ref. 87. Copyright © 2022, 

American Chemical Society 

  

From all the above mentioned studies, it is evident that there are very limited number of 

examples of MOFs and high performing metal complexes that show ferroelectric behaviour. 

Importantly, MOF based polymer composite devices are unknown for non-piezoelectric 

polymers for piezoelectric energy harvesting applications. In view of this, the objectives of the 

present thesis are outlined as below. 

 

 

 

(a) (b)

(c) (d)
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1.11 Objectives of the Thesis 

The thesis demonstrates the design and synthesis of ferroelectric metal-ligand architectures and 

their piezoelectric energy harvesting studies. Chapter 2 will discuss the synthesis of discrete 

and its 2D connected cage framework by employing a flexible tripodal phosphoramide ligand. 

Earlier work in this field showed ferroelectricity in such octahedral cage and its 1D-connected 

cage framework. Use of a more flexible ligand [PO(NHCH2
3Py)3] gave rise to a 2D-connected 

cage framework of these cages upon ligand exchange that shows ferroelectric properties as 

expected for these series of compounds. Chapter 3 will describe the synthesis of new discrete 

Co- and Ni-based discrete octahedral cages using tripodal ligand [PS(NH3Py)3], which display 

excellent ferroelectric and piezoelectric properties. For the first time, the flexible polymer 

composites of these cages were shown for mechanical energy harvesting applications with a 

polydimethylsiloxane (PDMS) matrix. Chapter 4 will discuss the synthesis of a two-

dimensional coordination network by employing a flexible dipodal phosphoramide ligand 

[PhPO(NHCH2
3Py)2] with 4-pyridyl functionalities. This metal-ligand assembly was shown to 

exhibit excellent ferroelectric and piezoelectric properties analysed by piezoresponse force 

microscopy analysis. Further, the flexible polymeric composites of this assembly were 

prepared in combination with (thermoplastic polyurethane) TPU polymer for piezoelectric 

energy harvesting applications. Chapter 5 will describe the synthesis of a neutral one-

dimensional coordination network templated by a carboxyl-functionalised dipodal 

phosphoramide ligand [PhPO(NHC6H5COOH)2] and an N-donor bipyridyl ligand. The 

ferroelectric and piezoelectric properties of this assembly were analysed by the Sawyer-Tower 

circuit and Piezoresponse force microscopy analysis. Further, the mechanical energy 

harvesting performance was tested by preparing the flexible polymer composites of these 

hybrid materials with TPU. 

Thus, the present thesis focus: 

 To synthesise the low symmetric pyridyl and carboxylate functionalised dipodal or 

tripodal phosphoramide ligand and its coordination assemblies with transition metal 

ions. 

 To study their non-symmetric nature, ferroelectric, dielectric, and piezoelectric 

properties. 

 To explore these hybrid materials for mechanical energy harvesting applications in the 

form of piezoelectric nanogenerator embedded in non-piezoelectric polymers. 
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2.1 Introduction 

Ferroelectricity is the property of polar crystalline substances exhibiting spontaneous electric 

polarization, which can be reversed by sweeping the direction of the electric field.1 

Ferroelectric materials find many technological applications, such as in memory devices and 

sensors.2-5 Recent studies explored ferroelectrics as solar- and mechanical-energy harvesting 

systems.6-9 Most commercial ferroelectrics utilize ceramic metal oxide systems.10-12 However, 

these materials are mostly brittle, require high processing temperatures and often contain heavy 

and toxic elements. Aiming to overcome these issues, molecular and polymeric systems have 

been explored to achieve better flexibility, light weight character, low temperature synthesis 

and processing techniques.13-21 Metal-organic frameworks are promising ferroelectrics because 

of the many ways in which their structures can be constructed and modified.22, 23 However, 

uncovering the mechanism behind their ferroelectric behavior is challenging because of the 

complexity of their structures.8, 24-26 

Our group has been interested in the ferroelectric behavior of metal-organic assemblies 

supported by di- and tripodal phosphoramide ligands of the type [PhPO(NHPy)2], (Py = 3-

pyridyl (3Py) or 4-pyridyl (4Py)) and [PS(NH3Py)3].
8, 27, 28 We were able to obtain axially 

symmetric octahedral M6L8 cages using the tripodal [PS(NH3Py)3] ligand and reversibly 

connect these cages to form hierarchical frameworks of discrete, 1D, 2D and 3D-structures.26 

While the discrete and 1D-frameworks exhibited ferroelectric behavior, this could not be 

established for the 2D and 3D-frameworks of this series since these were plagued by poor 

crystal quality that hampers the electrical measurements on them. Hence, we focused on the 

design of new ligands to improve the structural integrity and the ferroelectric response of these 

materials. Herein, we report the synthesis and ferroelectric behavior of the octahedral cage 

assembly [Cu6(H2O)12(TPPA)8](NO3)12·45H2O (1) and its 2D-cage connected framework 

[{Cu6Cl4(H2O)6(TPPA)8}(NO3)8·60H2O]n(2). These are supported by the tris(N-(3-

picolyl))phosphoramide ligand (NHCH₂-(3-Py))₃PO (TPPA). The ligand is more flexible due 

to the introduction of internal CH2 groups that connect the bridge-head P=O unit with the three 

coordinating pyridyl rings. Crystals of 1 and 2 gave the remnant polarization (Pr) values of 

27.27 and 29.09 μC/cm2, respectively. This is the first report on the observation of ferroelectric 

behavior in a 2D-framework of octahedral cages. The observation of ferroelectric behavior in 

these cage-derived systems reinforces the effect of disordered anions and solvates in governing 

the polarization in supramolecular metal-ligand systems.  
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2.2 Experimental section 

2.2.1 General remarks 

All manipulations involving phosphorous halides were performed under dry nitrogen or argon 

atmosphere in standard Schlenk-glassware. The solvent toluene was dried over sodium. 3-

picolylamine was purchased from Aldrich and used as received. POCl3 was purchased locally 

and was distilled prior to use. Cu(NO3)2·3H2O was purchased from Aldrich and used as 

received. NMR spectra were recorded on a Jeol 400 MHz spectrometer (1H NMR, 400.13 MHz; 

13C{1H} NMR, 100.62 MHz; 31P{1H} NMR, 161.97 MHz) at room temperature using SiMe4 

(1H, 13C) and 85% H3PO4 (31P). The MALDI-TOF spectra were obtained on an Applied 

Biosystem MALDI-TOF/TOF spectrometer. The powder X-ray diffraction (PXRD) data were 

obtained from a Bruker-D8 Advance diffractometer. Thermal analysis (TGA) data have been 

obtained from a Perkin-Elmer STA-6000 thermogravimetric analyzer. The measurement of the 

second harmonic generation was carried out by using the method of Kurtz and Perry. The 

fundamental wavelength is 1064 nm generated by a Q-switched Nd:YAG laser with a 

frequency doubling at 532 nm. The samples were filled into a capillary tube and a powdered 

potassium dihydrogen phosphate (KDP) sample was used as the reference. Elemental analyses 

were performed on a Vario-EL cube elemental analyzer. FT-IR in attenuated total reflectance 

(ATR) mode was taken on neat samples on a Bruker Alpha spectrophotometer. Melting points 

were obtained using an Electro thermal melting point apparatus and were uncorrected.  

2.2.2 Synthesis 

2.2.2.1 Synthesis of tris(N-(3-picolyl))phosphoramide (TPPA): To a stirred solution of 3-

picolylamine (3.80 mL, 4.042g, 37.38 mmol) in toluene (~ 100 mL) at 0 °C, POCl3 (0.5 mL, 

0.82 g, 5.34 mmol) in 10 mL of toluene was added drop wise through a pressure equalizer 

funnel and the reaction mixture was refluxed for overnight until a white precipitate was formed. 

The toluene was decanted and the solids were extracted in dichloromethane three times. The 

combined dichloromethane extracts were evaporated under reduced pressure to yield the pure 

ligand. Crystals of TPPA were obtained by slow evaporation of a solution from methanol. 

Yield: 1.56 g (79.18%). M.P.: 105-110 °C. 1H NMR (CDCl3):  8.45 (d, 3H, CH(pyridyl)), 

dd, 3H, CH(pyridyl)), 7.56 (td, 3H, CH (pyridyl)), 7.12 (dd, 3H, CH (pyridyl)),  

4.07 (t, 3H, NH),  3.59 (d, 6H, CH2). 
13C  NMR (CDCl3):  42.77, 123.63, 135.36, 

135.88, 148.53, 148.87. 31P NMR (162 MHz,{(CD3)2SO}):  16.78. MALDI-TOF: 391.12 (M 
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+ Na)+, 407.09 (M + K)+ Anal. Calcd. for C18H21N6OP: C, 58.69; H, 5.75; N, 22.81. Found: C, 

56.38; H, 3.261; N, 20.89. 

2.2.2.2 Synthesis of Compound 1: To a stirred solution of TPPA (50 mg, 0.135 mmol) in 

MeOH (3 mL), Cu(NO3)2·3H2O (98.25 mg, 0.407 mmol) in H2O was added. An initially 

formed bluish green precipitate was dissolved by adding water (2-3 drops) giving rise to a blue-

colored solution. The resulting solution was stirred for 2 h and was filtered through a thick pad 

of celite. Blue crystals suitable for SCXRD analysis were obtained from the filtrate after five 

days. Yield: 80%. M.P. 82-87 °C. FT-IR data on powder (cm-1): 3457, 3238, 1601, 1425, 1314, 

1178, 1079, 882, 784, 702, 599, 552. Anal. Calcd. for C144H282N60O101P8Cu6: C, 33.92; H, 5.57; 

N, 16.48. Found: C, 32.26; H, 2.323; N, 15.10. 

2.2.2.3 Synthesis of Compound 2: To a stirred solution of TPPA (50 mg, 0.135 mmol) in 

MeOH (3 mL), Cu(NO3)2.3H2O (98.25 mg, 0.407 mmol) in H2O (0.5 mL) was added. An 

initially formed bluish green precipitate was dissolved by adding water (2-3 drops) giving rise 

to a blue-colored solution. After 30 minutes of stirring, an aqueous solution of NaCl (excess) 

was added to the mixture. The resulting solution was stirred for 2 h and was filtered through a 

thick pad of celite. Blue crystals suitable for SCXRD analysis were obtained from the filtrate 

after five days. Yield: 85%. M.P. 92-98 °C. FT-IR data on powder (cm-1): 3431, 3230, 1606, 

1423, 1329, 1166, 1096, 874, 794, 698, 640. Anal. Calcd. for C144H300Cl4N56O98P8Cu6: C, 

33.55; H, 5.87; N, 15.22. Found: C, 32.72; H, 4.72; N, 16.08. 

2.2.3 Crystallography: Reflections were collected on a Bruker Smart Apex Duo 

diffractometer at 100 K using MoKradiation ( = 0.71073 Å). Structures were refined by 

full-matrix least squares against F2 using all data using SHELX.29 All non-hydrogen atoms 

were refined anisotropically if not stated otherwise. The phosphoryl oxygen atom in 2 is 

disordered over two sites. The nitrates ions in the asymmetric units of both 1 and 2 were 

disordered. The disordered fragments were refined with the similar distances and the similar 

U-restraints by using the SIMU/SAME command of the Shelx. Crystals of 1 and 2 were weakly 

diffracting at higher angles and hence their data were truncated to 2θ = 50°. Hydrogen atoms 

were constrained in geometric positions to their parent atoms. (Table 2.1) 
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Table 2.1: Crystallography data table for TPPA, compound 1 and 2. 

Compound TPPA 1 2 

Chemical formula C18H21N6OP  C144H282Cu6N60O101P8 C144H300Cl4Cu6N56O98P8 

Formula weight 368.38 5099.8 5155.2 

Temperature 100(2) K 100(2) K 100(2) K 

Crystal system Monoclinic Cubic Tetragonal 

Space group P 21/n Pn -3 n I 4 2 2 

a (Å);  (°) 

b (Å); (°) 

10.7016(16); 90 

9.1589(13);96.172(4) 

23.1600(19); 90 

23.1600(19);90 

20.236(6); 90 

20.236(6);90 

c (Å);  (°) 18.330(3) ; 90 23.1600(19); 90 29.872(9); 90 

V (Å3); Z 1786.2(4); 4 12423(3);2 12232(8); 1 

ρ (calc.) mg m-3 1.370  1.363 1.400 

μ(Mo K) mm-1 0.175  0.654 0.706 

2θmax (°) 50.042 50.048 50.052 

R(int) 0.0671 0.0888 0.0861 

Completeness to θ 100 % 99.4 % 99.7 % 

Data / param. 3152 / 254 1835 / 135 5420 / 327 

GOF 1.040 1.113 1.202 

R1 [F>4σ(F)] 0.0603 0.1292 0.1163 

wR2 (all data) 0.1590 0.3813 0.3537 

max.peak/hole 

(e.Å-3) 

1.209/-1.042 0.851/-0.595 1.469/-0.667 

 

2.2.4 Ferroelectric and Dielectric measurements: The ferroelectric hysteresis loops for 1 and 

2 were measured on single crystals of dimensions 1.36 x 1.63 x 0.65 and 1.28 x 0.82 x 0.60 

mm, respectively, by using a Sawyer-Tower circuit. The measurements pertaining to the 

polarization and fatigue cycles were recorded using hysteresis loop analyzer (TF Analyzer 

2000E, aixACCT, Germany). Leakage currents were measured dynamically for various voltage 

steps during the hysteresis loop measurements. Powder samples of 1 and 2 were compacted in 

the form of discs (of approximately 10 mm diameter and 1 mm thickness) to measure dielectric 
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properties. The compacted discs were subsequently electroded using aluminum adhesive foils 

for both measurements. The dielectric characteristics for 1 and 2 were measured using the 

Novocontrol, Dielectric Spectrometer. 

2.3 Results and Discussion 

2.3.1 Synthesis and crystal structures 

The ligand TPPA was synthesized by refluxing 3-picolylamine and POCl3 in toluene (Scheme 

1). The 31P NMR of the ligand yields a single signal at δ 16.78 ppm while MALDI-TOF spectra 

showed m/z values of 391.12 and 407.19 corresponding to [M+Na] and [M+K] ions (See 

Figures 2A.1-2A.3, Appendix 2). Treatment of TPPA with Cu(NO3)2·3H2O in 1:3 ratio in 

MeOH/H2O mixtures gave [Cu6(H2O)12(TPPA)8](NO3)12•45H2O (1), which consists of 

discrete octahedral cages. Reaction of 1 with NaCl in MeOH/H2O yielded the 2D-connected 

cage framework [{Cu6Cl4(H2O)6(TPPA)8}O3)8·60H2O]n (2); in it every cage is connected to 

four others via chloride bridges between Cu(II) centers. Both 1 and 2 were obtained as blue 

crystals from the slow evaporation of their reaction mixtures (Scheme 2.1). 

Scheme 2.1: Schematic diagram showing the formation of cage 1 and its 2D-connected cage 

framework 2. Images of the crystals of 1 and 2 under the microscope and their dimensions are 

given on the right side. 
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Single crystal X-ray structure analysis reveals that compound 1 crystallizes in cubic space 

group Pn-3n. Each Cu(II) center of the cationic cage [Cu6(H2O)12(TPPA)8]
12+ shows a Jahn-

Teller-distorted octahedral coordination (Figure 2.1a  and Appendix 2, Figures 2A.4-2A.5). Its 

equatorial positions are occupied by the N-atoms of four TPPA ligands while the axial positions 

bind two water molecules. The discrete cages have chiral octahedral symmetry (point group 

O). The six Cu2+ ions coincide with the 4-fold rotation axes while the TPPA ligands occupy 

the 3-fold rotation axes. The P=O groups are oriented towards the cavity of the cage. Hence, 

the crystal is a racemate containing cages of opposite handedness, which form a cubic pseudo-

body-centered packing (Figure 2.1b and Appendix 2, Figure 2A.6). The solvent accessible 

volume of the cavity inside the cage measures 436 Å3 which is 7.0 % of the total volume 

(Appendix 2, Figure 2A.7a). It is occupied by disordered water molecules forming a cage like 

hydrogen bonded network that is connected to the P=O groups and the copper bound water 

molecules (Appendix 2, Figure 2A.8). However, the bulk of the void volume is found between 

the cages. It forms an extended 3D-channel structure that occupies 39.4 % of the total volume; 

it contains nitrate anions and water molecules (Appendix 2, Figure 2A.7b). They form a 

hydrogen bonded network that also involves cage bound NH groups and Cu-coordinated water 

ligands (Figure 2.1c and Appendix 2, Figure 2A.9). The contents of both internal and external 

voids are highly disordered. 
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Figure 2.1: (a) Octahedral core structure of 1. (b) Packing view of 1 showing the extrinsic 

voids filled with disordered nitrate anions and solvated water molecules. (c) Closer view of the 

H-bonded chains of nitrate anions and water molecules (both solvated and coordinated) that 

are responsible for the long-range polar order. 

 

Crystals of 2 exhibit space group symmetry I422. The cages are linked via Cu-Cl-Cu bridges 

resulting in a two-dimensional square-grid type framework (Figure 2.2a). These grids are 

packed on top of each other so that nodes of one layer sit above squares of the next layer 

resembling the layered structure of SnF4 (I4/mmm), (Appendix 2, Figure 2A.10).30 The 

homochiral nature of the grid shows that the handedness is passed on from one cage to another 

via the chloride bridges. Neighboring layers have the same handedness which contrasts the 

racemic nature of the earlier reported 2D-framework that is supported by ligands PS(NH3Py)3 

(Appendix 2, Figure 2A.11).28 Crystals of 2 have the composition 

[{Cu6Cl4(H2O)6(TPPA)8}(NO3)8·60H2O]n. The two non-bridging Cu-coordination sites are 
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occupied by water molecules. The endo sites bind chloride and water molecules with varying 

site-occupancies. As a result, the inside void of the cages is slightly smaller than 1 and measures 

371 Å3 (6.1 % of total volume), while the external void volume, which again forms a 3D-

channel network, makes up 37.1 % of the total volume (Appendix 2, Figure 2A.12). Similar as 

in 1 the inner voids are filled with water molecules, while the external channels contain nitrate 

ions and water molecules. Again, the contents of the voids are highly disordered; nitrate ions 

are distributed over two sites in pockets of the hydrogen bonded network (Figure 2.2b and 

Appendix 2, Figure 2A.13). 

 

Figure 2.2: (a) View of the 2D-framework in 2 along the c-axis. b) View of disordered nitrate 

ions at the extrinsic pores of 2 and their interactions with disordered water molecules. 

 

2.3.2 Ferroelectric and dielectric studies 

The polarization in these compounds result from the toggling of nitrate ions as part of a 

hydrogen-bonded network with water molecules hosted by the mainly static framework of 

cages. It should be pointed out that the non-polar space groups of these compounds only reflect 

the symmetry of the rigid frameworks of cages, but not the disordered ions and molecules 

occupying the void spaces. Attempts to resolve the disorder by performing X-ray diffraction 

on polarized crystals remained futile due to the very low scattering contributions and diffuse 

character of nitrate ions and water molecules occupying the voids. The P-E hysteresis loops of 

1 and 2 were measured on single crystals by using a Sawyer-Tower circuit at room temperature. 
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For 1, the measurements can be performed along any of the two opposite crystal faces due to 

its cubic symmetry. The measurements on 2 were performed across the larger face that 

coincides with the [1 0 -1] plane (Appendix 2, Figure 2A.14). The nitrate anions and H-bonded 

solvated water molecules run parallel to this plane giving rise to long-range polar order that is 

reversible (Figure 2.2b). 

 

Figure 2.3: P-E hysteresis loop and the corresponding leakage current plots for the single 

crystals of (a) 1 and (b) 2. The C-V curves of (c) 1 (d) 2. 

 

The P-E loop measured on single crystals of 1 at 0.1 Hz shows a high remnant polarization (Pr) 

value of 27.27 C/cm2 (Figure 2.3a). The plot of current density (J) vs. electric field (E) gives 

two opposite peaks at the coercive fields (Ec) corresponding to two stable states with opposite 

polarity. Based on the J-E curves, the saturation polarization (Ps) and the coercive field (Ec) 

were found to be 25.91 C/cm2 and 0.22 kV/cm, respectively. Similar measurements on 2 at 

0.1 Hz, gave a Pr value of 29.09C/cm2 at room temperature. Also, from the obtained J-E 

curves, the Ps and Ec values were estimated to be 26.79 C/cm2 and 0.56 kV/cm, respectively 

(Figure 2.3b). The considerably small coercive fields (Ec) suggest swift switching of the 
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ferroelectric domains in both these crystals. As observed in most supramolecular ferroelectrics, 

the obtained Pr values are smaller than the Ps for both 1 and 2. Normally, the elastic energy of 

the bonds plays a vital role in domain evolution and the field dependent polarization switch. 

As a result, the supramolecular ferroelectrics based on weak interactions may often exhibit 

higher Pr than Ps due to the slower switching of polarization in comparison with those of the 

conventional oxide ferroelectrics.31 

In addition to the P-E hysteresis curves, capacitance vs. voltage (C-V) curves were also 

measured for both these assemblies. The C-V characteristics were measured by sweeping the 

voltages up and down between 0 and ±60V and 0 and ±100 V, respectively, on the crystals of 

1 and 2 (Figures 2.3c and 2.3d). During the measurements, the capacitance peaks are observed 

upon ramping up the dc voltages and are absent when the dc voltages are brought down. Also, 

the C-V curves of 1 and 2 indicate hysteresis behavior with a characteristic butterfly like shape 

because of the reversal of polarization direction in the developed domain structure. The 

voltages corresponding to the capacitance peaks are related to the coercive field while the 

polarization switching matches closely with those obtained in their corresponding P-E loops 

and J-E curves. The switching asymmetry observed in the P-E loops and J-E curves can also 

be seen in the obtained C-V curves.32-34 

The ferroelectric fatigue measurements on the crystals of 1 and 2 shows the retention of more 

than 50% of the Pr values even after 104 switching cycles (Figures 2.4a). Furthermore, the 

temperature dependent P-E hysteresis loop measurements supported the ferroelectric nature of 

the obtained P-E loops in 1. For this, the thermal hysteresis measurement (THM) data were 

obtained on 1 in which remnant polarization is measured against temperature. Generally with 

increase in temperature, the Pr decreases. However, the polarization in 1 increases from 7.25 

to 28.83 C/cm2 at 0.8 Hz along the same driving voltage when the temperature is increased 

from 299.5 K to 321.7 K (Figures 2.4b). Such increments in Pr may be attributed to the 

alignment of some randomly oriented domains with rising temperature.35 With further increase 

in temperature, crystals develop cracks and loss of crystallinity. For 2, such measurements gave 

inconsistent values probably due to the random loss of solvates upon heating the sample. In 

addition, room temperature second harmonic generation (SHG) experiments were performed 

on the finely grounded and unsieved powder samples of cages. The observed SHG efficiencies 

of 7.2% and 9.0% for 1 and 2, respectively, corresponding to the standard potassium 

dihydrogen phosphate (KDP) sample confirms the ferroelectric nature of these materials. 
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Figure 2.4: (a) Ferroelectric fatigue data for 1 and 2. (b) Observed trends in the obtained 

remnant polarization (Pr) values of 1 as a function of temperature from the thermal hysteresis 

measurement (THM). 

 

The temperature dependent dielectric permittivity measurements were carried out at various 

frequencies in the range of 103 – 106 Hz on compact polycrystalline pellets of 1 and 2. Figures 

5a and 5b shows the dielectric curves for 1 and 2 with the anomaly peaks centered on 353 and 

363 K, respectively. As with other similar cages,26 the broad nature of these anomaly peaks is 

attributed to the desolvation of the framework. The observed ' values at 1 kHz for 1 and 2 at 

298 K are 55 and 32, respectively, shooting up to 635 and 111 at their respective anomaly 

points. The motional dynamics of the polar water molecules and the anions located in the 

pockets of cages could, in principal, result in such high relative permittivity values at higher 

temperatures.36, 37 Furthermore, the frequency independent behavior of the anomaly peaks 

implies that both 1 and 2 behave as relaxor-free dielectric materials. The plot of ' vs. frequency 

for 1 and 2 shows a decreasing trend in the dielectric permittivity values with increasing 

frequencies indicating the engagement of all polarization mechanisms (Appendix 2, Figures 

2A.15-2A.16,).1, 38 The corresponding dielectric loss (tan ) plots also follow the same trend 

and support the high dielectric and ferroelectric nature of these assemblies (Appendix 2, 

Figures 2A.17-2A.20). 

2.3.3 Solvent-dependent studies 

In contrast to the previously reported cages,26, 28 the desolvation assisted dielectric transitions 

in 1 and 2 occur over much narrower temperature ranges. Variable temperature PXRD 
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measurements on the bulk samples of 1 and 2 indicate loss of crystallinity above the transition 

temperatures. The crystallinity, however, is restored after a few drops of the mother liquor were 

added (Figure 2.6 and Appendix 2, Figure 2A.21). The reversible switching between solvated 

crystalline and desolvated amorphous phases is mirrored in the FT-IR spectra recorded in the 

ATR mode. They show signals in the region of 3600-3100 cm-1 due to solvated molecules of 

water, which mostly disappear in the desolvated phase, but then re-emerge to their original 

intensity upon addition of mother liquor (Appendix 2, Figures 2A.22-2A.23). The 298 K single-

crystal X-ray diffraction analyses of 1 and 2 indicate that the space group symmetries of their 

crystals remain unchanged and their unit cell parameters were closely similar to those obtained 

from 100 K data. In fact, the crystal structure of 1 could be solved at 298 K that shows large 

thermal ellipsoids particularly to the organic parts of the molecule (Appendix 2, Table 2A.21-

2A.2 and Figure 2A.24).  

The TGA of 1 and 2 shows the initial weight loss of around 18% at 70 °C due to the loss of 

both solvated and coordinated water molecules. Both 1 and 2 were found to be stable up to 170 

°C. The TGA of the desolvated samples of 1 and 2 (1desolvated and 2desolvated) shows no major 

weight losses at the initial temperatures and shows the stability of the frameworks up to 170 

°C. However, the original TGA profiles of 1 and 2 were almost restored upon resolvation by 

adding a few drops of their corresponding mother liquor. (Appendix 2, Figures 2A.25-2A.28). 

Furthermore, the P-E loop measurements performed on compacted pellet samples of 1desolvated 

and 2desolvated shows resistor-type behaviour, signifying the role of the solvate molecules in the 

packing structure of 1 and 2 in restoring the long-range order responsible for their ferroelectric 

polarization (Appendix 2, Figures 2A.29).27 

 

Figure 2.6: Powder X-ray diffraction (PXRD) pattern for the various samples of 2. 
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2.4 Conclusion 

In conclusion, we have synthesized an octahedral Cu6L8 cage containing the more flexible 

tripodal tris(N-(3-picolyl))phosphoramide ligand. Formation of the 2D-framework was 

achieved by introducing bridging chloride ions. Both 1 and 2 showed ferroelectric response 

due to the toggling of nitrate anions within a hydrogen bonded network with water molecules. 

The observed Pr values of 27.27 C/cm2 (1) and 29.09 C/cm2 (2) are consistent with those 

reported for similar types of cage compounds. The ferroelectric nature in 1 and 2 were further 

confirmed by butterfly-like hysteresis loops obtained in C-V measurements as well as by the 

thermal hysteresis measurements in the case of 1. The observation of high relative permittivity 

supports the presence of stable dipoles in both of these assemblies. These results shed further 

light on the role of unconventional type of mechanisms such as toggling of anions that control 

the origin of ferroelectric behavior in metal-ligand assemblies. 
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3.1 Introduction 

Developing clean and renewable energy scavenging methods is of growing interest to meet the 

global mandate of reducing the carbon footprint. Mechanical force is an abundant energy 

resource that is readily available in our environment and yet remains unprocessed.1, 2 

Miniaturized energy conversion systems (nanogenerators) based on ferroelectrics are attractive 

since materials with high remnant polarization and low rigidity yield significant piezoelectric 

responses.3-6 Until now, most commercial piezoelectric nanogenerators have been mainly 

assembled from traditional inorganic ceramics such as BaTiO3 and organic polymers such as 

polyvinylidene fluoride (PVDF) because of their high polarization.4-7 Despite that, with the 

increasing demand for devices based on thin films, the use of inorganic ferroelectrics for this 

application is hampered by their heavy metal content and complicated film-forming 

procedures. In contrast, PVDF films require external additives and a high-voltage poling 

process.8-10 Thus, alternate materials such as single-component organics, two-component 

hybrids and metal-ligand assemblies have been investigated for their ferroelectric properties 

and nanogenerator applications.11, 12 In this context, the use of polar metal-ligand systems is 

desirable as they can be easily assembled from environmentally benign light-weight transition 

metal ions and simple organic ligands. Our group has been interested in the design of 

ferroelectric [MII
6L8]

12+ type metal-ligand octahedral cages supported by tripodal N-donor 

ligands.13-15 Though the ferroelectricity in these axially symmetric cages was probed by typical 

P-E hysteresis loop measurements, visualization of ferroelectric domain structures and 

piezoelectric energy harvesting on their thin films were not explored until now due to the 

challenges associated with the solution stability of these framework assemblies.    

Herein, we report a new Co(II) and Ni(II)-based ferroelectric metal-organic cage 

[Co6(H2O)12(TPTA)8]∙(NO3)12∙48H2O] (1) [Ni6(H2O)12(TPTA)8]∙(NO3)12∙37H2O] (2) along 

with the entire portfolio of studies on its noncentrosymmetric structure, ferroelectric behaviour, 

and piezoelectric energy harvesting functionality. Ferroelectric hysteresis loop measurements 

on a single crystal of 1 and 2 showed a saturated polarization (Ps) of 3.72 and 15.58 µC/cm2 

respectvely. By employing the piezoresponse force microscopy (PFM) technique, we could 

visualize the ferroelectric phase and amplitude images on its micrometer-scaled crystalline thin 

film grown on a Pt substrate. We have also demonstrated the switchable stress-voltage 

hysteresis of 1 and 2 using the PFM spectroscopy. Moreover, we were successful in obtaining 

flexible composites of 1 and 2 with polydimethylsiloxane (PDMS) polymer, which gave a 
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maximum open-circuit voltage (Vpp) of 9.54 V for 20 wt% in case of 1-PDMS and 25.35 V for 

its 10 weight percent (wt%) 2-PDMS nanogenerator device. Energy storage was demonstrated 

by harvesting the output voltages obtained from the 10 wt% 2-PDMS device for charging 

electrolytic capacitors. To the best of our knowledge, this is the first report on a discrete metal-

ligand cage that reports both the visualization of ferroelectric domain structures and the 

fabrication of its polymer composite devices as electric energy nanogenerators.  

3.2 Experimental Section 

3.2.1 General Remarks 

All manipulations involving phosphorous halides and solvent purification were performed 

under a dry nitrogen atmosphere in standard Schlenk-glassware. The precursors 

Ni(NO3)2·6H2O, Co(NO3)2·6H2O and 3-aminopyridine was purchased from Merck and used 

as received. PSCl3 was purchased locally and was distilled prior to use. The ligand TPTA was 

synthesized by following our earlier reported procedure.14 The powder X-ray diffraction 

(PXRD) data were obtained from a Bruker-D8 Advance diffractometer. Thermal analysis 

(TGA) data have been obtained from a Perkin-Elmer STA-6000 thermogravimetric analyzer. 

Elemental analyses were performed on a Vario-EL cube elemental analyzer. FT-IR in 

attenuated total reflectance (ATR) mode was taken on neat samples on a Bruker Alpha 

spectrophotometer. Melting points were obtained using an Electro thermal melting point 

apparatus and they were uncorrected. 

3.2.2 Synthesis 

3.2.2.1 Compound 1: To a stirred solution of TPTA (40 mg, 0.116 mmol) in MeOH (4 mL), 

Co(NO3)2.6H2O (102 mg, 0.350 mmol) in H2O (1 mL) was added dropwise. The resulting blue 

solution was filtered through a cellite pad and left for crystallization. The suitable blue block 

crystals for SCXRD analysis were obtained after five days. Yield: 65 %. M.P. 190-195 °C. FT-

IR data on powder (cm-1): 3396, 3224, 1583, 1327, 1270, 1116, 1062, 1031, 941, 807, 693, 

603.  Anal. Calcd. for C120H252N58Co6O96P8S8: C, 29.41; H, 5.18; N, 16.57; S, 5.23. Found: C, 

28.42; H, 5.20; N, 16.51; S, 5.12. 

3.2.2.2 Compound 2: To a stirred solution of TPTA (40 mg, 0.116 mmol) in MeOH (4 mL), 

Ni(NO3)2.6H2O (102 mg, 0.350 mmol) in H2O (1 mL) was added dropwise. The resulting blue 

solution was filtered through a cellite pad and left for crystallization. The suitable blue block 

crystals for SCXRD analysis were obtained after five days. Yield: 62 %. M.P. 190-195 °C. FT-
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IR data on powder (cm-1): 535.75, 693.60, 942.20, 1117.05, 1195.83, 1324.91, 1387.76, 

1502.48, 1584.56, 1627.16, 2966.77, 3189.22.  Anal. Calcd. for C120H218N60O85P8S8Ni6: C, 

30.55; H, 4.66; N, 17.81; S, 5.44. Found: C, 30.82; H, 4.94; N, 17.62; S, 5.35. 

3.2.3 Crystallography 

Reflections of 1 and 2 were collected on a Bruker Smart Apex Duo diffractometer at 100 K 

using MoKradiation ( = 0.71073 Å). Structures were refined by full-matrix least squares 

against F2 using all data using SHELX. All non-hydrogen atoms were refined anisotropically 

if not stated otherwise. Hydrogen atoms of water molecules were therefore omitted in the 

refinement due to the high ambiguity in their positions. The nitrate anions and solvates were 

disordered in the asymmetric unit. The disordered fragments were refined by using similar 

distances and similar U-restraints (SAME/SIMU) routines of the SHELXL. 

Table S1. Crystallographic data for 1. 

Compound 1 2 

Chemical formula C120H252N58Co6O96P8S8 C120H218N60Ni6O85P8S8 

Formula weight 4768.56 4718.03 

Temperature 100 K 100 K 

Crystal system Tetragonal Tetragonal 

Space group I4 I4 

a (Å);  (°) 21.021(6) Å; 90° 21.034(8) Å; 90° 

b (Å); (°) 21.021(6) Å; 90° 21.034(8) Å; 90° 

c (Å);  (°) 24.278(6) Å; 90° 24.440(9) Å; 90° 

V (Å3); Z 10728(6) Å3; 2 10813(9) Å3; 2 

ρ (calc.) mg m-3 1.475 1.449 

μ(Mo K) mm-1 0.680 0.747 

2θmax (°) 50.484 50.484 

R(int) 0.1014 0.0978 

Completeness to θ 99.5 % 100 % 

Data / param. 13276/611 9530/602 

GOF 1.066 1.066 
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R1 [F>4σ(F)] 0.1639 0.1147 

wR2 (all data) 0.3364 0.2865 

max.peak/hole (e.Å-3) 0.908/-1.088 1.617/-1.191 

 

3.2.4 Non-linear Optical Measurements 

Non-linear optical studies were performed using an attenuated output from a Coherent Astrella 

Ti:sapphire regenerative amplifier providing 800 nm laser pulses at a 1 kHz repetition rate and 

of 75 fs duration. A Kurtz-Perry test16 was performed at 293 K. Potassium dihydrogen 

phosphate (KDP) was used as a second harmonic generation (SHG) reference. The single 

crystals of 1 and 2; and those of KDP were crushed with a spatula and sieved through a mini-

sieve set (Aldrich), collecting a microcrystal size fraction of 250–177 μm. Next, size-graded 

samples were fixed between microscope glass slides (forming tightly packed layers), sealed, 

and mounted to the sample holder. Average power of an 800 nm beam, equal to 245 mW, - 

with a spot area of 0.5 cm2 was employed. The laser beam was directed onto samples at 45° 

and was unfocused in all cases. Signal-collecting optics, mounted to the glass optical fiber, 

were placed perpendicularly to the plane of the sample (backscattering geometry), which was 

placed on a horizontally aligned holder. Scattered pumping radiation was suppressed using a 

750 nm short-pass dielectric filter (FESH0750, Thorlabs). The emission spectra were recorded 

by an Ocean Optics Flame T spectrograph. 

3.2.5 Preparation of the Thin Film Crystallites of 1 and 2 for PFM Measurements 

The compound 1 and 2 (10 mg) was taken along with 0.5 mL of distilled water in an Eppendorf 

and sonicated until the dissolution of 1. The solution was subsequently drop-casted on the Pt 

substrate and left to stand at room temperature. The pink and blue-coloured micrometer-sized 

crystallites of 1 and 2 respectively were observed on the Pt substrate after one hour. 

3.2.6 Piezoresponse Force Microscopy Characterization 

PFM visualization of the ferroelectric domain structure on 1 and 2 microcrystal surface and the 

thin film was carried out using a commercial AFM system [MFP-3D, Asylum Research in the 

contact mode (Vector mode)]. A conductive Pt-coated silicon probe was used for domain 

imaging in lateral and vertical orientation [SCM-PIT-V2 by Bruker, (Pt/Ir coated tip) with a 

spring constant of 2.8 N/m and a tip radius of 25 nm]. Resonance-enhanced PFM mode was 

used to enhance the signal with a frequency of 285 kHz and an AC amplitude of 2 V. The d33 
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values were calculated by recording amplitude the signal at the first contact resonance of the 

cantilever by changing the tip bias voltage. For non-centrosymmetric materials, due to the 

converse piezoelectric effect, the Amp (cantilever) = d33 x VAC x Qfactor (tip).17 We obtained the 

amplitude signal by varying the AC bias, and later calculated the d33 values using the above 

equation. The switching ability of the domains on thin films was checked by the application of 

external DC bias of ±50 V using the PFM tip in contact mode. 

3.2.7 Ferroelectric and Dielectric Measurements 

The ferroelectric hysteresis loops for 1 and 2 were measured on single crystals of dimensions 

of 2.33 mm and 2.72 mm by using a Sawyer-Tower circuit. The single crystals were electroded 

by sticking the aluminium tape on the broad facets of the crystal. The measurements pertaining 

to the polarization were recorded using a hysteresis loop analyser (TF Analyser 2000E, 

aixACCT Germany). Leakage current was measured dynamically for various voltage steps 

during the hysteresis loop measurements. 

The dielectric measurements were performed on a powder-pressed sample of 1 and 2 

compacted in the form of discs (of approximately 10 mm diameter and 1 mm thickness). The 

compacted discs were subsequently electroded using aluminium adhesive foils for the 

measurements. The dielectric characteristics of 1 and 2 were measured using the Novocontrol, 

Dielectric Spectrometer. 

3.2.8 Preparation of the 1-PDMS and 2-PDMS Composite Films and Testing of the 

Composite Devices 

Firstly, the PDMS solution was prepared by adding the silicone elastomer base (Sylgard 184A) 

and silicone elastomer curing agent (Sylgard 184B) in a 10:1 ratio as stated in the Dow Sylgard 

184 Kit. Pre-calculated amounts of 1 and 2 were then dispersed into the PDMS to prepare 

composites of varying (1, 5, 10, 15) weight percent (wt %) compositions. After uniform mixing, 

the formulated composites were drop-casted onto the aluminium integrated PET sheet with 

area of 2.5 x 2.5 cm2 and let it dry for 24 hours followed by placing the aluminium tape of size 

2 x 2 cm2 on the cured composite film. The aluminium integrated PET sheet serves as a bottom 

electrode and aluminium tape serves as a top electrode. The final device architecture was 

achieved by establishing electrical contacts to the end of the electrodes followed by the 

enclosure of the entire device with the Kapton tape to protect the device from any physical 

damages. Further, the energy harvesting performance of all the 1-PDMS and 2-PDMS 
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composite devices was measured by using a home-built impact measurement setup. The output 

voltages were measured using a Tektronix 2024 mixed-signal oscilloscope operating at an input 

impedance of 1 MΩ.  

3.3 Results and Discussions 

3.1 Synthesis, Characterization and Crystal Structures: The Co-cage (1) and Ni-cage (2) 

of formula [Co6(H2O)12(TPTA)8]∙(NO3)12∙48H2O] and [Ni6(H2O)12(TPTA)8]∙(NO3)12∙37H2O] 

was isolated at room temperature as hexagonal-shaped pink and blue crystals respectively in a 

3:1 reaction mixture containing the ligand (TPTA)13, 14 and Ni(NO)3·6H2O in MeOH/H2O 

(Figures 3.1a-d). The single-crystal X-ray diffraction (SCXRD) analysis reveals that 1 and 2 

both crystallizes in the tetragonal polar space group I4. The IR spectrum of 1 and 2 gives 

characteristic peaks for all the functional groups in it and its bulk phase purity was confirmed 

by powder X-ray diffraction (PXRD) analysis (Figures A.1, A.2, Appendix 3). All the metal 

ions of the [Co6(H2O)12(TPTA)8]
12+  and [Ni6(H2O)12(TPTA)8]

12+ cage core exhibit the 

characteristic Jahn-Teller distorted octahedral geometry. Each Co2+ and Ni2+ in the cationic 

cage is coordinated equatorially with the four Npyridyl functionalities from the four distinct 

TPTA ligands, and aqua ligands establish their axial contacts.  
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Figure 3.1: Crystal structure of 1 (a) and 2 (c) viewed along the three-fold axes. Microscope 

images of single crystals of 1 (b) and 2 (d). 

 

All eight TPTA ligands adopt a syn coordination mode with the M2+ ions and their P=S bonds 

are directed inward towards the centre of the cage. The symmetry of the cationic cage is cubic 

(432 point group, octahedral O), in which the six M2+ occupy the three 4-fold axes and the P=S 

motifs of the ligands are located on the 3-fold axes. However, the crystal exhibits a reduced 

symmetry (tetragonal C4) due to the presence of disordered nitrate anions and solvate water 

molecules in its lattice. Furthermore, the charge-balancing nitrate anions and water molecules 

interact with the cage via hydrogen bonding with the metal-bound aqua ligands and the amido 

and thiophosphoryl groups of the TPTA ligand.  

3.3.2 SHG, Ferroelectric, Dielectric and Piezoelectric Studies 

Apart from the SCXRD data, the non-centrosymmetric structure of 1 and 2 is firmly evidenced 

by the second harmonic generation (SHG) experiments, which gave a clear signal at 400 nm 

with a relative SHG efficiency of 0.03 for 1 and 0.08 for 2 versus the KDP reference upon 
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irradiation with 800 nm femtosecond laser pulses (Figure A3.3, Appendix 3). The ferroelectric 

P-E loop measurements at room temperature were performed on a single crystal of 1 and 2 

along its larger facet oriented in the crystallographic (-1 0 1) plane (Figure A3.4, Appendix 3). 

A characteristic rectangular hysteresis loop was observed for 1 and 2, with a saturation 

polarization value of 3.72 and 15.58 C/cm2. The leakage current density versus electric field 

plot (J-E) shows a very low leakage all along the measurements and peaks only at the coercive 

fields (Figures 3.2a,b). Such attributes confirm the ferroelectric origin of the observed 

hysteresis loop. The coercive field of the measurement is only 0.55 and 0.28 kV/cm, indicating 

the facile switching of the polarizable domains in 1 and 2 respectively at low electric fields.   

 

Figure 3.2: P-E hysteresis loop and its corresponding leakage current density plot for a single-

crystal of 1 (a) and 2 (b). 

 

Furthermore, the dielectric permittivity studies on a compacted polycrystalline sample of 1 and 

2 were performed to understand the polarization of the bulk material. The real part of dielectric 

permittivity vs. temperature (’ vs. T) plots at various frequencies show broad peaks for a wide 

range of temperatures (Figure 3.3a,b). A maximum ’ value of 120.4 and 73.90 is observed for 

1  and 2 at 40 °C at a 1 kHz frequency. The broad nature of the dielectric peak and large ’ 

values signify the change in the polarizability of loosely placed solvate molecules (of the 

lattice) with temperature.18-20 It is apparent that the dielectric permittivity maxima decrease as 

the frequency increases from 1 kHz to 1 MHz, while the maxima show the marginal shift to 

higher temperatures. Such shifts in intensity maxima were also observed for tan  (dielectric 

loss factor) vs. T plot (Figures 3.3c,d). This behaviour can be attributed to the gradual 

desolvation at higher temperatures, leading to a dielectric relaxation in 1 and 2.21-23 The 

(a) (b)
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desolvation-assisted anomaly is further confirmed by the TGA, DSC and VT-PXRD (Figures 

A3.5-A3.7, Appendix 3). The frequency-dependent measurements gave higher ’ values at 

lower frequencies due to the contribution of all four polarization mechanisms (Figure A3.8, 

Appendix).24 

 

Figure 3.3: The ɛ' vs. T plots for 1 (a) and 2 (b) at various frequencies. The loss factor (tanδ) 

of 1 (c) and 2 (d). 

 

It has been reported that non-covalent bonds are often polar due to a disparity in the electron 

densities between the interacting motifs.25,26 However, to establish a long-range order, such 

induced dipoles must reside within an ordered noncentrosymmetric structure. In the case of 1 

and 2, the polarity originates from the switching (toggling) of nitrate anions and some of the 

solvates between two unique positions, generating two domains of the opposite polarity. 

Interestingly, one of the two domains exists predominantly under each of the sweeping 
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directions of the electric field, resulting in the net polarization of the crystal (Figure A3.9, 

Appendix 3). 

To further probe the polarization dynamics, PFM experiments in the vertical and lateral PFM 

(VPFM and LPFM) modes were performed.27, 28 For this experiment, a thin film of 1 and 2 was 

prepared on a Pt substrate by the drop-casting method (Figure A3.10). Figures 3.4a,b,c shows 

the 3D topography, vertical amplitude and phase mappings for 1; Figures 3.4 d,e,f shows the 

topography, vertical amplitude and phase mappings for 2. Also, the VPFM performed directly 

on a bulk single crystal of 2 indicates the presence of multiple domains on its surface (Figure 

A3.11, Appendix 3). 

 

Figure 3.4: PFM data on the thin film sample of 1 and 2. Topography, amplitude and phase 

images of 1 (a), (b) and (c) and 2 (d), (e) and (f) respectively. 

 

We then carried out PFM spectroscopy on a single point of the thin film crystallite to study 

polarization switching and the local piezoresponse as a function of the bias tip voltage. A well-

resolved off-field29 butterfly-shaped amplitude loop and a hysteretic phase loop evidence the 

robust ferroelectricity in 1 and 2 (Figure 3.5a-d). The asymmetry of the obtained loops, 

estimated from the local coercive voltage (Ec) values of the negative and positive voltage 

sweeps, is presumably due to the different electrostatic boundary conditions commonly 

(a) (b) (c)

(d) (e) (f)
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observed for thin-film samples.30 Overall, the PFM results unambiguously establish the 

existence of stable and switchable polarization in a thin film of 1 and 2, unprecedented among 

metal-organic cages. 

 

Figure 3.5: Local piezoresponse force spectroscopy on selected point of 1 and 2. Amplitude 

‘butterfly’ loop for 1 (a) and 2 (b); phase hysteresis loops on a selected point of 1 (c) and 2 (d). 

 

Further, the domain switching for 2 was further evidenced by writing experiments using a PFM 

tip DC bias +25V, albeit with a weak response (Figure A3.12, Appendix). 

The bulk piezoelectric coefficient (d33) of a crystal of 2 has been obtained by the quasi-static 

method. At the tapping frequency of 110 Hz and applied force of 0.25 N, the d33 value was 

measured to be 4.2 pC/N.  

3.3.3 Device Fabrication Process 

Motivated by the dielectric, ferroelectric, and piezoelectric properties of these cages, we set 

out to probe the utility of the hybrid framework of 1 and 2 as a mechanical energy harvesting 

device in the form of piezoelectric nanogenerators (PENGs). For this application, flexible 
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polymer composites with various (1, 5, 10, 15) wt% of 1 and 2 were prepared with PDMS, a 

non-piezoelectric polymer. Note that the high crystallinity of 1 and 2 facilitated the formation 

of its homogenous composite films with PDMS, which is rare among MOFs and coordination 

cages. Simple multilayer 1-PDMS and 2-PDMS composite devices were prepared by drop-

casting a mixture of 1 and 2 and PDMS onto the Al foil integrated PET, which serves as a 

bottom electrode. After curing the mixture for 24 h at room temperature, aluminum adhesive 

tape was pasted on the cured composite film as a top electrode (Figure A3.13, Appendix 3). 

The whole arrangement was wrapped with polyimide adhesive tape to keep the electrodes intact 

and insulate them from external interference. All of the composite films' PXRD profiles agree 

with that of the pristine sample of 2 (Figure A3.14, Appendix 3). Moreover, the increase in the 

intensity of the diffraction peaks with an increase in the loading (wt%) of 2 is evident from the 

PXRD profiles. Mechanical operations like folding, two-fold bending, and twisting 

demonstrate the flexibility of the composite film (Figure A3.15, Appendix 3). The cross-

sectional SEM image of a 2-PDMS device shows an approximate thickness of 1.15 mm for the 

sandwich structure (Figure A3.16, Appendix 3).   

3.3.4 Mechanical Energy Harvesting Studies 

The electromechanical performance of all the fabricated non-poled devices, with an active area 

of 4 cm2, was assessed at an applied mechanical excitation of (21 N, 8 Hz) using a home-built 

mechanical force stimulator. During these measurements, the 1-PDMS and 2-PDMS 

composites generate an electric potential under external stress, while the ferroelectric particles 

of 1 and 2 serve as the energy sources. The maximum output peak-to-peak voltage (VPP) of 

9.54 V and 25.35 V is observed for the 20 wt%  and 10 wt% composites of 1-PDMS and 2-

PDMS, respectively (Figures 3.6a-b; A3.17-3.18, Appendix 3). Similar measurements on a 

blank device made of a pure PDMS film showed no apparent piezoelectric output. Therefore, 

the high output piezoelectric performance can be ascribed to the high piezoelectric coefficient 

of 1 and 2 present in the composite matrix of PDMS. It is worth noting that the improvement 

in the output voltages from 10 to 20 wt% for 1 and 1 to 10 wt% for 2 is mainly attributed to the 

significant increase in the ferroelectric content in the composite material and, to some extent, 

to the uniform distribution of 2 inside the matrix. Beyond this limit, aggregation of the polar 

crystallites takes place, as seen from the SEM images of the composites (Figure 3.19, Appendix 

3). Though such agglomerations may lead to an increase in the dielectric permittivity, it causes 

a reduction in the field concentration effect due to the solidification of the dipoles. 
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Figure 3.6: Piezoelectric output open-circuit voltages recorded for the various wt% 1-PDMS 

(a) and 2-PDMS (b) composite devices.  

 

This effect eventually weakens the electromechanical coupling and polarizability of the 

composite films.31 The observed trend in the VPP values correlates well with obtained d33 values 

of 6.5, 10.5, 26.4, and 21.2 pC/N for the composite films 1, 5, 10, and 15 wt % 2-PDMS, 

respectively (Figure 3.20, Appendix 3). Notably, the highest d33 value of 26.4 pC/N is obtained 

for the best-performing 10 wt % 2-PDMS film. Furthermore, no change in the amplitude of the 

voltage signals was observed upon testing the best-performing device up to 1000 cycles 

(Figures 3.6c-d). It clearly shows the reliability of the obtained signals and the excellent 

durability of the device. 

(b)(a)

(c) (d)
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Subsequently, we have performed the load resistance (RL) dependent voltage measurements 

(in the range of 0.1 to 50 MΩ) along with the current density (CD) and power density (PD) 

analysis to determine the actual impedance matching of the best-performing 10 wt% device. 

These calculations gave a maximum PD of 79.33 µW/cm2 at the RL value of 0.9 MΩ, which is 

identified as the optimal load-matching resistance (Figure 3.21, Appendix 3). The output 

performance of the 10 wt % 2-PDMS device is the highest among all MOF-based devices 

known so far and some of the best performing hybrid PENGs (Table A3.1, Appendix3). The 

practical utility of the best-performing 10 wt% PENG device was further tested by the capacitor 

charging experiments using a full-wave bridge rectifier circuit (Figure 3.22, Appendix 3). 

Three different capacitors with capacitances of 10, 22, and 47 µF were shown to complete 

charging within 5 minutes (Figure 3.23, Appendix 3). A maximum stored charge of 4.15 µC 

was recorded for the high-rated 47 µF capacitor.  

3.4 Conclusion 

In conclusion, we have reported the ferroelectric behaviour of a Co(II) and Ni(II)-based 

octahedral cage 1 and 2 that exhibits a remnant polarization of 7.35 and 25.31 µC/cm2, 

respectively. Furthermore, visualization of the clear domain structures due to the ferro- and the 

piezoelectric nature of 1 and 2 was probed by the PFM measurements on its micrometer-sized 

crystalline thin films. PFM spectroscopy at a single point of the film shows the characteristic 

amplitude ‘butterfly’ and phase hysteresis loops. Furthermore, PDMS polymer composites of 

1 and 2 were fabricated and employed as PENGs. The maximum open-circuit voltage of 9.54 

V and 25.35 V were observed form 1 and 2, respectively. The output voltages from the impact 

measurements were utilized for charging various aluminum electrolytic capacitors, 

demonstrating the practical utility of the cage. These results promise the potential deployment 

of metal-organic cages as lead-free piezoelectric nanogenerators for small-scale energy 

harvesting applications. 
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 4.1 Introduction 

The harvesting and conversion of energy from sustainable sources is vital in meeting global 

energy demands. The last two decades have witnessed several breakthroughs in solar, wind, 

electrochemical and mechanical energy harvesting and storage. Mechanical energy harvesting 

is one of the simplest forms of renewable source as it is abundantly available in all life forms. 

Ferroelectric materials are a special class of dielectrics that exhibits switchable spontaneous 

polarization under the influence of a sweeping electric field. They show the polarization 

dependance in the presence of external stimuli forces like temperature, pressure, and optical 

signals. These materials are utilized in various electronic components including piezoelectric 

actuators and transducers, infrared sensors, capacitors, random access memories (RAMs), and 

electro-optic light valves.1 Ferroelectric materials with robust polarization attributes usually 

have good piezoelectric performance and are efficient for mechanical energy harvesting and 

their devices are commonly known as piezoelectric nanogenerators (PENGs). The 

commercially employed conventional inorganic ceramics have superior electromechanical, 

ferroelectric and piezoelectric properties but suffer from their toxicity, high cost, and difficult 

film forming procedures. Hence, unconventional ferroelectrics such as polymers, organic-

inorganic hybrids and metal-organic materials have gained immense attraction in search of 

improved energy efficiency, increased integration, and enhanced versatility. 

Supramolecular metal-organic frameworks (MOFs) and related architectures are an emerging 

class of engineering materials because they are endowed with inherent design flexibility. The 

potential of these materials for integration into microelectronics lies in their ability to adopt to 

the materials requirements of light-weight and flexible (thin and soft) characteristics and bio-

friendliness in the resultant devices.2-4 Nevertheless, exploring ferroelectric and piezoelectric 

properties in MOFs is still embryonic as they often do not follow the conventional order-

disorder or displacive type polarization mechanisms. Typically, the polarization mechanisms 

in the known examples of MOF-based ferro- and piezoelectrics originated from the presence 

of rotatable dipolar groups in their linkers,5, 6 doping of the metal ions in the lattice nodes of 

MOFs7, displacement of switchable coordination bonds, the choice of counter anions and 

incorporation of polar guest molecules.8,9-12 In this effort, our group has been involved in the 

design of lower symmetric di- or tripodal (N-donor or O-donor) phosphoramide ligands such 

as [PhPO(NHPy)2], (Py = 3-pyridyl (3Py) or 4-pyridyl (4Py)), [PS(NH3Py)3], 

[PO(NHCH2
3Py)3] and  [PhPO(NH-(C6H4COOH))2] for the development of coordination 

networks with ferro- and piezoelectric properties. Utilizing these lower-symmetric ligands, we 
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 have developed noncentrosymmetric metal-organic cages and their connected cage 

frameworks, one and two-dimensional polar coordination networks in which polarization was 

found to originate from the charge-separated structures or the distortions around the metal 

centre.13-21   

In this chapter, we show that the relative displacement of a weakly bonded counter anion nitrate 

is responsible for ferroelectricity in a two-dimensional metal-ligand coordination polymer 

[Cu(PhPONHCH2(
3Py)2](NO3)2·2H2O (1) assisted by the flexibility of the framework. The 

compound 1 was synthesized by the treatment of a flexible noncentrosymmetric dipodal ligand 

[PhPONHCH2(
3Py)2] (L) containing picolyl substituents with copper(II) nitrate. The 

piezoresponsive force (PFM) measurements reveal an excellent ferro- and piezoelectric 

response for the 2D polymer 1. The longitudinal converse piezoelectric coefficient (d33) was 

observed to be 82 pm/V for the single-crystalline thin film of 1, which is remarkable for MOF-

based piezoelectric materials. Furthermore, the polymer composites of 1 with TPU 

(Thermoplastic polyurethane) showed attractive PENG performance with a maximum output 

voltage of 25.05 V with an estimated power density of 48.69 µW/cm2 for the optimized 

champion device of 10 wt% (1-TPU). Additionally, the best performing 10 wt% device was 

utilized for charging the aluminum-based electrolytic capacitors. These results demonstrate a 

new type of coordination driven mechanism for polarization in MOFs and related materials and 

their utility in PENG applications. 

4.2 Experimental Section 

4.2.1 General Remarks. All manipulations involving phosphorous halides were performed 

under dry nitrogen atmosphere in standard Schlenk-glassware. The solvent toluene was dried 

over sodium. 3-Picolylamine was purchased from Aldrich and used as received. PhPOCl2 and 

Cu(NO3)2.3H2O were purchased from Acros-Organics and Merck, respectively, and used as 

received. NMR spectra were recorded on a Jeol 400 MHz spectrometer (1H NMR, 400.13 MHz; 

13C 1H NMR, 100.62 MHz; 31P 1H NMR, 161.97 MHz) at room temperature using SiMe4 (
1H, 

13C) and 85% H3PO4 (
31P). The MALDI-TOF spectra were obtained on an Applied Biosystem 

MALDI-TOF/TOF spectrometer. The powder X-ray diffraction (PXRD) data were obtained 

from a Bruker-D8 Advance diffractometer. Thermal analysis (TGA) data have been obtained 

from a PerkinElmer STA-6000 thermogravimetric analyzer. Elemental analyses were 

performed on a Vario-EL cube elemental analyzer. FT-IR spectra were taken on a PerkinElmer 
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 spectrophotometer with samples prepared as KBr pellets. Melting points were obtained using 

an Electro thermal melting point apparatus and were uncorrected. 

4.2.2 Synthesis. L: To a stirred solution of 3-picolylamine (4.575 g, 0.0423 mol) in toluene 

(~110 mL) at 0 °C, PhPOCl2 (1 mL, 1.375 g, 0.00705 mol) in 10mL of toluene was added 

dropwise through a pressure equalizer funnel under inert atmosphere, and the reaction mixture 

was refluxed for 4 h. The toluene solution was filtered and obtained white precipitate washed 

with dichloromethane three times. The filtrate and washings were evaporated under reduced 

pressure to yield a white precipitate of the L, which was then dried and collected. Yield: 1.56 

g (79.18%). M.P.: 105-110 °C. 1H NMR (CDCl3):  8.45 (d, 2H, CH(pyridyl)), dd, 2H, 

CH(pyridyl)), 7.6 (td, 2H, CH (pyridyl)), 7.12 (dd, 2H, CH (pyridyl)),  3.44 (t, 2H, NH), 

 4.1 (d, 4H, CH2),  7.43 (1H, phenyl),  7.5 (2H, phenyl),  7.8 (2H, phenyl). 13C  NMR 

(CDCl3):  42.3, 123.5, 128.7, 131.6, 132, 135.3, 148.7, 148.9. 31P NMR (162 

MHz,{(CD3)2SO}):  21.14. MALDI-TOF: 361.35 (M + Na)+, 377.35 (M + K)+ Anal. Calcd. 

for C18H19N4OP: C, 63.9; H, 5.66; N, 16.56. Found: C, 62.5; H, 5.44; N, 17.12. 

4.2.2.1: To a stirred solution of L (30 mg, 0.088 mmol) in MeOH (3mL), Cu(NO3)2.3H2O (14 

mg, 0.057 mmol) in H2O (1 mL) was added. The resulting solution was subsequently stirred 

for 2 h and filtered through celite pad. The filtrate was left for crystallization. The suitable blue 

crystals for X-ray analysis were obtained after 2-3 weeks. Yield: 45.4% (23.6 mg), based on 

Cu. Calcd. for C36H40N10O10P2Cu: C, 48.14; H, 4.49; N, 15.59. Found: C, 55.96; H, 3.810; N, 

8.04. FT-IR data on powder (cm-1): 3859, 3737, 3608, 2310, 1736, 1692, 1516, 1070, 897, 796. 

4.2.3 Ferroelectric and Dielectric Measurements. In order to determine the dielectric and 

ferroelectric properties, the powdered sample of this compound was compacted in the form of 

disc (of approximately 13 mm diameter and 0.131 mm thickness). The compacted discs were 

subsequently electroded using silver paint for both measurements. The frequency dependent 

dielectric charactristics for 1 at various temperatures was measured using the Novocontrol 

dielectric spectrometer. 

The ferroelectric hysteresis loop in 1 were measured by using a Sawyer-Tower circuit. The 

polarization studies were recorded using a hysteresis loop analyzer (TF Analyzer 2000, 

aixACCT Germany). 

4.2.4 Crystallography: Reflections were collected on a Bruker Smart Apex Duo 

diffractometer at 100 K using MoKradiation ( = 0.71073 Å). Structures were refined by 
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 full-matrix least squares against F2 using all data using SHELX.22 All non-hydrogen atoms 

were refined anisotropically if not stated otherwise. The nitrates ions in the asymmetric units 

of both 1 were disordered. The disordered fragments were refined with the similar distances 

and the similar U-restraints by using the SIMU/SAME command of the Shelx. Crystals of 1 

were weakly diffracting at higher angles and hence their data were truncated to 2θ = 50°. 

Hydrogen atoms were constrained in geometric positions to their parent atoms. (Table 4.1) 

Table 4.1: Crystallographic data for the ligand L, 1 (120 K) and 1 (298 K). 

Compound L 1 (120 K) 1 (308 K) 

Chemical formula C18H19N4OP C36H42N10O10P2Cu C36H40N10O10P2Cu 

Formula weight 338.34 900.27 898.26 

Temperature 120 K 100 K 308 K 

Crystal system Orthorhombic Monoclinic Orthorhombic 

Space group Pca21 Pc Aba2 

a (Å); α (°) 16.208(3) Å, 90° 13.012(17) Å, 90° 16.0506(6) Å, 90° 

b (Å); β (°) 5.3177(9) Å, 90° 16.42(2) Å, 114.16° 23.656(9) Å, 90° 

c (Å); γ (°) 38.178(7) Å, 90° 10.653(14) Å, 90° 10.421(3) Å, 90° 

V (Å3); Z 3290.5(10); 8 2077(5); 2 4069(2); 4 

ρ (calc.) mg m-3 1.366  1.439 1.466 

μ(Mo Kα) mm-1 0.180 0.670 0.684 

2θmax (°) 40.778 50.05 50.484 

R(int) 0.0731 0.0776 0.0505 

Completeness to θ 100 % 99.5 % 99.4 % 

Data / param. 3238/433 5353/509 4839/261 

GOF 1.127 1.022 1.053 

R1 [F>4σ(F)] 0.0394 0.1337 0.1270 
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 wR2 (all data) 0.1038 0.2133 0.2110 

max.peak/hole (e.Å-3) 0.239/-0.268  1.304/-0.617 0.553/-0.985 

 

4.3 Results and Discussions  

4.3.1 Synthesis, Characterization and Crystal Structure 

The flexible dipodal ligand L was synthesized by refluxing 3-picolylamine and PhPOCl2 in 

toluene. The ligand was characterized by NMR spectroscopy, mass spectrometry and single-

crystal X-ray diffraction analysis (Appendix 4, Figures 4A.1). The 2D coordination polymer 1 

was isolated as blue colored crystals in a 2:1 reaction mixture involving L and Cu(NO3)2·3H2O 

in MeOH/H2O solvent medium at room temperature (Scheme 4.1).

 

Scheme 4.1. Schematic diagram showing the formation of two-dimensional coordination 

polymer 1 from the tripodal picolyl-based phosphoramide ligand L. Images of the crystals of 1 

under the microscope showing the layered morphology. 

 

Furthermore, we analyzed the structure of the compound 1 using the single-crystal X-ray 

diffraction (SCXRD) and the variable temperature X-ray powder diffraction (PXRD) 

measurements. At 120 K, the compound 1 crystallizes in the monoclinic non-centrosymmetric 

polar space group Pc (a = 13.012(17) Å, b = 16.42(2) Å, c = 10.653(14) Å; α = 90°, β = 114.16°, 

c = 90°, V = 2077(5) Å3) (Figure 4.1a). The asymmetric unit contains one Cu2+ ion with full 

occupancy, two phosphoramide ligands, two nitrate anions with full occupancy and two water 

molecules. The Cu2+ ion is equatorially coordinated with the four Npyridyl ligands belonging to 

= Cu

bis(3-picolylamine)

phenylphosphoramide ligand

Single-crystals 
under microscope

1
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 the four different ligand motifs and axially coordinated with the nitrate anion, which 

corroborates the formation of distorted square pyramidal geometry with a τ value of 0.26. This 

trigonal index was calculated using the formula τ = (β – α)/60° previously defined by Addison 

et al23, where τ infers the values of 0 or 1 for ideal square-pyramidal and trigonal-bipyramidal 

geometries, respectively. The apically coordinated nitrate anion is at a distance of 2.306(16) Å 

from Cu2+ and a deviation from the basal plane of 0.2725 Å (Figure 4.1). This axial elongation 

is due to the Jahn Teller effect typical of Cu2+ complexes.24 Each Cu2+ ions is bonded to two 

molecules of L with four Npyridyl contacts to yield a 2D layer containing channels which are 

occupied by the water molecules and uncoordinated nitrate anions, which is responsible for 

restoring the charge of the cationic framework. Both the coordinated and uncoordinated nitrate 

anions were disordered over two positions. The uncoordinated nitrate anion is located 

somewhat closer to the other axial site of the Cu2+ ion at a distance of 2.98 Å. The water 

molecules present in the channel are involved in the H-bonding interactions with the 

uncoordinated nitrate anions and phosphoryl oxygen-atoms of the ligand L.  

 

Figure 4.1: Single-crystal X-ray data (SCXRD) data at (a) -173 °C and (b) 35 °C. 

 

The crystal structure of 1 at 308 K was solved in a higher symmetric orthorhombic unit cell, 

yet again in the polar and non-centrosymmetric space group Aba2 (a = 16.506(6) Å, b = 

Aba2
Non-centrosymmetric

Polar point group

Pc
Non-centrosymmetric

Polar point group

HT

a b

Crystal structure at 35 °CCrystal structure at -173 °C
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 23.656(9) Å, c = 10.421(3) Å; α = 90°, β = 90°, c = 90°, V = 4069(2) Å3) (Figure 4.1b). The 

asymmetric unit contains one Cu2+ ion with half occupancy, one phosphoramide ligand, two 

nitrate anions each with half occupancy and one water molecule. The square-pyramidal 

polyhedra was distorted but with a τ value less than the value at low temperature which is of 

0.22. The apically occupied nitrate anion was at a distance of 2.21(3) Å (Figure 4.2b). 

Interestingly, the uncoordinated nitrate anion forms a weak coordination bond to Cu2+ which 

is at a reduced distance of 2.754 Å (Figure 4.2). This is due to the diffused electron density due 

to the disorder at room temperature and larger thermal ellipsoids. Also, it is worth noting that 

the stacking sequence of the 2D-layers has changed from an AAAA type to ABAB type during 

this phase change, which helped in pushing the uncoordinated nitrate anions towards the metal 

centers (Figure 4.2). 

 

Figure 4.2: SCXRD analysis of 1 (a) low temperature at (-173 °C) and (b) high temperature at 

(35 °C) 

 

Due to the weak diffraction of the crystals of compound 1 at high temperature, the variable-

temperature PXRD was performed on the powder sample of 1 to verify the phase transition. 

As can be seen in Figure 4.3, the measured diffraction peaks at 35 °C are in coherence with the 

simulated pattern at the same temperature. It can also be noted that the simulated pattern at 173 

°C does not match with the experimental peaks at 35 °C. Multiple hkl peaks around 18.58° and 

21.46° were merged into one diffraction peak indicative of the emergence of the new phase 

when going from -173 °C to 35 °C. The VT-PXRD show that the orthorhombic phase was 
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 stable upto 100 °C.  Interestingly, no notable curie points (ferroelectric to paraelectric) were 

observed until 120 °C which is attributed to its greater structure stability.  

 

Figure 4.3: Variable-temperature powder X-ray diffraction (VT-PXRD) data of 1. 

 

The thermogravimetric analysis data of 1 shows a good thermal stability up to 160 °C 

(Appendix 4, Figure 4A.2). Furthermore, the differential scanning calorimetry (DSC) 

measurements show a reversible anomaly at 27 °C / 40 °C in the heating / cooling runs 

indicating a reversible phase transition (Figure 4.4a). The broad and small anomalous peak in 

the endothermic / exothermic process is indicative of second-order phase transition.25, 26  
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Figure 4.4: (a) DSC measurements on 1. (b) Temperature-dependent dielectric permittivity 

measurements on the compact crystalline pellet of 1. (c) Dielectric loss factor (tanδ) of 1 as a 

function of temperature. 

 

The temperature dependent dielectric measurements on 1 was performed on the polycrystalline 

compact powder-pressed sample to further understand this phase behaviour. The real part (ɛ') 

of the complex dielectric permittivity displays a broad anomalous peak in a temperature range 

from 20 to 95 °C and beyond that temperature it shows an abrupt rise upto 120 °C (Figure 

4.4b). The first anomaly is indicative of a dielectric phase transition. The subsequent onset in 

the dielectric permittivity was observed due to the increase in the polarizability of water 

molecules and non-conductive charge carriers near its melting point. The broad anomalous 

peak with respect to frequency was found to be slightly shifted towards higher temperatures 

accompanying with the decrease in the maxima of ɛ' values. This relaxation type behavior 

appears due to the slow dipole (ionic or molecular) motion in 1, which is common in many 

dielectric MOFs.27 A similar trend has also been observed in the corresponding temperature-

dependent dielectric loss factor (tanδ) plot as well (Figure 4.4c). Moreover, the frequency 

dependent dielectric measurements (ɛ' and tanδ) gave similar trends as observed from the 
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 temperature-dependent measurements (Appendix 4, Figures 4A.3 and 4A.4). However, the 

measured dielectric permittivity value of ca. 22.9 at room temperature and low dissipation 

factor (tanδ) indicates that 1 is a good dielectric material and suitable for practical aspects.  

4.3.2 Piezoresponse Force Microscopy (PFM) Studies 

The point group symmetry of compound 1 in the orthorhombic phase at room temperature is 

C2v, which belongs to one of the 10 polar point groups (C1, Cs, C2, C2v, C3, C3v, C4, C4v, C6 and 

C6v) compatible for exhibiting ferroelectric and piezoelectric properties. The piezoresponse 

force microscopy (PFM) has long been established as a non-destructive tool to characterize the 

piezo- as well as ferroelectric materials using a combination of surface probe imaging and 

spectroscopy modes.28, 29 The PFM technique is based on the local converse piezoelectric 

effect. The main parts of PFM image includes amplitude and phase parameters, related to the 

strength of the piezoelectric coefficient and the direction of polarization in each domains, 

respectively.30 The vector-mode vertical-PFM (VPFM) measurements were carried out on the 

as-grown drop-casted single-crystalline thin film sample of 1. The as-prepared film shows good 

crystallinity as verified by PXRD (Appendix 4, Figure 4A.5), and the measured area just 

contains a few single crystals. The obtained topography has found to exhibit a layered 

morphology as shown in Figure 4.5a on the as-grown thin film of 1. Figures 4.5b, c shows the 

corresponding PFM amplitude and phase images, respectively. The stripe-like shape of the 

ferroelectric domain pattern in single-crystalline thin film can be seen from the contrast in the 

amplitude images, which do not show cross-talk with the topography. The ferroelectric 

behavior can be explored through the PFM spectroscopy performed at a selected point by 

applying a dc voltage of ±40 V with superimposed 2.5 V ac voltage to obtain both the on-field 

and off-field loops. The off-field loops are expected to contain electromechanical response 

induced solely by piezoelectricity rather than the mixture of piezoelectricity and electrostatic 

effects typically obtained in the on-field mode.31 The hysteresis loops obtained in Figure 4.5d 

in the off-field mode thus rules out the artefact induced by electrostatic effects, which confirms 

the existence of ferroelectricity in compound 1. The rectangular, clear and successive reversals 

of phase hysteresis loop observed in Figure 4.5d confirms the swift switching of the 

polarization by 180° back and forth supporting the robust ferroelectricity in thin films of 1. 

From the amplitude butterfly loops in Figure 4.5d, the existence of piezoelectricity in 1 is 

confirmed. Furthermore, the slope of the amplitude curve reflects the magnitude of the 

piezoresponse and for 1 it is found to be 82 pm/V. This value is unprecedented among metal-

ligand coordination networks. From the point charge model analysis of the crystal structure of 
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 1 at room temperature (Table 4.1), the value of polarization is estimated to be 3.088 µC/cm2. 

Due to the charge separated nature of 1, the origin of polarization in it can be tracked to the 

subtle displacement of the un-bound nitrate anions near the metal center under the applied 

electric field that gives rise to two distinctly reversible domains along the axial direction. The 

quasi-static method (known as Berlincourt method) was employed to deduce the macroscopic 

d33 on the polycrystalline compact pellet which comes out to be 0.22 pC/N. The apparent 

disparity in the magnitudes of d33 obtained from the PFM and Berlincourt method is due to the 

brittle nature of the neat crystals of 1 under an external force, precluding the measurements at 

higher impact forces and the poor packing density of its pellets in comparison with ceramics. 

 

Figure 4.5: Vertical PFM data of 1. (a) topography, (b) amplitude and (c) phase images for a 

30 x 30 µm region in the as-grown single crystalline thin film. (d) Vertical PFM amplitude and 

phase as a function of dc bias for a selected point of 1, displaying local amplitude butterfly and 

phase hysteresis loops with a coercive voltage of about 20 V.  

 

 

4.3.3 Characterization of 2D MOF-Based Power Generator 
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 Due to the presence of inherent ferro-and piezoelectricity in 1, we set out to explore this hybrid 

network towards mechanical energy harvesting application in the form of its flexible polymer 

composite. To make a composite film, we have employed a piezoelectric inactive TPU 

(Thermoplastic polyurethane) polymer as a polymer substrate. The flexible polymer 

composites with varying weight percentages (1, 5, 10, 15, 20 wt%) of 1 were obtained by 

dispersing its powdered crystals into the homogeneous solution of TPU in THF. The mixed 

slurry were then poured onto the PET sheet, dried at room temperature and then subsequently 

peeled off (Figure 4.6a). The blue-colored composite films were found to be mechanically 

robust and flexible during the folding, rolling, multi-fold bending and twisting operations 

(Figure 4.6b and Appendix 4, Figure 4A.6). A thin layer of Au/Cr (100/5 nm) was magneton 

sputtered on both the sides of composite films as the top and bottom electrode. The device 

connections were finally made by soldering the copper wires onto the copper tape adhered to 

the electrodes. Then the whole device was encapsulated in the thin PDMS layer to avoid 

formation of air gaps or contact separation during the impacting process, thus eliminating the 

potential interference of triboelectricity to the maximum extent possible (Figure 4.6b). The 

PXRD profiles of all the composite films exhibits the signature peaks of the bulk material 

signifying the retention of the crystallinity of 1 in the composite films. Additionally, as the 

loading of the ferroelectric particles increasing in the composite films, the improvement in the 

intensity of all the diffraction peaks can be seen, which indicates the increased content of the 

crystalline material in the composite films at higher loading (Figure 4.6c). The cross-sectional 

SEM image reveals the thickness of ~ 0.22 mm of the composite film in the devices (Appendix, 

4A. Figure 4A.6).    
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Figure 4.6: (a) Schematic diagram illustrating the preparation and fabrication of the composite 

films of 1 in TPU. (b) Photographs of the as-made blue composite film showing flexibility as 

rolling (top) and 1-TPU fabricated device (bottom). (c) PXRD profiles of various (1, 5, 10, 15, 

20) wt% 1-TPU composite films and its comparison with pristine compound of 1. The broad 

profile of a neat TPU film showing its amorphous structure.  

 

All the fabricated devices were tested under a compressive force of 21 N from a home-built 

setup. For optimal energy harvesting, electrical poling is crucial to align the dipoles in 

piezoelectric materials. Every device was poled with an electric field of 6 kV/cm for eight 

hours to strengthen dipole alignment. The energy harvesting performance of each poled device 

was examined under similar force conditions, and the results can be seen in Figure 4.7a. The 

10 wt% (1-TPU) device exhibited the maximum electrical response (VPP) of 25.05 V 

evidencing that the % loading level in this device is optimal for energy harvesting. The 

asymmetry between the positive and negative peaks were observed in the process of pressing 
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 or releasing process. This can be attributed to the fact that the pressing process is dependent 

upon the external force, whereas the releasing process is predominated by the flexibility of the 

piezocomposites themselves.32  The reinforcement of the output voltages with increase in the 

concentration of 1 is due to the enhancement of the interfacial polarization occurring at the 

interfaces between the hybrid piezoelectric contents and the TPU matrix upto the 10 wt%.33, 34 

However, beyond 10 wt%, the aggregation of the ferro-/piezoelectric particles occurs as can be 

seen in SEM images in (Appendix 4, Figure 4A.9) leading to the poor stress transfer with 

lowered output performance. Remarkably, the observed trend in the VPP values is consistent 

with the d33 values (3.4, 16.5, 31.1, 22.7, 5.3 pC/N) obtained for all the 1, 5, 10, 15, 20 wt% 1- 

TPU composite films from the direct method (Berlincourt technique) (Figure 7b).  

For evaluate the potential of the 1-TPU device under practical operating conditions, we 

measured the output voltage across different external resistances ranging from 0.1 to 40 MΩ. 

From Figures 4.7c and Appendix 4, Figure 4A.11; it can be seen that the output voltage 

gradually increases initially and then tends to saturate with the rise of loading resistance, while 

the current density showing the opposite trend. The maximum instantaneous power calculated 

by the product of output voltage and current density came out to be 48.69 µW/cm2 at the 

loading resistance of 0.9 MΩ. Further, the mechanical stability test of the PENG was estimated 

by continuous supply of compressive and release cycles. The stability of the signal amplitude 

upto 1000 cycles makes it reliable for practical applications under ambient environment (Figure 

4.7d).  

Moreover, the energy generated from the champion 10 wt% 1-TPU device from the whole 

series was then used to charge commercially available capacitors (10, 47 and 100 µF). The 

capacitors were connected to the PENG through a full-wave bridge rectifier which operates in 

altering the AC output signals of the PENG to direct signals for charging the capacitors (Figure 

4.8a). The charging speed is higher for smaller load capacitor and it reaches the saturation 

voltage quickly within 180 s (Appendix 4, Figure 4A.12). The stored charges on different load 

capacitors were calculated by using this relation, Q = CLV, as shown in Figure 8b. Various 

trends are observed for the stored charges among the different rated capacitors. The load 

capacitor of 10 µF stores minute amount of charge and quickly reaches the saturation value. 

As the value of load capacitor is increased, then their storage capacity is also increased, and 

the curve is elevated until it becomes linear. In addition, the load capacitor of 100 µF stored 

the maximum charges of 13.44 µC in a given time of 450 s.  
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Figure 4.7: (a) Piezoelectric composites of the poled 1-TPU composite devices. (a) Open-

circuit voltages recorded for various wt% 1-TPU composite devices. (b) Longitudinal 

piezoelectric coefficient values obtained from the quasi-static method for all the wt% 1-TPU 

composite films. (c) Output voltage and power density of the 10 wt% 1-PDMS composite 

device under different load resistances (solid lines are a guide to the eye). (d) Long-term 

durability test of the upstanding 10 wt% 1-TPU device with a continuous applied force of 21 

N upto 1000 cycles. 

 

Figure 4.8: (a) Schematic drawing representation of the charging of the capacitor using a 1-

TPU device connected through a full-wave four diode bridge rectifier circuit. (b) Plots 

representing the calculated charge for three different capacitors using output voltages from the 

10 wt% 1-TPU device. 
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 4.4 Conclusion 

In summary, we have synthesized a polar two-dimensional coordination polymer 1 by 

employing a noncentrosymmetric flexible dipodal picolyl phosphoramide ligand L. PFM 

spectroscopy at a single point shows a characteristic butterfly shaped amplitude loop and 

rectangular shaped phase hysteresis loop. The obtained longitudinal piezoelectric coefficient 

(d33) value of 82 pm/V is unprecedented in the field of MOFs. Furthermore, the TPU polymer 

composites of 1 were fabricated and employed as piezoelectric nanogenerators. The maximum 

open-circuit voltage of 25.05 V and power density output of 48.69 µW/cm2 were extracted 

from the optimized 10 wt% (1-TPU) composite device. The output voltages were then used to 

charge the aluminum electrolytic capacitors. The presence of ferro- and piezoelectric behavior 

in the 2D MOF 1 is substantiated by the PFM measurements and energy harvesting 

experiments, which indicates the spontaneous polarization in such aggregates. This unfolds the 

use of MOFs and related materials as a source for renewable electricity generators.  
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5.1 Introduction 

Piezoelectricity is a macroscopic property exhibited by intrinsically non-centrosymmetric 

crystals, in which the polarization is induced by the application of an external mechanical 

stress. Most commercial piezoelectrics are based on oxide ceramics and are utilized in 

microelectronics, telecommunication devices, medical ultrasonic imaging units, field-effect 

transistors (FETs), energy storage, photovoltaics etc.1-5 However, due to the presence of heavy 

and toxic metal in conventional ceramics, and their high processing temperatures, alternative 

materials that possess environmentally benign elements are investigated for piezoelectric 

applications.6-8 In this regard, material selection spans from organic polymers, for example 

commercially available semi-crystalline polyvinylidene fluoride (PVDF), to custom-made 

single-component organics, organic co-crystals, acid-base adducts, two-component salts 

(organic and hybrid organic-inorganic) and various supramolecular architectures, all of which 

have been investigated for their notable piezoelectric behavior.9-14 Typically, these materials 

can be combined with piezoelectric or non-piezoelectric polymers to yield flexible composites 

and optimized multi-layered structures toward maximized energy scavenging performance.15, 

16 

Metal-ligand coordination assemblies are among the emerging families of supramolecular 

systems that find a wide range of applications in chemical sensing,17 gas adsorption and 

separation,18 biomedicine,19 luminescence,20 but also non-linear optics.21-23 One of the key 

attributes of these materials is their efficacy to exhibit compositional tunability and structural 

diversity that can play a vital part in the design of framework solids with ferro- and 

piezoelectric properties. However, unlike traditional all-inorganic materials, it is challenging 

to impart ferroelectricity to the metal-ligand systems, as structure-function relationships for 

them can only be drawn tentatively.24, 25 Despite the lack of highly dependable design rules, 

polar order in coordination networks can be achieved preferentially by systematic tuning of the 

nature of metal ions, coordinating ligands, counterions and guest molecules.7, 26, 27 However, 

attaining ferroelectricity in neutral framework materials derived from carboxylate-based 

ligands has thus far been a challenging task, hence such systems are far less explored than those 

with charged networks. The polarity in neutral MOFs can be induced by the incorporation of 

polar functional groups in carboxylate ligands or via encapsulation of polar solvent molecules 

like water and DMF (N, N-dimethylformamide), which interacts with the frameworks via non-
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covalent interactions.25, 28-30 Our group has been engaged in the design efforts of polar metal-

ligand materials based on pyridyl donor ligands such as [PhPO(NHPy)2], (Py = 3-pyridyl (3Py) 

or 4-pyridyl (4Py)), [PS(NH3Py)3] and [PO(NHCH2
3Py)3], in which the piezo- and 

ferroelectricity originates from their stable charge-separated structure and the low symmetry 

of the employed phosphoramide scaffold.31-36 Hence, we reasoned that developing pseudo-C2 

and C3 symmetric phsosphoramide ligands containing carboxylic acid functional groups, 

would result in the generation of neutral noncentrosymmetric coordination networks suitable 

for ferro- and piezoelectric studies. In this contribution, we describe a new neutral one-

dimensional zinc coordination network {[Zn(L1)(bpy)]•(H2O)1.5∞} (1), employing the flexible 

carboxylate functionalized dipodal P-N ligand [PhPO(NH-(C6H4COOH))2] (L1H2), which 

crystallizes in the polar non-centrosymmetric space group R3c. The piezoelectric behavior and 

the domain structure of 1 could be extracted at a microscopic level using the piezoresponse 

force microscopy (PFM) technique. Measurements of second-harmonic generation (SHG) at 

800 nm not only provided independent, nonlinear optical evidence of structural non-

centrosymmetry of 1, but also demonstrated two-photon excited luminescence (2PEL), 

pointing to its multifunctional behavior. Furthermore, flexible composites comprising the 

framework 1 in different weight percentages (wt%) were prepared with thermoplastic 

polyurethane (TPU) polymer and examined for piezoelectric energy harvesting application. A 

highest open-circuit voltage (Voc) of 5.6 V and power density output of 14.6 µW/cm2 was 

achieved for the poled 5 wt% 1-TPU nanogenerator device. Energy storage was demonstrated 

by charging the capacitors using the output voltages obtained from the 5 wt% 1-TPU device. 

These findings are prominent contributions to the emerging area of metal-organic electricity 

nanogenerators. 

5.2 Experimental Section 

5.2.1 General Remarks 

All reactions and work-up involving PhPOCl2 were carried out under dry N2 atmosphere in 

Schlenk-type glassware. Ethyl 3-aminobenzoate, Zn(NO3)2·6H2O and PhPOCl2 was purchased 

from Merck chemical company and used as received. Dry solvents and PhPOCl2 were distilled 

prior to use. All NMR spectra were recorded at room temperature using a Jeol 400 MHz 

spectrometer with operating frequencies of 400.13, 100.62 and 161.97 MHz for the respective 

1H, 13C and 31P{1H} nuclei. For the 1H, 13C spectra, SiMe4 was employed as the internal 
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standard, while for 31P spectra, the 85% H3PO4 was used as the standard. The MALDI-TOF 

spectra of the ligands L and L1H2 were recorded by using an Applied Biosystem MALDI-

TOF/TOF spectrometer. The powder X-ray diffraction (PXRD) data of 1 were measured on a 

Bruker-D8 Advance diffractometer. A Perkin-Elmer STA-6000 thermogravimetric analyzer 

was used to obtain the TGA of 1. Elemental analyses L, L1H2 and 1 were performed on a 

Vario-EL cube elemental analyzer. The melting points of L, L1H2 and 1 were determined from 

an Electro thermal melting point apparatus. FT-IR spectra were recorded on a Bruker Alpha 

spectrophotometer in the attenuated total reflectance (ATR) mode for the neat samples of L, 

L1H2 and 1. 

5.2.2 Synthesis 

2.2.2.1 (L): To a solution of ethyl 3-aminobenzoate (7.37 mL, 8.160 g, 24.53 mmol) in toluene 

(100 mL) kept stirring at 0 °C under inert atmosphere, PhPOCl2 (1 mL, 1.375 g, 3.52 mmol) in 

10 mL of toluene was added dropwise using a pressure equalizer funnel. The resultant mixture 

was refluxed for 4 h until a white precipitate of the amine-hydrochloride was formed. The 

residue was filtered off and the resulting filtrate was left standing at room temperature for 2-3 

h to precipitate the ester compound L. It was then filtered off, washed 3-4 times with distilled 

water and dried. Yield 1.71 g (54 %). 1H NMR (400 MHz, CD3OD) δ 7.84 (dd, J = 13.6, 6.9 

Hz, 2H), 7.74 – 7.73 (m, 2H), 7.53 – 7.47 (m, 1H), 7.46 – 7.40 (m, 4H), 7.30 (dd, J = 7.6, 2.3 

Hz, 2H), 7.17 (t, J = 7.9 Hz, 2H), 4.19 (q, J = 7.1 Hz, 4H), 1.22 (t, J = 7.1 Hz, 6H). 13C NMR 

(101 MHz, CD3OD) δ 168.0, 142.9, 133.8, 133.0, 132.9, 132.5, 130.2, 129.8, 124.1, 123.5, 

120.5, 62.1, 14.7. 31P{1H} NMR (162 MHz, CD3OD) δ 12.01. MALDI-TOF: 475.31 (M+Na)+, 

491.31 (M+K)+. M.P.: 190°C. Anal. Calcd. for C24H25N2O5P: C, 63.71; H, 5.57; N, 6.19. 

Found: C, 63.84; H, 5.177; N, 6.04. 

5.2.2.2 (L1H2): The L (0.50 g) was dissolved in methanol (35 ml) and water (15 ml). Sodium 

hydroxide (400-500 mg) was added and the resulting mixture was stirred overnight at room 

temperature. The MeOH/H2O was removed using a rotary evaporator, the precipitate obtained 

was re-dissolved in 1 mL of H2O and re-precipitated by adding an excess amount of 1M 

solution of HCl. The product L1H2 as a white solid was isolated by filtration and washing 

multiple times with water. Yield 0.295 g (59 %). 1H NMR (400 MHz, DMSO-d6) δ 12.78 (s, 

2H), 8.28 (d, J = 11.5 Hz, 2H), 7.87 (dd, J = 7.3, 5.8 Hz, 1H), 7.83 (t, J = 1.7 Hz, 3H), 7.59 (td, 
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J = 7.4, 1.4 Hz, 1H), 7.56 – 7.50 (m, 2H), 7.41 (dt, J = 6.9, 1.8 Hz, 4H), 7.27 (t, J = 7.9 Hz, 

2H). 13C NMR (101 MHz, DMSO-d6) δ 167.3, 142.5, 133.0, 132.1, 131.7, 131.4, 129.0, 128.5, 

122.1, 121.4, 118.6, 39.5. 31P{1H} NMR (162 MHz, DMSO-d6) δ 8.77. MALDI-TOF: 420.01 

(M+Na)+, 434.11 (M+K)+ M.P.: 220 °C. Anal. Calcd. for C20H17N2O5P: C, 60.61; H, 4.32; N, 

7.07. Found: C, 60.19; H, 4.168; N, 6.98. 

5.2.2.3 Compound 1: To a solution of L1H2 (50 mg, 0.126 mmol) and 2,2ʾ-bipyridine (19.5 

mg, 0.126 mmol) stirred in N,N-dimethylformamide (DMF) (3 mL), Zn(NO3)2.6H2O (111.55 

mg, 0.378 mmol) in H2O (3 mL) was added. This mixture was sealed in a 10 mL teflon-lined 

stainless steel reactor and heated to 100 °C for 48 h in a programmable oven. The reaction 

system was cooled for 24 h. Fine needle like white crystals suitable for SCXRD analysis were 

collected from the bottom of the reactor vessel. Yield: 70%. M.P. 229 °C. Calcd. for 

C30H26N4O6.5PZn: C, 56.05; H, 4.08; N, 8.71. Found: C, 55.96; H, 3.810; N, 8.04. FT-IR data 

on powder (cm-1): 3228, 2361, 1580, 1382, 1207, 1126, 956, 814, 734, 685, 626. 

5.2.3 Crystallography 

The single-crystal X-ray diffraction data for L, L1H2 and 1 were collected at 100 K on a Bruker 

Smart Apex Duo diffractometer using MoKα radiation (λ = 0.71073 Å). All the structures were 

refined using SHELX by full-matrix least-squares against F2 on all data. All the non-hydrogen 

atoms of L, L1H2 and 1 were refined anisotropically except for some of the atoms of L1H2. 

Four carbon atoms in L1H2 had poor thermal ellipsoids and hence they were refined with partial 

isotropic characteristics. The crystals of L, L1H2 and 1 exhibited weak diffractions at higher 

angles. Hence, their data were reduced to 2θ = 50° for L and 2θ = 45° for L1H2 and 1.  

Table 5.1: Crystallographic data for the ligand L, L1H2 and 1. 

Compound L L1H2 1 

Chemical formula C24H25N2O5P C40H30N4O10P2 C30H26N4O6.5PZn 

Formula weight 452.43 788.62 642.89 

Temperature 100(2) 120(2) 100(2) 

Crystal system Monoclinic Triclinic Trigonal 

Space group P21/c P -1 R3c 
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a (Å); α (°) 12.390(2); 90 8.601(3); 94.00(8) 30.362(11); 90 

b (Å); β(°) 40.435(8); 89.990(5) 12.264(4); 93.48(8) 30.362(11); 90 

c (Å); γ(°) 8.9559(16); 90 17.179(6); 92.34(8) 15.620(6); 120 

V (Å3); Z 4486.7(14); 8 1802.4(11); 2 12470(10); 18 

ρ (calc.) mg m-3 1.340 1.453 1.541 

μ(Mo Kα) mm-1 0.161 0.189 0.999 

2θmax (°) 50.054 45.024 45.022 

R(int) 0.1060 0.1897 0.2289 

Completeness to θ 94.8 % 99.4 % 99.3 % 

Data / param. 7492/581 4699/505 3611/359 

GOF 0.919 1.115 1.026 

R1 [F>4σ(F)] 0.0525 0.1191 0.0476 

wR2 (all data) 0.0917 0.3375 0.1075 

max.peak/hole (e.Å-3) 0.212/-0.320 1.362/-0.594 0.385/-0.392 

 

5.2.4 Ferroelectric, Dielectric and Piezoelectric Measurements 

The ferroelectric P-E hysteresis loops measurements along with the leakage current plots for 

framework 1 were performed on its drop-casted film by using a commercial Sawyer-Tower 

circuit (TF Analyzer 2000E, aixACCT, Germany). The dielectric permittivity data for 1 was 

obtained on its polycrystalline pellets of 10 mm diameter using a Solartron analytical 1260 

model impedance analyzer attached to a 1269A model dielectric interface. Janis 129610A 

model cryostat integrated with a Lakeshore 336 model temperature controller was used as the 

sample holder. The d33 values of the poled composite films of 1, of ~0.47 mm thickness, were 

extracted on a PM300 Piezotest meter. 

5.2.5 Second Harmonic Generation Study 

The laser source used for SHG measurements was a Coherent Astrella Ti:sapphire regenerative 

amplifier generating 800 nm, 75 fs laser pulses (repetition rate of 1 kHz). Semi-quantitiative 

assessment of SHG efficiency was performed at 293K following a modified Kurtz-Perry 

(Graja) powder test methodology. Potassium dihydrogen phosphate (KDP) was employed as a 
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SHG standard. The single-crystalline materials of 1 and that of KDP were manually powdered 

and size-graded by sieving through an Aldrich mini-sieve set into 250–177 μm size range. 

Subsequently, sieved powders of 1 and KDP were placed in-between microscope glass slides 

(forming tightly packed layers) sealed and placed on horizontally-aligned sample holder. Mean 

power density of 800 nm laser beam was 0.49 Wcm-2, with a spot area of 0.5 cm2. The 

unfocused laser beam was directed at samples at 45°. Collimating optics, attached to the 400 

μm optical fiber, were positioned at a right angle to the plane of the sample, allowing for 

detection of backscattered SHG signal. Scattered 800 nm pumping beam was attenuated using 

a 750 nm short-pass hard-coated Thorlabs optical filter (FESH0750, O.D. > 5 at 800nm), which 

was placed in front of the signal collecting lens (f = 25.4 mm). Ocean Optics Flame T-XR 

fiber-coupled spectrometer (200 μm entrance slit) was used to record SHG signal. 

5.2.6 Piezoresponse Force Microscopy Characterization 

Piezoelectric characterizations of 1 and 5 wt% (1-TPU) film were studied under the Asylum 

research MFP-3D atomic force microscopy (AFM) system. The contact mode AFM (c-AFM) 

was done to obtain piezoresponse of the films. The measurement was done using RMN-

12PT300B measurement cantilever probes with 1.12 N/m spring constant and <8nm tip 

diameter. The PFM data collected was based on the vertical PFM measurements (VPFM) 

where AC voltage was applied to the conductive AFM tip keeping the bottom electrode 

grounded.  The PFM images were collected at resonance frequency of 300+/- 20kHz with 2.5V 

applied bias. The measurements were done in dual ac resonance tracking (DART) mode PFM. 

5.2.7 Computational Details 

The preliminary first-principles study for the electric polarization calculations were performed 

by employing the Berry phase method using the Quantum Espresso software code.37 The 

nonrelativistic norm-conserving pseudopotentials with Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional were applied for the calculations.38, 39 The calculations were 

done using the modern theory of polarization on a discrete Zn(II) polyhedral core at the center 

of a box 18 x 18 x 18 Å3 with a sufficient amount of vacuum in the free space to tackle the 

periodic effect. The change in dipoles was calculated upon changing the geometry around the 

Zn-core from ideal square-pyramidal to distorted square-pyramidal core as observed in the 

structure of 1. Nevertheless, it should be emphasized that the overall dipole moment and the 
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polarization of the system will include the collective contributions of the metal-ion, ligand 

systems and the solvate atoms. Such calculations could not be performed due to the presence 

of atoms in huge number by the system. The structural graphics were acquired by using the 

VESTA software.40 

5.2.8 Preparation of the 1-TPU Composite Films and Testing of the Composite Devices 

Flexible polymeric composite films were prepared by the solution casting method. A constant 

quantity of TPU (1 g) was dissolved in N,N-dimethylformamide (6 mL, DMF) and heated at 

90 °C for 60 minutes until a clear homogeneous solution was formed. A precalculated amount 

(for example, 53.47 mg for 5 wt% composite) of ferroelectric crystals were added into a 

transparent homogeneous TPU mixture and then performed vortex mixing for 5 minutes. The 

suspension was continuously stirred at room temperature for 4 hours, until the complete 

dispersion of the crystals. Afterwards, the homogeneous composite mixture was poured into 

an aluminium mould and let it dry in an oven for 24 h at 60 °C. A completely dried free-

standing milky white composite film from the aluminum mould was scraped off. A similar 

procedure was followed to prepare 1, 5, 10, 15 wt% composite films. Further, the composite 

devices were fabricated with an appropriate selected area of 1.3 x 2 cm2 and a thickness of ≈ 

0.47 mm. The copper tapes with conductive adhesive were pasted on either side of the films 

using a hot-press method. The final device architecture for each wt% of the composite devices 

were encapsulated with a Kapton tape to protect the device from any physical damages. 

Further, by using a home-built impact measurement setup, the piezoelectric performance of all 

the composite devices of the framework 1 were carried out. The piezoelectric output voltages 

of the 1-TPU films were recorded on a mixed-signal oscilloscope model Tektronix 2024 

working at 1 MΩ input impedance. The currents generated during these measurements were 

monitored using a Keithley multimeter model number DMM7510 7.5. 

5.3 Results and Discussion 

5.3.1 Synthesis, Characterization and Crystal Structures 

The flexible dipodal ligand L1H2 was synthesized by reacting PhPOCl2 with ethyl 3-

aminobenzoate followed by hydrolysis (Scheme 5A.1, Appendix 5). The ligands were 

characterized by NMR spectroscopy, mass spectrometry and single-crystal X-ray diffraction 

analysis (Figures 5A.1-5A.7, Appendix 5). Hydrothermal treatment of L1H2 with 
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Zn(NO3)2·6H2O and 2,2’-bipyridine at 100 °C affords a one-dimensional zinc coordination 

network 1, (Scheme 5A.2, Appendix 5). The single crystal X-ray diffraction analysis of 1 reveal 

that it crystallizes in the trigonal R3c space group (a = 30.36 Å, c = 15.62 Å, γ = 120°). The 

cationic charge of the Zn(II) center is canceled out by two carboxylate anions, while the 2,2’-

bipyridine completes its coordination sphere. The Zn(II) ion is located in a penta-coordinated 

environment and exhibits a geometry in-between trigonal bipyramidal and square pyramidal, 

but slightly inclined towards the latter, with the Addison parameter τ = 0.53 (τ = (β-α)/60°, 

where β and α are the two greatest valence angles around coordinated metal center).41 

 

 Figure 5.1: (a) Crystal structure of 1 showing its zig-zag one-dimensional coordination 

network. (b) Asymmetric unit of 1. (c) The hexagonal packing structure of 1 viewed along the 

c-axis. Color code: ligand backbone, grey; small blue spheres, nitrogen atoms; small red 

spheres, ligand oxygen atoms; zinc polyhedron, yellow; disordered water molecules, mixed 

white and red. 
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The coordination sphere around the Zn(II) center consists of two nitrogen atoms from 2,2’-

bipyridine ligand, and three carboxylate oxygen atoms from two L1 fragments. The two oxygen 

atoms from one arm of the dipodal ligand assume chelating coordination mode and one oxygen 

atom from another L1 fragment lies in a terminal coordination (Figure 5A.8, Appendix 5). Each 

unit of L1 interacts with two adjacent Zn(II) centers and give rise to the framework of a 1D-zig 

zag chain structure (Figure 2.1a). Furthermore, the asymmetric unit of 1 contains 1.5 H2O 

molecules, of which one of them is disordered over two positions (Figure 2.1b). These water 

molecules are involved in H-bonding interactions with both the coordinated and uncoordinated 

carboxylate O-atoms and result in the formation of H-bonded trigonal 3D-network along the c-

axis (Figure 2.1c). A closer look at the coordination polyhedron around the Zn(II) center shows 

that both the equatorial (chelating) Zn-O bonds are equivalent in distance (Zn-O21: 2.134(7) 

and Zn-O22: 2.172(8)), while the apical Zn-O contact (Zn-O31: 1.955(8)) is shorter by 9.2 %. 

By contrast, one of the equatorial Zn-N distance of the 2,2’-bipyridine (Zn-N41: 2.084(6)) 

ligand is longer over the other one (Zn-N52: 2.007(7)) by 4.4%. The average of out-of-plane 

bond angles, namely O-Zn-O and N-Zn-O, are 106.32(3)° and 113.975(3)°, respectively, are 

much larger than those found in typical square pyramidal geometries. In the absence of its 

typical charge-separated structure, these geometric distortions around the metal-center could 

act as one of the factors causing polarization in 1. 

To check whether these distortions generate any dipole in the structure, we performed 

preliminary ab-initio calculations on the polyhedral Zn(II) core of 1.42-45 These calculations 

yielded a change in dipole moment of 30.68 eÅ upon changing the Zn(II) core from an ideal 

square-pyramidal to distorted square-pyramidal geometry, as shown in Figure 2.2a. The 

location of the positive and negative charge densities obtained due to the distortions are 

displayed in Figure 2.2b. Interestingly, these dipoles align in the propagation direction of the 

1D-chain in 1 along the polar c-axis (Figure 5A.9, Appendix 5). Furthermore, a long-range 

order of these dipoles is established via H-bonding interactions with solvent molecules (Figure 

2.2c). Nevertheless, it should be emphasized that the overall dipole moment and the 

polarization of the system will include the collective contributions of the metal-ions, ligand 

systems and the solvate molecules. 
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Figure 5.2: (a) View of the Zn(II) core of 1 showing (a) the orientation of its dipole and (b) 

the charge-density plot with the separation of positive (yellow) and negative (cyan) charges. 

(c) Long-range ordering of the dipoles around the metal-centers assisted by H-bonding 

interactions. 

 

5.3.2 SHG, Ferroelectric, Dielectric and Piezoelectric Studies 

The noncentrosymmetric nature of 1 was further verified by Kurtz-Perry (Graja) powder 

method.46, 47 The 800 nm fs laser pulses were employed to obtain second harmonic generation 

(SHG) signals in size-graded samples of 1 and KDP (λSHG = 400 nm) at 293 K. The calculated 

integral intensities of SHG signals yielded a relative SHG efficiency of 1 equal to 0.23 versus 

that of the KDP reference material (Figure 5A.10, Appendix 5). 
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Figure 5.3: (a) P-E hysteresis loop measurements of 1 at room temperature along with the 

leakage current-density plot. (b) Temperature-dependent of ε׳ for 1 under different frequencies. 

 

The compound 1 exhibits a molecular symmetry of C3v, which belongs to the combined class 

of ten polar point groups that are capable to show ferroelectric property. To establish the 

ferroelectric nature of 1, the polarization vs. electric field (P-E) measurements were performed 

for 1 on its drop-casted thin films on Al substrate (Figures 5A.15-5A.16, Appendix 5).48 These 

measurements yielded a nearly rectangular shaped P-E hysteresis loop for the thin-film sample 

of 1, indicating its ferroelectric nature. A saturation polarization (Ps) value of 4.80 µC/cm2 at a 

coercive field of 0.62 kV/cm was obtained for 1 (Figure 2.3a). The current density measured 

as a function of electric field along the P-E loop trace shows low leakage currents and gave 

peaks due the coercive fields indicating the presence of switchable polarization. 

To further explore the polarization characteristics, the dielectric permittivity analysis were 

done on the compacted disc of 1. The real part of the dielectric permittivity (ɛ′) as a function 

of temperature showed a broad anomalous peak at the temperature ranging from 308 to 423 K, 

which is attributed to desolvation of the solvated water molecules present in 1. Further rise in 

the temperature shows no additional peak anomaly, signifying the absence of any ferroelectric 

to paraelectric phase transition until 573 K (Figure 2.3b). The thermogravimetric analysis 

shows an initial weight loss of about 5% onset at 318 K and a subsequent weight loss of around 

38 % at 578 K due to its decomposition (Figure 5A.17, Appendix 5). The powder X-ray 

diffraction data of framework 1 collected at temperatures between 300 and 493 K shows no 

change in its peak profiles, indicating the crystallinity and the structural stability of the 
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framework is retained even after desolvation (Figure 5A.18, Appendix 5). Furthermore, the 

frequency-dependent permittivity measurements recorded in the range of 10 kHz to 1 MHz, 

show an increasing trend in the ɛ′ values, signifying the existence of all four polarization 

mechanisms in 1. Particularly, the polarizability of solvated water molecules and the mobility 

of ions gave higher polarization at lower frequencies (Figure 5A.19, Appendix 5). The 

dielectric loss factor (tan δ), that indicates the dissipation of electrical energy as heat, was 

observed to be very low in both temperature and frequency dependent measurements (Figures 

5A.20 and 5A.21, Appendix 5). 

With the aim to investigate the local polarization state of 1, vertical piezoresponse force 

microscopy (VPFM) experiments were done on polycrystalline disc of 1 mounted on the Pt 

substrate. PFM provides the information regarding strength of the electromechanical coupling 

and direction of polarization in each domain.49, 50 An external dc bias of 50 V with a 

superimposed constant alternating current voltage of 2.5 V from the metal coated conducting 

tip perpendicular to the pellet surface was applied to record the polarization attributes (Figure 

5A.22a, Appendix 5). The obtained amplitude and phase images of 1 with an active area of 5 

x 5 µm2 are shown in the Figures 2.4a and 2.4c, respectively (for topography, please see Figure 

5A.22b, Appendix 5). Subsequently, PFM spectroscopy was performed at a fixed location on 

1 by applying an additional dc bias of 50 V at the cantilever tip. Figure 4b shows the typical 

butterfly-shaped amplitude-bias loop, which corresponds to the strain-voltage phenomenon of 

piezoelectric materials. The difference between phases of the opposite signals is nearly 180°, 

which shows the inverse domain switching of the polarization (Figure 2.4d). These results 

support the existence of ferroelectric behavior in 1. Such observations for the domain structures 

at the nanoscale are rare among metal-ligand coordination polymers.29 Furthermore, the 

piezoelectric coefficient d33, (a quantitative measure of the piezoelectric deformation, which is 

directly proportional to the amplitude) was calculated to be 19.4 pm/V. The observation of 

ferroelectric domains and sizable piezoelectric coefficient values are quite rare among single-

component metal-ligand assemblies (Table 5A.1, Appendix 5). 
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Figure 5.4: PFM data of 1. (a) Amplitude image (b) Amplitude-bias ‘butterfly’ loop (c) Phase 

contrast image (d) Phase hysteresis loop. 

 

5.3.3 Fabrication and Characterization of the 1-TPU Composites  

Spurred by the promising ferro- and piezoelectric attributes of 1, we set out to utilize this 

framework for the fabrication of flexible piezoelectric nanogenerators. For this purpose, 

composites with various (1, 5, 10 and 15) weight percentages (wt%) of 1 were prepared in 

combination with the piezoelectrically inactive polymeric TPU.51 These composites were 

obtained by mixing the calculated amount of 1 into a DMF solution of TPU. The homogeneous 

mixtures were poured into an aluminum mould, heated at 60 °C for 24 hours and the formed 

films were subsequently peeled off (Table 5A.2, Figure 5A.23, Appendix 5). The exceptional 

flexibility of all these as-made composite films were examined by subjecting them to the 

various mechanical stretching, rolling and bending operations (Figure 2.5a and Figure 5A.24, 

Appendix 5). Furthermore, a good dispersion of 1 in TPU matrix is observed from the confocal 

microscope image of the 5 wt% 1-TPU composite, which is favorable for the effective stress 
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transfer during the mechanical energy generation process.52, 53 The PXRD profiles of these 

films show that all hkl diffraction peaks of 1 are intact in the composite films, serving as direct 

evidence for the presence of crystalline particles embedded in the composite films (Figure 2.5b, 

Figure 5A.25, Appendix 5).  

 

Figure 5.5: (a) (From top to bottom) Pictures demonstrating the flexibility of a representative 

1-TPU film toward rolling and stretching functions. The 1-TPU film photograph taken under 

the polarizing microscope at a magnification scale of 200 µm. Photograph of the device 

showing the sandwich structure of 1-TPU between Cu electrodes encapsulated with Kapton 

tape. (b) PXRD profiles of composite films of 1-TPU with various wt% of 1. (c) Topography 

image at a 10 x 10 µm2 area of the 5 wt% 1-TPU composite film. (d) Amplitude-bias voltage 

‘butterfly’-shaped loop. 

 

To confirm whether the piezoelectric properties of 1 are preserved in the composite films, the 

PFM experiments were performed on the 5 wt% 1-TPU film. The amplitude image shows the 

presence of the domain structures with upward and downward polarizations. The PFM 
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spectroscopy performed at a single point on the film shows the characteristic butterfly-shaped 

amplitude loop (Figures 2.5c, d and Figure 5A.26, Appendix 5). The slope of the amplitude 

curve yielded the converse piezoelectric coefficient (d33) value of 16.7 pm/V. 

The device architectures for these composite films were made by placing copper adhesive tapes 

which serves as top and bottom electrodes (Figure 2.5a). Finally, the fabricated nanogenerator 

devices were sealed with Kapton tape to keep the electrodes and the composite films intact and 

provide insulation to the devices from the external environment. The cross-sectional SEM 

images of a representative 1-TPU device indicate the thickness of the 1-TPU thin-film to be ≈ 

0.47 mm (Figure 5A.27, Appendix 5). The output performance of all these 1-TPU devices was 

estimated by applying constant compressive force from an home-built impact stimulator.54 

Prior to the experiment, all the 1-TPU composite films were subjected to a poling process at an 

electric field of 25 kV/cm for about two hours at room temperature to orient the disordered 

electric dipoles along the electric field direction. The open-circuit voltage (Voc) of the devices 

were recorded under an impact force of 40 N at a frequency of 17 Hz, from each of the devices 

with an active area of 1.3 x 2 cm2. Figure 2.6a presents the output voltages generated from all 

the 1-TPU devices along with a blank device fabricated from a pristine TPU layer (for 

individual data please see Figure 5A.28, Appendix 5). It is evident that the electric performance 

is strongly correlated with the concentration of the piezoelectric fillers. An initial increase in 

the Voc from 3.24 V to 5.65 V is noticed as the mass fraction is varied from 1 wt% to 5 wt% of 

1. Subsequently, it drops to 4.22 V and 3.05 V as the content of 1 is increased further to 10 

wt% and 15 wt%, respectively. This clearly signifies that compositional optimization is 

essential for yielding the best performance in piezoelectric nanogenerators. In this case, the 

champion device is the 5 wt% 1-TPU hybrid material, which shows a maximum output of 5.65 

V. Also, an examination of the output voltages of this best-performing device under various 

external impact forces (28, 35, 40 N) showed again the highest open-circuit voltage of 5.6 V at 

the optimal 40 N force (Figure 5A.29, Appendix 5).  

By contrast, the reference device involving only pure TPU shows a negligible Voc of ~ 400 mV. 

Since TPU is non-piezoelectric, the observed small electrical signals from it can be tracked to 

the residual electrostatic charges at the electrodes. Nevertheless, this effect can be neglected, 

given the large contrast provided by the robust piezoelectric effect seen for 1. Furthermore, we 
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carried out a polarity-switching test (by reversing the connections to oscilloscope) on the best-

performing 5 wt% 1-TPU device to verify the observed electric signals are purely due to the 

piezoelectric effect (Figure 5A.30, Appendix 5).55, 56 Figure 2.6b illustrates that the Voc values 

of nearly same magnitude are observed from nanogenerator in the forward and reverse 

connections. The insets of this figure exhibit a close view of a single pulse demonstrating the 

reversibility of the positive and negative piezoelectric potential responses during the 

compression and release cycles. Also, the obtained Voc from the non-poled devices is found to 

be much lower than that for poled devices (Figure 5A.31, Appendix 5). 

The variations in the voltage outputs of these 1-TPU films can be understood as follows. During 

the piezoelectric impact stress and release operation, free electrons produced at the electrodes 

will be driven to flow back and forth to screen the induced piezopotential difference and 

maintain electrostatic equilibrium between the two electrodes. An alternating output voltage is 

generated to counter the flow of free electrons in an external circuit. The disproportion in the 

positive and negative voltage peaks can be ascribed to the variation between the external force 

applied and the restoring force. When the concentration of 1 is increased, an augmentation in 

the Maxwell-Wagner-Sillars (MWS) phenomena takes place due to the increase in the interface 

area.57 A further increase in the piezoelectric content beyond a threshold limit, however, results 

in the aggregation of the particles. Although this effect improves permittivity, it also causes the 

field concentration effect and dipole mobility in an adverse way, leading to a decrease in the 

output performance.56, 58, 59 The scanning electron microscopy (SEM) images recorded on all 

the 1-TPU composites show a homogeneous distribution of 1 in the TPU matrix at lower 

concentrations and indicate the aggregate formation for particle loadings of 10 wt% and above 

(Figure 5A.32, Appendix 5). To corroborate this, the dielectric permittivity values of all the 

composite films of 1-TPU were measured and compared. These measurements showed an 

increase in the ɛ′ values for upto 5 wt% of 1 in the polymer matrix. However, it was found to 

decrease in the higher 10 and 15 wt% composites confirming a reduction of the bulk 

polarization in them (Figure 5A.33, 5A.34, 5A.35 Appendix 5). 

To further confirm the concentration effect of 1 on the device output characteristics, direct 

piezoelectric coefficient (d33) measurements were performed using Berlincourt method. The 

d33 values were extracted by a quasi-static piezometer on the various wt% composite films of 
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1 with an externally applied force of 0.25 N which operates at a frequency of 110 Hz. These 

measurements yielded the d33 values of 4.20, 11.70, 9.06, 3.30 pC/N for the composite films 1, 

5, 10, 15 wt% 1-TPU, respectively (Figure 2.6c, Figure 5A.36, Appendix 5). Notably, the 

highest d33 value of 11.70 pC/N is acquired for the best performing 5 wt% 1-TPU film. Also, 

the observed trends in the d33 values again validates the reduction of dipoles due to the increase 

in the concentration of the particles, which correlates well with the Voc values obtained for the 

1-TPU composite devices. 

 

Figure 5.6: Piezoelectric characterizations of the poled 1-TPU-based composite devices. (a) 

Open-circuit voltages (Voc) of all the devices generated under a periodic mechanical tapping on 

a shifted-time axis. (b) The polarity-switching tests using the forward and reverse connections 

to the oscilloscope (c) Longitudinal Piezoelectric coefficient (d33) measurements of various 1-

TPU films. (d) The load resistance dependent output voltage, current density and power density 

data of the best performing 5 wt% 1-TPU film. The solid lines connecting the points in plots 

of (c) and (d) serve as a guide to the eye. 
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To determine the appropriate matching impedance of working efficiency, the electrical output 

responses (such as voltage, current density and power density) for the best performing device 

5 wt% were extracted by employing various resistors ranging from 0.1 to 50 MΩ (Figure 2.6d). 

The applied pushing force and frequency were maintained constant during the measurements 

at 40 N and 17 Hz, respectively. With an increment in the load resistance, the output voltages 

(V) of the 5 wt% 1-TPU device were found to increase. Concomitantly, the peak-to-peak 

current density (J) values of the 1-TPU device is decreased from 15.5 to 0.8 µA/cm2, with an 

increase in the resistance loads from 0.1 to 50 MΩ due to the ohmic loss (Figure 5A.37, 

Appendix 5). Furthermore, the instantaneous peak power density (P = V × J) of the device was 

calculated, as shown in Figure 6d. The highest power density value of 14.6 µW/cm2 was 

obtained at 1 MΩ for the 5 wt% 1-TPU, which is identified as an optimized matching resistance 

useful for real-life applications. The fatigue experiments on this 5 wt% composite device 

showed substantial durability exhibiting the retention of the open-circuit voltages even after 

400 cycles with a constant external impact of 40 N (Figure 5A.38, Appendix 5).  

Despite the fact that metal-organic frameworks (MOFs) and coordination polymers have been 

utilized in the past as mechanical energy harvesters, most of them have been employed either 

as additives to PVDF, to enhance its performance via the enhancement of its electroactive 𝛽-

phase, or as triboelectric nanogenerators.60, 61 However, there are only a few examples of 

piezoelectric nanogenerators known that employ MOFs or coordination polymers. Recently, 

Gazit and co-workers have demonstrated nanogenerators constructed from a Zn-peptide based 

coordination polymer, in which the output performance was governed by the choice of guest 

molecules.62 In this regard, the 5 wt% 1-TPU device exhibits much higher output voltage and 

power density values, promising the utility of such neutral coordination polymers for future 

technological applications (Table 5A.3, Appendix 5). 
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Figure 5.7: (a) Drawing representing the charging of a capacitor using a 1-TPU device 

connected through a full-wave bridge rectifier circuit. (b) Calculated charge of the 5 wt% 1-

TPU device at different load capacitances. 

 

The energy storage efficacy of the 1-TPU 5 wt% device was further examined through the 

charging of capacitors with different capacitance values. A full-wave bridge rectifier circuit 

was employed to connect the device to the capacitor which convert the ac potentials to dc 

voltages (Figure 5.7a). The voltages in the capacitors were found to increase as a function of 

time and the obtained saturation voltages were found to be very close for most of the load 

capacitors (Figure 5A.39, Appendix 5). The charging rate is higher for a lower value capacitor 

as its saturation charge is attained quicker than the other higher loading capacitors. Note that 

the voltage measured across these capacitors is much lower than the corresponding output 

voltage due to the voltage consumed in rectification of the diodes and/or leakage of the stored 

energy in the capacitors.63, 64 Furthermore, the stored charges (Q) on the capacitors (CL) were 

calculated by the formula, Q = CLV (Figure 5.7b). A linear relationship between the strength 

of the load capacitor and the storage capacity is observed in all of them showing a gradual 

increase in the energy storage until the curves become saturated.65, 66 Again, the 10 µF capacitor 

stores only a small amount of charge and attains the saturation value very quickly. A maximum 

stored charge of 5.22 µC is noted for the highest rated 100 µF capacitor at a given time of 350 

s.  
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2.4 Conclusion 

In summary, we have synthesized a neutral noncentrosymmetric one-dimensional coordination 

network 1 that exhibits both piezo- as well as ferroelectric properties. The electromechanical 

coefficient value of 19.4 pm/V extracted from the PFM measurements is remarkable for its 

neutral framework structure. The existence of a dipole moment in 1 can be tracked down to the 

distortions of Zn(II)-center, as inferred from preliminary DFT calculations. Also, the P-E loop 

measurements yielded a Pr value of 8.04 µC/cm2 supporting its ferroelectric properties. 

Furthermore, flexible composite materials of 1 were prepared and employed as piezoelectric 

energy devices. The highest open-circuit voltage of 5.6 V and power density output of 14.6 

µW/cm2 were recorded for the optimized champion device containing 5 wt% of 1 in the TPU 

matrix. The potential of this framework-based device for small-scale energy storage was 

demonstrated via capacitor charging experiments. These findings demonstrate the potential of 

lead-free ferroelectric metal-organic frameworks with light-weight metal ions for fabricating 

piezoelectric nanogenerator devices for use in future multifunctional electronics.  
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In summary, this thesis describes the synthesis of non-centrosymmteric polar ferroelectric 

metal-ligand architectures derived from the dipodal and tripodal (N-donor or O-donor) 

phosphoramide ligands and exploration of their ferroelectric and piezoelectric properties and 

utilized them for piezoelectric energy harvesting applications. 

In the first part of the thesis, we have synthesized the less-symmetric more flexible ligand 

tris(N-(3-picolyl))phosphoramide by introducing a extra CH2 group in between the P-N 

scaffolds and corrdinating pyridyl rings. Interestingly, a discrete octahedral cage and its 2D 

connected cage framework were obtained by introducing the bridging chloride ions. We have 

observed the ferroelectric responses of these frameworks due to the toggling of polar nitrate 

anions and solvated water molecules. These results further shed the light on the unconventional 

mechanism of ferroelectric polarization in the domain of metal-organic frameworks (Chapter 

2).  

In extension of Chapter 2, we have explored the ferroelectric and piezoelectric behaviour of 

similar type of cages, a Co(II) and Ni(II)-based octahedral cages, that were templated by 

tripodal thiophosphoramide ligand. For the first time, we have observed the polar domains, and 

characteristic butterfly amplitude loop and phase hysteresis loop on the single-crystalline thin 

film of these cages by piezoresponse force microscopy experiments (PFM). Further, the 

successful preparation of polymer composites of these cages were employed for piezoelectric 

energy harvesting studies. The obtained open-circuit voltage and power-density values are 

exceedingly high among the well-known ferroelectric MOFs (Chapter 3).  

In Chapter 4, we have synthesized a less-symmteric flexible dipodal picolyl-based 

phosphoramide ligand and obtained its two-dimensional polar coordination polymer. For the 

first time, we have obtained a high longitudinal piezoelectric coefficient value which is 

unprecedented among the reported MOFs by employing piezoresponse force spectroscopy 

(PFS) experiments on the single-crytsalline thin films. Besides good ferroelectric and 

piezoelectric attributes, the polymer composites of this framework yielded a high open-circuit 

voltage and power density values in the piezoelectric energy harvesting studies. 

Finally, in the last chapter Chapter 5, we have synthesized a neutral polar one-dimensional 

coordination network by employing flexible dipodal carboxylate-based phosphoraimde ligand 

along with the N-donor 2,2-bipyridine as a co-ligand. The polarization in this neutral 
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framework have been tracked down due to the distortions around the metal-polyhedra. The 

ferroelectric and piezoelectric properties were confirmed by the piezoresponse force 

microscopy (PFM) experiments. Further, the polymer composites of this network utilized for 

piezoelectric energy harvesting studies. 

These findings demonstrate the potential of lead-free ferroelectric metal-ligand architectures 

with light-weight metal ions for fabricating piezoelectric nanogenerator devices for future 

multifunctional electronics.  

Overall, we have understood that in order to make a ferroelectric and piezoelectric materials, 

there are various factors which are directly related to symmetry of metal-ligand coordination 

assemblies. Therefore, the design of ligand will be the key factor to develop such kind of 

materials. In this regard, the ligand design can be varied from (1) by introduction of more 

donor-sites for metal-coordination (2) introducing the conformational flexibility of binding 

sites (3) introducing the chiral environment within the ligand (4) position of the donor-site. We 

can also introduce the heavier transition metal-ions for its better coordination ability with the 

above-mentioned ligand designs. The choice of counter anions and solvent molecules can also 

induce polarization characteristics in the metal-ligand coordination assemblies. There are 

various possibilities to explore the field of MOFs judiciously to obtain desired output 

performances in the field of energy harvesting.   
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Characterization data of TPPA 

 

Figure 2A.1: MALDI-TOF mass spectrum of TPPA

 

Figure 2A.2: 31P spectra of TPPA. 
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Figure 2A.3: Crystal structure of TPPA: (a) View of the monomeric unit, (b) two 

dimensional network formed by the N-H….Npyridyl and N-H….O hydrogen bonding 

interactions. 
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Figure 2A.4: Asymmetric unit of 1 

 

 

Figure 2A.5: a) Association of the TPPA ligand with CuII ions. b) The coordination 

environment at the CuII centres. 
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Figure 2A.6: Packing view of Cu6 octahedra in 1 along with the direction of rotation of the 

CuN4 subunits in them. The organic ligands (except Npyridyl atoms), anions and solvates are 

omitted for clarity.  

   

 

Figure 2A.7: (a) View of the solvent-accessible void surface inside the cage of 1. (b) 

Connolly surface view of the void structure of 1 in 2x2x2 cell.  
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Figure 2A.8: Crystal structure of 1: (a) Cage with internal water molecules (the internal 

space is highlighted). (b) Closer view of the H-bonded network of water molecules inside the 

cage. 

 

Figure 2A.9: Cage structure of 1 with nitrate anions. The disordered nitrate ions are 

hydrogen bonded to all P(NH)3 ligand units.  
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Figure 2A.10: Schematic presentation of the packing of the sqaure-grid type framework of 2. 

Layers are stacked in way that a cage of one layer sits on top a square of the next layer.  
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Figure 2A.11: Packing view of Cu6 octahedra in 2 along with the direction of rotation of the 

CuN4 subunits in them. The organic ligands (except those of Npyridyl atoms), anions and 

solvates are omitted for clarity.  

 

Figure 2A.12: (a) View of the solvent-accessible void surface at the cage interior of 2. (b) 

Connolly surface view of the void structure of 2 in its 2x2x2 packing. 
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Figure 2A.13: Location of nitrate anions in the unit cell of 2 along the b-axis. Green 

octahedra represents the Cu6 core and the yellow sphere represents the intrinsic cavity 

occupied by the disordered water molecules. The ligand atoms have been omitted for clarity. 

Disordered partners of the nitrate anions are shown in blue and cyan colured atoms.  

 

Figure 2A.14: Face indexing on 2 represents the [1 0 -1] plane on which the ferroelectric 

measurements were done.  
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Figure 2A.15: Frequency dependent real-part of dielectric Permittivity (’) of 1 at various 

temperatures. 

 

Figure 2A.16: Frequency dependent real-part of dielectric Permittivity (’) of 2 at various 

temperatures. 
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Figure 2A.17: Dielectric loss of 1 at various frequencies. 

 

Figure 2A.18: Dielectric loss of 2 at various frequencies. 



 
 
 

 
   

Page 124 
 

Appendix for Chapter 2 Appendix 

 

 

Figure 2A.19: Dielectric loss of 1 at various temperatures. 

 

Figure 2A.20: Dielectric loss of 2 at various temperatures. 

 

 



 
 
 

 
   

Page 125 
 

Appendix for Chapter 2 Appendix 

 
 

 

Figure 2A.21: Powder X-ray diffraction (PXRD) pattern for the various samples of 1. 

 

 

Figure 2A.22: IR spectra for 1, 1desolvated, 1resolvated 
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Figure 2A.23: IR spectra for 2, 2desolvated, 2resolvated 

 

Table 2A.1. Comparison of unit cell parameters for 1 and 2 at 100 and 298 K 

2 (100 K) 2 (298 K) 

a = 20.236 (6)Å, °

b = 20.236 (6) Å, °

c = 29.872 (9) Å, ° 

Volume = 12232(8) Å3 

Space group = I422 

a = 19.989(19)Å, °

b = 19.989(19) Å, °

c = 30.48(3) Å, ° 

Volume = 12178(26) Å3 

Space group = I422 
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Figure 2A.24: Thermal ellipsoid diagram for 1 at 298 K. The disordered nitrate anions and 

solvated water molecules have been omitted for clarity. The carbon and nitrogen atoms are 

depicted at 30% probability ellipsoid level for a better viewing. 

1 (100 K) 1 (298 K) 

a = 23.1600(19)Å, °

b = 23.1600(19) Å, °

c = 23.1600(19) Å, ° 

Volume = 12423(3) Å3 

Space group = Pn-3n 

a = 23.1600(19)Å, °

b = 23.1600(19) Å, °

c = 23.1600(19) Å, ° 

Volume = 12423(3) Å3 

Space group = Pn-3n 

 

Table 2A.2: Crystallographic data for 1 at 298 K 

Compound 1 (298K) 

Chemical formula C144H282Cu6 N60O101P8  

Formula weight 5099.28 

Temperature 296(2) K 

Crystal system Cubic 

Space group Pn -3 n 

a (Å);  (°) 23.1600(19); 90 

b (Å); (°’) 23.1600(19);90 

c (Å);  (°) 23.1600(19) ; 90 

V (Å3); Z 12423(3); 2 

ρ (calc.) mg m-3 1.363 

μ(Mo K) mm-1 0.654  

2θmax (°) 50.042 

R(int) 0.2585 

Completeness to θ 97.1 % 

Data / param. 409 / 83 

GOF 1.146 

R1 [F>4σ(F)] 0.1393 

wR2 (all data) 0.1590 

max.peak/hole (e.Å-3) 0.320/-0.269 
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Figure 2A.25: Thermo-gravimetric analysis (TGA) plot for 1. 

 

Figure 2A.26: Thermo-gravimetric analysis (TGA) plot for 1, 1desolvated and 1resolvated. 
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Figure 2A.27: Thermo-gravimetric analysis (TGA) plot for 2. 

 

 

Figure 2A.28: Thermo-gravimetric analysis (TGA) plot for 2, 2desolvated and 2resolvated. 
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Figure 2A.29. The P-E loops of the compacted pellets of 1desolvated and 2desolvated showing the 

resistor-type behaviour. 
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Figure A3.1: FT-IR spectra of 1 (a) and 2 (b). 

 

 

Figure A3.2: The powder X-ray diffraction profile of the as-synthesized compound 1 (a) and 

2 (b)and its comparison with simulated pattern from single crystal X-ray data. 

 

 

Figure A3.3: The SHG signal of 1 and 2 overlaid with that of KDP of the same particle size.   

(a) (b)

(2)

(a) (b)
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Figure A3.4: Face indexing pattern showing the various hkl planes on a single crystal of 1 

(a) and 2 (b). 

 

 

Figure A3.5: Thermo-gravimetric analysis (TGA) of 1 (a) and 2 (b). 

 

 

Figure A3.6: Differential Scanning Calorimetry (DSC) of 2.  

 

(a) (b)
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Figure A3.7: Variable-temperature PXRD of 2.  

 

Figure A3.8: The ɛ’ vs frequency plot of 1 (a) and 2 (b). Dielectric loss factor (tan δ) of 1 (a) 

and 2 (b) as a function of frequency.  

 

(a) (b)

(c) (d)
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Figure A3.9: Segments of the ordered and the disordered nitrate anions of 2 and their H-

bonding interactions with solvate molecules. The cyan and light green spheres indicate the 

disordered nitrate fragments.  

 

 

Figure A3.10: Powder X-ray diffraction pattern for the thin film of 2 and its comparison with simulated 

patterns from X-ray-derived structure. 
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Figure A3.11: PFM measurements on the bulk single crystal of 2. (a) Topography (b) 

Vertical-Amplitude (c) Vertical-Phase (d) Lateral-Amplitude (c) Lateral-Phase images.  

 

 

Figure A3.12: PFM writing experiments on the thin film of 2. 
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Figure A3.13: Schematic diagram illustrating the preparation and fabrication of composite 

films of 2 in PDMS. 

 

 

 

Figure A3.14: PXRD profiles of various (1, 5, 10, 15) wt% 2-PDMS composite films and its 

comparison with pristine compound of 2. The broad profile of a neat PDMS film shows its 

amorphous structure. 
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Figure A3.15: Photographs of a representative (a) as-made composite film of 2-PDMS 

showing its flexibility towards (b) folding, (c) two-fold bending and (d) twisting operations. 

(e) Photograph of a representative 2-PDMS PENG device.    

 

 

Figure A3.16: The cross-sectional image of the sandwiched structure of a representative 2-

PDMS composite film showing a thickness of around 1.19 mm. 
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Figure A3.17: The piezoelectric output open-circuit voltages of the various 1-PDMS PENG 

devices. 

 

 

 

 

 

 

 

 

 

 



 
    

 

   
Page 139 

  
 

Appendix for Chapter 3 Appendix 

 

 

Figure A3.18: The piezoelectric output open-circuit voltages of the various 2-PDMS PENG 

devices. 
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Figure A3.19: SEM images of (a) neat PDMS film and the 2-PDMS composite films of (b) 1 

wt% (c) 5 wt% (d) 10 wt% (e) 15 wt% of 2. 

 

 

Figure A3.20: The piezoelectric coefficient (d33) values obtained from the quasi-static 

method of the different weight percentage composite films of 2. 
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Figure A3.21: Calculated current density plot of 10 wt% 2-PDMS device across various load 

resistances. 

 

Table A2.1: Comparison of output device performance of various piezoelectric energy 

harvesters based on metal-organic materials. 

Hybrid composite 

materials 

Output 

voltage (V) 

Current/Curr

ent density 

Power/Powe

r density 

Active 

Area 
References 

Car_Zn (MeCN)-

PDMS 
2.5 V - - 1 x 1 cm2 1 

Zr-MOF- PDMS 536 mV - - 
2 x 1.5 

cm2 
2 

[Ph3MeP]4[Ni(NCS

)6]-TPU 
19.29 V 3.59 µA/cm3 

50.26 

µW/cm3 

1.3 x 3 

cm2 
3 

(CdI2-INH=CMe2)-

PVDF 
12 V - 32 µW/cm2 2 x 1 cm2 4 

MAPI-PVDF 220  mV - - 
2.9 x 1.5 

cm2 
5 

(CdI2-NAP)-PVDF 22 V - 24 µW/cm2 
4 x 1.5 

cm2 
         6 

PVDF–PLLA–

SnO2 NF–MAPbI3 
4.82 V 29.7 nA - 

0.25 X 

0.25 cm2 
7 

(TMFM)FeBr4 2.2 V - - - 8 

MASnI3-PVDF 12 V 4 µA/cm2 21.6 µW/cm2 - 9 

5 wt% 

({[Zn(L1)(bpy)]·(H

2O)1.5}∞-TPU) 

5.6 V 6.19 µA/cm2 14.6 µW/cm2 
1.3 x 2 

cm2 
10 

10 wt% (2-PDMS) 25.35 V 4.69 µA/cm2 
79.33 

µW/cm2 
2 x 2 cm2 This work 
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*The overall performance of the composite devices depends on several factors, such as the 

dimensions of the composite films (including area, thickness), amount of piezoelectric fillers 

in polymer, active particles surface morphology, supporting polymer, electrodes, active surface 

area between electrode and composite film, magnitude of impact force and frequency. 

Note – PDMS = Polydimethylsiloxane; PVDF = Polyvinyl difluoride; MAPI = 

Methylammonium Lead Iodide; PLLA = poly(L-lactic acid); (TMFM)FeBr4 = 

trimethylfluoromethylammonium iron(III)bromide; MASnI3 = methylammonium tin iodide. 

 

 

 

 

Figure A3.22: Schematic drawing depicting the capacitor charging experiment using a 2-

PDMS device connected through a full-wave bridge rectifier.  

 

 

Figure A3.23: The rectified-voltage signals for the different-rated capacitors in the charging 

experiment obtained by the continuous impact of the 10 wt% 2-PDMS device.  

 

 

(a) (b)
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Crystal structures of L  

The molecular structure of the ligand PhPO(NHCH2-(3-Py))2 (L) was solved in the 

orthorhombic non-centrosymmetric polar space group Pca21. The asymmetric unit contains 

two molecules of the ligand. It forms a tetrameric H-bonded structure due to the N-H∙∙∙O type 

H-bonding interaction between the proton of the one of the amino group and the phosphoryl 

oxygen atom in one unit and the pyridyl N-atom in another unit. 

 

 

Figure 4A.1: Crystal structure of the ligand L (a) View of the monomeric unit of L (b) The 

hydrogen bonding interactions  involving the N-H…O=P and N-H…3NHPy units. 

 

Figure 4A.2: Thermo-gravimetric analysis (TGA) plot of 1. 
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Figure 4A.3: Real part of the dielectric permittivity (ɛ’) graph as a function of frequency. 

 

 

Figure 4A.4: Dielectric loss factor (tan δ) of 1 as a function of frequency. 
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Figure 4A.5: Powder X-ray diffraction pattern for the thin film of 1 and its comparison with 

simulated patterns from X-ray-derived structure at 298 K. 

Table S1. Coordinates of point electric charges.  

Atoms 
Lattice 

position  
Coordinates Center coordinates 

Cu CuE 
(0.0, 0.0, 0.28037)  (0.0, 1, 0.28037)  

(0.5, 0.5, 0.44704) 

(1.0, 0.0, 0.28037) (1.0,1.0, 0.28037) 

 CuF 

(0.0, 0.5, .78037)  

 
(0.5, 0.0, .78037)  

(1.0, 0.5, .78037) (0.5,1.0, 0.78037) 

 CuB (0.5, 0.5, 0.28037) 

N1 N1F 

(0.5, 0.99999, 

0.43651)

  

(0.5, 0.0, 0.43651) 

 

(0.5, 0.49992, 

0.71428) 

(0, 0.5, 0.43651) (1.0, 0.5, 0.43651) 

 N1E 

(1.01073, 0.04185, 

0.93651) 

(0.98926, 0.95814, 

0.93651) 

(-0.01073, 0.95814, 

0.93651) 

(0.01073, 0.04185, 

0.93651) 

 N1B (0.5, 0.49931, 0.93651)  

N2 N2F 
(0.5, 1.0, 0.09043) (0.5, 0.0, 0.09043) 

 

 

(0.5, 0.5, 0.36821) 

(0.0, 0.5, 0.09043) (1.0, 0.5, 0.09043) 

 N2E 
(1.0, 0.0, 0.59043) (1.0, 1.0, 0.59043) 

(0.0, 1.0, 0.59043) (0.0, 0.0, 0.59043) 

 N2B (0.5, 0.5, 0.59043) 
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          Ps = 𝑙𝑖𝑚
1

𝑉
∑𝑞𝑖𝑟𝑖 

             = (qCurCu + qN1rN1 + qN2rN2) / V 

             = [(2e x 0.44704) + (-e x 0.71428) + (-e x 0.36821)]x4xc / V 

             = [(-0.18841) x 4 x 1.6 x 10-19 x 10.421 x 10-10 C m] / (4069.05 x 10-30 m3) 

             = -12.56589 x 10-29 C m / (4069.05 x 10-30 m3) 

             = - 0.03088 C m-2 

       |Ps| = 3.088 μC cm-2 

 

Table S2 Details for the preparation of various mass fractions (wt%) of 1-TPU composite 

films 

Composite 

(wt%) 
1 (in mg) TPU (in mg) 

1 4.03 399 

5 22.21 422 

10 44.88 404 

15 74.10 420 

20 99.5 398 
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Figure 4A.6: Photographs of (a) the as-made 10 wt% 1-TPU composite film and its flexible 

nature for (b) folding (c) rolling (d) multi-fold bending (e) twisting operations. (f) 

Photograph of the as-fabricated 1-TPU composite device 

 

 

Figure 4A.7: The cross-sectional SEM image of the sandwiched structure of a representative 

1-TPU composite film showing its thickness of around 0.22 mm. 

 

20 µm

= 0.22 mm

Composite film
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Figure 4A.8: Open-circuit output voltage measurements of various weight percentages 

(wt%) of poled 1-TPU composite devices 

 

a 

b c 

d e 
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Figure 4A.9: Photographs of the d33 meter showing the direct Piezoelectric coefficients (d33) 

of the poled 1, 5, 10, 15, 20 wt% of 1-TPU composite films 
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Figure 4A.10: SEM images of (a) neat TPU polymer and (b-f) the respective 1, 5, 10, 15, 20 

wt% of 1-TPU composite films 

 

 

Figure 4A.11: Current density plot of 10 wt% 1-TPU device across various load resistance 
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Figure 4A.12: Output saturation voltage of the 10 wt% 1-TPU device for different rated 
capacitances. 
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Scheme 5A.1: Synthesis of the ligand L1H2 

 

 

Scheme 5A.2: (a) Schematic diagram showing the formation of one-dimensional coordination 

network 1 of zinc with the dipodal ligand L1 along with 2,2’-bipyridine chelating ligand.  
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Figure 5A.1: The 31P{1H} spectrum of L 

 

 

Figure 5A.2: The 1H spectrum of L 
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Figure 5A.3: The 31P{1H} spectrum of L1H2 
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Figure 5A.4: The 1H spectrum of L1H2 
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The molecular structure of the ligand PhPO(NHC6H4COOEt)2 (L) was solved in the 

monoclinic space group P21/c. The asymmetric unit contains two molecules of the ligand. The 

P-N and P=O bond distances and N-P-N and N-P-C angles are consistent with the earlier 

reported amino-phosphoramide ligands. It forms a 1D-zigzag H-bonded structure due to the N-

H∙∙∙O type H-bonding interaction between the proton of one of the amino group and the 

phosphoryl oxygen atom in one unit and the acetate O-atom in another unit (Figure 5A.5). The 

Ligand [PhPO(NH-(C6H4COOH)2]  (L1H2) was crystallized in the triclinic space group P-1. 

Again, the asymmetric unit contains two molecules of the ligand. The P-N and P=O bond 

distances and N-P-N and N-P-C angles in both L and L1H2 are consistent with the earlier 

reported amino-phosphoramide ligands. The protons attached the carboxylate groups were not 

located due to the poor quality of the X-ray data. It forms two types of type 8-membered (graph 

set 𝑅2
228)  rings; one containing two carboxylate group and another one containing one 

carboxylate and one phosphoramide group. The cumulative effect of these interactions leads to 

the formation of an intricate two dimensional H-bonded network (Figure 5A.7). 

 

Figure 5A.5: Crystal structure of the ligand L (a) View of a monomeric unit of L (b) The 

hydrogen bonding interactions involving the N-H…O=P and N-H…O-C(acetate) motifs. 
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Figure 5A.6: Crystal structure of the ligand L1. (a) View of the monomeric unit (b) The 

hydrogen bonding interactions exhibited by the carboxylate groups. 

 

 

Figure 5A.7: The packing crystal structure of L1H2 showing the formation of the network 

structure mediated by H-bonding interactions. Hydrogen atoms are omitted for clarity of 

presentation.  
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Figure 5A.8: Fragment of crystal structure of 1 showing the two distinct coordination modes 

of L1 with ZnII ions 

 

 

Figure 5A.9: The dipole moment vector around each polyhedra of zinc(II) ion in one-

dimensional zig-zag chain showing the alignment of the vectors in one-direction. 
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Figure 5A.10: SHG signal intensity of 1 with respect to standard KDP, the inset shows the 

zoomed-in view of the signal peaking at 490 nm due to 2PEL emission. 

In addition to the SHG signal, it also exhibited a weak up-converted luminescence centered at 

490 nm, most likely of two-photon excitation origin (Figure 5A.10). Temperature-dependent 

measurements indicate a steady decrease in the 2PEL intensity, which can be attributed to the 

thermal quenching of excited states. However, the SHG intensity remains almost unchanged, 

suggesting the absence of any structural phase transitions in the investigated temperature range 

(Figures 5A.11-5A.12). If one compares 2PEL results with linear optical steady-state 

luminescence data, it turns out that under ultraviolet excitation (365 nm) the emission 

maximum is shifted by 30 nm to the blue, i.e. peaks at 460 nm (Figure 5A.13-5A.14). As seen, 

the positions of luminescence maxima obtained under one- and two-photon excitation 

conditions do not match, pointing to the possibility that these emissions do not originate from 

exactly the same excited state. 
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Figure 5A.11: The variable-temperature SHG and 2PEL spectra of 1. 

 

Figure 5A.12: Temperature dependence of integral intensities of SHG and 2PEL for 1 
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Figure 5A.13: The comparison of PL and 2PEL emission spectra for 1  

 

 

Figure 5A.14: Photographs of 1 under ambient and UV light (at 365 nm) on a pattern made 

up of its crushed crystals. A whitish cyan coloured emission was observed under irradiation 

with UV light 
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Figure 5A.15: Powder X-ray diffraction (PXRD) profile of as-synthesized (1) matching with 

simulated profile. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5A.16: Powder X-ray diffraction pattern for the thin film of 1 deposited on the Al 

substrate and its comparison with simulated patterns from X-ray derived structure. 
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Figure 5A.17: Thermo-gravimetric analysis (TGA) plot of 1 

 

 

Figure 5A.18: Variable-Temperature Powder X-ray diffraction (VT-PXRD) pattern of 1   
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Figure 5A.19: Frequency-dependent real-part of dielectric Permittivity (ε’) of 1 at various 

temperatures 

 

Figure 5A.20 Temperature-dependent dielectric loss (tanδ) of 1 at various frequencies  
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Figure 5A.21: Frequency-dependent dielectric loss (tanδ) at various temperatures 

 

 
 

 

Figure 5A.22: (a) Schematic of a pellet of 1 mounted on the platinum electrode and scanned 

by the conductive AFM tip. (b) Topography image of the composite film 
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Table 5A.1: Comparison of saturated polarization (Ps), coercive field (Ec) and longitudinal 

piezoelectric coefficient (d33) value for ferro-and piezo-active metal-ligand coordination 

polymers 

 

Metal-organic inorganic 

coordination polymers 

Ps 

(µC/cm2) 

Ec 

(kV/cm

) 

d33 / PFM 

amplitude  
References 

{[Cu2L4(H2O)2]·(ClO4)4·(H2O)5·(CH3 

OH)}  
1.8 16 - 1 

({[CuL1
2(H2O)2]·(NO3)2·(H2O)1.5·(CH3

OH)}∞) 
21.79 5.9 - 2 

{[Zn6(H2O)12][TPTA]8}(NO3)12·26H2O 0.95 0.86 - 3 

[Cu6(H2O)12(TPPA)8](NO3)12 ⋅ 45H2O, 

[{Cu6Cl4(H2O)6(TPPA)8}(NO3)8 ⋅ 60H2

O]n  

25.91, 

26.79 

0.22, 

0.56 
- 4 

Cd(Imazethapyr)2 0.014 0.9 60.10 pC/N 5 

MIL-53(Cr) - - 300-400 pm 6 

Car_Zn.(MeCN) - - 4.7 pm/V 7 

{[Zn(L1)(bpy)]•(H2O)1.5}∞ (1) 4.80 0.62 19.4 pm/V This work 
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Table 5A.2: Details about the preparation of various mass fractions (wt%) and vol % of 1-

TPU composite films 

Composite 

(wt%) 

Composite 

(vol%)  
1 (in mg) TPU (in mg) 

1 8 % 10.22 1012 

5 4.6 % 53.47 1016 

10 9.8 % 113.77 1024 

15 15.7 % 180.00 1020 

 

 

Figure 5A.23: Schematic showing the procedure involved in preparation of 1-TPU 

composite films 
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Figure 5A.24: Photographs of the 5 wt% 1-TPU composite film showing (a) composite film 

and (b) folding (c) rolling (d) multi-fold bending (e) stretching operations (f) Photograph of 

the as-fabricated 1-TPU composite device 

 

 

 

Figure 5A.25: PXRD of as synthesized compound 1 and its 5 wt% (1-TPU) composite film  
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Figure 5A.26: Piezoresponse force microscopy (PFM) image based on the composite film 

(1-TPU) of 10 x 10 µm2 area. (a) The composite film mounted on the platinum electrode. (b) 

Topography image of the composite film  

 

 

 

Figure 5A.27: Cross-sectional SEM image of 1-TPU composite film sandwiched between 

two copper electrodes 
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Figure 5A.28: Open-circuit output voltage measurements of various weight percentages 

(wt%) of poled 1-TPU composite devices 
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Figure 5A.29: Observed trends of voltage as a function of different force of the 5 wt% (1-

TPU) composite device 

 

 

Figure 5A.30: Open-circuit output voltage measurements of all the (1, 5, 10, 15 wt%) 1-TPU 

device in reverse connection 
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Figure 5A.31: Open-circuit output voltage measurements of various weight percentage 

(wt%) 1-TPU composite devices before poling 
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Figure 5A.32: SEM images of (a) TPU and (b-e) the respective 1, 5, 10, 15 wt% of 1-TPU 

composite films 
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Figure 5A.33: Frequency-dependent measurements of real part of dielectric permittivitry 

(ɛ’) of various wt% of 1-TPU composite films. 
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Figure 5A.34: Frequency-dependent measurements of dielectric loss (tanδ) of various wt% 

of 1-TPU composite films. 

 

 

Figure 5A.35: Frequency-dependent conductivity measurements of various wt% of 1-TPU 

composite films. 

 

 

Figure 5A.36: Photographs of the d33 meter showing the direct Piezoelectric coefficients 

(d33) of the poled 1, 5, 10, 15 wt% of 1-TPU composite films 
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Figure 5A.37: (a) Voltage and (b) Current density across various load resistances of the best 

performing 5 wt% (1-TPU) device. 

 

 

Figure 5A.38: Fatigue measurements of the 5 wt% 1-TPU device with a continuous applied 

force of 40 N force upto 400 cycles. 
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Table 5A.3: Comparison of output device performance of various hybrid piezoelectric energy 

harvestors. 

 

Hybrid composite 

materials 

Output 

voltage (V) 

Current/Cur

rent density 

Power/Power 

density 

Active 

Area 
References 

Car_Zn.(MeCN)-

PDMS 
2.5 V - - 1 x 1 cm2 7 

Zr-MOF- PDMS 536 mV - - 
2 x 1.5 

cm2 
8 

[Ph3MeP]4[Ni(NCS)6]-

TPU 
19.29 3.59 µA/cm3 50.26 µW/cm3 

1.3 x 3 

cm2 
9 

(CdI2-INH=CMe2)-

PVDF 
12 V - 32 µW/cm2 2 x 1 cm2 10 

MAPI-PVDF 220  mV - - 
2.9 x 1.5 

cm2 
11 

(CdI2-NAP)-PVDF 22 V - 24 µW/cm2 
4 x 1.5 

cm2 
12 

PVDF–PLLA–SnO2 

NF–MAPbI3 
4.82 V 29.7 nA - 

0.25 X 

0.25 cm2 
13 

(TMFM)FeBr4 2.2 V - - - 14 

MASnI3-PVDF 12 V 4 µA/cm2 21.6 µW/cm2 - 15 

(BNT-ST)-PVDF 1.31 V - - 1 x 5 cm2 16 

(BZT-BCT)-PVDF 8.11 V 2.83 µA 0.837 µW 
1.6 x 1.6 

cm2 
17 

BZT-BCT (nanofibres)-

P(VDF-TrFE) 
13.01 V - 1.44 µW 1 x 1 cm2 18 

PZT(nanofibres)-PDMS 1.63 V - 0.03 µW - 19 

ZnO-PVDF 2.23 V - - - 20 

(ZnO-NWs)-PVDF 0.1 V 10 nA/cm2 16 µW/cm3 - 21 

PVDF-nanofibre mats 
114.2 

mV/µm 
- - - 22 

PVDF-nanofibre 

membrane 
12 V - - - 23 

5 wt% (1-TPU) 5.6 V 6.19 µA/cm2 14.6 µW/cm2 
1.3 x 2 

cm2 
This work 

 

*The overall effective electromechanical energy generating performance of the composite devices depends on 

multiple factors, such as the ratio of the piezoelectric particles and the polymer, materials dimensions (width, 

length and thickness), amount of piezoelectric particles in the film, phase purity of piezoelectric crystals, selection 

of supporting polymer, choice of electrode, active surface area between electrode and material, the magnitude of 

the mechanical force and applied frequency and the structural morphologies of the ferroelectric particles in the 

composite materials. 
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Note – PDMS = Polydimethylsiloxane; PVDF = Polyvinyl difluoride; MAPI = Methylammonium Lead Iodide; 

PLLA = poly(L-lactic acid); (TMFM)FeBr4 = trimethylfluoromethylammonium iron(III)bromide; MASnI3 = 

methylammonium tin iodide; BNT-ST  = (0.78Bi0.5Na0.5TiO3–0.22SrTiO3), (BZT–BCT) = 0.5Ba(Zr0.2Ti0.8)O3–

0.5(Ba0.7Ca0.3)TiO3, (BZT-BCT) = 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3, (ZnO-NWs) = Zinc oxide nanowires 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5A.39: Output saturation voltage of the 5 wt% 1-TPU device at different load 
capacitances. 
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