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Synopsis 

Three-dimensional (3D) hybrid halide perovskites have received considerable attention over the 

past decade due to their outstanding semiconducting properties. Lower-dimensional (2D, 1D, and 

0D) hybrid halide perovskites, are also being explored for their potential optical and optoelectronic 

applications. A key question in this area of study is whether the physical and chemical properties 

of lower-dimensional hybrid perovskites can be tuned by controlling A-site cation.  

The primary objective of this thesis is to investigate the role of newly designed A-site organic 

ammonium cations, which not only stabilize the crystal structure but also enable the tuning of 

crucial properties such as melting temperature, molten-state synthesis, structural non-

centrosymmetry, and chirality. These functionalities are introduced by the A-site organic 

ammonium cations at the organic-inorganic interfaces of hybrid halide perovskites. To achieve 

this, we explored the non-covalent bonding interactions, such as electrostatic interaction along 

with hydrogen and halogen bonding between the organic and inorganic sublattices. The nature of 

interactions was investigated by using single-crystal X-ray diffraction. Also, we have used 

differential scanning calorimetry, thermogravimetry analysis, photoluminescence, optical 

absorption, and circular dichroism spectroscopy. Then we established structure-property 

relationships providing insights into how these interactions influence the hybrid perovskite 

structures. This comprehensive study opens new pathways for the rational design of lower-

dimensional perovskites with tailored physical and chemical properties. We have also fabricated 

photodetector devices based on single crystals and melt-pressed films of hybrid halide perovskites. 

This preliminary device fabrication enabled us to demonstrate the potential of specially designed 

hybrid perovskites, developed through our novel synthesis approaches, for optoelectronic 

applications. 

Chapter 1: Introduction 

This chapter introduces semiconductors, beginning with an overview of their fundamental 

principles and examples of traditional semiconductors like silicon, gallium arsenide etc. Following 

this, the focus shifts to halide hybrid perovskites, with an emphasis on their lower-dimensional 

forms (2D, 1D, and 0D) and their unique crystal structures. We discussed the possible A-site 

ammonium cations and a detailed discussion on the interactions between the organic-inorganic   



2 
 

Synopsis 

and organic-organic sublattices at the organic-inorganic interfaces and within the inorganic 

sublattices. Also, we discussed strategies aimed at minimizing or eliminating the use of solvents 

during the synthesis of single crystals and film fabrication of lower dimensional hybrid halide 

perovskites. Furthermore, we have discussed the potential of lower dimensional hybrid halide 

perovskites for next generation optoelectronics. Particularly, photodetection is briefly discussed, 

including single crystal and thin film-based devices. Toward the end of the chapter, the scope of 

the thesis is outlined by introducing the effect of specially designed A-site ammonium cations on 

physical and chemical properties of lower dimensional perovskites. 

Chapter 2: Entropy-Driven Reversible Melting and Recrystallization of Layered Hybrid 

Perovskites 

2D layered hybrid halide perovskites, such as A2PbX4 (A: organic ammonium cation and X: Br, 

I), are an important class of semiconductors exhibiting interesting optoelectronic properties. 

Typical A2PbX4 compounds undergo irreversible decomposition with increasing temperature by 

forming volatile species. In this chapter we have rationally designed meltable 2D A2PbX4 layered 

hybrid halide perovskites by introducing specially designed A-site ammonium cations. We 

hypothesized that the A-site cations having functional groups at tail of cations like -I, -CN, -COOH 

etc. form hydrogen and halogen bonding non-covalent interactions, making the cation layer rigid 

in the solid form. This leads to reduce the entropy of crystal. Also, we hypothesized that the melt 

of A2PbX4 behave like an ionic liquid. We have also determined that which thermodynamic 

parameter entropy of fusion (ΔSfus) or enthalpy of fusion (ΔHfus) drive the melting of A2PbX4 

perovskites. Then the meltable 2D perovskite converted into the films by melt-pressed films 

offering a solvent- and vacuum-free method. Finally developed a n-i-p based photodetector based 

on melt pressed film and checked its performance for future optoelectronics. 

Chapter 3: Molten State Synthesis of Pb-I Hybrid Perovskite Derivative 

Typically, the synthesis of hybrid halide perovskite involves the use of solvents like hydrohalic 

acids (HX, where X = I, Cl, Br), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and 

gamma-butyrolactone (GBL). However, reducing or eliminating these toxic solvents is essential 

for greener synthesis approaches. In this chapter, we introduced a novel method for synthesizing 
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Pb-I hybrid perovskite derivatives. Our alternative method involves melting the A-site organic 

ammonium cation precursor, N-methyl phenethyl ammonium iodide C6H5-(CH2)2-NH2
+(CH3)I

- 

(MPEAI), which melts at approximately 100 °C. This molten precursor effectively dissolves lead 

iodide (PbI2), forming a stable molten mixture. Upon cooling, the (MPEA)5Pb3I11 perovskite 

derivative crystallizes. We propose that molten ammonium halide salts behave similarly to ionic 

liquids, as they consist of ammonium cations and halide anions. Finally, we compared the 

(MPEA)5Pb3I11 structure obtained via the molten-state method with that synthesized through the 

acid precipitation method, demonstrating the viability of the molten-state synthesis as a less toxic 

alternative. 

Chapter 4: Rational Design of Non-Centrosymmetric 1D Bi-I Hybrid Perovskite Derivative 

Structural non-centrosymmetry in hybrid halide perovskites introduces unique and important 

functionalities like non-linear optical response, ferroelectricity and anomalous bulk photovoltaic 

effect. This chapter deals with the rational design of non-centrosymmetric, polar, and chiral one 

dimensional (1D) Bi-I-based hybrid halide perovskites. We employed achiral diammonium cation 

such as NH3⁺–(CH2)3–NH(CH3)2⁺ (BMPA), where one end (-NH3⁺) is substituted by -NH(CH3)2⁺. 

This substitution of two hydrogen atoms with methyl (-CH3) groups reduces the rotational 

symmetry of BMPA at one end compared to unsubstituted cations. Asymmetric H---I interactions 

at the organic-inorganic interfaces in (BMPA)BiI5 1D perovskites disrupt the local inversion 

symmetry of Bi-I octahedra, causing (BMPA)BiI5 to crystallize in the monoclinic P21 space group, 

which is non-centrosymmetric, chiral, and polar. Finally, (BMPA)BiI5 crystals are employed for 

nonlinear optical properties, second and third harmonic generation. The single crystal also 

demonstrates the anomalous photovoltaic effect. Remarkably, (BMPA)BiI5 films shows a chiral 

response despite the absence of a chiral organic component. 

Chapter 5: Chirality Induction from Organic to Inorganic Sublattices in Chiral 0D Bi-I 

Hybrid Perovskite Derivative 

Recently, the chiral organic sublattice has been shown to induce chirality in the achiral 

semiconducting inorganic sublattices for chiroptical, chiro optoelectronic, and spin-based 

properties in lower dimensional hybrid halide perovskites. In this chapter, we demonstrate how A- 
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site chiral organic ammonium cations interact with the achiral inorganic sublattices in hybrid 

halide perovskites. To achieve this, we first synthesized chiral 0D Bi-I hybrid perovskite 

derivatives (R-/S-MBA)4Bi2I10, where MBA represents methylbenzyl ammonium. Structural 

analysis via single-crystal X-ray diffraction (SCXRD) offered mechanistic insights into how the 

chiral organic sublattice induces chirality in the inorganic sublattice, providing a deeper 

understanding of the structure-property relationships in these chiral hybrid perovskites. We 

confirmed the chirality in films of (R-/S-MBA)4Bi2I10 using circular dichroism (CD) spectroscopy, 

where the films displayed positive and negative CD signals corresponding to their excitonic 

transitions. Additionally, temperature-dependent photoluminescence (PL) provided further 

insights into the excitonic photo physics of (R-/S-MBA)4Bi2I10. 

Thesis Summary and Future Outlook 

In this section we have summarized the work discussed from chapter 2 to chapter 5 of this thesis. 

For future explorations, we are more inclined towards the molten hybrid perovskites and molten 

state synthesis of hybrid halide perovskites discussed in chapter 2 and chapter 3. We plan to carry 

out the systematic study on the molten perovskites or molten ammonium salts. 
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CHAPTER 1: Introduction 

1.1 Semiconductors 

Semiconductors form the foundation of modern technology, enabling the functioning of devices 

ranging from smartphones and computers to medical diagnostics equipment.1 They are also critical 

for advancing emerging technologies such as solar cells, LEDs, and sensing devices, and play a 

vital role in the computing infrastructure that powers innovations like artificial intelligence. 

Semiconductors are known for its special ability it can conduct or resist electrical current 

depending on external influences. While as metals conduct electricity and insulators resist the flow 

of electrical current entirely. In metals, the valence and conduction bands are not separated by a 

band gap. Instead, the conduction band is partially filled, creating a sea of free electrons that enable 

efficient electrical conductivity. Insulators possess a large band gap, which prevents the flow of 

electrons from the valence band to the conduction band. Combined with low charge carrier 

mobility, this makes insulators poor conductors of electricity. While as semiconductors occupy an 

intermediate position, possessing a moderate band gap. In their pure form, semiconductors lack 

free charge carriers, making them non-conductive until external stimuli such as heat, light, or 

doping introduces charge carriers into the conduction band. This unique property enables 

semiconductors to act as controllable conductors in electronic devices. When this perturbation 

occurs, the semiconductor becomes highly conductive, entering what is referred to as the “on” 

state. This dual and contrasting behavior between insulating (“off” state) and conducting (“on” 

state) makes semiconductors an intriguing class of materials. The transition from the “off” to “on” 

state in semiconductors occurs due to their finite band gap and high carrier mobility.  

When discussing semiconductors, certain names readily come to mind, such as silicon, gallium 

arsenide (GaAs), indium gallium arsenide (InGaAs) and many more.2 These are often referred to 

as traditional semiconductors. Some of them are commercially available, silicon solar cells are 

available in market and gallium arsenide light emitting diodes are also available (emission at 850 

nm).3 In spite of this much attention, these star materials face several well-known challenges. One 

major issue is that their semiconducting properties are highly dependent on the quality of their 

crystals. The presence of defect states can trap charge carriers, severely impairing their 

semiconducting performance. To address this, methods like advanced epitaxial growth or high-

temperature synthesis (above 1000 °C) are commonly employed to minimize defects and improve  
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crystallinity. While these methods improve crystal quality, they also substantially increase 

production and processing costs. Also, it is very difficult to modulate their physical and chemical 

properties for desired application. For example, it is difficult to introduce the desired 

functionalities like chirality, melting at lower temperature, and structural non-centrosymmetry in 

traditional semiconductors for advance optoelectronics. Hybrid halide perovskites have recently 

garnered significant attention as an alternative with the potential to overcome the limitations of 

traditional semiconductors. These materials can be synthesized with ease and at lower costs, 

making them ideal candidate. Unlike traditional semiconductors, halide perovskites naturally offer 

tunable electrical and optical properties due to their unique crystal structures and diverse 

compositional flexibility. 

1.2 Hybrid Halide Perovskite Semiconductors 

Hybrid halide perovskite semiconductors are materials composed of both insulating organic and 

semiconducting inorganic components. These semiconductors are primarily studied in their three-

dimensional (3D) characterized by the general formula ABX3, where A is an organic cation (MA, 

CH3NH3
+), B is a metal cation (Pb2+, Sn2+), and X is a halide anion (I-, Br-, Cl-).4-6 Depending on 

the structural arrangement of their inorganic frameworks and organic components, two-

dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) hybrid halide 

semiconductors can be achieved.7-11 

Hybrid halide perovskite semiconductors come into picture because of their exceptional optical, 

optoelectronic and photovoltaic properties, including high absorption coefficients, long charge 

carrier diffusion lengths, low effective masses for electrons and holes, intense photoluminescence 

and narrow emission linewidths.12-18 The first hybrid perovskite-based solar cell, utilizing 

methylammonium lead iodide (MAPbI3), initially demonstrated a modest power conversion 

efficiency (PCE) of 3.8%.19 Remarkably, within just two years, advancements pushed the PCE 

beyond 10%.20 In less than a decade, perovskite solar cells have rapidly advanced to become 

formidable competitors to traditional solar technologies, often outperforming many of them. 

Today, perovskite solar cells boast a PCE exceeding 25%, rivaling the benchmark efficiency of 

single-crystalline silicon solar cells, which achieved 26.6% after over 40 years of development.21, 

22 Beyond solar cells, hybrid halide perovskite semiconductors have demonstrated their potential 
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in a wide range of applications, including sensors, light-emitting diodes (LEDs), photodetectors, 

lasers, and photocatalysts.23-29 Their versatility and outstanding performance characteristics make 

them a focal point of research in next-generation optoelectronic materials. 

1.2.1 3D Hybrid Pb Halide Perovskite 

The 3D perovskite structure ABX3, consists of [BX6]
4- (where B = Pb2+) octahedra connected at 

their corners, forming an infinite three-dimensional (3D) framework as shown in Figure 1.1. The 

size, shape, and charge of A⁺ cations (CH3NH3⁺, NH2CHNH2⁺) are essential for shaping and 

stabilizing the perovskite structure. The rules that govern perovskite formation were tackled by 

Goldschmidt,30 who introduced the tolerance factor,  

t = ((𝑟𝐴  +  𝑟𝐵))/(√2 (𝑟𝐵  +  𝑟𝑋) )                           (1) 

Here, the ionic radii of the A and B cations are rA and rB and the X anion is rX, determine the 

tolerance factor (t), which should typically range between 0.71 and 1 for stability of a perovskite 

structure.30, 31 In hybrid halide perovskites, cations like methylammonium (MA⁺, CH3NH3⁺), and 

formamidinium (FA⁺, NH2CHNH2⁺) are suitable for the A-site due to their ionic sizes, enabling 

the formation of stable structures.32 

 

Figure 1.1: Schematic representation of the 3D perovskite structure, shows a corner-sharing 

[BX6]
4- octahedral network forming an infinite framework in all three directions. (where B = Pb2+).  

[BX6]3-

A = MA+, FA+

ABX3 3D Perovskite

a

b

c
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As the 3D perovskite compositions are limited because of the almost fixed sized void. In order to 

expand the material space researchers came across the larger A-site cations like butylammonium 

(CH3-(CH2)3-NH3
+). Incorporating large A-site cations reduces the 3D perovskite structure to 

lower-dimensional forms, such as 2D, 1D, and 0D perovskites, commonly termed “perovskitoids” 

or perovskite derivatives.7 However, it is important to note that this reduction in dimensionality 

applies to the electronic connectivity only, as these materials remain three-dimensional in terms of 

their physical morphology.7, 33 In these lower-dimensional perovskites, the inorganic octahedral 

framework loses its 3D connectivity. Unlike their 3D counterparts, the chemical composition of 

lower-dimensional perovskites is not constrained by the Goldschmidt tolerance factor.30 This 

compositional flexibility allows for the integration of a broader range of organic and inorganic 

sub-lattices, opening up opportunities to introduce new functionalities.  

1.2.2 2D Hybrid Pb Halide Perovskite 

If the A-site cation is too large to fit within the cuboctahedral void of the 3D (ABX3) perovskite 

structure, it causes the inorganic layers to separate (Figure 1.2).33 This separation can occur along 

different crystallographic directions. When the splitting occurs along the (100) planes, the resulting 

structures are classified as (100) oriented layered perovskites. In this configuration, the 2D layers 

align with the (100) planes of the original 3D crystal, and the interlayer spacing defines the 

separation between consecutive (100) planes.34-36 Most layered perovskites belong to this category. 

Layered perovskites sliced along other planes, such as (110) or (111), are also possible but are 

relatively rare. 

The general formula for (100) oriented hybrid perovskites is either (A’)2(A)n−1BnX3n+1 or 

(A”)2(A)n−1BnX3n+1. When the interlayer cation is a monocation (A’+), such as a primary 

ammonium cation (R−NH3
+), the organic cations in the interlayer space typically adopt a head-to-

tail arrangement. This results in adjacent perovskite layers being staggered relative to one another 

see Figure 1.2. Due to their structural resemblance to the Ruddlesden-Popper (RP) phase, these 

are referred to as Ruddlesden-Popper layered hybrid perovskites.37 Conversely, when the interlayer 

cation is a dication (A”2+) such as a primary diammonium cation (NH3−R−NH3)
2+, dictations often 

favor an eclipsed configuration, where consecutive layers align directly on top of each other see 

Figure 1.2. These structures are called Dion-Jacobson layered hybrid perovskites, named for them  
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similarity to the Dion-Jacobson (DJ) phase.38  

 

Figure 1.2: A schematic illustration depicting the structural evolution from ABX3 3D perovskites 

(left) to 2D perovskites (right). In 2D perovskites, alternating organic and inorganic layers form a 

layered architecture, with the organic cations typically acting as spacers between the inorganic 

slabs. A’+ and A”2+ are monocations and dications, respectively. B2+ is a divalent metal ion (Pb2+). 

Figure is reprinted from reference [33] with permission. Copyright © 2019, American Chemical 

Society. 

In 2D layered hybrid perovskites, the positively charged ammonium groups of these cations are 

oriented toward the adjacent inorganic layers and form strong electrostatic and hydrogen bonding 

interactions to stabilize the structure.34-36 

1.2.3 1D and 0D Pb and Bi Halide Hybrid Perovskite Derivatives 

In previous section, we discussed how large A-site cations can reduce 3D perovskites to lower-

dimensional 2D layered perovskites. However, this transformation does not always result in 2D 

structures. Some A-site cations instead lead to the formation of even lower-dimensional structures, 

such as 1D or 0D perovskites.7, 8, 10, 11 The dimensionality of the resulting structure depends largely 

on the size, shape, and symmetry of the A-site cation. Generally linear chain A-site cations tend to 

form 2D layered perovskites, while large, bulky, or branched A-site cations are more likely to 

produce 1D or 0D perovskite structures as shown in Figure 1.3a and 1.3b.8, 11, 39 

On the other hand, Bi3+ based hybrid halide perovskite commonly form zero-dimensional (0D) 

structures, such as A3Bi2I9 (where A is Cs+ or MA+), which has face shared molecular dimers 

[Bi2I9]
3- as shown in Figure 1.3c40 and A4Bi2I10 (where A = MBA+), which have edge shared  
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molecular dimers [Bi2I10]
4-.41, 42 They can also form one- dimensional (1D) chains like ABiI5 

(where A is an organic diammonium cation) as shown in Figure 1.3d.43 The exploration of 1D 

ABiI5 structures began in the late 1990s through the work of Mitzi  et al44 and Papavassiliou et 

al.45 Low-dimensional structures often arise from edge-sharing or face-sharing PbI6 and BiI6 

octahedra. 

 

Figure 1.3: Crystal structures of (a) 1D (C3N3H10O)(C3N3H11O)2Pb2Br9 and (b) 0D 

(C3N3H11O)2PbBr6·4H2O, showing the arrangement of lead (brown spheres), bromine (orange 

spheres), nitrogen (blue spheres), and carbon (gray spheres) atoms. The [PbBr6]
4- octahedra are 

highlighted in indigo and pink for clarity. Hydrogen atoms are omitted for better visibility. (c) The 

crystal structure of (CH3NH3)3Bi2I9 (MBI) consists of discrete (Bi2I9)
3- anions, each composed of 

two face-sharing BiI6 octahedra. These anions are surrounded by CH3NH3⁺ (methylammonium) 

cations that occupy the voids within the structure. The unit cell contains both the (Bi2I9)
3- anions 

and CH3NH3⁺ cations. (d) The 1D chain structures of Bi-I in (4AMPY)BiI5 consist of linear chains 

of corner-sharing BiI6 octahedra. This structure is stabilized by diammonium A-site 4AMPY (4-

aminopyridinium) cation. Figure d is reprinted from reference [43] with permission. Copyright © 

2021, American Chemical Society. 

(a)

(b)

(c)

(d)
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1.3 Role of A-site Organic Ammonium Cations in Lower-Dimensional Hybrid Halide 

Perovskites 

Though valence band maximum (VBM) and conduction band minimum (CBM) in hybrid halide 

perovskites are primarily derived from the orbitals of the metal and halide ions within the inorganic 

framework.46-48 As a result, the optical and optoelectronic properties of hybrid halide perovskites 

are predominantly governed by the metal-halide framework. However, A-site cations, while not 

directly contributing to the electronic states near the band edges, play an indirect role in influencing 

optical and optoelectronic properties of hybrid halide perovskites.  The indirect role of the A-site 

cations can be seen by the non-covalent bonding interactions at organic-inorganic interfaces of 

hybrid halide perovskites (see schematic Figure 1.4).34, 49, 50 Hence, understanding the nature of A-

site ammonium cations and their interactions at the organic-inorganic interface is crucial for 

investigating their role and impact on the physical and chemical properties of lower dimensional 

hybrid halide perovskites.  

 

Figure 1.4: Schematic diagram shows different A-site ammonium cations and their interactions 

with the perovskite layer in lower dimensional hybrid halide perovskites. The interactions are 

represented by the red shaded region and violet dotted lines, indicating the non-covalent 

interactions, such as hydrogen bonding, halogen bonding (X = I, Br, Cl), and electrostatic forces, 

between the ammonium cations and the perovskite layers. 

Organic-
Inorganic 
Interfaces

Perovskite Layer

Perovskite Layer

Different A-site 
Ammonium 

Cations
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1.3.1 Types of A-Site Ammonium Cations for Lower-Dimensional Hybrid Halide Perovskites 

The structural flexibility of hybrid halide perovskites allows for significant variation in the choice 

of A-site ammonium cations, enabling the introduction of desired functionalities. Simplest 

monoammonium aliphatic and aromatic A-site cations are butylammonium (H-(CH2)4-NH3
+) and 

phenethyl ammonium (H-C6H4-(CH2)2-NH3
+).8 But if the hydrogen atom of the last tail carbon in 

aliphatic or aromatic ammonium cation is replaced with heteroatoms such as fluorine (F), chlorine 

(Cl),51 bromine (Br),51, 52 iodine (I)52-54 or some functional groups like hydroxyl (OH),52, 55 cyanide 

(CN),56, 57 carboxylic acid (COOH)58 commonly known as bifunctional monoammonium cations. 

Similarly, diammonium A-site ammonium cation contains two ammonium heads at both ends of 

the cation.8 

Not only tail part but ammonium head also can be modified. Mostly hybrid perovskites have the 

A-site cations having primary ammonium group that means contain three hydrogen atoms. But 

these hydrogens can be progressively replaced by methyl groups, transitioning from primary to 

secondary, tertiary, and quaternary ammonium forms for example [RNH3
+ > R2NH2

+ > R3NH+ > 

R4N
+] (R: aliphatic or aromatic).11, 59, 60 This substitution introduces steric hindrance, increasing 

the bulk around the ammonium head.  

1.3.2 Interactions in Lower-Dimensional Hybrid Halide Perovskites 

Lower-dimensional hybrid halide perovskites consist semiconducting inorganic layers, insulating 

organic layers, and interfaces where organic and inorganic sublattices interact. A-site ammonium 

cations establish connections with the inorganic layers primarily through electrostatic forces and 

hydrogen bonding at the organic-inorganic interfaces, as illustrated in Figure 1.5. In certain cases, 

interactions between organic layers are also evident.56, 58, 61 These interactions in lower 

dimensional halide perovskites lead to affect the physical as well as chemical properties.  

For example, in simplest 2D perovskite (BA)2PbI4, BA cation form three hydrogen bonding 

interactions (blue, green and red colour) with the Pb-I layer and penetrates in plane (red colour) 

formed by the axial iodine of the Pb-I layer as shown in Figure 1.5.35 Cation penetration refers to 

the perpendicular distance between the nitrogen (N) atoms of the organic cation and the plane 

formed by the axial halogen atoms in the inorganic perovskite layer. This parameter is critical as  
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it influences the structural distortion of the inorganic framework.59 Structural distortion majorly of 

two types one is the PbX6 octahedral distortion another one is the global perovskite layer distortion 

between adjacent octahedra, which can be defined by the Pb-X-Pb bond angles.  Deviations in the 

Pb-X-Pb bond angle from the ideal 180 ° indicate significant distortion in perovskite layer. This 

distortion, along with the inherent PbX6 octahedral distortions, critically influences the exciton 

absorption and photoluminescence (PL) of Pb-based 2D hybrid halide perovskites. 

 

Figure 1.5: Crystal structure of (BA)2PbI4 2D perovskite at 296 K. BA cation form hydrogen 

bonding interactions with the Pb-I layer shown by the green, blue, and red dotted lines. The 

ammonium head penetrates in the plane (red colour) formed by the axial iodine of Pb-I layer. 

The situation changes significantly when the tail hydrogen of the ethyl ammonium spacer is 

replaced with a bromine group to form Br(CH2)2NH3⁺, hydrogen bonding interactions between 

ammonium head and the Br atom, stabilizes the cation in the cis conformation as shown in Figure 

1.6a. Cis conformation of ammonium cations resulting in negative penetration depths -0.44 Å for 

Br substituted cation see Figure 1.6a.51 Chlorine- and hydroxyl-substituted cations, Cl(CH2)2NH3⁺ 

and HO(CH2)2NH3⁺, experience hydrogen bonding interactions between the amino group and the 

Cl atom and OH group. The cis conformation of these ammonium cations results in negative 

penetration depths of -0.39 Å for the Cl(CH2)2NH3⁺ cation based 2D perovskite51 and a positive 

penetration depth of 0.35 Å (lower than typical A-site cation based 2D perovskite like (BA)2PbI4 

for the HO(CH2)2NH3⁺ cation based 2D perovskite.52, 55 

Penetration

C  
N   
H  
Pb  
I

ba

c

0.6 Å



11 
 

CHAPTER 1: Introduction 

  

Figure 1.6: Crystal structure of the 2D perovskite (a) (Br-(CH2)2-NH3)2PbI4 and (b) (CN-(CH2)2-

NH3)2PbI4 with tilted cation configurations. (c) The Pb–X–Pb and Sn–I–Sn bond angles in 

literature-reported structures are influenced by organic cation penetration. A negative penetration 

value indicates that the nitrogen (N) atom is positioned above the plane of the axial X atoms, 

whereas a positive value signifies that the N atom lies below the plane in different Pb- and Sn-

based 2D hybrid perovskites. Figure a is reprinted from reference [8]. Copyright © 2021, American 

Chemical Society. Figure c is reprinted from reference [59] with permission. Copyright © 2017, 

American Chemical Society. 

(a)

a

c

177.5 °175.1 °

0.13 Å
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In the same line when the hydrogen at the tail of ethyl ammonium  is replaced with a cyanide group 

to form CN(CH2)2NH3⁺, intermolecular hydrogen bonding interactions are observed between the 

ammonium head and CN groups, resulting in dimers between the perovskite layers as shown in 

Figure 1.6b.56, 57 This reduces the interaction of CN(CH2)2NH3⁺ cation with the Pb-I framework, 

making the hydrogen bonding between the amino group and iodide atoms negligible, which results 

in a reduced penetration depth of 0.13 Å (see Figure 1.6b). In all the cases discussed above the 

octahedra remain untitled, with Pb-I-Pb bond angles approaching 180 ° (see Figure 1.6c), enabling 

better orbital overlap between Pb s and I p-orbitals.35, 36, 52, 59, 62 This structural configuration results 

in smaller bandgaps compared to n = 1 structures with tilted octahedra. 

 

Figure 1.7: Crystal structure of (I-(CH2)4-NH3)2PbI4 at 296 K and 100 K, highlighting non-

covalent hydrogen bonding (green dashed lines) and iodine–iodine interactions (yellow dashed 

lines) between I-(CH2)4-NH3
+cations and inorganic Pb–I layers. Figure is reprinted from reference 

[53] with permission. Copyright © 2021, American Chemical Society. 

The iodine substituted ethyl ammonium cation, I(CH2)2NH3⁺, adopts a distinct structure compared 

to its bromo- and chloro-substituted counterparts.51, 53 A strong interaction between the iodine atom 

of the organic cation and the axial iodine atom of the octahedron orients the C-N bond 

perpendicular to the inorganic layer. This results in the amino group penetrating the octahedral  
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cavity with a positive penetration depth of +0.44 Å. Consequently, the amino group strongly 

interacts with the iodine atoms of the octahedron, inducing a heavily tilted structure and a larger 

bandgap than the Cl- and Br-substituted analogs.51 

Such halogen-halogen interactions are observed in a series of 2D perovskites with I(CH2)nNH3⁺ 

cations (where n = 2 to 6). For example, in (I(CH2)4NH3⁺)2PbI4 2D perovskite, the shortest iodine-

iodine distance is 3.96 Å, is less than the sum of their van der Waals radii (4.3 Å), indicating the 

presence of non-covalent halogen bonding interactions as shown in Figure 1.7.53 Such iodine-

iodine bonding interactions helps to suppress the structural phase transitions within 10-300 K 

temperature range, which is very common with (BA)2PbI4, where no iodine is present at the 

cation’s tail.63 

1.4 Lower-Dimensional Hybrid Halide Perovskite Single Crystal and Thin Film-Based 

Photodetectors 

As previously highlighted, the structural flexibility of hybrid halide perovskites offers significant 

advantages in creating multifunctional materials, making them ideal candidates for advanced 

optoelectronic applications.64, 65 Compared to their 3D counterparts, lower-dimensional hybrid 

halide perovskites (2D, 1D, and 0D) exhibit improved environmental stability, minimized ionic 

migration, and easily tunable electrical properties.61, 66, 67 However, the higher organic content in 

lower dimensional hybrid halide perovskite can slightly dilute the optoelectronically active 

perovskite layers, which can affect the maximum light-to-current conversion efficiency. 

Nevertheless, lower-dimensional hybrid halide perovskites have shown great promise in emerging 

applications particularly in fields like lasing and photodetection.23, 28, 29, 68 Their strong excitonic 

absorption and emission at room temperature makes them ideal candidates for use in these areas.  

As previously discussed, semiconductors exhibit conductive properties in their “on” state, which 

can be achieved through external stimuli such as light, heat, or doping. When light of sufficient 

energy, exceeding the semiconductor’s bandgap is illuminated, it generates electron-hole pairs, 

known as excitons. By making proper electrical contacts/connections, the electrons can be directed 

through an external circuit before recombining with their corresponding holes. Photodetection is 

possible by different device architectures, such as photoconductors, photodiodes, and  
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phototransistors.68 A photoconductor is a planar two-terminal device in which the photoactive 

layer acts as a conductive channel between the electrodes. When illuminated, photogenerated 

charge carriers (electrons and holes) travel through this channel, facilitating light detection. This 

straightforward detection mechanism makes photoconductors ideal for single-crystal-based 

optoelectronic applications as shown in Figure 1.8a.69 In comparison, photodiodes leverage a p-n  

 

Figure 1.8: (a) The photoconductor configuration, where hybrid perovskite single crystal is 

directly employed for photodetection. (b) The photodiode architecture, showcasing an active 

perovskite layer, typically in thin-film form, positioned between an n-type and a p-type transport 

layer. 

junction with a built-in potential to separate photogenerated charge carriers within the active 

hybrid perovskite layer. Electrons and holes are efficiently directed toward opposite electrodes via 

specialized electron and hole transport layers, enabling effective charge separation, collection, and 

detection. The photodiode architecture is particularly well-suited for thin-film-based 

optoelectronic applications as shown in Figure 1.8b.70 
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1.5 Solvent-Based Single Crystal Synthesis and Thin Film Fabrication of Lower-Dimensional 

Hybrid Halide Perovskites 

Achieving exceptional optoelectronic performance requires the growth of high-quality single 

crystals and thin films of hybrid halide perovskites.69, 70 Various synthetic methods have been 

developed for the preparation of layered hybrid perovskite single crystals. These include solution-

based approaches such as acid precipitation,37 crystallization in organic solvents like 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and gamma-butyrolactone (GBL)71 as 

well as vapor diffusion14 and solvothermal synthesis techniques.72 Among these, the acid-

precipitation method is the most widely employed due to its simplicity (see Figure 1.9). 

 

Figure 1.9: Acid precipitation method for the synthesis of lower dimensional hybrid perovskites, 

demonstrated step by step for lead iodide-based perovskites from left to right. 

In the acid-precipitation process, aqueous hydrohalic acid (HX) (where X = Cl, Br, I) is used to 

dissolve an amine or its corresponding ammonium halide salt (A-site precursor) and metal 

oxides/halides/acetate [PbO/SnO/PbX2 (where X = Cl, Br, I)/Pb(CH3COO)2]. These salts are 

heated and stirred in the HX solution, usually at boiling conditions, until all the precursors are fully 

dissolved, forming a clear solution. The solution is then allowed to cool gradually to room 

temperature, to get the crystals of the 2D, 1D and 0D hybrid halide perovskites.  

For the fabrication of high-quality thin films suitable for optical and optoelectronic applications, 

various methods such as spin coating, slot-die coating, and spray coating are employed.73, 74  

Lead Iodide/ Lead Oxide (PbI2/PbO)
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Among these, spin coating is the most widely used technique for small-scale fabrication. In this 

method, perovskite precursors are dissolved in organic solvents like GBL, DMF, or DMSO and 

deposited onto a rotating substrate to form a uniform thin film. Spin coating can be performed 

using three distinct approaches: the one-step method, hot-casting method, and antisolvent method, 

as illustrated in Figure 1.10(a-c).8 

 

Figure 1.10: Schematics of three commonly used thin-film fabrication methods: (a) the one-step 

method, where the perovskite precursor is deposited and dried in a single step, (b) the hot-casting 

method, which involves depositing the precursor solution onto a preheated substrate to promote 

uniform crystallization, and (c) the antisolvent method, where a non-polar antisolvent is introduced 

during spin-coating to induce rapid crystallization and achieve high-quality films. Figure is 

reprinted from reference [8] with permission. Copyright © 2021, American Chemical Society. 

1.6 Toxic Solvents: A Major Concern 

As discussed above, the synthesis of hybrid halide perovskite single crystals typically involves 

methods which rely on solvents like hydrohalic acids (HX, where X = Cl, Br, I), 

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and gamma-butyrolactone (GBL). 14, 37, 

71, 72 All of these solvents are toxic in nature and not good for environment.75 In addition to single  

(a)

(b)

(c)
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crystals, the fabrication of perovskite thin films also involves the use of polar solvents like DMF 

and DMSO to dissolve perovskite precursors efficiently.69, 70 Therefore, reducing or eliminating 

the use of toxic solvents in both the synthesis of the single crystals and film preparation of 

perovskites is critical for improving the environmental sustainability of perovskite-based 

optoelectronic devices.76, 77 

Several efforts have been made to reduce or eliminate the use of toxic solvents in perovskite film 

fabrication.75, 78 One promising approach being the utilization of the melting property of hybrid 

halide perovskites to fabricate perovskite films via the melt-pressing method.79-83 However, 

challenges remain, as only a limited number of hybrid perovskites possess the ability to melt. 

Therefore, there is a need to rationally design meltable hybrid halide perovskites. Additionally, 

optimizing the melt-pressing film fabrication method is crucial, as it currently lacks precise control 

over the thickness of the perovskite films, a key factor in the design and performance of 

optoelectronic devices.84 

1.7 Scope of the Thesis 

As discussed above, the specially designed A-site ammonium cations lead to various interactions 

in lower-dimensional hybrid halide perovskites, significantly influencing their physical and 

chemical properties. In this thesis, we rationally designed lower dimensional Pb and Bi halide 

hybrid perovskites and explored various non covalent bonding interactions with single crystal x-

ray diffraction (SCXRD). Our objective is to establish structure-property relationships, develop 

toxic solvent-free synthesis methods, and fabricate solvent- and vacuum-free perovskite films for 

optoelectronic device applications mainly photodetectors. 

 

Typically, A2PbX4 (A: organic ammonium cation, X: Br, I) hybrid perovskite undergo irreversible 

decomposition upon heating as shown in Figure 1.11a. In chapter 2 of thesis we have rationally 

designed the A2PbX4 perovskites, which can melt at lower temperatures compared to the  
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Figure 1.11: (a) Digital photographs demonstrate the contrasting thermal behaviors of the usual 

2D perovskite (BA)2PbI4 and the rationally designed 2D perovskite (MIPA)2PbI4. Upon heating, 

the yellowish powder of (BA)2PbI4 turns dark brown, indicating decomposition, and does not 

return to its original structure upon cooling. In contrast, (MIPA)2PbI4 undergoes melting upon 

heating, forming a yellow liquid. Notably, after cooling, it reverts to its pristine structure, 

showcasing its reversible melting property. (b) Schematic diagram showing the melt pressed film 

fabrication method.  

decomposition temperature and recrystallizes back to its original crystal structure upon cooling 

see Figure 1.11a. We tried to established the relation between the crystal structure and the melting 

phenomenon with the help of thermodynamic parameters like enthalpy of fusion (ΔHfus) and 

entropy of fusion (ΔSfus). In advancement in this direction we have shown the potential of the melt 

pressed film fabrication method (see Figure 1.11b) in optoelectronics by fabricating the n-i-p based 

photodetector in which active perovskite layer is fabricated by the melt pressed method.  The melt 

pressed method of film fabrication does not need any solvent like DMF, DMSO etc.  

Solvent-based methods are commonly employed for the synthesis of hybrid halide perovskites; 

however, these methods often rely on toxic chemicals, posing significant environmental and safety 

challenges. To overcome these issues, Chapter 3 presents a molten-state synthesis approach as a 

sustainable alternative. This method utilizes the melting of ammonium iodide salts, where the 
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Figure 1.12: Digital photographs depict the stepwise process of the molten-state synthesis method 

for hybrid halide perovskites. This method differs from the conventional acid-precipitation method 

discussed in section 1.5 above. 

molten salt functions as an ionic liquid to dissolve lead iodide precursors, as illustrated in Figure 

1.12. Additionally, a comparative study of the hybrid halide perovskites synthesized through the 

molten-state method and the conventional acid-precipitation technique highlights the greener and 

more sustainable nature of this innovative approach. 

Structural non-centrosymmetry in semiconducting organic–inorganic hybrid halide perovskites 

enable unique functionalities, including anomalous photovoltaic effects and nonlinear optical 

properties. In Chapter 4, we explore these possibilities by introducing mono- and dimethyl-

substituted A-site ammonium cations. These substitutions limit the rotational freedom of the 

ammonium head in the crystal structure, inducing non-centrosymmetry and chirality in the 1D 

(BMPA)BiI5 hybrid perovskite derivative. The resulting structural characteristics prompted 

detailed investigations into the nonlinear optical properties, anomalous bulk photovoltaic effect, 

and chiroptic responses. 

Chirality in hybrid halide perovskites has recently emerged as an exciting area of research, 

primarily introduced through the use of chiral A-site ammonium cations. Chirality enables new 

functionalities, such as circular dichroism (CD), circularly polarized emission, circularly polarized 

photodetectors, and spin selectivity. Despite these advancements, a key question remains: how is 

chirality induced from the organic cations to the inorganic sublattice? In Chapter 5, we synthesized 

chiral 0D bismuth-halide hybrid perovskites as to investigate the mechanism of chirality induction. 

Our analysis revealed that asymmetric hydrogen bonding interaction, play a critical role in 
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inducing chirality from the organic to the inorganic sublattices. To further explore the chiroptic 

properties, we used circular dichroism spectroscopy in the transmittance mode on thin films of 

chiral 0D perovskite derivatives.  
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CHAPTER 2: Entropy-Driven Reversible Melting and Recrystallization of Layered Hybrid 

Perovskites 

Abstract 

Typical layered two-dimensional A2PbX4 (A: organic ammonium cation, X: Br, I) perovskites 

undergo irreversible decomposition at high temperatures. Can they be designed to melt at lower 

temperatures without decomposition? Which thermodynamic parameter drive the melting of 

layered perovskites? We address these questions by considering the melt of A2PbX4 as a mixture 

of ions (like ionic liquids), and hypothesized that the increase in the structural entropy of fusion 

(ΔSfus) would be the driving force to decrease their melting temperature. Then to increase structural 

ΔSfus, we designed A-site cations that are rigid in the solid crystal, and become flexible in the 

molten state. Different tail groups in our A-site cations form hydrogen- and halogen-bonding-

interactions, making the cation-layer rigid in the solid form. Additionally, the rotation of –NH3
+ 

head group is suppressed by replacing –H with –CH3, further enhancing the rigidity. Five A2PbX4 

crystals with high ΔSfus and low melting temperatures are prepared using this approach. For 

example, [I−(CH2)3−NH2(CH3)]2PbI4 reversibly melts at 388 K (decomposition temperature 500 

K), and then recrystallizes back upon cooling. Consequently, melt-pressed films are grown 

demonstrating the solvent- and vacuum-free perovskite films for future optoelectronic devices. 
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CHAPTER 2: Entropy-Driven Reversible Melting and Recrystallization of Layered Hybrid 
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2.1 Introduction 

Two-dimensional (2D) layered hybrid halide perovskites like A2PbX4 (A: organic ammonium 

cation, X: Br, I) are an improtant class of semiconductor showing interesting optoelectronic 

properties.1-6 Typical A2PbX4 compounds undergo irreversible decomposition with increasing 

temperature by forming volatile species. But for a few cases, A2PbX4 undergo a reversible melting 

and recrystallization process, at temperatures lower than the decomposition temperature.7-15
 It is 

expected that thermodynamics governs such reversible process with melting temperature, TM = 

ΔHfus /ΔSfus, where ΔHfus and ΔSfus are the enthalpy and entropy of fusion, respectively. But which 

one, ΔHfus or ΔSfus drives the melting of layered perovskites? Understanding such a phenomenon 

is important for desiging materials, functionilities, and device fabrication methods. 

We start with an educated guess that the melt of an ionic compound A2PbX4 behaves like an ionic 

liquid (mixture of cations and anions), where structural ΔSfus is known to determine TM.16 In the 

liquid of ions, the strong long-range (1/R2 dependency, with R as the distance between the two 

ions) Coulomb electrostatic force will inevitably dominate the inter-ionic interactions, leading to 

compaction of the liquid.17 On top, the charge neutrality requirement will ensure clustering or 

pairing of oppositely charged ions. Both these aspects are expected to suppress the ionic movement 

in the melt of A2PbX4, similar to ionic liquids. Consequently, translation entropy might contribute 

less in ΔSfus, and instead structural (conformational and configurational) entropy might dominate 

the ΔSfus. Motivated by these findings of ionic liquids, we hypothesize that in order to reduce TM 

of A2PbX4, the main strategy should be to increase structural ΔSfus. For that purpose, we rationally 

design A-site cations that are rigid in the solid form of A2PbX4 by introducing suitable 

intermolecular (or inter-ionic) forces, but becomes flexible in the molten state because of the 

disruption of intermolecular forces.  Figure 2.1 depicts our strategy to design such A-site cation. 

For a typical layered perovskites like (BA)2PbI4, the –NH3
+ end of butylammonium (BA) interact 

with [PbI4]
2- through electrostatic and hydrogen bonding, as shown in Figure 2.1a. 

The hydrocarbon tail part remains unbound (or weak van-der-Waals interaction) and flexible, 

increasing entropy of the solid. In difference, for (MIPA)2PbI4 (Figure 2.1b, MIPA = 

I−(CH2)3−NH2(CH3)
+, 3-methyliodopropyl ammonium), in addition to interaction of –NH3

+ head  
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Figure 2.1: Schematic representations of our design principles of rigid A-site cations for A2PbI4 

perovskite crystal. We hypothesize that the structurally rigid A-site cation in the solid state will 

become flexible in the molten state, yielding high ΔSfus, and therefore, lower melting temperature 

TM. The strategy to increase the rigidity of A-site cation in the solid form is by tailoring its tail 

part, while retaining the electrostatic and hydrogen bonding interactions (green shaded region) of 

–NH3
+ head group with the [PbI4]

2- perovskite layers. (a) The –CH3 tail part of BA cation in 

(BA)2PbI4 perovskite is flexible. (b) Replacing the –CH3 tail with –CH2I leads to I---I halogen 

bonding interactions (purple dotted line) between the MIPA and [PbI4]
2- perovskite layer, 

imparting rigidity in the A-site layer. (c) The –CN tail group of one 3-APN cation forms hydrogen 

bond (red dotted lines) with the –NH3
+ head of another 3-APN cation, imparting rigidity in the A-

site layer of (3-APN)2PbI4.  

with [PbI4]
2-, the –I tail of MIPA interact with [PbI4]

2- through halogen bonding.18, 19 The halogen 

bonding interaction at the tail is supposed to increase rigidity of the A-site cations, decreasing the 

entropy of the crystal. The rigidity of A-site cations can be increased in other ways as well. For  

C  N  H  Pb I

Rigid A-site CationsFlexible A-site Cation

(BA)2PbI4 (MIPA)2PbI4 (3-APN)2PbI4

Free Cation’s Tail Rigid Cation’s Tail via Halogen & Hydrogen 
Bonding Interactions

N-H----X-Pb C-I----I-Pb C≡N----H-N

(a) (b) (c)
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example, in (3-APN)2PbI4 (Figure 2.1c), the head (–NH3
+) and tail (–CN) of two 3-APN 

(CN−(CH2)2−NH3
+, 3-ammonium-propionitrile) cations interact between themselves,20 providing 

rigidity to the A-site cation, and therefore, reducing the entropy of the crystal. Upon melting, the 

intermolecular forces can be disrupted making the A-site cation flexible, and thereby significantly 

increasing the ΔSfus.  

Table 2.1: Structural details like hydrogen and halogen interactions obtained from single crystal 

XRD data at 296 K. Melting (TM), recrystallization (TC), and decomposition (TD) temperatures 

were measured from DSC and TGA data. 

A2PbX4 

compositions 

(X: Br, I) 

Hydrogen bonding 

between ammonium 

head group and 

[PbX4]2-: H--X 

distance (Å) / N–H--

X angle (°) 

Hydrogen 

bonding 

between 

organic tails: 

H--X distance 

(Å) / hydrogen 

bond angle (°) 

Halogen 

bonding 

between 

organic tail 

and [PbX4]2-: 

X--X distance 

(Å) 

TM / 

TC 

(K) 

TD 

(K) 

ΔT = 

TD- TM 

(K) 

 

(IPA)2PbI4 2.828 / 159.08 

2.701 / 165.06 

2.846 / 157.26 

-- 3.862 522 / 

-- 

~522 ~0 

(MIPA)2PbI4 2.684 / 165.81 -- 3.822 388 / 

339 

500 112 

(DMIPA)2PbI4 2.511 / 170.52 -- 3.863 372 / 

--- 

473 101 

(GABA)2PbI4 2.998 / 145.93 

3.041 / 146.83 

 

1.763 / 173.23 

[-CO---HO-] 

 

2.269 / 158.12 

[-NH--OH-] 

-- 413 / 

354 

463 50 

(3-APN)2PbI4 2.953 / 137.72 

2.907 / 149.81 

1.945/166.32 

[-CN--HN] 

-- 472 / 

458 

483 11 

(MBPA)2PbBr4  2.468 / 163 -- 3.708 386 / 

358 

492 106 
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Interestingly, all the A2PbX4 crystals with rigid A-site cations shown in Figure 2.1 undergo the 

desired reversible melting at temperatures lower than their irreversible decomposition 

temperatures. The design hypothesis can be applied to other A-site cations, showing about five 

layered hybrid perovskite samples (see Table 2.1) exhibiting reversible melting and 

recrystallization processes. Some of those A2PbX4 perovskite samples show TM ~ 388 K (115 oC), 

which is suitable for film growth from the melt of the hybrid perovskite on both glass and flexible 

polymer substrate. Consequently, we demonstarted n-i-p-based photodetector using melt-

processed (MIPA)2PbI4 films as an active layer, that operates both in self-powered21 mode (at 0 V 

bias) and at applied bias voltages. 

2.2 Experimental Section 

2.2.1 Chemicals 

Lead oxide (PbO, 99.9%, Sigma Aldrich), hydroiodic acid (HI, 57% w/w in water, Sigma Aldrich), 

hydrobromic acid (HBr, 48% w/w in water, Sigma Aldrich), hypophosphorous acid (H3PO2, 50% 

w/w in water, Avra chemicals), propanolamine (HO-(CH2)3-NH2, >99%, Sigma Aldrich), 3-

methylamino 1-propanol (HO-(CH2)3-N(CH3)H, 96%, Sigma Aldrich), 3-dimethylamino 1-

propanol (HO-(CH2)3-N(CH3)2, 99%, TCI chemicals), 3-amino-propionitrile (CN-(CH2)2-NH2, 

>98.0%, TCI chemicals), 4-amino butyric acid (COOH-(CH2)3-NH2, >99.0%, TCI chemicals), 

titanium diisopropoxide bis(acetylacetonate)  (75 wt% in isopropanol, Sigma Aldrich), 

acetylacetone (>99%, Sigma Aldrich),2,2’,7,7’-tetrakis (N,N-di-pme-thoxyphenylamine)−9,9’-

spirobifluorene (Spiro-OMeTAD, >99.8%, Sigma Aldrich), lithiumbis (trifluoromethanesulfonyl) 

imide salt (Li-TFSI, ≥99%, Sigma Aldrich), acetonitrile (anhydrous, 99.8%, Sigma Aldrich), 4-

tert-butyl-pyridine (TBP, >96.0%, Sigma Aldrich), chlorobenzene (CB, >98.0%, Sigma Aldrich) 

and absolute ethanol. 

2.2.2 Synthesis of (IPA)2PbI4 [IPA: I–(CH2)3–NH3
+], and (MIPA)2PbI4 [MIPA: I–(CH2)3– 

NH2(CH3)+] 

1 mmol lead oxide (PbO) was dissolved into 3 mL HI and 300 µL H3PO2 in a glass beaker by 

sonication, yielding a transparent yellow colored solution. Then 2 mmol OH-(CH2)3-NH2 (for IPA)  
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or 2 mmol OH-(CH2)3- NH(CH3) (for MIPA) were added dropwise. The alcohol group (-OH) gets 

substituted by the iodine group (-I) in situ during heating and stirring the precursor mixture at 110 

°C for 30 minutes using an oil bath placed on a hot plate with a magnetic stirrer.22 After 30 minutes, 

the hot plate temperature was reduced to room temperature, stirring was stopped. After ~3 to 4 

hours, yellow plate-like crystals of (IPA)2PbI4 or orange plate like crystals of (MIPA)2PbI4 

precipitated at the bottom of the beaker. Crystals were washed with diethyl ether and dried in the 

air. 

2.2.3 Synthesis of (DMIPA)2PbI4 [DMIPA: I–(CH2)3–NH(CH3)2
+] 

1 mmol lead oxide (PbO) was dissolved into 3 mL HI and 300 µL H3PO2 in a glass beaker after 

sonication for 10 minutes. Then 2.8 mmol of OH–(CH2)3–N(CH3)2 was added dropwise. Then, the 

glass beaker was heated and stirred at 110 °C for 30 minutes using an oil bath placed on a hot plate 

with a magnetic stirrer, the alcohol group (–OH) gets substituted by the iodine group (–I) in situ 

during heating.22 The hot plate temperature was reduced to room temperature, and stirring was 

stopped. After ~ 6 hours, orange plate-like crystals of (DMIPA)2PbI4 precipitated at the bottom of 

the beaker. Crystals were then washed with diethyl ether and dried in air. 

2.2.4 Synthesis of (3-APN)2PbI4 [3-APN: CN–(CH2)2–NH3
+] 

1 mmol lead oxide (PbO) was dissolved in 6 mL HI and 600 µL H3PO2 in a glass beaker by 

sonication for 10 minutes, yielding a clear yellow colored solution. Then, dropwise, 2 mmol of 

CN– (CH2)2–NH2 was added to the PbO solution. Immediately, a red precipitate was observed. 

Then, the glass beaker was placed in an oil bath on a hot plate with magnetic stirrer at 70 °C for 

30 minutes to dissolve the red precipitate. The hot plate temperature was reduced to room 

temperature, stirring was stopped, and then the glass beaker was placed in a freezer, maintaining 

a 5 °C temperature for crystallization. After 2 days, red colored plate-like crystals were precipitated 

at the bottom of the beaker. Crystals were collected, washed with diethyl ether and dried in air. 

2.2.5 Synthesis of (GABA)2PbI4 [GABA: COOH–(CH2)3–NH3
+] 

1 mmol lead oxide (PbO) was dissolved in 3 mL HI and 300 µL H3PO2 in a glass beaker by 

sonication for 10 minutes. Then, 2 mmol of COOH–(CH2)3–NH2 was added to PbO solution. Then,  
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the glass beaker was heated and stirred at 90 °C for 30 minutes using an oil bath placed on a hot 

plate with a magnetic stirrer. The temperature of the hot plate was reduced to room temperature. 

After 3 to 4 hours, orange colored crystals were precipitated at the bottom of the beaker. Crystals 

were washed with diethyl ether and dried in air. 

2.2.6 Synthesis of (MBPA)2PbBr4 [MBPA: Br–(CH2)3–NH2(CH3)+] 

1 mmol PbO was dissolved in 3 mL HBr in a glass beaker after sonication. Then, 2 mmol OH–

(CH2)3–NH(CH3) was added dropwise to the PbO solution. The alcohol group (–OH) gets 

substituted by the bromide group (-Br) in situ during heating and stirring of the precursor mixture 

at 110 °C for 30 minutes using an oil bath placed on a hot plate with a magnetic stirrer. The 

temperature of the hot plate was reduced to room temperature, and then the glass beaker was placed 

in a freezer (~5 °C) for crystallization. The yellowish-white plate-like crystals precipitated at the 

bottom of the beaker. Crystals were washed with diethyl ether and dried in air. 

2.2.7 Structural Characterization 

Single crystal X-ray diffraction frames are collected in a Bruker Apex Duo diffractometer using 

Mo Kα radiation (λ = 0.71 Å). Constant liquid nitrogen flow was maintained towards the mounted 

crystal to collect data at 100 K and 296 K. The integrations of the collected data and numerical 

absorption corrections are done using APEX4 software. The structures are solved by the direct 

method using SHELXS and refined by full-matrix least-squares on F2 using the SHELXL, as 

implemented in Olex2.23 

Powder X-ray diffraction patterns at room and at high temperature are recorded on a Bruker D8 

Advance diffractometer in Bragg−Brentano geometry and operating with Cu Kα radiation (1.54 

Å). The thermal stability of the samples was checked by thermogravimetric analysis (TGA) under 

a nitrogen atmosphere, using a Perkin-Elmer STA6000 system at a rate of 5 K per minute. 

Differential scanning calorimetry (DSC) measurements were performed on the powder samples to 

determine the phase transition temperatures. A TA instrument DSC250 system was used for the 

measurements. About 15 mg powder sample and a reference were heated from 298 K (RT) to a 

suitable temperature (less than the decomposition temperature of each sample). A similar  
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measurement was also carried out while cooling the sample to 298 K (RT). Field emission scanning 

electron microscopy (FESEM) images were recorded using a FEI Nova Nano SEM 450 FESEM 

instrument. 

The phonon dynamics were studied using a lab RAM-HR Evolution Raman spectrometer in the 

backscattering geometry coupled with a Peltier-cooled (CCD) detector. The measurements were 

performed on the crystals with Nd-YAG laser (532 nm) and He-Ne gas laser (633 nm). The 

temperature-dependent measurements were performed using the Linkam heating stage (model no. 

HFS600E-PB4) attached to the spectrometer. 

2.2.8 Optical Properties 

Optical diffused reflectance spectra were collected at room temperature using Shimadzu UV3600 

plus UV-vis-NIR spectrophotometer. BaSO4 powder is used for these measurements to reference 

100% reflectance. The diffused reflectance signal was converted to absorbance using the 

Kubelka−Munk transformation.24 Steady-state photoluminescence (PL) measurements were 

carried out using FLS 980 (Edinburgh Instruments). A 405 nm (3.06 eV) and 375 nm (3.37 eV) 

picosecond pulsed diode lasers are the excitation source for recording the PL. 

2.2.9 Preparation of (MIPA)2PbI4 Films by Melt Pressed Method 

The glass substrates (2 cm  2 cm) were washed first with soap solution, then distilled water, then 

with acetone and 2-propanol for 15 minutes each in an ultrasonic bath sonicator. Glass substrates 

were then dried in N2 flow. Then, placed in a UV ozone cleaner for 30 minutes. After that, 5 mg 

powder of (MIPA)2PbI4 was placed on the glass substrate and heated from room temperature (~298 

K) to 403 K (130 °C) on a hot plate, slightly above the melting temperature (TM = 388 K). Once 

the sample melted, a kapton sheet was placed on top of the yellow melted liquid and pressed with 

a preheated glass substrate until the perovskite melt spread. The temperature of the hot plate was 

reduced to room temperature. Complete material recrystallization was indicated by the color 

change from yellow to red. The upper glass substrate and kapton sheet were removed easily 

without affecting the perovskite film. The complete process of film preparation was performed in 

air (ambient conditions). 
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The melting temperature (MIPA)2PbI4 around 115 oC, along with its degradation temperature of 

227 oC is desired for both film growth and device operation. A lower melting temperature will risk 

device stability which can heated up to up to 60-70 oC during prolonged operation. A higher 

melting temperature will reduce the difference between the melting and decomposition 

temperature, therefore, reducing the stability of the melt. High stability of the melt is required for 

melt-pressed film growth with somewhat variable temperatures above the melting point. Also, 

melt-pressed film growth at moderate temperatures (~130 oC) is suitable for flexible polymeric 

substrates. 

2.2.10 Device Fabrication 

The fluorine-doped tin oxide (FTO) substrates were cleaned first with soap solution, then distilled 

water, then with acetone and 2-propanol for 15 minutes each in an ultrasonic bath sonicator. The 

FTO substrates were dried in N2 flow and exposed to UV ozone cleaner for 30 minutes. The 

electron transporting layer was fabricated by depositing 60 µL as-prepared TiO2 solution (see 

detailed procedure below) at 3000 rpm for 60 seconds and annealed at 450 °C for 60 minutes. 

After cooling, the (MIPA)2PbI4 film was fabricated over the compact-TiO2 (c-TiO2) layer using 

the above-mentioned method. Then, the substrates were transferred to the N2-filled glove box to 

fabricate the hole-transporting layer. The 30 µL of spiro-OMeTAD solution (see detailed 

procedure below) was coated at 3000 rpm for 30 seconds inside the N2-filled glove box. Finally, 

70 nm thick gold top electrode was deposited by sputtering using circular shadow mask (300 µm 

diameter) at a base pressure of ~ 1×10-5 mbar. 

2.2.11 Electron Transporting Layer (ETL) [compact TiO2] Solution Preparation 

The electron transporting solution was prepared by dissolving 150 μL titanium diisopropoxide 

bis(acetylacetonate) in 2.25 mL ethanol and 100 μL acetylacetone and stirrer for 30 minutes at 

room temperature. 

2.2.12 Hole Transporting Layer (HTL) [spiro-OMeTAD] Solution Preparation 

The hole-transporting layer solution was prepared by dissolving 30 μL TBP, 17 μL Li-TFSI 

solution (prepared by dissolving 520 mg Li-TFSI in 1 mL acetonitrile), and 70 mg Spiro-OMeTAD 
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in 1 mL chlorobenzene. 

2.2.13 Device Characterization 

The electrical measurements were carried out at room temperature in a probe station using a 

Keithley 2636B dual channel source measure unit (SMU). All the connections were made using 

triaxial cable to reduce the background current. We have used 470 nm LED having 6.10 mW/cm2 

of power density as the light source for photo response measurements. The LED switching on/off 

and intensity were controlled with the help of Arduino and a potentiometer. The rise and fall times 

were measured with Tektronix (TBS 1102B-EDU) digital oscilloscope attached to low noise 

current amplifier (Stanford Research Systems) (MODEL SR570). The photocurrent (Iphoto) was 

estimated from the following equation, Iphoto = Iilluminated – Idark   where, Iilluminated is the current 

recorded under light, Idark is the dark current. Generally, the performance of any photodetector is 

estimated based on the few key parameters such as response time, responsivity and detectivity. 

The Responsivity can be expressed as the following equation, 

𝑹 =
𝑰𝒊𝒍𝒍𝒖𝒎𝒊𝒏𝒂𝒕𝒆𝒅−𝑰𝒅𝒂𝒓𝒌

𝑷.  𝑨
   (A/W)                                     (equation 1) 

where, P is the optical power and A is illuminated area. Detectivity can be represented as the 

photodetector’s capability of detecting the faintest light signal, and it is expressed as the following 

equation: 

𝐃∗ = 𝐑 √𝟐𝐞𝐉𝐝⁄  (𝐉𝐨𝐧𝐞𝐬 )                                           (equation 2) 

Where, e is the electronic charge 

 Jd is the current density 

The ideality factor of the n-i-p diode was estimated by using the thermionic emission equation: 

I = 𝑰𝒔 [𝐞𝐱𝐩 ( 
𝒒𝑽

𝜼𝒌𝑻
 ) − 𝟏]                              (equation 3) 

Where, T represents the temperature  

 is the ideality factor 

 k the Boltzmann constant. 
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2.3 Result and Discussion 

2.3.1 Tailoring the Rigidity of A-site Cations by their Tail Group and its Effect on 

Thermodynamic Parameters 

We show the results of three different bifunctional A-site cations having one ammonium terminus, 

and another terminus with tail groups like –I, –CN, and –COOH in MIPA, 3-APN, and GABA 

[COOH−(CH2)3−NH3
+] respectively.  

 

Figure 2.2: Crystal Structures obtained from single crystal XRD data. (a) (MIPA)2PbI4, iodine at 

the tail of MIPA cation form I---I interaction (violet dotted line) with the iodine of [PbI4]
2-. (b) (3-

APN)2PbI4, the –CN group at the tail of one 3-APN cation interacts with –NH3
+ of another 3-APN 

cation, forming a dimer (red dotted lines). (c) Two hydrogens of –NH3
+ of one 3-APN cation form 

two hydrogen bonding interactions with [PbI4]
2- shown by green dotted lines. 
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For the synthesis of (MIPA)2PbI4, PbO and OH-(CH2)3-NH(CH3) were dissolved in a 1:2 ratio in 

HI solution with a small amount of H3PO2, following ref.19 A similar protocol is used for the 

synthesis of (3-APN)2PbI4 and (GABA)2PbI4, where 3-amino-propionitirle and 4- aminobutyric 

acid were used respectively, in place if OH-(CH2)3-NH(CH3).
12, 20, 25  

 

Figure 2.3: Crystal structure obtained from the single crystal XRD (a) (GABA)2PbI4, the –OH 

(hydroxyl group) of one GABA cation interacts with the oxygen of –CO (carboxyl group) and –

NH3
+

 group of other two GABA cations (orange and blue dotted lines). (b) Two hydrogens of –

NH3
+ of GABA cation form two hydrogen bonding interactions with the [PbI4]

2- and one hydrogen 

bonding with the oxygen of hydroxyl group of another GABA cation. (c) The –OH (hydroxyl 

group) at the tails of one GABA cation interacts with the –CO (carboxyl group) of another GABA 

cation (shown by orange line).  Such interactions between the GABA cations are present 

throughout the crystal between the [PbI4]
2- layers interact with each other, forming a 1D network.   
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Single crystal X-ray diffraction (XRD) data for all the samples are recorded at both 100 K and 296 

K. The structural refinement data of (3-APN)2PbI4 and (GABA)2PbI4 are shown in Table 2.2, and 

2.3, respectively. Similar structural data for (MIPA)2PbI4 was reported in our earlier papers.19 All 

the samples show 2D layered hybrid perovskite structure. 

 

Figure 2.4: Powder XRD patterns of (a) (MIPA)2PbI4, (b) (3-APN)2PbI4, and (c) (GABA)2PbI4 

match well with the corresponding simulated patterns obtained from single crystal XRD. All the 

patterns are recorded at room temperature. 

The single crystal XRD data also confirms the non-covalent hydrogen and halogen bonding of the 

tail groups of A-site cations that are discussed through schematics in Figure 2.1 (b-c). The structure 

obtained from the single crystal XRD along with quantitative information on the specific tail group 

interactions are presented in Figure 2.2 and 2.3. Powder XRD patterns recorded on the powders of 

(MIPA)2PbI4, (3-APN)2PbI4, and (GABA)2PbI4 also match well with their respective simulated 

(a) (b)

(c)
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Table 2.2: Crystallographic data and structural refinement details for (GABA)2PbI4 at 100 K and 

296 K. 

Sample (GABA)2PbI4 

CCDC Number 2354551 2354552 

Temperature 100 K 296 K 

Chemical formula C8H20N2O4PbI4 

Formula weight 923.05 g/mol 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pbca 

 

 

Unit cell dimensions 

a = 8.852(14) Å 

b = 9.241(14) Å 

c = 23.922(4) Å 

a = 8.916(3) Å 

b = 9.276(3) Å 

c = 24.328(9) Å 

Volume 1957.1(5) Å3 2012.0(11) Å3 

Z 4 4 

Density(calculated) 3.133 g/cm3 3.047 g/cm3 

Absorption coefficient 14.939 14.531 

F(000) 1632 1632 

Theta range for data collection 2.863° to 24.998° 3.278° to 24.983° 

 

Index ranges 

-10<=h<=10 

-10<=k<=10 

-27<=l<=28 

-10<=h<=10 

-11<=k<=11 

-28<=l<=27 

Reflections collected 16418 23594 

Independent reflections 1727 1757 

Coverage of independent 

reflections 

99.9% 99.2% 

Absorption correction Multi-scan 

Structure solution technique Direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w (Fo
2 - Fc

2)2 

Data/restraints/parameters 1727/0/91 1757/0/91 

Goodness of fit on F2 1.089 1.106 

Final R indices; I>2σ(I) 

All data 

R1 = 0.0197 wR2 = 0.0589 

R1 = 0.0224 wR2 = 0.0607 

R1 = 0.0245 wR2 = 0.0535 

R1 = 0.0288 wR2 = 0.0556 

Weighting scheme w = 1/[σ2 (Fo2)+ (0.1000P)2 ]; P=(Fo2+2Fc2)/3 
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Table 2.3: Crystallographic data and structural refinement details for (3-APN)2PbI4 at 100 K and 

296 K. 

Sample (3-APN)2PbI4 

CCDC Number 2354553 2354554 

Temperature 100 K 296 K 

Chemical formula C6H14N2PbI4 

Formula weight 857.01 g/mol 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pnma 

 

 

Unit cell dimensions 

a = 8.607(10) Å  

b = 19.976(3) Å 

c = 9.796(10) Å 

a = 8.644(10) Å  

b = 20.378(3) Å 

c = 9.818(13) Å 

Volume 1684.45(4) Å3 1729.5(4) Å3 

Z 4 4 

Density(calculated) 3.379 g/cm3 3.291 g/cm3 

Absorption coefficient 17.329 16.878 

F(000) 1488 1488 

Theta range for data collection 3.148° to 31.495° 1.946° to 27.007° 

 

Index ranges 

-10<=h<=8 

-23<=k<=23 

-11<=l<=11 

-10<=h<=10 

-24<=k<=24 

-11<=l<=11 

Reflections collected 14285 42944 

Independent reflections 1531 1576 

Coverage of independent 

reflections 

99.8% 100% 

Absorption correction Multi-scan 

Structure solution technique Direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w (Fo
2 - Fc

2)2 

Data/restraints/parameters 1531/0/75 1576/0/75 

Goodness of fit on F2 1.053 1.131 

Final R indices; I>2σ(I) 

All data 

R1 = 0.0237 wR2 = 0.0578 

R1 = 0.0269 wR2 = 0.0603 

R1 = 0.0430 wR2 = 0.1178 

R1 = 0.0545 wR2 = 0.1297 

Weighting scheme w = 1/[σ2 (Fo2)+ (0.1000P)2 ]; P=(Fo2+2Fc2)/3 
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patterns Figure 2.4, confirming the phase purity of the entire sample. The structural data (Figure 

2.2 and 2.3) confirm that all four samples (MIPA)2PbI4, (3-APN)2PbI4, and (GABA)2PbI4 have a 

rigid A-site cation, because of the interactions of the tail groups of the A-site cations. The same 

interactions also increase the molar density (see Table 2.4) of hybrid perovskites. 

Table 2.4: Molar density of A2PbX4 perovskites obtained from crystal structures at 296 K. Molar 

density of the six samples studied here with rigid A-site cation is significantly higher compared to 

the non-rigid (BA)2PbI4, BA: butyl ammonium. 

A2PbX4 

compositions 

Molar density 

(g/cm3) 

Reference 

(IPA)2PbI4 3.369  

 

 

 

       This work 

(MIPA)2PbI4 3.141 

(DMIPA)2PbI4 3.112 

(GABA)2PbI4 3.047 

(3-APN)2PbI4 3.291 

(MBPA)2PbBr4 2.755 

(BA)2PbI4 2.690 26 

Therefore, we anticipate a decrease in entropy of the solid crystals because of these tail group 

interactions, which is expected to increase ΔSfus and decrease TM. To verify that, we carried out 

differential scanning calorimetry (DSC) and thermogravimetry analysis (TGA) measurements on 

all the samples. Figure 2.5a shows an endothermic peak in DSC data (blue line) of (MIPA)2PbI4 

during the heating cycle. The peak corresponds to melting of the crystal at TM = 388 K, as shown  
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by the photographs of the sample in the inset of the Figure 2.5a. But TGA does not show any 

weight loss at this TM. The (MIPA)2PbI4 degrades at a higher temperature of 500 K forming volatile 

species. So, for DSC measurements, we started cooling down the sample from a temperature lower 

than the degradation temperature, and then an exothermic peak is observed at 339 K for 

recrystallization of (MIPA)2PbI4. From the DSC data, we estimated the value ΔHfus. (MIPA)2PbI4 

shows ΔHfus = 34.8 kJ/mol, and for TM = 388 K, ΔSfus is calculated as 89.7 J/(mol. K). 

 

Figure 2.5: DSC (blue color) and TGA (red color) data of (a) (MIPA)2PbI4, (b) (3-APN)2PbI4, and 

(c) (GABA)2PbI4 at a ramp rate of 5 K/minute. Melting and recrystallization temperatures are 

represented by the TM and TC, respectively. Reversible melting and recrystallization processes are 

observed for all three samples. Note that (3-APN)2PbI4 shows a small solid-to-solid phase 

transition indicated by TS in (b). Photographs in the insets of (a) show the appearance of pristine, 

molten, and recrystallized (MIPA)2PbI4. (Note: The DSC experiments were performed in NCL 

Pune by Mr. Animesh Gopal from Dr. Kadhiravan Shanmuganathan’s lab) 

(3-APN)2PbI4

(GABA)2PbI4

(MIPA)2PbI4(a) (b)

(c)
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Similarly, DSC and TGA data of (3-APN)2PbI4, and (GABA)2PbI4 layered perovskites are shown 

in Figure 2.5b, and 2.5c respectively. Reversible melting and recrystallization process are observed 

for all three samples, suggesting that the hypothesis of rigid A-site cation increasing the ΔSfus is 

working. (3-APN)2PbI4 melts at 472 K [ΔHfus of 13.9 kJ/mol and ΔSfus of 29.5 J/(mol. K)], 

recrystallizes at 458 K, and no weight loss is observed till 483 K. In (GABA)2PbI4, the two 

hydrogens at –NH3
+ of GABA cation form two weak hydrogen bonding interactions (see Figure 

2.3b) with [PbI4]
2-. A blue dotted line shows the third hydrogen at the ammonium head interacting 

with the oxygen of the –COOH group at the tail of the cation. All GABA cations in between the 

[PbI4]
2- layers interact with each other through –CO and –OH groups at the tails of cations, forming 

a 1D network (see Figure 2.3b and 2.3c). (GABA)2PbI4 melts at 413 K [ΔHfus of 43.6 kJ/mol and 

ΔSfus of 105.7 J/(mol. K)], recrystallization at 354 K, and no weight loss is observed till 463 K as 

shown in Figure 2.5c.  

2.3.2 Tailoring the Rigidity of A-site Cations by Substituting –H with –CH3 in the –NH3
+ 

Head Group, and its Effect on Thermodynamic Parameters 

In the above section, we designed rigid A-site cations through non-covalent interactions in the tail 

part of the cation. Interestingly, the rigidity of A-site cation and TM can be controlled by tailoring 

the –NH3
+ terminus as well. Mono- and di-substitution of –H with –CH3 from –NH3

+ of 

I−(CH2)3−NH3
+ (3-iodopropylammonium = IPA), lead to the formation of I−(CH2)3−NH2(CH3)

+ 

(MIPA) and I−(CH2)3−N(CH3)2H
+ (DMIPA, 3-dimethyliodopropyl ammonium) cations, 

respectively. Figure 3 shows the structural analysis of (IPA)2PbI4, (MIPA)2PbI4 and (DMIPA)2PbI4 

based on the data reported in our prior paper. Details of synthesis and powder XRD patterns are 

provided in the experimental section and in Figure 2.6(a-b) respectively.  

The substitution –H with –CH3 at the ammonium head increases the steric hindrance. 

Consequently, the penetration depth of ammonium heads of IPA, MIPA, and DMIPA cation in the 

[PbI4]
2- layer systematically decreases from 0.429 Å to 0.175 Å to -0.259 Å, as shown in Figures 

2.7a, 2.7b, and 2.7c, respectively. This increased distance between the A+ and [PbI4]
2- is expected 

to reduce the electrostatic attraction, reducing the enthalpy of the crystal. Furthermore, the number 

of N−H----I hydrogen bonds decreases from three for (IPA)2PbI4 to one for (MIPA)2PbI4 and 
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Figure 2.6: Powder XRD patterns of (a) (IPA)2PbI4 and (b) (DMIPA)2PbI4 match well with the 

corresponding simulated patterns obtained from single crystal XRD data. All the patterns are 

recorded at room temperature. 

(DMIPA)2PbI4, as shown in Figure 2.6. This decrease in number of N−H----I hydrogen bonding is 

also expected to decrease the enthalpy of crystal. Intuitively, one might think that the decrease in 

enthalpy of solid is expected to decrease ΔHfus. But  Figure 2.8c shows the ΔHfus values obtained 

from DSC data exhibit a reverse trend, where ΔHfus increases from 20.1 kJ/mol for (IPA)2PbI4 to 

34.8 kJ/mol for (MIPA)2PbI4 to 37.7 kJ/mol for (DMIPA)2PbI4. This reverse trend suggest that the 

substitution of –H with –CH3 also significantly alters the enthalpy of the molten state, which in 

turn controls the ΔHfus. Suprisingly, though ΔHfus increases, the TM decreases from 522 K for 

(IPA)2PbI4 to 388 K for (MIPA)2PbI4 to 372 K for (DMIPA)2PbI4. This decrease in TM again 

emphasizes on the role of structural entropy on increasing the ΔSfus. 

(a)

(b)
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In (IPA)2PbI4, the three N–H----I hydrogen bonds have similar strength (see Figure 2.7a), which 

means rotation (C3-rotational axis for the C-N bond) of the –NH3
+ head is possible. But with 

substitution of –H with bulky –CH3, the rotation of the ammonium head is expected to get 

suppressed in both the crystals of (MIPA)2PbI4 and (DMIPA)2PbI4, reducing their structural 

entropy. In the molten state, the molar density will decrease, which is expected to make the 

rotations of the substituted ammonium heads feasible, increasing the ΔSfus. Indeed, the DSC datain 

Figure 2.8c show that the increase in ΔSfus is the main cause of decreasing TM from (IPA)2PbI4 to 

(MIPA)2PbI4 to (DMIPA)2PbI4.  

 

Figure 2.7: (a) Crystal structure of (IPA)2PbI4 obtained from single crystal XRD data, where IPA 

cation forms three hydrogen bonding interactions (blue, red, and green lines) with [PbI4]
2- and the 

ammonium head of the IPA cation penetrates 0.429 Å in the plane (red color) formed by axial 

iodine atoms of [PbI4]
2-. (b) Crystal structure of (MIPA)2PbI4, where MIPA cation forms only one 

hydrogen bonding interaction (red line), and the penetration depth of ammonium head reduced to 

0.175 Å. (c) Crystal structure of (DMIPA)2PbI4 with one hydrogen bonding interaction (red line), 

and a negative value of penetration of -0.259 Å indicates the ammonium head does not penetrate 

through the axial iodine atom plane (red color). 
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Figure 2.8: DSC (blue line) and TGA (red line) data of (a) (IPA)2PbI4 shows irreversible melting. 

Melting temperature of (IPA)2PbI4 is just below the decomposition temperature. Therefore, 

melting of (IPA)2PbI4 is also accompanied with formation minor volatile components (see the 

TGA), which inhibits the reversible recrystallization process upon cooling the melt. (b) 

(DMIPA)2PbI4 shows reversible melting and recrystallization, as indicated by the photographs in 

the inset. Solid-to-solid structural transition, melting, and recrystallization temperatures are 

represented by TS, TM, and TC, respectively. (c) Comparison of the ΔHfus and ΔSfus of (IPA)2PbI4, 

(MIPA)2PbI4, and (DMIPA)2PbI4 calculated from the DSC data shown in Figure 2.5a and Figure 

2.8a-b. Both ΔHfus and ΔSfus increase from (IPA)2PbI4 to (MIPA)2PbI4 to (DMIPA)2PbI4. (Note: 

The DSC experiments were performed in NCL Pune by Mr. Animesh Gopal from Dr. Kadhiravan 

Shanmuganathan’s lab) 
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It is to be noted that for all the samples, the tail end of A-site cations is also rigid because of the I-

---I halogen bonding, as shown in both Figure 2.1b and Figure 2.7(a-c). It is to be noted that for 

all the samples, the tail end of A-site cations is also rigid because of the I----I halogen bonding, as 

shown in both Figure 2.1b and Figure 2.7(a-c). 

2.3.3 Comparison of ΔHfus, ΔSfus, and TM of A2PbX4 with Ionic Liquid and Alkali Halide 

Thermodynamic parameters like ΔHfus and ΔSfus, and therefore TM, depend on many aspects of 

constituent ions like their size, shape, mass, flexibility, polarizability, charge asymmetry, and 

hydrogen bonding.16 When we change the chemical compositions of the cation and anion, multiple 

such parameters changes together, making it difficult to predict the trends of ΔHfus and ΔSfus. There 

is a strong interplay between electrostatics, dispersion, hydrogen bonding, and entropic 

contributions that sometimes lead to counterintuitive experimental observations. For example, (i) 

a decrease in enthalpy in the solid state of A2PbI4 in Figure 2.7 does not decrease the ΔHfus, or (ii) 

decrease in hydrogen bonding in certain ionic liquids increases their viscosity.27 

In this complex situation, in order to derive any possible generic trend, we compare here the 

experimental values of TM, ΔHfus, and ΔSfus of previously published ionic liquids,28 alkali halide,29, 

30 and our A2PbX4 perovskites. The average values of TM for about 20 alkali halides and 257 ionic 

liquids are 983 K (710 oC) and 304 K (31 oC),17 respectively, as shown in Figure 2.9a. The average 

TM for 11 A2PbX4 perovskites is obtained from our results and also from prior reports (see Table 

2.5) is 436 K (163 oC). 

Likewise, Figures 2.9b and 2.9c compare the average values of ΔHfus, and ΔSfus, respectively. The 

average TM of alkali halides is about 2.3 times higher than that of A2PbX4 perovskites and 3.2 

times higher than that of ionic liquids. In contrast, the average ΔHfus for alkali halides, A2PbX4 

perovskites, and ionic liquids are very similar. This comparison clearly shows that ΔHfus is not the 

primary reason for the observed 2.3 to 3.2 times decrease in TM for A2PbX4 perovskites and ionic 

liquids, respectively. Interestingly, the increase in ΔSfus for the A2PbX4 perovskites is about 3 times 

as compared to the alkali halides. Thus, it becomes evident that the increase in ΔSfus for the A2PbX4 

perovskite scales well with extent of decrease in TM. This finding suggests that the major strategy  
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Figure 2.9: Comparison of average (a) melting temperature (TM), (b) enthalpy of fusion (ΔHfus), 

and (c) entropy of fusion (ΔSfus) of alkali halides (AH),17, 28 meltable A2PbX4 perovskites (PVK), 

and ionic liquids (IL).17, 29, 30 

(a)

(b)

(c)



52 
 

CHAPTER 2: Entropy-Driven Reversible Melting and Recrystallization of Layered Hybrid 

Perovskites 

to control the TM of A2PbX4 hybrid perovskite should be by controlling the ΔSfus, which can be 

controlled mainly by tuning the flexibility, shape, and size (steric) of the A-site cation. 

Table 2.5: Melting temperature (TM), enthalpy of fusion (ΔHfus), and entropy of fusion (ΔSfus) of 

A2PbX4 perovskites used in this work and A2(Pb/Sn)X4 perovskites reported in prior literature. 

A2(Pb/Sn)X4 compositions Melting 

temperature 

TM (K) 

Integration 

range (K) 

ΔHfus 

(kJ/mol) 

ΔSfus 

[J/(mol. K)] 

Refer

ence 

(IPA)2PbI4 522 520.2-525.8 20.1 38.5  

 

 

 

This 

Work 

(MIPA)2PbI4 388 384.9-394.1 34.8 89.7 

(DMIPA)2PbI4 372 354.3-381.8 37.7 101.3 

(GABA)2PbI4 413 403-419.7 43.6 105.7 

(3-APN)2PbI4 472 465.3-475.1 13.9 29.5 

(MBPA)2PbBr4 386 375.3-391.4 8.19 21.2 

(MIBA)2PbI4 409 401.5-424.7 37.1 90 15 

(MIPTA)2PbI4 411 389.4-437.8 33.9 82.6 15 

(R-NEA)2PbBr4 441 -- 30.6 69.3 31 

(S-NEA)2PbBr4 448 -- 37.7 84.1 31 

(2F-PEA)2SnI4 474 -- 24.2 51.1 32 

 

MIBA: N-methyliodo butylammonium, MIPTA: N-methyliodo pentyammonium, R-NEA: R-(+)-

1-(1-naphthyl)ethylammonium, S-NEA: S-(-)-1-(1-naphthyl)ethylammonium, 2F-PEA: 2-

fluorophenethylammonium. 
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2.3.4 Structural and Optical Characterization of Reversible Melting and Recrystallization of 

(MIPA)2PbI4 

Among the list of six A2PbX4 samples (see Table 2.1) studied here, (MIPA)2PbI4 shows the largest 

difference (112 K) between melting and decomposition temperature. This large difference suggests 

the stability of the molten state, which is desired for the fabrication of melt-processed devices. So, 

as a case study, we present here the structure-property relationships of (MIPA)2PbI4 during the 

reversible melting-recrystallization process. At 303 K, the powder XRD pattern matches well with 

the simulated pattern of (MIPA)2PbI4, as shown in Figure 2.4a.  

The powder XRD patterns (Figure 2.10a) remain very similar with increasing the temperature up 

to 373 K. Expectedly, a slight shift in XRD peaks is observed towards lower 2 values because of 

the thermal expansion of the lattice (see Figure 2.11). But at 393 K, i.e. just above the melting 

temperature, most of the XRD peaks disappear because of the crystal melting. Further increase in 

the temperature to 393 K ensures the melting process with absence of XRD peaks from the yellow- 

colored melt (amorphous). The observed XRD peaks marked by “*” are because of the Pt substrate 

used for the temperature-dependent XRD measurements. Upon cooling, the melt recrystallizes 

back to (MIPA)2PbI4, as shown by the powder XRD pattern of the recrystallized sample. 

Interestingly, this reversible melting-recrystallization process can be carried out for unlimited 

number of cycles. The top-most powder XRD pattern in Figure 2.10a shows the XRD pattern of 

(MIPA)2PbI4 after 50 cycles of melting and recrystallization in ambient conditions.  Figure 2.10b 

shows temperature-dependent Raman Spectra of (MIPA)2PbI4. The peak at ~ 40 cm-1 corresponds 

to the twisting/rocking motions of the octahedral network,33, 34 and is present at all temperatures 

below the melting point. But above the melting point, at 393 K, the Raman peak disappears 

suggesting breakdown of the inorganic octahedral network in the molten state. Again, cooling the 

melt brings back the 40 cm-1 Raman mode because of the recrystallization of (MIPA)2PbI4. The 

Raman data further corroborate the reversible melting and recrystallization of (MIPA)2PbI4. 

After verifying the structural and chemical reversibility of the melting-recrystallization process, 

we check the reversibility of the optical properties. Figure 2.10c compares the optical absorption 

and emission of the as-prepared pristine (MIPA)2PbI4 sample with the sample obtained after 
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Figure 2.10: (a) Variable temperature (303-413 K) powder XRD patterns of (MIPA)2PbI4. Also, 

the powder XRD pattern of the sample obtained after 50 cycles of melted and recrystallization 

process is shown at the top. Peaks marked with “*” are due to the Pt substrate. (b) Variable 

temperature (300-393 K) Raman spectra of (MIPA)2PbI4. (c) Optical absorption and emission of 

pristine and recrystallized (MIPA)2PbI4, measured at room temperature. 
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melting and recrystallization process. Both the pristine and recrystallized powder samples show 

very similar optical absorption and emission spectra. The absorption and emission features 

correspond to the excitonic processes, similar to prior reports,35, 36 of the 2D layered hybrid 

perovskite semiconductors. It is noteworthy that the excitonic emission in the recrystallized sample 

is intact, implying good quality of the recrystallized (MIPA)2PbI4, which might be suitable for 

optoelectronic device applications. 

The bromide counterpart of (MIPA)2PbI4 is (MBPA)2PbBr4, where MBPA is 3-

methylbromopropyl ammonium, Br–(CH2)3–NH2(CH3)
+. (MBPA)2PbBr4 also shows low melting 

temperature of 386 K, which is 106 K lower than its decomposition temperature (Table 2.1). The 

structural and optical changes of (MBPA)2PbBr4 during the reversible melting and recrystallization  

 

Figure 2.11: Enlarged view of the powder XRD patterns of (MIPA)2PbI4, showing peaks shift 

toward lower 2θ values with the increase of temperature (before melting at 388 K) due to lattice 

expansion. 
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Figure 2.12: (a) Crystal structure of (MBPA)2PbBr4 obtained from single crystal XRD data, where 

MBPA cation forms only one hydrogen bonding interaction (red lines) with [PbBr4]
2- and the 

ammonium head of the MBPA cation penetrates 0.128 Å in the plane (red color) formed by axial 

bromide atoms of [PbBr4]
2-. (b) DSC (blue color) and TGA (red color) data of (MBPA)2PbBr4 at 

a ramp rate of 5 K/minute. At 363 K, just before melting, solid-to-solid structure transition is 

present, which is further confirmed with the help of variable temperature powder XRD. Solid-to-

solid structural transition, melting, and recrystallization temperatures are represented by the TS, 

TM, and TC, respectively. Reversible melting and recrystallization processes are observed for 

(MBPA)2PbBr4. Photographs in the insets of (b) show the appearance of pristine, molten, and 

recrystallized (MBPA)2PbBr4. (c) Variable temperature (303-413 K) powder XRD patterns of 

(MBPA)2PbBr4. A few new peaks started appearing along with the pristine sample peaks in the at 

363 K and 374 K, just before the melting of (MBPA)2PbBr4. At 393 K, most of the XRD peaks 

disappear because of the crystal melting. Also, the powder XRD pattern of the sample obtained 

after 50 cycles of melted and recrystallization process is shown at the top. Peaks marked with “*” 

are due to the Pt substrate. (d) Variable temperature (300-393 K) Raman spectra of 

(MBPA)2PbBr4. The Raman peak at ~ 47 cm-1 corresponds to the twisting/rocking motions of the 

octahedral network.33, 34 Disappearance of Raman peak in the molten state suggests breakdown of 

the inorganic octahedral network. Again, cooling the melt brings back the 47 cm-1 Raman mode 

because of the recrystallization of (MBPA)2PbBr4. (e) Optical absorption and emission of pristine 

and recrystallized (MBPA)2PbBr4, measured at room temperature. Both the pristine and 

recrystallized powder samples show very similar optical absorption and emission spectra. (Note: 

The DSC experiments were performed in NCL Pune by Mr. Animesh Gopal from Dr. Kadhiravan 

Shanmuganathan’s lab) 
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process (see Figure 2.12) are also similar to that of (MIPA)2PbI4. We note that (MBPA)2PbBr4 

undergoes a solid-to-solid phase transition (Ts = 363 K) just before the melting at 386 K as shown 

in Figure 2.12(b-c). 

Such a high-temperature-phase solid-to-liquid transition of (MBPA)2PbBr4 has a different nature 

compared to the room-temperature-phase solid-to-liquid transition of (MIPA)2PbI4. Therefore, the 

absolute values of ΔHfus, and subsequently the ΔSfus, differe for both samples. Interestingly, for 

both samples the ration ΔHfus/ΔSfus remains similar yielding similar values of melting 

temperatures. 

2.3.5 Solvent- and Vacuum-Free Melt-Processed (MIPA)2PbI4 Films and Photodetector 

Dvice 

Typical hybrid perovskite films are prepared either through solution processed or through vacuum 

routes.37, 38 While such perovskite films are the best ones right now in terms of their optoelectronic 

device performance, but use of large amount of toxic solvents in solution processed method and 

power-intensive methodology in the vapor route are not desired. Alternatively, melt-pressed film 

deposition is free from both solvents and vacuum systems. Therefore, there is immense interest to 

grow melt-processed perovskite films exhibiting good optoelectronic properties.13, 14 Figure 2.13a 

schematically shows our method of melt-pressed growth of perovskite films. In this method 

(MIPA)2PbI4 powder (~5 mg) is placed on a glass substrate (2 cm  2 cm) and heated on a hot 

plate upto ~403 K, which is 5-10 K higher than the melting temperature of the sample lowering 

down the viscosity. The melt is very stable at this temperature (see Figure 2.5a). A kapton sheet 

was placed over the melted yellow liquid and pressed with a preheated glass substrate till the 

melted liquid uniformly spread. The hot plate temperature is then reduced to room temperature. 

After a complete recrystallization (yellow to red colour conversion), the upper glass substrate and 

the kapton sheet are removed gently, leaving behind the (MIPA)2PbI4 film (see the inset of Figure 

2.14b). The FESEM image in Figure 2.13b shows the melt-processed film has a uniform thickness 

of about 4.5 m. The thickness can be controlled in the range of a few m (see Figure 2.14c and 

2.14d), but it is challenging to get thinner films using this method. Figure 2.14e and 2.14f shows 

large grain size (more than 100 µm) and absence of pin-holes, which are preferred for good charge  
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transport through the film. The powder XRD pattern of the film in Figure 2.14a confirms the 

formation of (MIPA)2PbI4 after recrystallization of the melt. 

 

Figure 2.13: (a) Schematic diagrams showing our melt-pressed method for preparing (MIPA)2PbI4 

film. (b) Cross-sectional FESEM images of the prepared film. (c) Schematic diagram of the 

photodetector device with n-i-p geometry. (d) Current-voltage (I-V) characteristics of the device 

under dark and 470 nm (power density of 6.10 mW/cm2) LED illumination. (e) The on-off states 

of the device during different bias conditions from 0V to -3V. (f) Calculated rise and fall time of 

a self-powered (Vbias = 0 V) photodetector. (Note: Photodetector data in Figure 2.13d, 2.13e, and 

2.13f was recorded by Meghasree Basu in Prof. Atikur Rahman’s Lab at IISER Pune) 

The melt-processed (MIPA)2PbI4 films also show excitonic photoluminescence (Figure 2.14b) 

similar to their powder form. After confirming the thickness, morphology, crystal structure, and 

optical properties of melt-processed (MIPA)2PbI4 films, we fabricate photodetector devices with 

n-i-p geometry, as shown by the schematic in Figure 2.13c. 

In Figure 2.15, the FESEM cross sectional view of a photodiode is presented.  The (MIPA)2PbI4 

film is the active light-absorbing layer. This is coupled with TiO2 serving as the electron-

transporting layer and spiro-OMeTAD as the hole-transporting layer. More details about the device 

fabrication is presented in the experimental section Figure 2.13d compares the current-voltage  
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(I-V) characteristics of the (MIPA)2PbI4 photodiode under both dark and 470 nm (power density 

of 6.10 mW/cm2) light illumination at room temperature. In the reverse-biased region, the photo-

current is about 7.4 times higher than the dark current. 

 

Figure 2.14: (a) Powder XRD pattern of melt-pressed (MIPA)2PbI4 films confirms its formation 

after recrystallization. (b) Melt-pressed film of (MIPA)2PbI4 shows absorbance and excitonic 

photoluminescence. Inset shows a photograph of a melt-pressed film. (c-d) Cross-section images 

of the melt-pressed films (on glass substrate) of (MIPA)2PbI4 at different regions show similar 

thickness of the films. FESEM images (e-f) of the surface of melt-pressed films of (MIPA)2PbI4, 

shows textured growth with large grain sizes (more than 100 µm). 
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Figure 2.15: (a-b) FESEM cross-section images of the fabricated n-i-p structured photodiode, with 

the configuration of FTO/c-TiO2/(MIPA)2PbI4/Spiro-OMeTAD. 

Interestingly, a photovoltaic effect is also observed under illumination with an open-circuit voltage 

(VOC) of 320 mV, due to the photogenerated carriers at the n-TiO2/(MIPA)2PbI4/p-Spiro-

OMeTAD interface. This built-in electric field leads to the asymmetric rectifying I-V behavior. 

The estimated photodiode ideality factor (see Figure 2.16) under both dark and illuminated 

conditions are 2.3 and 2.2, respectively. 

Overall, the I-V characteristics suggest the fabrication of a reasonably good quality photodiode 

using melt-pressed films of (MIPA)2PbI4 layered perovskite. Figure 2.13e shows transient 

photocurrent response of (MIPA)2PbI4 based photodiode with different applied biases from 0 V to 

-3 V. A sharp switching of photocurrent during the light on−off cycles is observed. The on-off 

cycles repeat over many times without a loss of photocurrent as shown in Figures 2.17 and 2.18(a-

d). Expectedly, an increase in the applied bias voltage from 0 V to -3 V increases the photocurrent. 

The photocurrent is directly proportional to the responsivity and detectivity, which are key 

parameters of the photodiode. 

The responsivity increases from 23 mA/W at 0 V, to 145 mA/W at -1 V, to 362 mA/W at -3 V. 

Likewise, detectivity increases 1.6  1010 Jones at 0 V, to 4.6  1010 Jones at -1 V, to 5.8  1010 

Jones at -3 V. The obtained values are reasonably good compared to previously reported devices 

of layered hybrid perovskites (see Table 2.6). Response time, i.e., photocurrent rise and decay 

time, is another important photodetector parameter. Figure 2.13f shows that at 0 V bias, the rise 

and fall time are estimated as 0.6 ms and 1.4 ms. Similar response times are also observed at other 

bias voltages, as shown in  Figure 2.18. 
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Figure 2.16: I-V characteristic under dark and light conditions of n-i-p structured self-powered 

photodiode’s ideality factor (ƞ) extracted from the ln(I) vs V plot.  

 

Figure 2.17: Multiple on-off cycles of the melt-pressed (MIPA)2PbI4 based photodetector device 

in the self-powered mode, i.e., without applying any bias voltage. (Note: This I-T data was 

recorded by Meghasree Basu in Dr. Atikur Rahman’s Lab at IISER Pune) 

The obtained response time is reasonably fast compared to other 2D perovskite photodetectors (see 

Table 2.6),39, 40 and remains largely stable (see Figure 2.19) even after many days from the 

fabrication of devices. 

(a) (b)
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Figure 2.18: (a-b) Multiple on-off cycles of the melt-pressed (MIPA)2PbI4 based photodetector 

device at -1V bias and -3 V bias. (c-d) Response (rise / fall) time calculated at -1 V bias and -3 V 

bias. (Note: This I-t data was recorded by Meghasree Basu in Dr. Atikur Rahman’s Lab at IISER 

Pune) 

 

Figure 2.19: Rise and fall time of a self-powered (at Vbias = 0 V) photodetector after 40 days from 

the date of fabrication. The measurements are done in ambient conditions, though the device was 

stored in nitrogen environment. (Note: This I-t data was recorded by Meghasree Basu in Dr. Atikur 

Rahman’s Lab at IISER Pune) 
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Table 2.6: Comparison of reported critical device parameters of photodetectors of A2PbX4 

perovskites with our fabricated photodetector. 

A2PbX4 

composition 

Morpholog

y 

Light 

(nm)/ 

Power 

(mW/cm2

) 

Bias 

(V) 

Responsivit

y (mA/W) 

Detectivit

y (Jones) 

Rise/ 

fall time 

(ms) 

Refe

renc

e 

(MIPA)2PbI4 

 

  

Melt pressed 

film 

470/6.1 0 23 1.6  1010 0.6 / 1.4 This 

Work 
-1 145 4.6  1010 7.5 / 1.1 

-3 362 5.8  1010 10.1 / 7.2 

(OA)2PbI4  Spin coated 

film 

470 ---- 2.89 ---- 200 / 500 41 

(iBA)2PbI4   

Spin coated 

film 

 

 

 

532 / 60 

 

 

1.5 

4.78 ---- 49 / 61 42 

(iBA)2(MA)3P

b4I13 

117.09 ---- 16 / 15 

(BA)2PbI4  

 

 

Spin coated 

film 

 

 

 

 

White 

light / 3.0 

 

 

 

30 

 

 

 

 

3 

 

---- 28.4 / 27.5 43 

(BA)2(MA)Pb

2I7 

---- 8.4 / 7.5 

(BA)2(MA)2P

b3I10 

---- 10.0 / 7.5 

(PEA)2PbI4  Spin coated 

film 

475 / 1.45 10 0.75 2.8  108 82.6 / 20.7 44 

BDAPbI4  Single 

crystal 

462 / 8.8 

W/cm2 

4 930 1.2  1011 0.19 / 0.16 45 

(BA)2PbI4 

 

 

 

Spin coating 

film 

 

 

 

--- / 40 

 

 

5 

 

---- ---- 500 / 200 46 

(HA)2PbI4 ---- ---- 200 / 100 

(OA)2PbI4 ---- ---- 300 / 100 

(BA)2(MA)4P

b5I16 

Spin coated 

film 

565 / 830 

W/cm2 

10 0.01 6.8  1012 14 / 31 47 

OA: octylammonium, iBA: isobutlyammonium, BA: butylammonium, PEA: 

phenethylammonium, BDA: 1,4-butanediammonium, HA: hexylammonium, MA: 

methylammonium 
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2.4 Conclusions 

We show that a series of layered hybrid perovskite samples, (MIPA)2PbI4, (DMIPA)2PbI4, 

(GABA)2PbI4, (3-APN)2PbI4, and (MBPA)2PbBr4 undergo melting at temperatures lower than the 

decomposition temperature. Majority of them form stable melts, and upon cooling, recrystallize 

back to its perovskite form. The control over reversible melting process is achieved by discovering 

that the structural entropy dominates the ΔSfus and melting temperature. All the A-site cations used 

here have functional tail groups like –I, –Br, –CN, and –COOH which undergoes non-covalent 

interactions yielding rigid A-site layer in the crystal. The structural rigidity is increased further by 

suppressing the rotation of the ammonium head group, by replacing –NH3
+ with –NH2(CH3)

+ and 

–NH(CH3)2
+. Upon melting, the mentioned tail group interactions probably diminish, and the 

rotation of head group becomes allowed, leading to a substantial increase in ΔSfus, and, 

subsequently, a decrease in melting temperature. (MIPA)2PbI4 shows one of the lowest melting 

temperatures of 388 K (115 oC), which is about 112 K lower than its decomposition temperature 

500 K. For such a sample, the stable melt can be easily processed into solvent- and vacuum-free 

perovskite films on both glass and flexible polymer substrates. The melt-pressed films are 

optoelectronically active forming self-powered n-i-p photodiodes with sub-millisecond response 

time. This work establishes a new structure-property relationship connecting structural ΔSfus with 

melting temperature of A2PbX4 perovskites, and subsequently demonstrates the feasibility of melt-

pressed perovskite films for optoelectronic applications. These generic findings pave the way for 

designing new functional hybrid perovskite crystals and films. 
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Abstract 

In this work, we present a novel solvent-free molten state method for the synthesis of hybrid lead-

halide perovskites, specifically targeting the reduction of toxic solvent use typically associated 

with the conventional methods. Traditional synthesis methods involve hydrohalic acids such as 

hydroiodic acid (HI) and organic solvents like dimethylformamide (DMF), dimethyl sulfoxide 

(DMSO), and gamma-butyrolactone (GBL). Our alternative method involves melting an A-site 

organic ammonium cation precursor, N-methyl phenethyl ammonium iodide [(C6H5-(CH2)2-

NH2
+(CH3) I

-] (MPEAI), which melts at ~100 °C. This molten precursor effectively dissolves lead 

iodide (PbI2), forming a stable molten mixture. Upon cooling, the (MPEA)5Pb3I11 perovskite 

derivative structure crystallizes. We compared the structural and optical properties of 

(MPEA)5Pb3I11 synthesized by the molten state and acid precipitation method. In addition, we 

successfully fabricated films of (MPEA)5Pb3I11 using this solvent-free approach. Our findings 

demonstrate that the molten state method offers a solvent free alternative for synthesizing lead-

halide perovskites without compromising on structural and optical properties. 
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3.1 Introduction 

Layered hybrid halide perovskite semiconductors are known for their excellent optoelectronic 

properties.1-6 Synthesis of hybrid halide perovskite single crystals and polycrystalline powder 

involve commonly used solvents hydrohalic acid (HX, where X = I, Cl, Br), dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), and gamma-butyrolactone (GBL).7, 8 Thin films of hybrid 

halide perovskites are typically fabricated using polar solvents like DMF and DMSO through 

simple techniques such as spin-coating, slot-die coating, and blade-coating, for optoelectronic 

applications.9-11 Overall from synthesis (single crystals and  polycrystalline powder) to processing 

(thin films) of hybrid halide perovskites involves the use of toxic solvents. Therefore, reducing or 

eliminating the use of toxic solvents in the synthesis of perovskites is crucial. Several efforts have 

been made to reduce the use of toxic solvents, with one promising approach being the melt pressing 

method for film fabrication.12-15 Films fabricated via this solvent- and vacuum-free technique have 

demonstrated reasonably good performance in optoelectronic applications.12, 14 

Can one think of to reduce the usage of toxic solvent in the synthesis of hybrid halide perovskites 

in different forms polycrystalline powder, single crystals and films? Yes, it is possible. We have 

introduced a molten state method for synthesizing lead-halide hybrid perovskites in any desired 

forms. In this method, one of the precursors is melted, and the molten state acts as a solvent for 

the other precursors of the hybrid halide perovskite. Hybrid halide perovskites consist of both 

organic and inorganic sublattices, and the melting temperature of organic components can be 

adjusted by introducing specific functionalities. Ammonium halide salts, which act as A-site 

ammonium cation precursors, should form a stable melt that effectively dissolves lead halides 

(PbX2), enabling the efficient synthesis of perovskites. We anticipate that the melt of ammonium 

halide salts behaves similarly to ionic liquids, as they consist of ammonium cations and halide 

anions. Ionic liquids are well-known as green solvents for chemical reactions and the preparation 

of functional materials.16-18 

Using the molten-state approach discussed above, we successfully prepared polycrystalline 

powder, single crystals and films of (MPEA)5Pb3I11 perovskite, where MPEA is [(C6H5-(CH2)2-

NH2
+(CH3)]. A detailed structural study using single crystal X-ray diffraction (XRD) and related 

techniques, conducted over the temperature range of 296-453 K, provided valuable insights into  
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the non-covalent interactions and the melting phenomenon. For comparison, (MPEA)5Pb3I11 was 

also synthesized using the acid precipitation method.  

3.2 Experimental Section 

3.2.1 Chemicals 

Lead iodide (PbI2, 99.98%, Sigma Aldrich), hydroiodic acid (HI, 57% w/w in water, Sigma 

Aldrich), hypophosphorous acid (H3PO2, 50% w/w in water, Avra chemicals), N-

methylphenethylamine (C6H5-(CH2)2-NH(CH3)), 96%, Sigma Aldrich), absolute ethanol.  

3.2.2 Synthesis of Single Crystals of (MPEA)5Pb3I11 [MPEA: (C6H5)–(CH2)2–NH2(CH3)+] by 

Acid Precipitation Method 

1 mmol lead iodide (PbI2) was dissolved into 3 mL HI and 300 µL H3PO2 in a glass beaker by 

sonication, yielding a transparent yellow colored solution. Then 1.7 mmol N-methyl 

phenethylamine (C6H5-(CH2)2-NH(CH3)) was added dropwise. This solution then heated to 100 

°C for 40 minutes. After that the hot plate temperature was reduced to room temperature, stirring 

was stopped. After 3 to 4 hours, yellow plate-like crystals of (MPEA)5Pb3I11 precipitated at the 

bottom of the beaker. Crystals were washed with diethyl ether and dried in the air. 

3.2.3 Synthesis of N-methyl Phenethyl Ammonium Iodide Salt [MPEAI: (C6H5)–(CH2)2-

NH2(CH3)+I-)] 

5 mmol of N-methyl phenethylamine was added dropwise to 10 ml of ethanol in a beaker while 

stirring continuously for 20 minutes. The solution was then placed in an ice bath, and 5 mmol of 

hydroiodic acid (HI) was added dropwise with constant stirring for 1 hour. Afterward, the solution 

was removed from the ice bath and heated on a hot plate at 70 °C to evaporate the excess ethanol. 

After 20 minutes, the beaker was taken off the hot plate and left at room temperature. After a few 

hours, white crystals formed at the bottom of the beaker. These crystals were collected, washed 

with diethyl ether, and dried at room temperature. 

 3.2.4 Synthesis of Powder of (MPEA)5Pb3I11 [MPEA: (C6H5)–(CH2)2–NH2(CH3)+] by Molten 

State Method 

For molten state synthesis, 1.7 mmol (447.3 mg) of N-methyl phenethylammonium iodide 

(MPEAI) was placed in a glass vial and heated on a hot plate with a magnetic stirrer at 120 °C. 
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Once the MPEAI melted, 1 mmol of PbI2 (461.01 mg) was added while stirring continuously. 

After 5 minutes, the PbI2 fully dissolved and yellow colour solution formed. The hot plate and 

stirring were then turned off, and the solution were allowed to cool to room temperature. Upon 

cooling, a yellow powder was obtained. 

3.2.5 Synthesis of Single Crystals of (MPEA)5Pb3I11 [MPEA: (C6H5)–(CH2)2–NH2(CH3)+] by 

Molten State Method 

For single crystal synthesis using this method, 0.2 mmol of N-methyl phenethylammonium iodide 

(MPEAI) was heated on a glass slide until it melted. Then, 0.1 mmol of PbI2 was added and fully 

dissolved in the molten MPEAI, forming a homogeneous yellow solution. The glass slide was then 

immediately placed on a cold metal plate at 12 °C to cool the solution, which was subsequently 

left at room temperature to promote crystallization. Initially, dark red crystals began to form, which 

eventually transformed into yellow tiny crystals. These crystals, measuring a few micrometers in 

size, are suitable for single crystal X-ray diffraction analysis. 

3.2.6 Films of (MPEA)5Pb3I11 by Molten State Method 

The glass and quartz substrates were initially cleaned with a soap solution, followed by thorough 

rinsing with distilled water. Subsequently, they were immersed in acetone and 2-propanol for 15 

minutes each in an ultrasonic bath sonicator. Afterward, the substrates were dried using nitrogen 

(N₂) flow and then treated in a UV ozone cleaner for 30 minutes. For the perovskite film 

preparation, 0.042 mmol (10.8 mg) of MPEAI powder was placed on the glass and quartz substrate 

and heated on a hot plate from room temperature (~298 K) to 403 K (130 °C), slightly above its 

melting point (TM = 390 K). Once the MPEAI melted, 0.025 mmol (11.5 mg) of PbI2 was added 

and thoroughly mixed, forming a yellow-colored liquid. This liquid was spread evenly by placing 

a kapton sheet over it and pressing with a preheated glass substrate. The hot plate temperature was 

then gradually lowered to room temperature. The kapton sheet and top glass substrate were easily 

removed without disturbing the perovskite film. The entire film preparation process was conducted 

in ambient conditions (in air). 

3.2.7 Structural Characterization 

Single-crystal X-ray diffraction (SCXRD) frames were collected using a Bruker Apex Duo 
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diffractometer with Mo Kα radiation (λ = 0.71 Å). The single crystals were mounted on a glass-

tip sample holder and maintained under a constant flow of nitrogen during the entire experiment. 

Data integration and numerical absorption corrections were processed using APEX3 software. The 

structures were solved by the direct method via SHELXS and refined by full-matrix least-squares 

on F² using SHELXL, as implemented in Olex2.4.19  

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance diffractometer 

in Bragg−Brentano geometry and operating with Cu Kα radiation.  

Differential scanning calorimetry (DSC) measurement was performed on the polycrystalline 

sample to determine the phase transition temperatures. A Mettler Toledo DSC823 system was used 

for this measurement. About 10 mg of a powder sample and a reference were heated from 296 K 

to 443 K in a nitrogen atmosphere at a rate of 5 °C per minute. A similar measurement was also 

carried out while cooling the sample from 443 K to 296 K. 

3.2.8 Optical properties 

Optical diffuse reflectance spectra were collected at room temperature using a Shimadzu UV3600 

Plus UV-vis-NIR spectrophotometer, with BaSO4 powder as the 100 % reflectance reference. The 

diffuse reflectance signal was converted to absorbance using the Kubelka-Munk transformation.20 

Steady-state photoluminescence (PL) measurements were conducted using an FLS 980 

spectrometer (Edinburgh Instruments), with a 405 nm (3.06 eV) picosecond pulsed diode laser as 

the excitation source for recording the PL. 

3.3 Results and Discussion 

3.3.1 Synthesis of (MPEA)5Pb3I11 by Molten State Method 

From our previous study on meltable 2D hybrid perovskites14, we anticipate that the melting of 

any 2D (A2PbX4, where A: organic ammonium cation, X: I, Br) perovskite might be possible due 

to the melting behavior of its A-site organic ammonium cation precursors. However, we 

encountered challenges in crystallizing the ammonium halide salts utilized in our previous studies. 

A key observation was that replacing the hydrogen atom of the amine functional group with either 

one and two methyl groups (-CH3) significantly reduced the melting temperatures of the 
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corresponding 2D perovskites. This led us to focus on methyl-substituted amines, ultimately, we 

have selected N-methyl phenethylamine, a methylated derivative of phenethylamine. To proceed 

with the synthesis, N-methyl phenethylamine is first converted into its N-methyl phenethyl 

ammonium iodide salt by following the reaction scheme illustrated in Figure 3.1a. The detailed 

procedure for this conversion is available in the experimental section. Upon completion of the 

reaction, a white powder is obtained, as shown in Figure 3.1a. 

 

Figure 3.1: (a) Reaction scheme for the synthesis of N-methyl phenethyl ammonium iodide 

(MPEAI) from N-methyl phenethylamine. Photograph shows the white polycrystalline powder of 

MPEAI. (b) Polycrystalline MPEAI powder shows melting upon heating to 117 °C. (c) Differential 

scanning calorimetry (DSC) of MPEAI at a ramp rate of 5 °C/minute. Melting temperature is 

represented by TM. 

As our synthesis method involve melting of ammonium iodide precursor, the melting of as 

obtained MPEAI white colour powder is checked on heat plate. Upon heating, the powder 

converted into a liquid state, as shown in Figure 3.1b. Differential scanning calorimetry (DSC) 

was then conducted on the MPEAI powder to precisely measure the melting temperature, which 

was found to be approximately 117 °C, as shown in Figure 3.1c. We hypothesize that the  
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Figure 3.2: Digital photographs of step by step synthesis of hybrid halide perovskites by molten 

state method, heating of MPEAI powder at melting temperature (TM) and in molten MPEAI, PbI2 

dissolved under constant stirring and upon cooling yellow colour polycrystalline powder obtained. 

ammonium iodide salt in its molten state behaves similarly to an ionic liquid. For any chemical 

reaction, it is crucial that the precursors are fully dissolved to form a homogenous medium to 

facilitate interaction and product formation. In this molten state synthesis method, we began by 

heating 1.7 mmol of MPEAI powder until it melted. After achieving the molten state, 1 mmol of 

PbI2 was added to the molten MPEAI under constant stirring to ensure complete dissolution and 

mixing. This process resulted in a uniform, homogenous mixture of MPEAI and PbI2. After 

thorough mixing, the molten solution was allowed to cool to room temperature. As the mixture is 

cooled, a yellow colored powder product is formed. The final step involved grinding the solidified 

material to obtain a fine polycrystalline powder of (MPEA)5Pb3I11. The step-by-step process is 

illustrated with digital photographs in Figure 3.2. 

3.3.2 Acid Precipitations vs. Molten State Synthesis of (MPEA)5Pb3I11 

Hybrid halide perovskites are typically synthesized using the acid precipitation method, where 

hydrohalic acid (HX, X = I, Br, Cl) acts as a solvent. The quantity of hydrohalic acid used depends 

on the solubility of the precursors. In the case of (MPEA)5Pb3I11, the synthesis details via the acid 

precipitation method are discussed in the experimental section above. Table 3.1 presents the 

quantities of the precursors and the amount of hydroiodic acid (HI) used. In the acid precipitation 

(MPEAI) (MPEAI) [ MPEAI + PbI2 ]

T = 27 °C T = TM =  117 °C T > TM = 120 °C

Heating Heating Cooling T = 27 °C

Perovskite Powder

Molten State Synthesis Method
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method, approximately 2-3 ml (for 1 mmol of PbI2) of HI is typically required. 

In contrast, the molten state method, a more solvent-efficient alternative, uses one of the 

precursors, MPEAI, in its molten form, serving as a solvent for the reaction. Notably, the molten 

state method only requires 0.13 ml of HI, used in the conversion of N-methyl phenethylamine to 

its iodide form, MPEAI. This significantly reduces the amount of hydroiodic acid needed, offering 

a notable advantage over the traditional acid precipitation method. 

Table 3.1: Comparison of the precursors used in acid precipitation and molten state synthesis 

method  

Perovskite Precursors Acid Precipitation Method Molten State Method 

Lead Iodide (PbI2) 1 mmol 1 mmol 

Amine / Ammonium Iodide Salt 1.6 mmol 1.6 mmol 

Hydroiodic Acid (HI) 2 - 3 ml 0.13 ml 

 

We have successfully synthesized single crystals and polycrystalline powder of (MPEA)5Pb3I11 

using both the acid precipitation and molten state methods. To further compare the crystal structure 

of the materials obtained by both methods, SCXRD data were recorded for single crystals obtained 

from each approach. Table 3.2 summarizes the structural refinement parameters, indicating that 

the single crystals produced via both methods exhibit similar structure. Both crystallize in the 

monoclinic crystal system with P21/c space group and show very similar lattice parameters. 

The phase purity of the (MPEA)5Pb3I11 powder was also verified by powder XRD. Figure 3.3a 

displays the XRD pattern of the polycrystalline powder obtained by the molten state method, which 

matched with the simulated pattern generated from the single crystal data at 296 K. This confirms 

the phase purity of the material synthesized via molten state method. Optical absorption spectra 

for the powder synthesized by both the acid precipitation and molten state methods is shown in 

Figure 3.3b. The absorption profiles for both samples are nearly identical, further highlighting that  
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the molten state method does not compromise the material’s optical characteristics. With all such 

advantages of molten state synthesis, it is difficult to get the large size crystals, which was easy by 

acid precipitation method. 

 

Figure 3.3: (a) Powder XRD patterns of (MPEA)5Pb3I11 synthesized by acid precipitation and 

molten state methods. Simulated PXRD pattern matches well with the experimental data. (b) The 

optical absorption spectra of (MPEA)5Pb3I11 powder at room temperature. 

(a)

(b)
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Table 3.2: Crystallographic data and structural refinement details for (MPEA)5Pb3I11 crystals 

obtained by molten state and acid precipitation method at 296 K (near room temperature) 

Sample (MPEA)5Pb3I11 

 Synthesis Method Acid Precipitation Molten State  

Temperature 296 K 296 K 

Chemical formula C45H70N4Pb3I11 

Formula weight 2682.9 g/mol 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/c 

 

 

Unit cell dimensions 

a = 9.039(11) Å 

b = 15.944(2) Å 

c = 29.873(4) Å 

β = 96.57(4) ° 

a = 9.130(16) Å 

b = 15.940(3) Å 

c = 30.321(5) Å 

β = 97.24(4) ° 

Volume 4277.3(9) Å3 4377(13) Å3 

Z 4 4 

Density(calculated) 2.658 g/cm3 2.600 g/cm3 

Absorption coefficient 14.939 12.639 

F(000) 1632 3048 

Theta range for data collection 2.863° to 24.998° 1.446 ° to 24.996 ° 

 

Index ranges 

-10<=h<=12 

-21<=k<=20 

-39<=l<=39 

-10<=h<=10 

-18<=k<=18 

-35<=l<=35 

Reflections collected 624274 30844 

Independent reflections 7524 7611 

Coverage of independent 

reflections 

99.9% 98.9% 

Absorption correction Multi-scan 

Structure solution technique Direct methods 

Structure solution program SHELXT 2014/5 (Sheldrick, 2014) 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2018/3 (Sheldrick, 2018) 

Function minimized Σ w (Fo
2 - Fc

2)2 

Data/restraints/parameters 7524/274/390 7611/273/358 

Goodness of fit on F2 1.059 1.001 

Final R indices; I>2σ(I) 

All data 

R1 = 0.0466 wR2 = 0.089 

R1 = 0.0814 wR2 = 0.1029 

R1 = 0.0757 wR2 = 0.1493 

R1 = 0.2012 wR2 = 0.2099 

Weighting scheme w = 1/[σ2 (Fo2)+ (0.1000P)2 ]; P=(Fo2+2Fc2)/3 
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3.3.3 Crystal Structure of (MPEA)5Pb3I11  

Single crystals of (MPEA)5Pb3I11 were successfully synthesized with slight modifications to the 

molten state synthesis method detailed in the experimental section above. After preparing the 

crystals, one high-quality single crystal was selected for single crystal X-ray diffraction (XRD) 

analysis at 296 K. The refinement parameters for this crystal are summarized in Table 3.2.  

 

Figure 3.4: Crystal structure of (MPEA)5Pb3I11 obtained from single crystal XRD at 296 K on the 

crystals obtained from molten state synthesis method (a) Inorganic layer [Pb3I11]
5- separated by 

bilayer of organic MPEA cations. (b) The inorganic sublattices contains corner as well as phase 

shared octahedra connected with each other. 

The results indicate that (MPEA)5Pb3I11 crystallizes in the monoclinic crystal system with P21/c 

space group. Structure of (MPEA)5Pb3I11 features a layered configuration in which inorganic 

sheets, consisting of lead-iodide (Pb-I) octahedra, are separated by bilayers of organic N-methyl 

phenethylammonium (MPEA) cations. As shown in Figure 3.4a, these MPEA cations occupy the 

spaces between the inorganic [Pb3I11]
5- layers, contributing to the formation of a distinctive layered 

hybrid perovskite derivative structure. Close examination of the single inorganic sheet in 

(MPEA)5Pb3I11, we found that both face-sharing and corner-sharing Pb-I octahedra are present.  

b

c
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b
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Specifically, the inorganic layer contains chains of Pb-I octahedra that share faces and are 

interconnected by additional Pb-I octahedra via corner-sharing, as shown in Figure 3.4b. This 

configuration of octahedra is distinct from the more common arrangements seen in traditional 2D 

perovskites like A2PbI4, where only corner-sharing Pb-I octahedra present. Weak hydrogen 

bonding interactions between the MPEA and Pb-I octahedra present. Similar Pb-I based hybrid 

halide perovskite derivative structures are reported in literature where both face and corner shared 

Pb-I octahedral networks are present.21-23  

3.3.4 Melting and Recrystallization of (MPEA)5Pb3I11 

The polycrystalline powder of (MPEA)5Pb3I11 synthesized by the molten state method exhibits 

melting behavior when heated, as confirmed by visual inspection on a hot plate. This observation 

suggests that if the organic sublattices within the hybrid halide perovskite can melt without 

decomposition, the entire perovskite structure may also melt. However, this behavior is not 

universally true for all hybrid halide perovskites. In the case of (MPEA)5Pb3I11, Figure 3.5a 

illustrates the melting and subsequent recrystallization of the material, with melting occurring at 

141°C during heating and recrystallization at 80°C during cooling cycles.  

Interestingly, the melting temperature of (MPEA)5Pb3I11 is higher than that of the organic 

sublattice alone, which melts at approximately 117°C see Figure 3.1c. This difference is attributed 

to the non-covalent interactions, such as hydrogen bonding, between the organic and inorganic 

sublattices within the hybrid halide perovskite derivative structure. These interactions strengthen 

the overall lattice, raising the melting point of the perovskite beyond that of the organic ammonium 

precursor used. 

After heating and cooling cycles, the recrystallized (MPEA)5Pb3I11 powder was analyzed using 

powder X-ray diffraction (XRD). The PXRD pattern matched well with the simulated patterns 

from single crystal XRD refinement data at 296 K as shown in Figure 3.5b. This confirms that the 

perovskite structure remains intact following melting and recrystallization. Additionally, the 

optical properties were preserved, as the recrystallized powder showed a similar absorption profile 

to the fresh powder, as seen in Figure 3.5c. Thus, (MPEA)5Pb3I11 is suitable for film fabrication 

via the molten state method. 
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Figure 3.5: (a) Differential scanning calorimetry (DSC) shows the melting and recrystallization 

of (MPEA)5Pb3I11 at a rate of 5 °C/min. Melting and recrystallization temperatures are represented 

by the TM and TC, respectively. (b) Powder XRD patterns of the recrystallized (MPEA)5Pb3I11 

matches well with the simulated patterns. (c) The optical absorption spectra of fresh and 

recrystallized powder were recorded at room temperature. 

(a)

(b)

(c)
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3.3.5 Films of (MPEA)5Pb3I11 by Molten State Method 

Typical hybrid perovskite films are prepared using either solution-based methods or vacuum 

deposition techniques.16, 24 Although these films currently offer the best performance in 

optoelectronic devices. Solution-based approach involves the use of large amounts of toxic 

solvents, while the vacuum-based method requires high energy consumption. As an alternative, 

melt-pressed film deposition provides a solvent-free and vacuum-free route, making it an attractive 

method. Melt pressed films are performing well as an active layer in optoelectronic devices.12, 14 

For melt pressing pre synthesized (by solvent based methods) perovskite powder required.  

 

Figure 3.6: (a) Schematic shows the formation of molten state method for film preparation. (b) 

Powder XRD pattern of the films of (MPEA)5Pb3I11 by molten state method confirms the formation 

of the perovskite structure. (c) Film of (MPEA)5Pb3I11 shows absorbance and photoluminescence. 

Inset photograph shows film of (MPEA)5Pb3I11 on quartz substrate. 
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Here we tried to direct the perovskite film fabrication by using the precursors following the molten 

state synthesis method as shown by schematic diagram in Figure 3.6a. Details of film synthesis 

are available in the experimental section above. In this method we took MPEAI powder and PbI2 

is dissolved in molten MPEAI as the molten state of MPEAI is very stable near melting or 5-10 K 

above the melting temperature. Then this yellow liquid is pressed with the kapton sheet and 

temperature of hot plate reduced to the room temperature. After recrystallization kapton sheet is 

removed easily. Digital photograph of the film is shown in the inset of Figure 3.6c. Powder XRD 

patterns on the films synthesized by molten state method confirms the crystallinity as shown by 

Figure 3.6b. Films of (MPEA)5Pb3I11 shows absorbance and photoluminescence see Figure 3.6c. 

3.4 Conclusions 

We have successfully synthesized the (MPEA)5Pb3I11 perovskite derivative structures using a 

novel molten state method. This approach relies on melting the ammonium iodide salt before 

decomposition, it behaves like a solvent to dissolve PbI2. Both single crystals and polycrystalline 

powder were produced using this method. To compare structural and optical properties, we also 

synthesized the same perovskite derivative via the conventional acid precipitation method. The 

findings indicate that both methods yield similar structural and optical characteristics. Importantly, 

the molten state method drastically reduces the amount of hydroiodic acid (HI) required compared 

to the acid precipitation process, making it a more environmentally friendly alternative. This 

method has broad applicability, as it can be extended to other meltable ammonium halide salts, 

facilitating the synthesis of a wide variety of hybrid halide perovskites.  
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Abstract 

Structural non-centrosymmetry in semiconducting organic–inorganic hybrid halide perovskites 

can introduce functionalities like anomalous photovoltaics and nonlinear optical properties. Here 

we introduce a design principle to make Bi-I one-dimensional hybrid perovskites with polar non-

centrosymmetric space groups. The design principle relies on creating dissimilar hydrogen 

bonding non-covalent interactions at the organic–inorganic interface. For example, in organic 

diammonium cations like NH3
+–(CH2)3–NH(CH3)2

+ (BMPA), at one end −NH3
+ is substituted by 

−NH(CH3)2
+. These substitutions of two −H atoms by two −CH3 groups reduce the rotational 

symmetry of BMPA at one end, compared to an unsubstituted cation, NH3
+–(CH2)3–NH3

+. 

Consequently, the dissimilar hydrogen–iodine interactions at the organic–inorganic interfaces of 

(BMPA)BiI5 1D perovskite break the local inversion symmetries of Bi–I octahedra. Owing to this 

non-centrosymmetry, (BMPA)BiI5 displays visible to infrared tunable nonlinear optical properties 

showing second and third harmonic generation. Also, the single crystal shows signature of 

anomalous photovoltaic effect. Interestingly, (BMPA)BiI5 also shows the chiral response without 

any chiral organic counterpart.   
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4.1 Introduction 

Two-dimensional (2D) halide perovskites have attracted significant research interest due to their 

enhanced stability and greater structural diversity compared to their three-dimensional (3D) 

counterparts.1-3 They have been extensively studied for various optoelectronic applications, 

including solar cells4-6, light-emitting diodes (LEDs)7, and detectors.8 In efforts to expand this 

material family and reduce the toxicity associated with lead (Pb), Pb2+ was replaced with 

isoelectronic Bi³⁺.9-11 However, the trivalent nature of Bi3+ often results in the formation of lower-

dimensional perovskite derivatives compared to the Pb2+ based 2D hybrid perovskites. This shift 

in dimensionality impacts the structure and properties of the resulting bismuth-based hybrid 

materials. In addition, can these materials show ferroelectricity, anomalous photovoltaics, and 

nonlinear optical properties like second harmonic generation (SHG)? The answer to this question 

is yes, provided Bi-halide hybrid perovskites crystallize in a non-centrosymmetric polar space 

group at room temperature.12-15 This chapter deals with the rational design of such non-

centrosymmetric hybrid perovskite semiconductors. 

We selected ABiX5 (X = I) to achieve lower band gaps compared to other halides (X = Cl or Br), 

enhancing the material's potential for optoelectronic applications. For the A-site cations, using 

chiral ammonium molecules can induce non-centrosymmetry in hybrid Bi-I perovskites, 

promoting ferroelectricity and SHG.16, 17 However, enantiomerically pure chiral ammonium 

cations are often rare or expensive due to the complexities involved in asymmetric synthesis and 

chiral separation techniques. As an alternative, selecting achiral cations that can still induce non-

centrosymmetry and polarity in the hybrid perovskite structure becomes a crucial challenge in the 

material design process. By focusing on achiral cations capable of introducing non-

centrosymmetry in 1D Bi-I hybrid perovskites, we can achieve materials with tunable band gaps, 

self-powered photodetection, and enhanced nonlinear optical properties like SHG, without the 

limitations of relying on expensive or rare chiral cations. 

If NH3
+–(CH2)n–NH3

+ is the A-site cation, then it can form three non-covalent (N–H···I) hydrogen 

bonds with the (BiI5)
2– sublattice. If the strengths of three H···I interactions are similar, then the 

C–N bond can have a three-fold rotational symmetry, making the non-covalent H···I interactions  
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and the overall structure more symmetric. Similar situation at another end of cation. To achieve 

the non-centrosymmetric structure, we hypothesize reducing the rotational symmetry first at one 

end of the A-site cations, for example, NH3
+–(CH2)3–NH(CH3)2

+ (BMPA), at one end −NH3
+ is 

substituted by −NH(CH3)2
+ which in turn is expected to yield structural asymmetry through the 

non-covalent interactions. This is expected to reduce the tilting of BiI6 octahedra, implying a larger 

Bi–I–Bi bond angle, reduced band gap, and increased carrier mobility.18 We note that a similar 

strategy to restrict molecular rotations by hetero-atom substitution to achieve structural non-

centrosymmetry has been discussed earlier in the literature on molecular ferroelectrics and is often 

termed as “quasi-spherical theory”.19   

By employing the hypothesis discussed above, we have prepared two one-dimensional (1D) Bi–I 

based hybrid perovskites. A detailed structural study using single crystal X-ray diffraction (XRD) 

and related techniques in the temperature range of 100-450 K provided insights into the nature of 

non-covalent interactions and structural phase transitions. The structural asymmetry leads to 

intense SHG signals that depend strongly on the polarization of the incident light. Additionally, 

(BMPA)BiI5 single crystals show a significant, second (SHG) and third harmonic generation 

(THG) response from the same excitation pulses. Thus, a spectrally resolved non-linear behavior 

is observed over the entire visible region. Interestingly, the non-centrosymmetric polar structure 

leads to an anomalous photovoltaic effect in our single crystals, which dissociates charge carriers 

without requiring a bias voltage or a p–n junction. Consequently, self-powered photo-detection is 

also observed. 

4.2 Experimental Section 

4.2.1 Chemicals 

Bismuth oxide (Sigma Aldrich, Bi2O3, 99.8%), hydroiodic acid (Sigma Aldrich, HI, 57% w/w in 

water), hypophosphorous acid (Avra chemicals, H3PO2, 50% w/w in water), N-methyl 1,3-diamino 

propane (Sigma Aldrich, (CH3)NH-(CH2)3-NH2, 98%), 3-(dimethylamino)-1-propylamine(Sigma 

Aldrich, (CH3)2N-(CH2)3-NH2, 99%), N,N-dimethylformamide (Sigma Aldrich, DMF, 99.8%), 

BBO crystal (EKSMA optics), and butylammonium lead iodide (synthesized following 

reference20). 
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4.2.2 Synthesis of 1D Bi-I Perovskite Single Crystals 

The single crystals of (BMPA)BiI5 and (NMPA)BiI5 (NMPA: H3N
+-(CH2)3-N(CH3)H2

+) were 

synthesized using acid precipitation method as followed by the Pb-I based hybrid perovskites. 2 

mmol of Bismuth (III) oxide (Bi2O3) was dissolved in a mixture 20 mL HI and 4 mL H3PO2 in a 

glass beaker at room temperature with stirring, resulting a clear dark-red solution. In the same 

solution, 2 mmol of the organic amine H2N-(CH2)3-N(CH3)2 or H2N-(CH2)3-NH(CH3) was added 

dropwise. The mixture was heated and stirred at 110 oC for 30 minutes using an oil bath placed on 

a heater and magnetic stirrer. After 30 minutes, the heating and stirring were stopped, and the dark-

red colour solution was allowed to cool to room temperature with a cooling rate of 3 oC per hour 

to get the millimeter-sized crystals. During this process, dark brown crystals of (BMPA)BiI5 or 

(NMPA)BiI5 precipitated at the bottom of the beaker. The crystals were filtered off and washed 

with diethyl ether. 

4.2.3 Preparation of Thin Films of (BMPA)BiI5 

Circular quartz substrates were washed with soap solution then acetone in a sonicator for 20 min, 

followed by the same treatment with isopropanol. The substrates were then dried with air and 

treated with oxygen plasma for 10 min using a plasma cleaner. Then 20 mg (BMPA)BiI5 crystals 

were dissolved in DMF at room temperature under constant stirring. The solution was then spin-

coated onto the quartz substrates using a spin rate of 3500 rpm for 30 s. Finally, the films were 

annealed at 110 °C for 10 minutes on a hotplate to induce crystallization. 

4.2.4 Structural Characterization 

Frames of single crystal X-ray diffraction (SCXRD) were collected in a Bruker Apex Duo 

diffractometer using Mo Kα radiation (λ = 0.71 Å). The single crystals were mounted on the glass-

tip sample holder. They were kept under a constant flow of nitrogen throughout the experiment. 

The integrations of the collected data and numerical absorption corrections were done using 

APEX3 software. The structures were solved by the direct method using SHELXS and refined by 

full-matrix least-squares on F2 using the SHELXL, as implemented in Olex2.21 Symmetry analyses 

of all structures were also performed using PLATON’s ADDSYM tool on both the inorganic 

framework and the hybrid structure. The CIF files, containing the atomic positions, and the 
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anisotropic displacement parameters, obtained from the refinement, are available via CCDC with 

accession codes 2217820 – 2217823. 

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 Advance diffractometer 

in Bragg-Brentano geometry and operating with Cu Kα radiation. Field emission scanning electron 

microscopy (FESEM) images are collected using the Zeiss Ultra Plus FESEM instrument. 

Differential scanning calorimetry (DSC) measurement was performed on the polycrystalline 

sample to determine the phase transition temperatures. A Mettler Toledo DSC823 system was used 

for this measurement. About 10 mg of a powder sample and a reference were heated from 133 K 

to 458 K in a nitrogen atmosphere at a rate of 3 °C per minute. A similar measurement was also 

carried out while cooling the sample from 458 K to 133 K. The thermal stability of sample was 

checked by thermogravimetric analysis (TGA) under N2 atmosphere using Mettler Toledo System. 

4.2.5 Linear Optical Absorption and Circular Dichroism 

Optical diffused reflectance spectra were collected at room temperature using an integrating sphere 

in a Shimadzu UV3600 plus UV−vis−NIR spectrophotometer. BaSO4 powder was used for these 

measurements to reference 100% reflectance. The diffused reflectance signal is converted to 

absorbance using the Kubelka−Munk function.21 Absorbance of thin films were recorded in 

transmission mode using a Cary 300 UV–vis spectrometer. 

Circular dichroism (CD) measurements were carried out using a Jasco J-1500 spectropolarimeter 

at a scan speed of 50 nm/minute.  

4.3. Results and Discussion 

4.3.1 Crystal Structure and Non-Centrosymmetry 

The reaction scheme to synthesize (BMPA)BiI5 and (NMPA)BiI5 is shown in Figure 4.1a. Dark 

brown colored crystals are formed. Figure 4.1b and 4.1c shows the digital photographs of 

(BMPA)BiI5 and (NMPA)BiI5 crystals respectively. The crystals of (BMPA)BiI5 are then used for 

SCXRD measurements at 100 K and 296 K (near room temperature) (Table 4.1 and 4.2). 

(BMPA)BiI5 crystallizes in a 1D hybrid perovskite derivative structure with a corner-shared Bi–I 

octahedral network as shown in Figure 4.2a.  
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Figure 4.1: (a) Reaction scheme for the synthesis of (BMPA)BiI5 and (NMPA)BiI5. Digital 

photographs of (b) (BMPA)BiI5 and (c) (NMPA)BiI5 crystals. 

The obtained space group is monoclinic (P21) non-centrosymmetric, chiral and polar at both 

measurement temperatures. Figure 4.2b shows the non-covalent H···I interactions present in 

(BMPA)BiI5. Since there are two ammonium groups present at the tails of each BMPA cation, 

they can interact with two separate Bi–I chains as shown in Figure 4.2b. The dimethyl-substituted 

ammonium head forms only one hydrogen bond with the iodine in the Bi-I octahedra, whereas the 

unsubstituted ammonium head forms two hydrogen bonds, as shown in Figure 4.2b. The 

orientation of the ammonium groups of the cations between the two 1D chains of Bi-I octahedra 

is such that the bridging bi-coordinated iodine atoms remain undisturbed, resulting in minimal in-

plane distortion and large Bi–I–Bi angles (see Table 4.3). This suggests a smaller band gap for 

(BMPA)BiI5. Indeed, (BMPA)BiI5 shows an absorption edge at 1.94 eV (639 nm), as shown in 

Figure 4.7c. This is one of the smallest reported band gaps for hybrid Bi–I based perovskites. 

Absence of the inversion symmetry also observed in one Bi-I octahedra as shown in Figure 4.2c. 

A similar A-site cation NMPA, was earlier found to result in non-centrosymmetric 1D 

(NMPA)BiI5 with Pna21 space group at 200 K.15 Though the absolute configuration of this 

Crystal Photographs

5 mm

(BMPA)BiI5

Crystal Photographs

5 mm

(NMPA)BiI5

(a)

(b)
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Figure 4.2: (a) Crystal structure of (BMPA)BiI5 at 100 K, obtained using SCXRD. (b) Non-

covalent H···I interactions in the (BMPA)BiI5 structure between ammonium groups and mono-

coordinated iodines are shown as blue and orange dashed lines. (c) (BiI)6 octahedra shows the 

absence of the local inversion center. 

structure remains a bit ambiguous, the structural analysis at 100 K (Table 4.2 and Figure 4.3) 

suggests the same non-centrosymmetric structure. Since we were unable to obtain absolute crystal 

structure information for (NMPA)BiI5, we did not proceed with a detailed study of (NMPA)BiI5. 
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Figure 4.3: Crystal structure of (NMPA)BiI5 at 100 K, obtained using SCXRD. 

As obtained crystals of (BMPA)BiI5 were grounded and the powder XRD patterns were recorded 

on the powder samples, the experimentally obtained PXRD pattern matches well with the 

corresponding simulated pattern see Figure 4.4a. Even after 180 days, the powder pattern matches 

well with the simulated pattern, demonstrating the stability of (BMPA)BiI5 under ambient 

conditions (see Figure 4.4a). Thermal stability of (BMPA)BiI5 confirms with the help of 

thermogravimetry analysis (TGA) measurement as negligible weight loss up to ∼570 K (∼297 

°C). Such hybrid halide perovskites are known for their structural phase transition with 

temperature as shown in Figure 4.4b. Differential scanning calorimetry (DSC) performed on the 

powder sample to confirm the existence of the non-centrosymmetric structure in the temperature 

range of 140-500 K (see Figure 4.4c). A single reversible transition at 374 K during heating and 

372 K during cooling cycle observed (see Figure 4.4c). This reversible phase transition is 

corresponding to solid-to-solid structural phase transition. 

(NMPA)BiI5 at 100 K
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Table 4.1 Structure refinement data of (BMPA)BiI5 at 100 K, 296 K (near room temperature), and 

394 K (above structural phase transition). 

CCDC deposition id 2217820 2217821 2217822 

Chemical formula C5H16BiI5N2 C5H16BiI5N2 C5H16BiI5N2 

Formula weight 947.68 g/mol 947.68 g/mol 947.68 g/mol 

Temperature 100(2) K 296(2) K 394(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system monoclinic monoclinic orthorhombic 

Space group P21 P21 Pmcn 

Unit cell dimensions a = 8.478(2) Å a = 8.513(4) Å a = 8.6134(16) Å  
b = 16.701(4) Å b = 16.766(8) Å b = 12.639(2) Å  
c = 12.570(3) Å c = 12.603(6) Å c = 16.896(3) Å  
β = 92.665(7)° β = 92.402(14)°  

Volume 1778.0(7) Å
3
 1797.2(15) Å

3
 1839.4(5) Å

3
 

Z 4 4 4 

Density (calculated) 3.540 g/cm
3
 3.502 g/cm

3
 3.422 g/cm

3
 

Absorption coefficient 18.573 mm
-1

 18.374 mm
-1

 17.953 mm
-
 

F (000) 1632 1632 1632 

Theta range  

(For data collection) 

2.03 to 28.66° 2.02 to 25.00° 2.01 to 27.62° 

Index ranges -11<=h<=10 -10<=h<=10 -11<=h<=11 
 

-22<=k<=22 -19<=k<=18 -16<=k<=16  
-16<=l<=16 -14<=l<=14 -21<=l<=21 

Reflection collected 16420 29598 24009 

Independent reflections 8424 

[Rint = 0.0558, 

Rsigma = 0.0906] 

5883 

[Rint = 0.0755, Rsigma 

= 0.0622] 

2269 

[Rint = 0.1159, Rsigma 

= 0.0682] 

Absorption correction Numerical Mu 

Calculated 

Multi-Scan Multi-Scan 

Structure solution 

technique 

direct methods direct methods direct methods 

Data / restraints / 

parameters 

8424 / 4 / 243 5883 / 10 / 243 2269/ 9 /80 

Goodness-of-fit on F
2
 0.883 1.080 1.123 

Final R indices; I>2σ(I) 
 

R1 = 0.0363, 

wR2 = 0.0829 

R1 = 0.0419, 

wR2 = 0.1016 

R1 = 0.0669, 

wR2 = 0.1620 

All data R1 = 0.0387, 

wR2 =0.0840 

R1 = 0.0507, 

wR2 = 0.1075 

R1 = 0.0857, 

wR2 = 0.1723 

Flack parameter 0.095(6) 0.298(10) ----- 

Hooft parameter 0.042(6) 0.006(5) ----- 
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Table 4.2 Structure refinement data of (NMPA)BiI5 at 100 K. 

 

CCDC deposition id 2217823 

Chemical formula C4H14BiI5N2 

Formula weight 933.65 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system orthorhombic 

Space group Pna21 

Unit cell dimensions a = 18.242(5) Å 

b = 10.830(3) Å 

c = 8.401(2) Å 

Volume 1659.7(7) Å
3
 

Z 4 

Density (calculated) 3.736 g/cm
3
 

Absorption coefficient 19.893 mm
-1

 

F (000) 1600 

Theta range 

(For data collection) 

2.18° to 25.5° 

Index ranges -22<=h<=21 
 

-13<=k<=13  
-10<=l<=10 

Reflection collected 19147 

Independent reflections 3088 [Rint = 0.0816,  

Rsigma = 0.0527] 

Absorption correction Multi-Scan 

Structure solution technique direct methods 

Data / restraints / parameters 3088 / 26 / 113 

Goodness-of-fit on F
2
 1.063 

Final R indices; I>2σ(I) 
 

R1 = 0.0434, 

wR2 = 0.0994 

All data R1 = 0.0471, 

wR2 = 0.1012 

Flack parameter 0.495(13) 

Hooft parameter 0.022(4) 
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Table 4.3 Comparison of band gap and Bi–I–Bi angles in different Bi-I based perovskite-like 

compositions. The following abbreviations are used: MBA: methylbenzylammonium, (4-F)PEA: 

4-fluoro phenyl ethyl ammonium, AMP: (aminomethyl)piperidinium, AMPY: 

(aminomethyl)pyridinium. 

Composition Dimensionality Bi–I–Bi 

angle (°) 

Band

gap 

(eV) 

Ref. 

(Rac-MBA)4Bi2I10  

0D (edge shared 

[Bi2I10]
4- dimer) 

95.23°  

 

2.48 

 

 
17 

 

(R-MBA)4Bi2I10  95.17° & 

94.85° 

(S-MBA)4Bi2I10  95.18° & 

94.86° 

[(R)-1-(4-F)PEA]4[Bi2I10] 0D (edge shared 

[Bi2I10]
4- dimer) 

92.89° & 

92.21° 

(100 K) 

 

2.09 

 
22 

(1,3propanediammonium)2Bi2I10.2H2O  0D (edge shared 

[Bi2I10]
4- dimer) 

93.16° & 

95.72° 

2.3 23 

 

(Benzylammonium)3Bi2I9 

 

0D (face shared 

[Bi2I9]
3- dimer) 

80.51°, 

80.46° & 

80.51° 

(180 K) 

2.34   

 24 

 

(Biphenylbis(methylammonium))1.5BiI6.

2H2O  

 

0D (isolated 

[BiI6]
3- octahedra) 

--- 2.06  
25 

(Naphthalenediimidebis(ethylammoniu

m))1.5BiI6.2H2O  

--- 1.82 

(R-MBA)BiI4  1D (edge-shared 

[BiI4]
1- octahedra) 

93.74°  

2.36 

 
16 

(S-MBA)BiI4  1D (edge-shared 

[BiI4]
1- octahedra) 

93.75° 

(3-AMP)BiI5   

1D (corner-shared 

[BiI5]
2- octahedra) 

178.98°  

1.8 - 

1.95 

 
26 

 

 

(4-AMP)BiI5  160.93° 

(3-AMPY)BiI5  179.50° 

(4-AMPY)BiI5  157.58° 

(BMPA)BiI5  1D (corner-shared 

[BiI5]
2- octahedra) 

171.51° 1.94 This 

Work 

To verify the structural phase transition, single crystal XRD data recorded at 394 K (~ 20 K above 

the transition temperature) suggest an orthorhombic unit cell in a centrosymmetric (non-

polar) Pmcn space group (see Figure 4.5). 
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Figure 4.4: (a) PXRD data of (BMPA)BiI5 fresh powder and after storing it under ambient 

conditions for 180 days matched well with the simulated pattern. (b) Thermogravimetry Analysis 

(TGA) data of (BMPA)BiI5. (c) Differential scanning calorimetry (DSC) data of (BMPA)BiI5 

shows solid-to-solid structural phase transition at 372 K. (Note: DSC and TGA experiments were 

performed by Ranjan Das at IISC Bangalore) 

(a)

(b)

(c)
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The structural refinement parameters are given in Table 4.1. The broad range of phase stability for 

the polar phase might be a consequence of the non-covalent hydrogen bonding interactions present 

at both ends of the BMPA cation, providing structural rigidity (see Figure 4.2b). 

 

Figure 4.5: Crystal structure of (BMPA)BiI5 at 394 K (above the transition temperature 372 K), 

refined from SCXRD data.  

4.3.2 Nonlinear Optical Properties of Non-Centrosymmetric (BMPA)BiI5 1D Perovskite 

Nonlinear optical materials with responses in the visible region of the electromagnetic spectrum 

are important for applications in lasing, quantum optics, and communications.27-29 Importantly, a 

non-cetrosymmetric structure is required for even-order non-linear optical properties like 

SHG. Consequently, we explored the spectrally-resolved harmonic generation spectra of the 

(BMPA)BiI5 single crystals which possesses a non-centrosymmetric structure. A point charge 

At 394 K

C  
N   
H  
Bi  
I Orthorhombic Pmcn

(BMPA)BiI5BMPA = 
[(CH3)2NH+-(CH2)3-NH3

+]

a

b
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analysis of the crystal structure of (BMPA)BiI5 also suggests a large polarization in the crystal unit 

cell (see calculation in section 4.3.3). The sample was excited with pump pulses ranging from 1165 

to 1580 nm, and wavelength-tunable NLO emissions were collected in transmission mode30, 31 as 

shown in Figure 4.6a. Experimental details for these measurements are provided in reference30, 31. 

Figure 4.6b indicate that the second order nonlinear susceptibility of (BMPA)BiI5 is significantly 

high than the BBO but third-order nonlinear susceptibility is slightly lower compared to (BA)2PbI4.  

 

Figure 4.6: (a) Wavelength-dependent SHG and THG responses from (BMPA)BiI5 single crystals 

at constant excitation power of 1.8 mW. (b) Comparison of SHG and THG response of 

(BMPA)BiI5 single crystals with BBO and (BA)2PbI4 single crystals, respectively, at 1.8 mW 

excitation to calculate the second and third order nonlinear susceptibilities, respectively. (Note: 

This experiment was performed by Shabnum Maqbool in Dr. Pankaj Mondal’s Lab at IISER 

Pune). 

(a)

(b)
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4.3.3 Calculation of Polarization Using a Point-Charge Model for (BMPA)BiI5  

In the refined room temperature crystal structure of (BMPA)BiI5, we assume that the centers of 

the positive charges of the BMPA cation and the negative charges of the (BiI5)
2− are located on the 

N atoms and Bi atoms, respectively.  

Atom Atomic co-ordinate Charge center co-ordinate 

x y z x y z 

Bi 0.9664 0.9812 0.0982 0.5 0.644 0.5 

0.5033 0.3075 0.5927 

0.0336 0.4812 0.9018 

0.4968 0.8075 0.4073 

N 0.514 0.811 0.919 0.5 0.521 0.5 

0.591 0.583 0.680 

0.077 0.464 0.389 

0.923 0.964 0.611 

0.925 0.726 0.233 

0.486 0.311 0.081 

0.075 0.226 0.767 

0.409 0.082 0.320 

 

         Polarization, 𝑃𝑠 = |[{(−3𝑒 ×  0.644) ×  4} + {(𝑒 ×  0.521) ×  8}] × 𝑏
𝑉⁄ |     (1) 

; here, b and V are the lattice vector in the y-direction, and the lattice volume, respectively, and e 

is the elementary charge.32 

= |
−3.56 ×  1.602 ×  10−19 𝐶 ×  16.77 ×  10−10 𝑚

1797.23 ×  10−30 𝑚3
| 

= 53.2 µ𝐶 𝑐𝑚−2 
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4.3.4 Anomalous Photovoltaics and Self-Powered Photodetector from Non-Centrosymmetric 

(BMPA)BiI5 1D Perovskite 

The observed polar non-centrosymmetry structure and strong SHG response motivated us to 

explore the anomalous photovoltaic effect of (BMPA)BiI5 single crystals where the 

semiconducting nature might be more beneficial. A schematic of the device is shown in Figure 

4.7a. Owing to the 1D perovskite crystal structure, (BMPA)BiI5 is more insulating than the 2D 

perovskites. Therefore, to make better contact on (BMPA)BiI5, a layer of 65 nm gold was sputter 

deposited (see Figure 4.7a), and further contacts using silver paint were made on top of these gold 

pads.   

 

Figure 4.7: (a) Schematic of the device made by (BMPA)BiI5 crystals. (b) I–V plot under dark 

and 470 nm light illumination. (c) The optical absorption spectra, recorded using single crystals at 

room temperature. (d) Photocurrent response of the prototype (BMPA)BiI5 crystal device at on–

off states at 0 V external bias under 470 nm and 535 nm light illumination . (Note: This experiment 

was performed by Gokul M. Anilkumar in Dr. Atikur Rahman’s Lab at IISER Pune) 

(a)

(c)

(b)

(d)
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Figure 4.7d shows the temporal response of the device to lights of two different wavelengths (45 

nm and 535 nm) at 4 mW/cm2 intensity. The response was stronger for illumination with 470 nm 

LED, which has higher photon energy than the band gap (1.98 eV, 626 nm) of (BMPA)BiI5 (see 

Figure 4.7c). The device, upon illumination, showed the generation of current in the absence of an 

external field. Figure 4.7b shows a VOC of 3.1 V at 1.3 mW/cm2 intensity of incident light (470 

nm). Such a high VOC is a signature of the anomalous photovoltaic effect.  

4.3.5 Chiroptical Properties of (BMPA)BiI5  

As discussed above (BMPA)BiI5 crystallizes in the non-centrosymmetric, polar, and chiral P21 

space group. Interestingly, its synthesis does not involve the use of any chiral organic molecules.  

 

Figure 4.8: Characterization of spin-coated (BMPA)BiI5 films. (a) Digital photographs of films 

of (BMPA)BiI5 on the quartz substrate. (b) PXRD pattern of the film agrees with the simulated 

reference pattern of the crystal. The relative intensity of the peaks depends on the orientation of 

the hkl planes on the substrate. Therefore, intensity ratio of PXRD peaks of the films somewhat 

differs with that of the reference pattern. (c) Field emission scanning electron microscopy 

(FESEM) image shows the formation of a homogeneous film. 

Film Photograph

Only quartz

Film of (BMAP)BiI5

(a) (b)

(c)
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To confirm the chirality of the (BMPA)BiI5, circular dichroism (CD) measurements were 

performed at room temperature on thin films of (BMPA)BiI5. The detailed fabrication method for 

thin films are described in the experimental section above. Figure 4.8a displays photographs of 

only quartz and (BMPA)BiI5 thin film on a quartz substrate. The powder X-ray diffraction (PXRD) 

patterns of the (BMPA)BiI5 films matched well with the simulated reference pattern of the crystal, 

as shown in Figure 4.8b. The relative intensity of the peaks depends on the orientation of the hkl 

planes on the substrate. Therefore, intensity ratio of PXRD peaks of the films somewhat differs 

with that of the reference pattern. Further examination of the (BMPA)BiI5 films using field 

emission scanning electron microscopy (FESEM) confirmed their homogeneity, as depicted in 

Figure 4.8c.  

 

Figure 4.9: (a) UV-visible absorption and (b) circular dichroism (CD) spectra of (BMPA)BiI5 

recorded at room temperature.  

(a)

(b)
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Interestingly, the CD spectra of the (BMPA)BiI5 films show signals corresponding to the 

absorption features, as shown in Figures 4.9a and 4.9b.  It is fascinating to observe a chiroptic 

response from a hybrid structure that lacks a chiral molecule, though it remains challenging to 

determine the exact origin of the chirality in this case. 

4.4 Conclusions  

We have synthesized (BMPA)BiI5 and (NMPA)BiI5 non-centrosymmetric hybrid perovskites. The 

appearance (or disappearance) of non-centrosymmetry in (BMPA)BiI5 and (NMPA)BiI5 hybrid 

perovskites is driven by the nature of non-covalent hydrogen bonding interactions at the interface 

of organic and inorganic sublattices. Substitution of −H atoms with −CH3 groups, at one end of 

diammonium A-site organic cations results in cations like (BMAP) and (NMPA). This reduces the 

rotational symmetry, inducing dissimilar hydrogen bonding interactions. The dissimilar 

interactions break the local octahedral centrosymmetry of the perovskite network. Then, the 

preferential arrangement of those octahedra in 1D networks determines whether the global 

centrosymmetry will be broken or not. The correlation is discussed above in detail. Owing to the 

structural non-centrosymmetry, 1D (BMPA)BiI5 show visible to NIR wavelength tunable non-

linear optical output, and anomalous photovoltaic effect yielding self-powered photodetection. The 

chiroptic response shown by the thin films of 1D (BMPA)BiI5. The design strategy outlined in this 

work will guide researchers to synthesize newer non-centrosymmetric polar and chiral hybrid 

perovskites, and therefore, realize the full potential of their structure-driven properties. 

4.5 References  

1. Saparov, B.; Mitzi, D. B. Organic–inorganic perovskites: structural versatility for functional 

materials design. Chem. Rev. 2016, 116, 4558-4596. 

2. Smith, M. D.; Karunadasa, H. I. White-light emission from layered halide perovskites. Acc. 

Chem. Res. 2018, 51, 619-627. 

3. Mao, L.;  Stoumpos, C. C.; Kanatzidis, M. G. Two-dimensional hybrid halide perovskites: 

principles and promises. J. Am. Chem. Soc. 2018, 141, 1171-1190. 

4. Smith, I. C.;  Hoke, E. T.;  Solis‐Ibarra, D.;  McGehee, M. D.; Karunadasa, H. I. A layered 

hybrid perovskite solar‐cell absorber with enhanced moisture stability. Angew. Chem. Int. Ed.  



108 
 

CHAPTER 4: Ration Design of Non-Centrosymmetric 1D Bi-I Perovskite Derivative Structure 

2014, 53, 11232-11235. 

5. Cao, D. H.;  Stoumpos, C. C.;  Farha, O. K.;  Hupp, J. T.; Kanatzidis, M. G. 2D homologous 

perovskites as light-absorbing materials for solar cell applications. J. Am. Chem. Soc. 2015, 137, 

7843-7850. 

6. Tsai, H.;  Nie, W.;  Blancon, J.-C.;  Stoumpos, C. C.;  Asadpour, R.;  Harutyunyan, B.;  Neukirch, 

A. J.;  Verduzco, R.;  Crochet, J. J.; Tretiak, S. High-efficiency two-dimensional Ruddlesden–

Popper perovskite solar cells. Nature 2016, 536, 312-316. 

7. Yuan, M.;  Quan, L. N.;  Comin, R.;  Walters, G.;  Sabatini, R.;  Voznyy, O.;  Hoogland, S.;  

Zhao, Y.;  Beauregard, E. M.; Kanjanaboos, P. Perovskite energy funnels for efficient light-

emitting diodes. Nat. Nanotechnol. 2016, 11, 872-877. 

8. Liu, Y.;  Zhang, Y.;  Yang, Z.;  Ye, H.;  Feng, J.;  Xu, Z.;  Zhang, X.;  Munir, R.;  Liu, J.; Zuo, 

P. Multi-inch single-crystalline perovskite membrane for high-detectivity flexible photosensors. 

Nat. Commun. 2018, 9, 5302. 

9. Slavney, A. H.;  Hu, T.;  Lindenberg, A. M.; Karunadasa, H. I. A bismuth-halide double 

perovskite with long carrier recombination lifetime for photovoltaic applications. J. Am. Chem. 

Soc. 2016, 138, 2138-2141. 

10. McClure, E. T.;  Ball, M. R.;  Windl, W.; Woodward, P. M. Cs2AgBiX6 (X= Br, Cl): new 

visible light absorbing, lead-free halide perovskite semiconductors. Chem. Mater. 2016, 28, 1348-

1354. 

11. Wolf, N. R.;  Connor, B. A.;  Slavney, A. H.; Karunadasa, H. I. Doubling the stakes: the 

promise of halide double perovskites. Angew. Chem. Int. Ed. 2021, 133, 16400-16414. 

12. Zhao, W.-P.;  Shi, C.;  Stroppa, A.;  Di Sante, D.;  Cimpoesu, F.; Zhang, W. Lone-pair-electron-

driven ionic displacements in a ferroelectric metal–organic hybrid. Inorg. Chem. 2016, 55, 10337-

10342. 

13. Wang, Y.;  Shi, C.; Han, X.-B. Organic–inorganic hybrid [H2mdap][BiCl5] showing an above-

room-temperature ferroelectric transition with combined order–disorder and displacive origins. 

Polyhedron 2017, 133, 132-136. 

14. Wang, Y.;  Shi, C.; Han, X. B. Mixed Bromine–Chlorine Induced Great Dielectric and Second-

Order Nonlinear Optical Properties Changes in Phase Transitions Compounds [H2mdap][BiBr5(1-

x)Cl5x](x= 0.00–1.00). J. Phys. Chem. C 2017, 121, 23039-23044. 



109 
 

CHAPTER 4: Ration Design of Non-Centrosymmetric 1D Bi-I Perovskite Derivative Structure 

15. Tao, K.;  Li, Y.;  Ji, C.;  Liu, X.;  Wu, Z.;  Han, S.;  Sun, Z.; Luo, J. A lead-free hybrid iodide 

with quantitative response to X-ray radiation. Chem. Mater. 2019, 31, 5927-5932. 

16. Yao, L.;  Zeng, Z.;  Cai, C.;  Xu, P.;  Gu, H.;  Gao, L.;  Han, J.;  Zhang, X.;  Wang, X.; Wang, 

X. Strong second-and third-harmonic generation in 1D chiral hybrid bismuth halides. J. Am. Chem. 

Soc. 2021, 143, 16095-16104. 

17. Rajput, P. K.;  Poonia, A. K.;  Mukherjee, S.;  Sheikh, T.;  Shrivastava, M.;  Adarsh, K.; Nag, 

A. Chiral methylbenzylammonium bismuth iodide with zero-dimensional perovskite derivative 

structure. J. Phys. Chem. C 2022, 126, 9889-9897. 

18. Knutson, J. L.;  Martin, J. D.; Mitzi, D. B. Tuning the band gap in hybrid tin iodide perovskite 

semiconductors using structural templating. Inorg. Chem. 2005, 44, 4699-4705. 

19. Zhang, H.-Y.;  Tang, Y.-Y.;  Shi, P.-P.; Xiong, R.-G. Toward the targeted design of molecular 

ferroelectrics: modifying molecular symmetries and homochirality. Acc. Chem. Res. 2019, 52, 

1928-1938. 

20. Sheikh, T.;  Shinde, A.;  Mahamuni, S.; Nag, A. Possible dual bandgap in (C4H9NH3)2PbI4 2D 

layered perovskite: single-crystal and exfoliated few-layer. ACS Energy Lett. 2018, 3, 2940-2946. 

21. Eickhoff, T.;  Grosse, P.; Theiss, W. Diffuse reflectance spectroscopy of powders. Vib. 

Spectrosc. 1990, 1, 229-233. 

22. Dehnhardt, N.;  Axt, M.;  Zimmermann, J.;  Yang, M.;  Mette, G.; Heine, J. Band gap-tunable, 

chiral hybrid metal halides displaying second-harmonic generation. Chem. Mater. 2020, 32, 4801-

4807. 

23. Pious, J. K.;  Katre, A.;  Muthu, C.;  Chakraborty, S.;  Krishna, S.; Vijayakumar, C. Zero-

dimensional lead-free hybrid perovskite-like material with a quantum-well structure. Chem. 

Mater. 2019, 31, 1941-1945. 

24. Pious, J. K.;  Muthu, C.;  Dani, S.;  Saeki, A.; Vijayakumar, C. Bismuth-based zero-

dimensional perovskite-like materials: effect of benzylammonium on dielectric confinement and 

photoconductivity. Chem. Mater. 2020, 32, 2647-2652. 

25. Pious, J. K.;  Basavarajappa, M. G.;  Muthu, C.;  Nishikubo, R.;  Saeki, A.;  Chakraborty, S.;  

Takai, A.;  Takeuchi, M.; Vijayakumar, C. Self-Assembled Organic Cations-Assisted Band-Edge 

Tailoring in Bismuth-Based Perovskites for Enhanced Visible Light Absorption and 

Photoconductivity. J. Phys. Chem. Lett. 2021, 12, 5758-5764. 



110 
 

CHAPTER 4: Ration Design of Non-Centrosymmetric 1D Bi-I Perovskite Derivative Structure 

26. Li, X.;  Traore, B.;  Kepenekian, M.;  Li, L.;  Stoumpos, C. C.;  Guo, P.;  Even, J.;  Katan, C.; 

Kanatzidis, M. G. Bismuth/silver-based two-dimensional iodide double and one-dimensional Bi 

perovskites: interplay between structural and electronic dimensions. Chem. Mater. 2021, 33, 6206-

6216. 

27. Boyd, R. W.;  Shin, H.;  Malik, M.;  O’Sullivan, C.;  Chan, K. W. C.;  Chang, H. J.;  Gauthier, 

D. J.;  Jha, A.;  Leach, J.; Murugkar, S; Rodenburg, B.  Applications of nonlinear optics in quantum 

imaging and quantum communication, Nonlinear Optics, Kauai, Hawai, 2011/07/17, Optica 

Publishing Group: 2011; p NWC2. 

28. Braune, M.;  Maiwald, M.;  Eppich, B.;  Brox, O.;  Ginolas, A.;  Sumpf, B.; Tränkle, G. Design 

and Realization of a Miniaturized DFB Diode Laser-based SHG Light Source with a 2-nm Tunable 

Emission at 488 nm. IEEE Trans. Compon., Packag. Manuf. Technol. 2017, 7, 720-725. 

29. Li, G.;  Chen, Y.;  Jiang, H.; Chen, X. Broadband sum-frequency generation using d33 in 

periodically poled LiNbO 3 thin film in the telecommunications band. Opt. Lett. 2017, 42, 939-

942. 

30. Maqbool, S.;  Sheikh, T.;  Thekkayil, Z.;  Deswal, S.;  Boomishankar, R.;  Nag, A.; Mandal, 

P. Third Harmonic Upconversion and Self-Trapped Excitonic Emission in 1D Pyridinium Lead 

Iodide. J. Phys. Chem. C 2021, 125, 22674-22683. 

31. Sheikh, T.;  Maqbool, S.;  Rajput, P. K.;  Mandal, P.; Nag, A. Effect of chirality on the optical 

properties of layered hybrid perovskite R- and S-α-methylbenzylammonium lead iodide. Chem. 

Commun. 2022, 58, 7650-7653. 

32. Li, D.;  Liu, X.;  Wu, W.;  Peng, Y.;  Zhao, S.;  Li, L.;  Hong, M.; Luo, J., Chiral lead‐free 

hybrid perovskites for self‐powered circularly polarized light detection. Angew. Chem. Int. Ed. 

2021, 133, 8496-8499.



 



111 
 

 

 

Chapter 5 

Chirality Induction from Organic to Inorganic Sublattices in Chiral 

0D Bi-I Hybrid Perovskite Derivatives 

 

Graphical Abstract: 

 

 

 

 

The work of this chapter has been published in the following article: 

Rajput, P.K.; Poonia, A.K.; Mukherjee, S.; Sheikh, T.; Shrivastava, M.; Adarsh, K.V.; Nag, A. 

Chiral Methylbenzylammonium Bismuth Iodide with Zero-Dimensional Perovskite Derivative 

Structure. J. Phys. Chem. C 2022, 126, 9889-9897. 

Copyright permission has been taken for the entire article from American Chemical Society. 



112 
 

CHAPTER 5: Chirality Induction from Organic to Inorganic Sublattices in Chiral 0D Bi-I Hybrid 

Perovskite Derivatives 

Abstract 

Chiral hybrid metal halide perovskites provide hopes of combining chirality induced by the organic 

sublattice with optoelectronic properties arising from the inorganic sublattice. The field is still in 

its infancy, with material space mainly focused on two-dimensional hybrid lead halide perovskites. 

Here we report a zero-dimensional Pb-free perovskite derivative structure with chemical 

composition [(R-/S-MBA)4Bi2I10], where MBA stands for methylbenzylammonium. Single-crystal 

X-ray diffraction data show that the enantiomerically pure R-MBA and S-MBA induce chirality in 

the Bi−I inorganic sublattice. Consequently, chiroptical properties like circular dichroism (CD) is 

observed for the excitonic transitions of (R-/S-MBA)4Bi2I10. Temperature-dependent (7−300 K) 

photoluminescence shows excitonic and shallow-defect emissions, indicating fewer deep defect 

trap states. The material design, structure, and optical properties reported here will be useful to 

develop next-generation Pb-free perovskites for chiral optoelectronics. 
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5.1 Introduction 

Chiral crystal has a unit cell that does not superimpose with its mirror image. Typical inorganic 

crystals lack such chirality, whereas many organic molecules exhibit chirality. Can chirality be 

induced to the usually achiral inorganic sublattice by making hybrid organic−inorganic perovskites 

containing chiral organic ammonium cation?1-5 This question becomes more important for hybrid 

metal halide perovskites that show excellent optical and optoelectronic properties mainly arising 

from the inorganic sublattice.6-19 So, if the organic component induces chirality in the inorganic 

component, then there is a possibility to observe interesting chiroptical and chiral optoelectronic 

properties. Here we report Pb-free zero-dimensional (0D) perovskite derivative structure with 

chemical composition (R-/S-) methylbenzylammonium bismuth iodide [(R-/S-MBA)4Bi2I10], 

exhibiting excitonic chiroptical properties.  

In recent years, chiral organic sublattice has been shown to introduce chirality in the optical, 

optoelectronic, and spin-based properties of inorganic sublattice of two-dimensional (2D) layered 

hybrid halide perovskites. Optical properties like circular dichroism (CD), second harmonic 

generation, and circularly polarized luminescence have been demonstrated.20-23 Futuristic 

optoelectronic properties like circularly polarized photodetectors and bulk photovoltaic effect have 

also been shown to exist.24-26 Spin filters based on chiral-induced spin selectivity (CISS) effect27-

28 and chiral ferroelectrics29 have also been demonstrated in chiral 2D hybrid perovskites. 

Nevertheless, active research on chiral hybrid perovskites has just started recently. A significant 

improvement in the observed properties, enabled by developing novel materials and methods, is 

required before such chiral hybrid perovskites become potential candidates for future applications. 

The explored material space for chiral hybrid perovskites is still mainly limited to (i) layered 2D 

structures and (ii) Pb halide-based compositions. There are a few reports on Sn-, Sb-, and Bi-based 

chiral hybrid halide perovskites and their derivative structures.17, 30-33 Sn-based samples show CD 

and signature of CISS. Sb- and Bi-based samples show second harmonic generation. None of these 

Pb-free chiral perovskites show photoluminescence (PL) at room temperature, indicating the 

dominance of nonradiative decay channels. (R-/S-MBA)2SnI4 even does not show excitonic 

absorption, probably because of large structural distortion.31 
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We prepare 0D chiral hybrid perovskite derivative (R-/S-MBA)4Bi2I10. The 0D structure is not 

really a perovskite structure but has some similarity with hybrid perovskite structures.14, 34 The 0D 

structure is expected to increase the exciton binding energy leading to excitonic PL, and nonlinear 

optical properties but will suffer from poor charge transport. Our (R-/S-MBA)4Bi2I10 show sharp 

excitonic absorption and PL. CD peaks corresponding to the excitonic transition are observed. 

Temperature-dependent PL provide insights about the excitonic photophysics. Structural analysis 

by single-crystal X-ray diffraction (SCXRD) provides mechanistic insights on how the chirality in 

organic sublattice induces the chirality in inorganic sublattice. 

5.2 Experimental Section 

5.2.1 Chemicals 

Bismuth (III) oxide (Sigma Aldrich, 99.9%), hydroiodic acid (Sigma Aldrich, 57% w/w in H2O, 

99.9%), hypophosphorous acid (Avra, 50% w/w H2O), racemic-methyl benzylamine (Sigma 

Aldrich, 98%), R-(+)- α- methyl benzylamine (Sigma Aldrich, 99%), S- (-)-α-methyl benzylamine 

(Sigma Aldrich, 99%), N,N-dimethylformaide (Sigma Aldrich, > 99.8%). 

5.2.2 Synthesis of 0D (Rac-, R-, and S-MBA)4Bi2I10 Single Crystals 

Synthesis of 0D (Rac-, R-, and S-MBA)4Bi2I10 single crystals are carried out following an acid 

precipitation method. One millimole of Bismuth (III) oxide is dissolved in a mixture of 10 mL of 

hydroiodic acid (HI) and 1 mL of hypophosphorous acid (H3PO2) at ∼100 °C with constant 

magnetic stirring. Once a clear transparent solution is obtained, 2 mmol of each Rac-, R-, or S-

methylbenzylamine is added to this solution. After 30 min, the heating and stirring are stopped. 

The solution is allowed to cool to room temperature with a cooling rate of 5 °C per hour. The 

solution is then kept overnight unperturbed. During this process, orange-red color crystals of (Rac-

, R-, or S-MBA)4Bi2I10 precipitated out. The crystals are filtered off and washed with diethyl ether 

and stored in argon filled glove box. 

5.2.3 Preparation of (Rac-, R-, and S-MBA)4Bi2I10 Thin Films 

The glass and sapphire substrates were cleaned first with soap solution, then distilled water, then 
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with acetone and 2-propanol for 15 minutes each in an ultrasonic bath sonicator. The glass and 

sapphire substrates were dried in N2 flow and exposed to oxygen plasma for 10 minutes using a 

plasma cleaner. The synthesized crystals of (Rac-, R-, and S-MBA)4Bi2I10 are dissolved in N,N-

dimethylformamide to achieve a solution concentration of 0.184 M. Thin films are then prepared 

by spin coating (Spin NXG-P1, apex instruments) with the solution onto substrates (glass or 

sapphire) using a spin rate of 3000 rpm for 30 s, followed by annealing at 100 °C for 10 min to 

induce crystallization. Films on glass substrates are used for powder XRD (PXRD), CD, and 

UV−visible absorption measurements. Thin films on sapphire substrates are used for temperature-

dependent PL measurements.  

5.2.4 Structural Characterization  

Frames of single crystal X-ray diffraction (SCXRD) were collected in a Bruker Apex Duo 

diffractometer using Mo Kα radiation (λ = 0.71 Å) at 120 and 296 K (near room temperature). 

Crystals were kept under a constant flow of nitrogen to collect the data at 120 and 296 K. The 

integrations of the collected data and numerical absorption corrections were done using APEX3 

software. The structures were solved by the direct method using SHELXS and refined by full-

matrix least-squares on F2 using the SHELXL, as implemented in APEX3. The CIF files, 

containing the atomic positions, and the anisotropic displacement parameters, obtained from the 

refinement are available via CCDC with codes 2142129, 2142130, 2142132, 2142133, 2142135, 

and 2142136. Powder X-ray diffraction patterns at room temperature are recorded on a Bruker D8 

Advance diffractometer in Bragg−Brentano geometry and operating with Cu Kα radiation (1.54 

Å). 

Field emission scanning electron microscopy (FESEM) images are collected using the Zeiss Ultra 

Plus FESEM instrument. The thermal stability of the samples is checked by thermogravimetric 

analysis (TGA) under a nitrogen atmosphere, using a Perkin-Elmer STA6000 system at a rate of 

10 K per minute.  

5.2.5 Optical Characterization 

Optical absorption (transmission mode) spectroscopy is carried out using a Cary series UV−visible 
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spectrophotometer. CD measurements (transmission mode) are carried out using a JASCO J-815 

spectropolarimeter at a scan speed of 50 nm/min with 0.5 nm resolution. Steady-state PL and PL 

decay dynamics (time- correlated single photon counting) are carried out using FLS 980 

(Edinburgh Instruments).  Steady-state PL is measured by excitation with a xenon lamp, and PL 

decay is measured by excitation with a 405 nm diode laser (pulse width is 60 ps). For temperature-

dependent PL measurements, thin films of samples on sapphire substrates are mounted on a gold-

plated sample holder attached to a closed cycle He cryostat (Advanced Research Systems) with a 

temperature controller (Lake Shore Cryotronics) to achieve the desired lower temperatures. 

5.2.6 Fitting of Photoluminescence Decay 

The measured PL decay dynamics have been fitted by the bi-exponential decay function  

𝐼(𝑡) = 𝐴1 exp(− 𝑡 𝜏1⁄ ) + 𝐴2exp (− 𝑡 𝜏2⁄ )                           (1) 

where τi (i = 1, 2) represents the lifetime of the ith decay component and Ai (i = 1, 2) is the 

corresponding amplitude.  

The average PL decay lifetime 𝜏𝑎𝑣 has been evaluated by using the expression  

𝜏𝑎𝑣 = ∑ 𝐴𝑖𝜏𝑖
2 𝐴𝑖𝜏𝑖⁄2

𝑖=1                            (2) 

5.3 Results and Discussion 

5.3.1 Structure and Morphology 

The reaction scheme to synthesize achiral (Rac-MBA)4Bi2I10 and chiral (R-/S-MBA)4Bi2I10 is 

shown in Figure 5.1a. Dark orange-red colored crystals are formed. Figure 5.1b shows the 

photographs of (Rac-, R-, and S-MBA)4Bi2I10 crystals with approximate sizes (length × breadth × 

height) 13 mm × 8 mm × 4 mm, 4 mm × 3 mm × 1 mm, and 5 mm × 4 mm × 1 mm, respectively. 

These crystals are then used for SCXRD measurements at 120 and 296 K (near room temperature). 

The crystallographic structural parameters remain similar for both temperatures, as shown in Table 

5.1 and Table 5.2. All three samples crystallize in monoclinic crystal systems with a 0D perovskite 

derivative structure, as shown in Figure 5.1c.  
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Figure 5.1. (a) Reaction scheme and (b) Digital photographs of (Rac-, R-, and S-

MBA)4Bi2I10 crystals. (c) Crystal structures of (Rac-, R- and S-MBA)4Bi2I10 obtained from single- 

crystal XRD data measured at 120 K. The 0D perovskite derivative structure with [Bi2I10]
4– dimers 

separated by organic cations is observed. 

Bi−I6 octahedra share their edges through two iodine(I) forming the [Bi2I10]
4− dimers. The voids 

between the dimers are occupied by four Rac-/R-/S-MBA cations, providing the charge-neutral 

compositions (Rac-, R-, and S-MBA)4Bi2I10.  

The same structures of Figure 5.1c, if viewed from a different direction [Figure 5.2 (a-c)], show 

layers of organic and inorganic sublattice arranged on top of each other. PXRD patterns in Figure 

5.7b also show such layered arrangement. Such layered structural arrangement is found to give a 

layered morphology for all the three samples, as shown by the FESEM images in Figure 5.2 (d-f). 

The signature of layered morphology is also indicated in the photographs of crystals shown in 

Figure 5.1b. Also, the PXRD patterns obtained from finely powdered (Rac-, R-, and S-

MBA)4Bi2I10 samples match well with their corresponding simulated patterns, confirms the phase 

(a) (b)

(c)

5 °C/min

5 °C/min
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purity of all three samples in their bulk phases, as shown in Figure 5.2 (g-i).   

 
 

Figure 5.2: The crystal structure of (Rac-, R-, and S-MBA)4Bi2I10 if viewed from a different 

direction shows the layered arrangement of organic and inorganic layers. Crystal growth in (Rac-

MBA)4Bi2I10 is along [h00] direction while in (R-, and S-MBA)4Bi2I10 is along [00l] direction. (e-

f) FESEM images of (Rac-, R-, and S-MBA)4Bi2I10 crystals showing layered morphology agreeing 

with the structure shown by the single-crystal [Figure 5.2(a-c)] and powder (Figure 5.7b) XRD 

measurements. Powder XRD patterns of finely powdered (g) (Rac-MBA)4Bi2I10, (h) (R-

MBA)4Bi2I10 and (i) (S-MBA)4Bi2I10, measured at 296 K. The experimental patterns are compared 

with the simulated patterns obtained from the CIF files of single crystal XRD analysis of the 

respective samples.  
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Figure 5.3: Thermogravimetric analysis (TGA) was performed on (a) (Rac-MBA)4Bi2I10, (b) (R-

MBA)4Bi2I10, and (c) (S-MBA)4Bi2I10, powdered samples. The data recorded at a heating rate of 

10 K per minute. The red line in each TGA plot represents the weight loss percentage as a function 

of temperature. 

The thermal stability of all samples was checked using thermogravimetric analysis (TGA) at a rate 

of 10 K per minute. The TGA results indicate that all samples (Rac-, R-, and S-MBA)4Bi2I10 

remained stable up to 475 K, showing no weight loss (see Figure 5.3). After 475 K, all samples 

(Rac-, R-, and S-MBA)4Bi2I10 began to decompose. In such hybrid organic-inorganic perovskite 

derivatives, the initial decomposition event occurring above ~200 °C, is primarily due to the 

evaporation of the organic ammonium cations. 

(a) (b)

(c)
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Table 5.1: Crystal structure refinement data for (Rac-, R-, and S-MBA)4Bi2I10 at 120 K 

 

Identification code (Rac-MBA)4Bi2I10 (R-MBA)4Bi2I10 (S-MBA)4Bi2I10 

Chemical formula C32H48Bi2I10N4 C32H48Bi2I10N4 C32H48Bi2I10N4 

Formula weight 2174.96 g/mol 2174.96 g/mol 2174.96 g/mol 

Temperature 120(2) K 120(2) K 120(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/c P21 P21 

Unit cell dimensions a = 13.841(2) Å a = 12.7941(13) Å a = 12.7877(14) Å 
 b = 14.990(2) Å b = 15.0038(16) Å b = 15.0369(17) Å 
 c = 12.7712(17) Å c = 13.8876(14) Å c = 13.9154(16) Å 
 β = 91.565(4)° β = 91.671(3)° β = 91.674(3)° 

Volume 2648.7(6) Å
3
 2663.8(5) Å

3
 2674.6(9) Å

3
 

Z 2 2 2 

Density (calculated) 2.728 g/cm
3
 2.712 g/cm

3
 2.702 g/cm

3
 

Absorption coefficient 12.487 mm
-1

 12.416 mm
-1

 12.369 mm
-1

 

F (000) 1928 1928 1928 

Theta range  

(For data collection) 
2.59 to 24.71° 1.59 to 24.99° 1.59 to 26.46° 

Index ranges -16<=h<=16 -15<=h<=15 -15<=h<=15 
 -17<=k<=16 -13<=k<=17  -18<=k<=18 
 -15<=l<=14 -16<=l<=16 -17<=l<=17 

Reflection collected 37068 25288 67411 

Independent reflections 4503  8555 10970  

Coverage 

(Independent reflections) 
99.80% 99.90% 99.7% 

Absorption correction Multi-Scan Multi-Scan Multi-Scan 

Structure solution technique direct methods direct methods direct methods 

Structure solution program 
SHELXT 2014/5  

(Sheldrick, 2014) 

SHELXT 2014/5  

(Sheldrick, 2014) 

SHELXT 2014/5  

(Sheldrick, 2014) 

Refinement method                          Full-matrix   least-squares on F
2
 

Refinement program 
SHELXL-2018/3  

(Sheldrick, 2018) 

SHELXL-2018/3  

(Sheldrick, 2018) 

SHELXL-2018/3  

(Sheldrick, 2018) 

Function minimized Σ w(Fo

2
 - Fc

2
)

2
 Σ w(Fo

2 - Fc
2)

2
 Σ w(Fo

2
 - Fc

2
)

2
 

Data / restraints / parameters 4503 / 0 / 221 8555 / 25 / 393 10970 / 1 / 393 

Goodness-of-fit on F
2
 0.832 1.032 0.714 

Final R indices; I>2σ(I) 
 

R1 = 0.0255,  

wR2 = 0.0908 

R1 = 0.0348,  

wR2 = 0.0746 

R1 = 0.0304,  

wR2 = 0.0907 

All data 
R1 = 0.0276,  

wR2 = 0.0950 

R1 = 0.0424,  

wR2 =0.0777  

R1 = 0.0426,  

wR2 = 0.1022 

Weighting scheme 

Flack Parameter 

w=1/[σ
2
(Fo

2
)+(0.1000P)

2
] 

--- 

                          where  

0.012(8) 
P=(Fo

2
+2Fc

2
)/3 

0.000(6) 

CCDC deposition id 2142129 2142132 2142135 
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Table 5.2: Crystal structure refinement data for (Rac-, R-, and S-MBA)4Bi2I10 at 296 K 

 

Identification code (Rac-MBA)4Bi2I10 (R-MBA)4Bi2I10 (S-MBA)4Bi2I10 

Chemical formula C32H48Bi2I10N4 C32H48Bi2I10N4 C32H48Bi2I10N4 

Formula weight 2174.96 g/mol 2174.96 g/mol 2174.96 g/mol 

Temperature 296(2) K 296(2) K 296(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/c  P21 P21 

Unit cell dimensions a = 14.0997(11) Å a = 12.7502(5) Å a = 12.810(4) Å 
 b = 15.2144(11) Å b = 15.2408(6) Å b = 15.214(5) Å 
 c = 12.7506(9) Å c = 14.1032(6) Å c = 14.155(4) Å 
 β = 91.958(2)° β = 91.907(2)° β = 91.804(9)° 

Volume 2733(3) Å
3
 2739.06(19) Å

3
 2757.2(15) Å

3
 

Z 2 2 2 

Density (calculated) 2.643 g/cm
3
 2.637 g/cm

3
 2.621 g/cm

3
 

Absorption coefficient 12.099 mm
-1

 12.075 mm
-1

 11.996 mm
-1

 

F (000) 1928 1926 1928 

Theta range  

(For data collection) 
1.97 to 24.99° 1.96 to 24.80° 1.59 to 24.99° 

Index ranges -16<=h<=16 -15<=h<=15 -15<=h<=15 
 -17<=k<=18 -17<=k<=17  -18<=k<=18 
 -15<=l<=14 -15<=l<=16 -16<=l<=16 

Reflection collected 39502 53281 53978 

Independent reflections 4798  9392 9731  

Coverage 

(Independent reflections) 
99.70% 99.8% 100% 

Absorption correction Multi-Scan Multi-Scan Multi-Scan 

Structure solution technique direct methods direct methods direct methods 

Structure solution program 
SHELXT 2014/5  

(Sheldrick, 2014) 

SHELXT 2014/5  

(Sheldrick, 2014) 

SHELXT 2014/5  

(Sheldrick, 2014) 

Refinement method                          Full-matrix   least-squares on F
2
 

Refinement program 
SHELXL-2018/3  

(Sheldrick, 2018) 

SHELXL-2018/3  

(Sheldrick, 2018) 

SHELXL-2018/3  

(Sheldrick, 2018) 

Function minimized Σ w(Fo

2
 - Fc

2
)

2
 Σ w(Fo

2 - Fc
2)

2
 Σ w(Fo

2
 - Fc

2
)

2
 

Data / restraints / parameters 4798 / 6 / 131 9392 / 355 / 392 9731 / 123 / 393 

Goodness-of-fit on F
2
 1.033 1.050 1.078 

Final R indices; I>2σ(I) 
 

R1 = 0.0365,  

wR2 = 0.0801 

R1 = 0.0484,  

wR2 = 0.0797 

R1 = 0.0409,  

wR2 = 0.0809 

All data 
R1 = 0.0473, 

wR2 = 0.0893 

R1 = 0.0990,  

wR2 =0.0987  

R1 = 0.0833,  

wR2 = 0.1027 

Weighting scheme 

Flack Parameter 

w=1/[σ
2
(Fo

2
)+(0.1000P)

2
] 

---- 

                          Where 

 -0.017(10) 
P=(Fo

2
+2Fc

2
)/3 

-0.028(10) 

CCDC deposition id 2142130 2142133 2142136 
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5.3.2 Chirality of Organic and Inorganic Sublattice 

In spite of similarity of 0D structures and layered morphologies among all the three samples, there 

are critical structural differences with respect to chirality. The (R-/S-MBA)4Bi2I10 crystals belong 

to a chiral Sohncke space group of P21. It is worth mentioning that the chiral space group of (R-

/S-MBA)4Bi2I10 remained intact when we remeasured the SCXRD after storing the samples for 

about 45 days in ambient conditions. In contrast, (Rac-MBA)4Bi2I10 crystallizes into an achiral 

space group P21/c. Does the enantiomerically pure organic sublattice of (R-/S-MBA)4Bi2I10 induce 

chirality in their inorganic sublattice [Bi2I10]
4–? This is an important question because the inorganic 

sublattice is expected to constitute valence and conduction band edges controlling the electronic 

and optical properties. Therefore, we explore the chirality aspects of the organic and inorganic 

sublattices separately, as shown in Figure 5.4 and 5.5. The absence of an improper axis of rotation, 

which includes planes of symmetry or inversion center, is the essential criterion for chirality.35-36 

The left panel of Figure 5.4a shows that the organic sublattice of (Rac-MBA)4Bi2I10 crystals has 

an inversion symmetry. Similarly, the middle panel of Figure 5.4a shows that the inorganic dimer 

[Bi2I10]
4– also has an inversion symmetry. The opposite pair of Bi–I bonds, like the axial Bi1–

Iup and Bi1’–Idown, have equal bond lengths (3.067 Å), as indicated by the same-colored fonts 

in Figure 5.4a (middle panel). Similar symmetries of diametrically opposite bond angles are shown 

in Figure 5.5a. Such symmetry of the inorganic dimer also gets reflected in the unit cell of 

inorganic sublattice, as shown in the right panel of Figure 5.4a. Therefore, organic sublattice, 

inorganic sublattice, and the overall hybrid lattice of (Rac-MBA)4Bi2I10 lack chirality. The 

situation is pretty different for (R-MBA)4Bi2I10. The organic sublattice lacks the inversion 

symmetry, as shown in the left panel of Figure 5.4b. The [Bi2I10]
4– shown in the middle panel 

of Figure 5.4b is also significantly distorted. The opposite pairs of Bi–I bonds, like Bi1–Iup and 

Bi2–Idown bond lengths, are no longer equal. In fact, most of the bond lengths (middle panel 

of Figure 5.4b) and bond angles (Figure 5.5b) are different from each other.  

The organic ammonium cations form hydrogen bonds with the iodine of [Bi2I10]
4– dimers.  SCXRD 

data show that the chiral organic sublattice introduces asymmetry in hydrogen bonding interactions 

as shown in Figures 5.6b and 5.6c in (R-MBA)4Bi2I10 and (S-MBA)4Bi2I10 respectively. Such  

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00530#fig2
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00530#fig2
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00530#fig2
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00530#fig2
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asymmetric hydrogen bonding is known to distort the inorganic sublattice.30-31, 37 Achiral organic 

sublattices introduces symmetry in hydrogen bonding interactions as shown in Figure 5.6a in (Rac-

MBA)4Bi2I10. More number of H-bonding interactions along with different strengths produce a 

 

Figure 5.4: Left column: organic sublattices. Middle column: [Bi2I10]
4– dimer. Right column: 

inorganic sublattices. (a) The crystal of (Rac-MBA)4Bi2I10 has an inversion center “i”. (b) and (c) 

are the isomers of (R- and S-MBA)4Bi2I10 without a center of inversion. Unit cell axes a, b, 

and c are shown by green, blue, and red colors, respectively. 

Organic Sub-lattice Inorganic Sub-lattice[Bi2I10]4- Dimer

Single-Crystal XRD
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significant distortion in [Bi2I10]
4- dimer units of (R- and S-MBA)4Bi2I10 crystal compared to (Rac-

MBA)4Bi2I10 crystal. These distortions result into the absence of both inversion and mirror 

symmetry in [Bi2I10]
4– dimer. Lack of these symmetries in the dimer makes the unit cell of 

inorganic sublattice chiral, as shown in the right panel of Figure 5.4b. We attempted to correlate 

the bond length distortion index (D) and bond angle variance (σ2) with the extent of chirality, as 

shown in Table 5.3.  

 

Figure 5.5: Bond angle representation of inorganic dimer [Bi2I10]
4- of (Rac-, R-, and S-

MBA)4Bi2I10, obtained from SCXRD data at 120 K. Diagonally opposite I-Bi-I bond angles of 

(Rac-MBA)4Bi2I10 are equal, fulfilling a requirement of inversion symmetry “i”. Diagonally 

opposite I-Bi-I bond angles (R- and S-MBA)4Bi2I10 are different, indicating the absence of 

inversion symmetry “i”. 

However, such a correlation is not satisfactory. A reliable structural descriptor for quantitative 

estimation of the extent of chirality in 0D structure is still absent, unlike the recent reports37-38 of 

2D layered perovskites. Similar to the case of (S-MBA)4Bi2I10, Figure 5.4c shows that both the 

organic and inorganic sublattice of (S-MBA)4Bi2I10 are also chiral. Also, most of the bond angles 

are different from each other as shown in Figure 5.5c. 
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Figure 5.6: Hydrogen bonding interactions between the H-atoms (light gray colour) of organic 

ammonium cations (to avoid the crowd phenyl group of organic ammonium cations is removed 

from the figures) and I-atoms (blue colour) of Bi-I of [Bi2I10]
4- dimers are shown by the different 

colour dotted lines. (a) In (Rac-MBA)4Bi2I10 crystal two I-atoms of Bi-I-Bi bridging units have 

two such interactions in opposite direction which counterbalance the overall effect represented by 

same pink color dotted lines also by the symbol “a”. In the same manner other H-bonding 

interactions have same strength but in opposite directions are shown by the purple, yellow, red, 

magenta and green color dotted lines, which are labeled as b, c, d, e and f, respectively. This shows 

the symmetry in H-bonding. (b) and (c) In (R- and S-MBA)4Bi2I10 crystal all the H-bonds have 

unequal strengths as labeled by different colours and notations from “a” to “k” respectively. This 

shows the asymmetry in H-bonding. Compared to the (Rac-MBA)4Bi2I10 crystal a greater number 

of hydrogen bonding interactions are present in (R- and S-MBA)4Bi2I10 crystal.  

C  N  H  Bi  I  

(a) (b) (c)(a) (Rac-MBA)4Bi2I10 (b) (R-MBA)4Bi2I10

(a) (b) (c) (S-MBA)4Bi2I10(c)
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Table 5.3: Bond length distortion index (D)39 and bond angle variance (σ2)40 for an individual 

octahedron of (Rac-, R-, and S-MBA)4Bi2I10 and reported Bi-iodide 0D structures have been 

calculated from the deposited crystal information files (CIFs) at room temperature. 

𝐷 =  
1

6 
∑

|𝑑𝑖−𝑑0|

𝑑0

6
𝑖=1                             (3) 

𝜎2 = 
1

11 
∑ (𝜃𝑖 − 90)212

𝑖=1                (4) 

Where, 𝑑𝑖= individual Bi-I bond lengths, 

𝑑0= mean Bi-I bond distances, and 

𝜃𝑖 = octahedral I-Bi-I bond angles 

Sample Crystal Structure 

Description 

(D)  (σ2) 

(deg2) 

Ref. 

(Rac-MBA)4Bi2I10 (Achiral)  

0D (edge-shared 

[Bi2I10]
4- dimer) 

0.039 18.03  

This 

Work 
(R-MBA)4Bi2I10 (Chiral) 0.040 17.33 

(S-MBA)4Bi2I10 (Chiral) 0.040 17.88 

[(R)-1-(4-F) 

phenylethylamine]4[Bi2I10] (Chiral) 

0D (edge-shared 

[Bi2I10]
4- dimer) 

0.036 13.71 33 

(1,3propanediammonium)2Bi2I10.2

H2O (Achiral) 

0D (edge-shared 

[Bi2I10]
4- dimer) 

0.031 13.44 41 

(Benzylammonium)3Bi2I9 (Achiral) 0D (face-shared 

[Bi2I9]
3- dimer) 

0.040 21.68 42 

(Biphenylbis(methylammonium))1.5

BiI6.2H2O (Achiral) 

 

0D (isolated [BiI6]
3- 

octahedra) 

0.015 6.86 43 

(Naphthalenediimidebis(ethylammo

nium))1.5BiI6.2H2O (Achiral) 

0.020 6.66 

 

A few noteworthy observations from Table 5.3: (i) two samples have isolated [BiI6]
3- octahedron 

and show significantly smaller values of D and σ2; (ii) all other samples have either edge-shared 

or face-shared ([Bi2I10]
4- or [Bi2I9]

3-) dimer with much higher values of D and σ2; (iii) the values 

D and σ2 of an octahedron in [Bi2I10]
4- or [Bi2I9]

3- dimer are not correlated with chirality; and (iv) 

the face-shared samples show higher D and σ2 values even compared to the edge-shared ones, 

irrespective of chirality.  Overall, the D and σ2 values do not predominantly depend on chirality of 

these system. Instead, the D and σ2 values of 0D perovskites is governed by whether the octahedra 

are isolated, or edge-shared or face-shared.  
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5.3.3 Chiroptical Properties 

To explore the effect of chiral structure on optical properties, films of (Rac-/R-/S-MBA)4Bi2I10 are 

used. The photographs of yellow colored (Rac-, R-, and S-MBA)4Bi2I10 thin films are shown in 

Figure 5.7a. UV-visible absorption data of the films are shown in Figure 5.7c manifests a sharp 

exciton absorption followed by continuum band. Spectra for all three samples are almost identical, 

suggesting that the structural chirality does not impact the band gap. 

An exciton contribution is decoupled from continuum using Elliott equation44-45 for a hydrogenic 

Wannier-Mott exciton given by  

αT(E)  =  A . Rex .∑
4π

n3
 . δ (E − Ec +

Rex

n2
)∞

n=1 + [A . Ɵ(E − Ec) . Dcv(E)] . [
πxeπx

Sinh(πx)
]        (5) 

where A, E, Ec, Rex, Ɵ, and δ are dipole transitions across the band gap, the energy of the photon, 

band gap, Rydberg binding energy of exciton, heaviside unit step function and delta function, 

respectively. 𝐷𝑐𝑣 ∝ √(𝐸 − 𝐸𝑐) is the joint density of states (JDOS) responsible for the continuum 

states above the bandgap and 𝑥 = √
𝑅𝑒𝑥

𝐸−𝐸𝑐
. The first term accounts for the absorption due to the 

Coulomb interaction bound electron-hole pair known as exciton below bandgap, while the second 

term accounts for the continuum states absorption above the bandgap (Sommerfeld factor right 

square bracket). The modeling, accomplished by convolving Equation (5) with a Gaussian function 

to account for inhomogeneous line broadening (see Figure 5.7c), reveals exciton centered at 2.48 

± 0.01 eV (500 nm) and continuum band at 2.63 ± 0.01 eV (472 nm). This suggests a high exciton 

binding energy (150 meV) indicating confinement of electron and hole in the inorganic [Bi2I10]
4- 

dimers of the 0D perovskite derivative structure. Such confinement might become helpful for non-

linear optical properties17 and light emission, but will be detrimental for charge transport. 

Chiral structures are known to interact with left and right circularly polarized light differently. So, 

we measured CD spectra of (Rac-, R-/S-MBA)4Bi2I10 thin films in transmission mode. The CD 

spectra show distinct features in case of (R- and S-MBA)4Bi2I10 while (Rac-MBA)4Bi2I10 remains 

featureless in the whole wavelength range as shown in Figure 5.8b. The CD spectra show exactly 

opposite signals with peaks at the same wavelengths 315 nm, 369 nm, 485 nm, and 517 nm for  
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Figure 5.7: (a) Digital photographs of films of (Rac-, R-, and S-MBA)4Bi2I10 on the glass substrate. 

(b) Powder XRD patterns of thin films of (Rac-, R-, and S-MBA)4Bi2I10 at room temperature show 

the layered behavior, in accordance with Figure 5.2 (a-c) and 5.2 (d-f). (c) Ground state optical 

absorption of (Rac-MBA)4Bi2I10 with theoretical fit using Elliott model. (Note: Analysis and 

discussion related to Figure 5.7c was performed by Ajay K. Poonia and Megha Shrivastav from 

Prof. K. V. Adarsh’s Lab at IISER Bhopal) 

(a)

(c)

(b)
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Figure 5.8: (a) Linear optical absorbance and (b) circular dichroism (CD) spectra of (Rac-, R-, 

and S-MBA)4Bi2I10 thin films. CD spectra show the derivative feature close to the excitonic 

absorption peak (500 nm). The highlighted region shows the excitonic absorption and 

corresponding derivative like bipolar CD signals of (R- and S-MBA)4Bi2I10. (c) Linear optical 

absorption and (d) circular dichroism (CD) spectra of (R-, and S-methylbenzylamine) dissolved in 

dimethylformamide. The spectra are recorded in the transmission mode. 

(R- and S-MBA)4Bi2I10. None of these chiroptical active transitions is from the organic component, 

which only absorbs in the lower wavelength range of 200‒300 nm (Figure 5.8c and 5.8d).  

The CD spectra of (R- and S-MBA)4Bi2I10 exhibit a derivative-like bi-polar response close to the 

excitonic absorption peak of 500 nm. This is indicative of the CD transitions originating from the 

inorganic sub-lattice, agreeing with the finding of structural chirality of the inorganic sub-lattice. 

Similar bi-polar CD signals at the excitonic transition have been previously reported in the case of 

(R- and S-MBA)2PbI4 and also in chiral semiconductor quantum dots.2, 27-28, 46 The peak energy 

splitting is typically attributed to the lifting of the spin degeneracy due to spin-orbit coupling 

(SOC) within the electronic absorption band. The anisotropy factor (g) is calculated as 

(c)

(d)

(a)

(b)
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Figure 5.9: The anisotropy factor (g) of (R- and S-MBA)4Bi2I10 thin films calculated from the CD 

data at room temperature. 

CD / (absorbance × 32980), and is plotted in Figure 5.9. The g-factor of (R- and S-MBA)4Bi2I10 is 

in the order of 10-4, which is slightly lower compared to the reported chiral lead-free perovskite 

derivative structures (see Table 5.4).  To compete with chiral Pb halide perovskites, the g-factor 

of Pb-free perovskites needs to be increased by more than an order of magnitude. 

Table 5.4: The g-factor of chiral (R- and S-MBA)4Bi2I10 and reported chiral lead-free perovskite 

derivative structures at room temperature. 

Sample g-factor Ref. 

(R-MBA)4Bi2I10 1.0014 × 10-4 This work 

(S-MBA)4Bi2I10 1.8892 × 10-4 

[(I-C8H12N)4][Bi2Br10] 8.02 × 10−4 30 

[((S)-C8H12N)4][Bi2Br10] 1.28 × 10−3 
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5.3.4 Temperature-Dependent PL  

Figure 5.10a shows that (R-MBA)4Bi2I10 films at 300 K has an emission maximum at 550 nm (2.25 

eV), with about 230 meV Stokes shift compared to the excitonic absorption peak as shown in the 

inset to Figure 5.10a. As the measurement temperature decreases, a PL peak at lower wavelengths 

dominates (Figure 5.10a). At 7 K, a narrow peak at 512 nm (2.42 eV) dominates the PL spectrum. 

This sharp peak can be assigned as the excitonic emission. The pseudo colormap in Figure 5.10b 

indicates PL spectra at multiple temperatures. The intensity of the excitonic emission with a peak 

~512 nm increases systematically with decreasing temperatures below 100 K. This increase in 

intensity is because of the suppression of non-radiative decay channels at lower temperatures.  

Figure 5.10c shows PL decay of (R-MBA)4Bi2I10 thin films. The decay profiles are fitted using a 

bi-exponential decay equation. The best-fit-parameters are shown in Table 5.5. At 7 K, the 

emission at 512 nm has an average lifetime of 5.5 ns. This fast lifetime agrees with the assignment 

of excitonic emission. Prior reports of chiral Pb-free hybrid metal halide perovskites do not show 

excitonic emission. The observed excitonic emission in our samples suggests lesser non-radiative 

defect channels compared to prior reports.31 

Table 5.5: The best-fit parameters of bi-exponential PL decay of (R-MBA)4Bi2I10 shown in Figure 

5.10c. τi represents the lifetime of the ith decay component and Ai is the corresponding amplitude. 

The average lifetime is denoted as τav. 

 

 

 

 

The average lifetimes of the emission of (R-MBA)4Bi2I10 films at 550 nm have been found to be 

9.3 ns and 9.0 ns at 7 K and 300 K (Table 5.5), respectively. The average lifetime of 550 nm 

emission is slightly longer than that of the excitonic emission (512 nm). But still the observed  

Emission 

wavelength and 

temperature 

A1 

(%) 

A2 

(%) 
τ1 (ns) τ2 (ns) 

𝝉𝒂𝒗 = ∑𝑨𝒊𝝉𝒊
𝟐 𝑨𝒊⁄ 𝝉𝒊 

(ns) 

512 nm at 7 K 85 15 1.5 9.2 5.5 

550 nm at 7 K 74 26 1.8 12.4 9.3 

550 nm at 300 K 70 30 1.8 11.9 9.0 
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Figure 5.10: (a) Temperature-dependent PL spectra of the (R-MBA)4Bi2I10 thin film. The inset 

compares the room temperature optical absorbance and PL. (b) Pseudo colormap of temperature-

dependent PL spectra. (c) Temperature-dependent PL decay dynamics of the (R-MBA)4Bi2I10 thin 

film. 

(a)

(b)

(c)
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Figure 5.11: (a) Temperature-dependent PL spectra of (S-MBA)4Bi2I10 thin film. Inset compares 

the absorption and PL spectra at room temperature. (b) Corresponding pseudo color contour map 

of temperature-dependent PL. (c) Temperature-dependent PL decay profiles. (d) Temperature-

dependent PL spectra of (Rac-MBA)4Bi2I10 thin film. Inset compares the absorption and PL spectra 

at room temperature. (e) Corresponding pseudo color contour map of temperature-dependent PL. 

(f) Temperature-dependent PL decay profiles. 

(S-MBA)4Bi2I10 (Rac-MBA)4Bi2I10

(a)

(b)

(c)

(d)

(e)

(f)



134 
 

CHAPTER 5: Chirality Induction from Organic to Inorganic Sublattices in Chiral 0D Bi-I Hybrid 

Perovskite Derivatives 

lifetime of 550 nm emission is significantly shorter than a typical deep trap47 emission or emission 

originating from 6s2 electrons of isolated Bi3+ ion,48 that often has a lifetime around 100 ns or 

longer. The small Stokes shift (Figure 5.10a) and relatively small lifetime suggest that the 550 nm 

emission involves shallow defects close to band edges.  

Temperature-dependent PL data for (S-MBA)4Bi2I10 and (Rac-MBA)4Bi2I10 films are shown in 

Figures 5.11 (a-c) and 5.11 (d-f), along with their best-fit parameters in Table 5.6 and 5.7, 

respectively. Overall, the PL data for all the three samples (Rac-/R-/S-MBA)4Bi2I10 are similar, 

suggesting that the chirality does not significantly impact the PL peak positions and dynamics.   

Table 5.6: The best-fit parameters of bi-exponential PL decay of (S-MBA)4Bi2I10 shown in Figure 

5.11c. τi represents the lifetime of the ith decay component and Ai is the corresponding amplitude. 

The average lifetime is denoted as τav. 

 

 

 

 

 

 

Table 5.7: The best-fit parameters of bi-exponential PL decay of (Rac-MBA)4Bi2I10 shown in 

Figure 5.11f. τi represents the lifetime of the ith decay component and Ai is the corresponding 

amplitude. The average lifetime is denoted as τav. 

 

 

 

 

 

 

Emission 

wavelength and 

temperature 

A1 

(%) 

A2 

(%) 
τ1 (ns) τ2 (ns) 

𝝉𝒂𝒗 = ∑𝑨𝒊𝝉𝒊
𝟐 𝑨𝒊⁄ 𝝉𝒊 

(ns) 

512 nm at 7 K 82 18 1.9 10.2 6.4 

550 nm at 7 K 61 29 2 9.9 8.2 

550 nm at 300 K 74 26 2.0 11.1 8.1 

Emission 

wavelength and 

temperature 

A1 

(%) 

A2 

(%) 

τ1 

(ns) 

τ2 

(ns) 

𝝉𝒂𝒗 = ∑𝑨𝒊𝝉𝒊
𝟐 𝑨𝒊⁄ 𝝉𝒊 

(ns) 

512 nm at 7 K 78 22 1.6 13.9 10.4 

550 nm at 7 K 65 35 1.7 16.9 14.5 

550 nm at 300 K 73 27 1.7 14.3 11.9 
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5.4 Conclusions 

We have prepared single crystals and films of (Rac-, R-, and S-MBA)4Bi2I10 0D Pb-free hybrid 

perovskite derivatives. SCXRD data show that the (Rac-MBA)4Bi2I10 crystallizes in an achiral 

space group P21/c, and both (R-, and S-MBA)4Bi2I10 crystallize in the chiral Sohncke space group 

of P21. Importantly, the organic sub-lattice of R- and S-MBA, induces chirality in the Bi-I inorganic 

sub-lattice through the hydrogen bonding interactions at the organic-inorganic interface. 

Consequently, the excitonic transitions arising from the inorganic sub-lattice interacts differently 

with left and right circularly polarized light, as shown by the CD spectra. Excitonic photophysics 

of (Rac-, R-, and S-MBA)4Bi2I10 is explored by using temperature (7 K to 300 K) dependent PL. 

The rationally designed structure of (R-, and S-MBA)4Bi2I10 showing excitonic chiroptical 

properties will motivate future research to develop novel chiral perovskite semiconductors.      
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Thesis Summary 

Lower-dimensional hybrid halide perovskites have negatively charged inorganic sub-lattices and 

positively charged organic sublattices, attached together with the non-covalent bonding 

interactions.1, 2 This thesis explores electrostatic, hydrogen, and halogen bonding non-covalent 

interactions of novel A-site ammonium cations with the inorganic sublattices in Pb and Bi-based 

lower dimensional hybrid halide perovskites. Specially designed A-site cations have potential to 

affect the chemical and physical properties of lower dimensional hybrid halide perovskites.  

In Chapter 2, we have rationally designed a series of meltable A2PbX4 2D perovskites. By 

employing experimental techniques like single crystal x-ray diffraction (SCXRD), differential 

scanning calorimetry (DSC), thermogravimetry analysis (TGA), we have identified that the main 

thermodynamic parameter driving their melting is the increase in structural entropy of fusion 

(ΔSfus). This was achieved by carefully engineering the organic A-site cations. By introducing 

different tail groups that can make the cation layer rigid in the solid-state structure and become 

flexible in the liquid state. Furthermore, a photodetector based on melt-pressed films of 

(MIPA)2PbI4 was developed, showing promising performance in optoelectronic applications.  

Solvents used during the synthesis of the hybrid halide perovskite single crystals and thin films 

are toxic. The use of toxic solvent must be minimized or reduced. In chapter 3 we have developed 

the molten-state synthesis method for the Pb halide hybrid perovskites to avoid the toxic solvents. 

In this method, we utilized the melting properties of the A-site ammonium halide salt (MPEAI), 

which, in its molten state, exhibits ionic liquid-like behavior and dissolves the lead halide 

precursors. Upon cooling, we obtained the (MPEA)5Pb3I11 hybrid perovskite structure. The 

(MPEA)5Pb3I11 synthesized through both molten-state and acid-precipitation methods exhibited 

similar optical and structural properties, demonstrating the effectiveness of this new synthesis 

approach. 

We have successfully designed 1D (BMPA)BiI5 non centrosymmetric hybrid halide perovskite by 

introducing dissimilar hydrogen bonding non-covalent interactions at the organic–inorganic 

interface. Methyl substitution at ammonium head reduces rotation at ammonium head, leading to 

dissimilar hydrogen bonding interactions with the Bi-I layers. This breaks the local  
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centrosymmetry in its perovskite structure and resulting P21 crystal system which is non-

centrosymmetric polar and chiral. (BMPA)BiI5 shows visible to infrared tunable second harmonic 

signals and a signature of bulk photovoltaic effect. Thin films of (BMPA)BiI5 shows the chiroptic 

response.  

 

Figure F.1: The graphical summary highlights that functionalities such as reversible melting, 

molten-state synthesis, non-centrosymmetry, and chirality arise from the non-covalent bonding 

interactions of specially designed A-site ammonium cations. 

In Chapter 5, we investigated the interactions of the chiral ammonium cations (R- and S-MBA) 

with the inorganic sublattices in 0D (R-/S-MBA)4Bi2I10 with the help of single crystal x-ray 

diffraction (SCXRD). (R- and S-MBA) introduce asymmetric hydrogen-bonding interactions with 

Bi-I dimers in the 0D chiral structure (R-/S-MBA)4Bi2I10, whereas Rac-MBA induces symmetric 

hydrogen-bonding interactions with the Bi-I dimers in 0D (Rac-MBA)4Bi2I10. Finally, we observed 

chiroptic response from the films of (R-/S-MBA)4Bi2I10 at excitonic transitions, confirms the 

chirality. Temperature-dependent (7−300 K) photoluminescence shows excitonic and shallow-

defect emissions in (Rac-, R-, and S-MBA)4Bi2I10. 

Overall, the newly introduced functionalities, such as reversible melting, molten state synthesis,  
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non-centrosymmetry, and chirality in Pb- and Bi-based hybrid halide perovskites are primarily 

attributed to the hydrogen and halogen bonding non-covalent bonding interactions of newly 

designed A-site ammonium cations at organic-inorganic interfaces.  
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Future Outlook 

In Chapters 2 and 3, we explore the molten states of perovskites and ammonium salts, which 

present a fascinating area for further study. These molten materials share notable similarities with 

ionic liquids,3, 4 such as (i) low melting temperatures around 100 °C, (ii) a wide liquidus range of 

approximately 115 °C, and (iii) high viscosity. These characteristics make molten perovskites and 

ammonium salts promising candidates for further investigations into their unique physical and 

chemical properties. 

 

Figure F.2: Molten perovskites and molten ammonium salts are like ionic liquids.  

We discovered that some of our A2PbX4 perovskites (discussed in Chapter 2) exhibit a melting 

temperature around 100 °C, with a significant difference of approximately 115 °C between the 

melting and decomposition temperatures. This satisfies both the criteria of a low melting 

temperature and a large liquidus range. Although we have not yet measured the exact experimental 

value of viscosity, one of the 2D perovskites, (MIPA)2PbI4, forms droplets upon melting without 
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spreading. This observation suggests that the (MIPA)2PbI4 in liquid state has a relatively high 

viscosity. Based upon our observations, we are excited to explore two different directions: 

(a) Molten state synthesis of hybrid halide perovskites:  

The molten-state method, discussed in Chapter 3, significantly reduces the need for hydrohalic 

acid (HX, where X: -Br, -I) during the synthesis of hybrid halide perovskites compared to the 

traditional acid-precipitation method. We applied this method to synthesize hybrid halide 

perovskites, and it shows great potential. This approach can be applied to synthesize a range of 

hybrid halide perovskites, as long as the ammonium cation salts used have melting points lower 

than their decomposition temperatures. We have experimentally measured and summarized the A-

site ammonium halide salt’s melting temperatures in Table F.1. Furthermore, by careful design, it 

is possible to create A-site ammonium halide salts that melt at even lower temperatures, potentially 

below 100 °C.2 

Table F.1: Containing A-site organic ammonium cations and their melting temperatures 

 

 (b) Melt assisted doping in 2D (MBPA)2PbBr4 perovskite:  

New emission centers introduced by doping different metals into hybrid halide perovskites 

introduces. Metal ion (Mn2+, Yb3+ etc.) doping in lower dimensional hybrid halide perovskites is 

typically achieved through the solvent based method.5, 6 However, this process often requires a  

Ammonium Halide Salt 
(Name and Structures)

Melting Temperature 
(TM)

Butyl ammonium iodide

(S)-(−)-1-(1-
naphthyl)ethylammonium bromide

173 °C (446 K)

194 °C (467 K)
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large amount of dopant precursors, leading to considerable wastage, especially when rare-earth 

metals like lanthanides are involved. To address this, we explored an alternative approach which 

involves the meltable hybrid halide perovskites.  

To validate this, we have tried to Mn2+ doping into 2D (MBPA)2PbBr4, which resulted in emissions 

centered at 600 nm. While this is a preliminary attempt, it demonstrates the potential of the molten-

state method as a more resource-efficient doping process for hybrid halide perovskites. However, 

this approach is applicable only to hybrid halide perovskites that form a stable molten state. 

 

Figure F.3: Emission spectra of Mn doped (MBPA)2PbBr4. Figure shows that with an increase in 

MnBr2 content the Mn emission centered at 600 nm increases to 10.9% MnBr2 addition and then 

decreases.  
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