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CHAPTER 1
Introduction

This thesis investigates Properties of Organic-Inorganic Hybrids. Organic-inorganic
hybrids represent a broad class of materials that consist of both organic and inorganic
components that are combined into a single compound. The combination of both
components make these materials hybrid. The main interest in hybrid materials arises
from the combination of properties coming from the two constituents. This allows for
the design of materials that has properties associated with both organic and inorganic
compounds, giving the best of both worlds. Inorganic compounds are generally known
for their robust electronic and magnetic properties, their wide range of band gaps and
bandwidths, and thermal stability. In organic-inorganic hybrids, it is possible to obtain
these properties, while maintaining the structural flexibility and easy processing often
associated with organic compounds. As the variety of organic and inorganic materials
that can be implemented into a hybrid structure is very large, organic-inorganic hybrids
represent a large set of materials with very distinct physical properties.

In addition to combining properties of organic and inorganic components, an
important characteristic of hybrids is the interplay between the two components. As
the two components build up the structure together, changing either of the two has a
direct influence on the structure of the other. This means that the physical properties
of the inorganic part can be directly controlled by different organic moieties. In other
materials, substitutions or doping is often required to achieve this. This simple tuning of
the properties makes hybrids unique.

In this chapter, I provide a general introduction to organic-inorganic hybrid materials,
their structures and properties. In Section 1.1, I describe the structural diversity of
organic-inorganic hybrid materials. In Section 1.2, I highlight the different physical
properties that are associated with these structures. The motivation and research aim,
and the outline of this thesis are described in Sections 1.3 and 1.4, respectively.

1
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CHAPTER 1. INTRODUCTION

1.1 Crystal Structures of Organic-Inorganic Hybrid
Materials

Organic-inorganic hybrids are composites consisting of organic and inorganic compo-
nents. The most common examples of naturally occurring (bio)organic-inorganic
composites are bone and teeth tissue. [1] Inspired by nature, combining the properties of
organic and inorganic compounds into a unique material became a challenge that started
with the beginning of the industrial era. [2] One of the best-known, commercial man-made
examples of an organic-inorganic materials is paint, wherein inorganic pigments (e.g.
TiO2) are suspended in organic solvents. [3]

However, hybrid materials are not simply physical mixtures of its constituents. As
stated in the beginning of this chapter, the interplay between the organic and inorganic
components is an important characteristic of hybrid materials. Therefore, Sanchez and
Ribot proposed that hybrids can be classified into two major families, depending on the
nature of the chemical interaction between the the constituents: [4] class I covers all hybrid
materials that consist of organic and inorganic components that exhibit weak interactions
(e.g. hydrogen bonds, van der Waals interaction and ionic bonds), whereas class II covers
all hybrid materials in which the two phases are linked together through strong chemical
bonds (e.g. covalent or coordination bonds). Note that the interactions between the
organic and inorganic components in class II materials do not exclusively have to be
strong chemical interactions. The same kind of weak bonds that define class I materials
are also possible in addition to the strong interactions.

Examples of class II materials are organic-inorganic hybrid zeolite materials. Zeolites
are microporous crystalline silica materials that have molecular-sized confined space in
their pore systems. [5,6] Therefore, zeolites can be used as host materials for various
composites, providing a wide range of materials with distinct physical properties. The
motivation for implementing organic groups is that organic functionalization of zeolites
would widen the range of applications. Therefore, Yamamoto et. al., [7] reported the
synthesis of organic-inorganic zeolites containing an organic group as lattice. As a result,
they found methylene groups (CH2) to be incorporated into the zeolite framework by
substituting lattice oxygen atoms and thereby creating Si – CH2 – Si bonds that replace
siloxane bonds (Si – O – Si). Other examples of class II hybrid materials are metal-organic
frameworks (MOFs). MOFs are compounds consisting of metal ions or clusters that are
coordinated to organic linkers. [8] Figure 1.1 shows the schematic structure of a MOF.
MOFs can form crystalline one-, two- or three-dimensional (1D, 2D or 3D) structures
consisting of covalent bonds between the organic and inorganic parts. As a result, MOFs
are often porous materials, similar to zeolites, and their applications are generally related
to gas separation, storage and purification, as well as catalysis. [9] The structural diversity
of MOFs becomes apparent from the proposed classification by Cheetham et. al., [8] who
classified MOFs based on the dimensionality of the structure with respect to both organic
connectivity between metal centers and extended inorganic connectivity.

Examples of class I materials are organic-inorganic hybrid perovskites. Organic-
inorganic hybrid perovskites are often referred to as organometal halide perovskites.
However, this is an incorrect term as organometallic compounds contain at least one

2
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1.1. CRYSTAL STRUCTURES OF ORGANIC-INORGANIC HYBRID MATERIALS

Figure 1.1: Schematic crystal structure of a metal-organic framework (MOF) compound.

chemical bond between a carbon atom of an organic compound and a metal. These
compounds have structures based on the basic building component of the ABX3
perovskite structure. The name ‘perovskite’ originates from the mineral form of CaTiO3,
found in nature. [10] The mineral was discovered in 1839 and named after the Russian
mineralogist Perovski (1792-1856). The perovskite structure consists of a cubic close-
packed AX3 lattice with half of the (6-fold coordinated) octahedral holes filled with B
cations. As a result, a 3D network of corner-sharing BX6-octahedra is obtained, where
the B atom is typically a metal cation and X is an anion, such as O2 – or a halogen. The A
cations then fill the 12-fold coordinated holes between the octahedra. Figure 1.2 shows the
schematic crystal structure of the perovskite phase. While perovskite structures can have
the perfect cubic arrangement as shown in Figure 1.2, perovskites generally have distorted
structures. These distortions can originate from cation displacements or octahedral tilts.
Such distortions generally lead to interesting physical properties, such as ferroelectricity.

Figure 1.2: Schematic crystal structure of the ABX3 perovskite structure. In organic-inorganic
hybrid perovskites, A represents the organic cation, B the divalent metal (e.g. Pb2+, Sn2+, Mn2+,
Cu2+) and X the halogen (e.g. Cl– , Br– , I– ).

3
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CHAPTER 1. INTRODUCTION

In addition to 3D perovskites, layered perovkite structures can also be obtained. These
2D structures are related to the 3D structure by cutting layers from the 3D network,
along certain crystallographic directions. The most common layered perovskite structures
are based on 〈110〉- and 〈100〉-oriented slabs cut from the 3D perovskite. [11] This is
illustrated in Figure 1.3. The 〈110〉-oriented perovskites generally adopt the formula
AnBnX3n + 2, where A represents a cation, B a metal cation and X an anion. Figure 1.3
shows the structure for n = 2. An example of such a compound with this structure is
BaMnF4 and BaZnF4. [12,13] Note that n = 1 compounds do not adopt layered structures,
but are 1D compounds consisting of linear chains of BX6-octahedra, extending along one
direction. Furthermore, layered perovskites that are obtained from 〈100〉-oriented slabs
are more extensively studied. [11] The two most common types of these layered structures
belong to the Ruddlesden-Popper [14] and Aurivillius [15] phases (see Figure 1.3). While
Ruddlesden-Popper phases can be thought of as a sliced perovskite structure, the crystal
structure can be considered as an intergrowth of perovskite and rock salt (NaCl) structures.
The perovskite nature becomes apparent from the slicing of the cubic perovskite structure,
as described above, while the rock salt nature becomes apparent from the interface
between the slabs. As can be seen in Figure 1.3, cations A and anions X form a rock
salt structure at the interface of the perovskite slabs. An example of a n = 2 Ruddlesden-
Popper phase is Sr3Ti2O7. [16] Similarly, the Aurivillius phases can be considered as an
intergrowth of perovskite slabs with alternating layers of fluorite-like Bi2O2

2+. [11] This
fluorite-like structure becomes apparent at the interface between the perovskite slabs, as
can be seen in Figure 1.3. An example of a n = 2 Aurivillius phase is the ferroelectric
Ba2SrTa2O9 compound. [17]

Figure 1.3: Schematic crystal structures of possible layered structures with different orientations
cut from the 3D perovskite structure. The cubic perovskite structure (center) can be cut along either
the 〈110〉 or 〈100〉 crystallographic directions to produce the 〈110〉- and 〈100〉-oriented families of
layered perovskites. The thickness of the perovskite sheets depends on the thickness (n) of the cut
taken from the 3D perovskite structure (n = 2 is shown in the figure). Both the Ruddlesden-Popper
the Aurivillius series are shown for the 〈100〉-oriented family. Figure after Mitzi. [11]
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1.1. CRYSTAL STRUCTURES OF ORGANIC-INORGANIC HYBRID MATERIALS

The so-called organic-inorganic hybrid perovskites date back to more than 100 years
ago, even though they were not referred to by this name at the time. To the best of
my knowledge, the earliest report on various hybrid perovskite compounds dates back to
1884. [18] As the name suggests, hybrid perovskite have crystal structures closely related
to the perovskite structure, see Figure 1.2. The inorganic cation at the A-site is replaced
by a small organic cation, that is generally an ammonium cation. A divalent metal,
such as Pb2+, Sn2+, Mn2+ or Cu2+ occupies the B-site. The X-site is occupied by a
halogen, such as Cl– , Br– or I– ). Therefore, the organic-inorganic perovskite structure
consists of metal halide octahedra that share corners and form a 3D network wherein
organic cations occupy the 12-fold coordinated holes between the octahedra. There
are no covalent bonds between the organic and inorganic part, but the structure is held
together by hydrogen bonding between the organic cations and the halides. Thus, the
hybrid perovskite compounds belong to class I hybrid materials. [4] Because the 12-fold
coordinated A-site is quite small, only small organic molecules are expected to fit in the
crystal structure. The size of the void is directly related to the size of the metal cation
and the halogen. The Goldschmidt tolerance factor is an indicator for the stability and
distortion of crystal structures. [19] The tolerance factor t is defined as

t =
rA + rX√
2(rB + rX )

(1.1)

where rA, rB and rX represent the ionic radii of A cation, B anion and X cation,
respectively. The ideal cubic perovskite structure would have t = 1. However, small
mismatches in ionic radii directly result in t 6= 1. When the organic cation is too large to
fit at the A-site, i.e. t > 1, the 3D network of the perovskite structure cannot be maintained.
As a result, low-dimensional structures, such as the layered structures described above,
will form. Most 3D perovskite structures have t slightly smaller than 1, in the order
of 0.8 - 0.9. Note that this allows for distortions in the form of buckling of the BX6-
octahedra. Thus, for a given B cation and X anion, the maximum size of the A cation
can be calculated. To illustrate the small size of the A-site, we consider Pb2+ as the metal
cation and I– as the halogen. Given the large size of both ions, this creates one of the
largest A-sites. A simple calculation, assuming a perfect cubic perovskite structure (i.e.
t = 1), shows that the radius of the A-site is approximately 2.6 Å. This means that only
small molecules of maximum two or three C – C or C – N bonds are expected to fit in the
crystal structure.

The structural flexibility of the organic-inorganic hybrids gives rise to a very large
family of crystal structures, depending on the choice of its constituents. A variety of small
organic cations, such as methylammonium, formamidinium and guanidinium, fit in the 3D
perovskite structure. However, incorporating larger organic cations will result in lower-
dimensional structures. As stated above, layered perovskites that are obtained from 〈100〉-
oriented slabs are most extensively studied. [11] Characteristic for these Ruddlesden-
Popper-type hybrids is that the structure consists of inorganic layers that are separated by
bilayers of the organic cation. The individual layers of the organic cations are separated
by a van der Waals gap. As these organic cations generally do not have size restrictions,
a very large variety of cations can be implemented. Moreover, these organic cations are
not limited to simple alkyl groups. For example, aromatic and fluorinated cations can also
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be incorporated, resulting in different physical properties. Additionally, diammonium
cations, e.g. +H3N(CH2)nNH3

+, can also be incorporated. [20,21] These hybrid structures
are also layered, but consist of inorganic layers that are separated by a monolayer of the
organic dications. Hence, no van der Waals gap between organic cations is formed.

Besides implementing a large variety of organic cations, it is also possible to
incorporate a mix of multiple types of organic cations. The implementation of large
organic cations, i.e. too large to fit at the A-site in the perovskite structure, generally
results in n = 1 Ruddlesden-Popper phases. However, higher order organic-inorganic
hybrid Ruddlesden-Popper phases (e.g. n = 2, n = 3, n = 4) can be obtained by mixing
large organic cations with small organic cations, i.e. cations that do fit at the A-site in the
perovskite structure. [20] Subsequently, a layered structure of n layers of perovskite A'BX3
and rock salt A''X will be formed, with A' and A'' the long and short organic cations,
respectively. Mixing the organic cations in different ratios will give all Ruddlesden-
Popper phases ranging from n = 1 (solely the large organic cations) to n = ∞ (solely
the small organic cations). Note that n = ∞ represents the 3D perovskite structure.

The choice of the divalent metal has a major influence on the physical properties of
the hybrid perovskite. Properties associated with different structures are described in
more detail in Section 1.2. The driving force for the variety of structures and properties
obtained when incorporating different metals goes beyond the size of the metal cation.
For example, incorporation of Jahn-Teller active cations, e.g. Cu2+ (9 d electrons), results
in major structural distortions as well. [22,23] Jahn-Teller distortions of the metal halide
octahedra plays a significant role in the physical properties of the compound, as described
in Section 1.2 Besides incorporating divalent metal cations, it is also possible to insert
trivalent metal cations, such as Sb3+ and Bi3+. However, incorporation of trivalent metal
cations generally results in hexagonal structures with formula A3B2X9, with A the organic
cation, B the trivalent metal and X the halogen. [24–28] As discussed in Chapter 5, the
A3B2X9 structure is related to the cubic ABX3 perovskite structure(where B represents
a divalent metal) and can be described as a hexagonal analogue. Furthermore, it is also
possible to mix metal cations into a single compound. However, I found that mixing two
divalent metal cations generally gives phase separation. Still, studies have shown that it
is possible to mix monovalent with trivalent cations in a 1:1 ratio. [29–32] Structures of this
kind are often referred to as double perovskites. Figure 1.4 shows the schematic crystal
structure of a A2BB'X6 double perovskite, with A the organic cation, B a monovalent
metal (e.g. Ag+), B' a trivalent metal (e.g. Bi3+) and X the halogen. Characteristic of the
double perovskite structures is that the metal cations order in a rock salt-like manner.

The last branch of organic-inorganic hybrid perovskite structures is based on the
choice of the halide. While F– is generally not used due to its small size, structures
consisting of Br– , Cl– or I– appear to have different properties as their structures are
influenced by the size of the halide. Furthermore, it is also possible to mix halides. Both
theory and experiments on thin films have shown that the optical properties can be tuned as
a function of the ratio between two halides that were added to the reaction mixture. [33–36]

To summarize, organic-inorganic hybrids represent a large class of compounds
in materials science. Hybrids related to the perovskite structure, so-called hybrid
perovskites, represent a large family of organic-inorganic hybrid compounds. I have
illustrated the structural diversity of hybrid perovskites by explaining how the organic
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Figure 1.4: Schematic crystal structure of the A2BB'X6 double perovskite structure. A represents
the organic cation, B a monovalent metal (e.g. Ag+), B' a trivalent metal (e.g. Bi3+) and X the
halogen (e.g. Cl– , Br– ,I– ). Polyhedra in the color of the corresponding metal cations are drawn.
Only one organic cation is shown for clarity.

and inorganic constituents directly influence the structure. In Section 1.2 I will explain
which physical properties are associated with hybrid perovskites. In Chapter 2 I will
describe the experimental strategies I have used to synthesize and characterize the crystal
structures and physical properties of a variety of organic-inorganic hybrid perovskites.
The results are written in succeeding chapters.

1.2 Properties of Organic-Inorganic Hybrid Materials
As described in Section 1.1, organic-inorganic hybrids can adopt a large variety of
structures, depending on their constituents. In this section I will explain how this
structural variety is reflected by the variety of physical properties found in these
compounds. Important to realize here is the connection between the structure and the
properties. Different structures have different properties and different structures can be
obtained when different (organic and inorganic) constituents are brought together. This
implies that the physical properties of hybrid perovskites can be directly tuned by their
constituents.

Early interest in organic-inorganic hybrid perovskites has mainly come from their
magnetic properties. From early 1970s, long-range magnetic order has been studied
in layered hybrid perovskites incorporating Fe2+, Mn2+, Cu2+ and Cr2+ as the metal
cation. [37–41] The structure plays a central role in the magnetic properties. Given the
perovskite structure, there is no direct linkage between the metal cations. Consequently,
the magnetic properties are determined by the magnetic superexchange interactions
through the B – X – B linkages, with B the metal and X the halide. Structural parameters,
such as bond angles and distances, have a direct influence on the magnetic exchange.
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Furthermore, as stated in Section 1.1, incorporation of Jahn-Teller active metal cations
has a major influence on the perovskite structure and therefore on the magnetic properties.
While Goodenough-Kanamori rules were originally developed for oxide perovskites, they
also apply to organic-inorganic hybrid perovskites. [42,43] The Goodenough-Kanamori
rules predict that a ∼ 180° angle between adjacent B atoms that have partially filled
d shells gives rise to a strong antiferromagnetic interaction, while a ∼ 90° angle gives
rise to a weak ferromagnetic interaction. Layered hybrid perovskites based on Mn2+

and Fe2+ cations do not exhibit Jahn-Teller distortions, have B – X – B angles of ∼ 180°
and are therefore antiferromagnetic. [37–39] Cu2+ and Cr2+, on the other hand, are Jahn-
Teller active. These distortions result in the magnetic orbitals of adjacent metal ions
being orthogonal to each other. Subsequently, the spins experience ferromagnetic
superexchange via a 180° pathway. [40,41,44] This is illustrated by the example of
ferromagnetic (CH3NH3)2CuCl4 (Tc = 8.9 K [37,45]) in Figure 1.5.

Figure 1.5: Polyhedral model of layered (CH3NH3)2CuCl4, projected along the stacking direction
of the layers. The Jahn-Teller distortion becomes apparent from the elongated CuCl6-octahedra.
The magnetic spin is located in the dx2−y2 orbital, located at the position indicated by the red
ellipsoids. Thus, the orbitals on neighboring copper ions are orthogonal to each other, resulting
in ferromagnetic superexchange via a 180° Cu – Cl – Cu pathway. Figure obtained from my own
single-crystal X-ray diffraction measurements.

Similar to oxide perovskites, organic-inorganic hybrids can exhibit ferroelectric
properties as well. [46,47] These polar hybrids are of interest for various applications. For
example, it is thought that solar cells can benefit from a ferroelectric domain structure, as
charge separation is a key aspect of their performance. [48,49] In order to facilitate this, a
built-in electric field can enhance the transport of excitons. Furthermore, ferroelectric-
gate field-effect transistors (FeFETs) require charge induction, and can benefit from
a polar material as the gate electrode: the top electrode changes the resistance by
changing the polarization. [50] Application of hybrids in devices such as gate insulators and
field-effect transistors is mainly governed by their relatively good dielectric properties.
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Moreover, coexisting ferromagnetic and ferroelectric order was also found in CuCl4-
based hybrids. [46,51,52] This increased the interest in hybrids in the field of multiferroic
materials and their applications. Because organic-inorganic hybrid perovskites are
generally easy to process, implementing them in such applications is of interest.

In terms of electrical character, metal halides are predominantly insulating. However,
layered hybrid perovskites consisting of Ge, Sn and Pb (group IV metals) are found to
be conductive. [53–57] Notably, it was found that the band gap varies with the thickness
of the perovskite layer, i.e. the band gap decreases as the number of inorganic layers
(analogues to the Ruddlesden-Popper type series as described in Section 1.1) is increased.
Mitzi was one of the first to demonstrate this behavior in the family of 〈100〉-oriented
perovskites (C4H9NH3)2(CH3NH3)n – 1SnnI3n + 1, consisting of n layers of CH3NH3SnI3,
separated by bilayers of the butylammonium cations. [54] The largest band gap was found
in the n = 1 compound (C4H9NH3)2SnI4, while the smallest band gap was observed
for the n = ∞ compound CH3NH3SnI3. While both the earliest and most subsequent
studies have mainly focused on tin-based compounds, similar trends in Ge- and Pb-based
compounds are observed due to the isoelectronic nature of the metal cations. These
examples directly demonstrate the remarkable tunability of the properties of organic-
inorganic hybrid perovskites, based on the crystal structure.

Organic-inorganic hybrid perovskites have recently attracted renewed attention as
promising candidates for application in optoelectronic devices. Initially used as a
sensitizer in dye-solar cells, [58] CH3NH3PbI3 has gained much attention as an efficient
absorber material in simplified planar heterojunction solar cell devices. [59–64] Very high
power-conversion efficiencies of up to 22.7% have been reported for lead iodide-based
materials. [65] Note that CH3NH3PbI3 is not a new material. As stated in Section 1.1,
the first report on organic-inorganic hybrid perovskites dates back to 1884. [18] To the
best of my knowledge, CH3NH3PbI3 was first reported in 1978. [66] Thus, while the first
report on so-called hybrid perovskite solar cells is less than 10 years old, it is incorrect
to say that the hybrid materials are invented by Kojima et al. [58] in 2009. The field of
hybrid perovskite photovoltaics has just increased the interest and boosted the activity in
the field of organic-inorganic hybrids. The main reason why organic-inorganic hybrid
perovskites are considered promising candidates for photovoltaic applications is because
the device efficiencies have found a steep increase since the first reported cell in 2009.
From 2009 to 2017, the efficiency has gone up from 3.8% [58] to 22.7%. [65] This means
that hybrid perovskites have easily surpassed the efficiency of organic photovoltaics in
just a short amount of time. Moreover, they have become serious competitors to silicon
solar cells, in terms of efficiency. The benefits of using hybrid perovskites are embedded
in their unique optical [67,68] and excitonic [69,70] properties. Furthermore, hybrids are
generally easy to synthesize. This means that simplified planar solar cells without any
need for nanostructuring can give rise to high efficiencies. [61] In addition to photovoltaic
applications, other optoelectronic applications based on organic-inorganic hybrids have
also recently emerged. These applications include light-emitting diodes, [71,72] lasers [73,74]

and photodetectors. [75]

To summarize, there is a large variety of physical properties associated with organic-
inorganic hybrids. These properties include magnetic, ferroelectric, conducting, optical
and optoelectronic properties. Subsequently, this diversity allows for the use of hybrid
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materials in various applications. In this thesis, I have investigated various fundamental
physical properties of different organic-inorganic hybrids. In Section 1.3 I will highlight
the motivation and research aims that provide a basis for the research that I have carried
out in each subsequent chapter. The outline of the thesis is given Section 1.4.

1.3 Motivation and Research Aim
As described in Section 1.2, a large variety of interesting physical properties have been
studied in organic-inorganic hybrid perovskites. However, while several properties have
been reported, their origin is not always fully understood. The mechanisms behind the
physical phenomena are sometimes yet to be found. It is commonly understood that the
physical properties are directly related to the crystal structure, but there is still a lot to gain
to come to the point where we fully understand how properties relate to the structure.
Questions that arise include: how can we tune the band gap? What is the role of the
organic cation? What mechanisms give rise to polar phases? How do properties of single
crystals and thin films differ?

The main goal of this thesis is to gain a better fundamental understanding of
structure-property relations in organic-inorganic hybrids. Thus, I want to understand
how displacements in the crystal structure can change fundamental physical properties in
organic-inorganic hybrid compounds. I believe that this understanding could eventually
lead to tools that can be used to design materials with desired properties. Furthermore,
existing materials can be improved for desired applications.

To achieve this increased understanding, I have synthesized both new and previously
reported organic-inorganic hybrid compounds, studied their crystal structure with single-
crystal and powder X-ray diffraction, and measured fundamental physical properties.
Subsequently, I have investigated structure-property relations and collaborated to test
these relations with theory. As a general approach, I have synthesized series of structures
that are related to each other, for example by varying the organic cation in lead-based
hybrids or by varying the metal cation while keeping the organic cation as a constant.
Moreover, I have investigated both crystal structure and physical properties as a function
of temperature.

Note that it is incredibly difficult to predict what crystal structure will form based on
given starting compounds, i.e. when the organic and inorganic constituents are given.
However, synthesizing different series of compounds, investigating their fundamental
physical properties and obtaining structure-property relations will give tools to understand
how properties depend on the crystal structures. Therefore, I think that these studies will
add to the design of materials for desired applications by understanding what structural
features are required to obtain certain properties. And the other way around: it will be
possible to predict some properties once the crystal structure of a compound is given.
Thus, the general research aim of this thesis is to find tools to understand how properties
of organic-inorganic hybrids depend on the crystal structure. I have investigated various
crystal structures and different fundamental physical properties. Section 1.4 gives the
outline of this thesis.

10
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1.4 Outline of this Thesis

As stated in Section 1.3, the research aim of this thesis is to find tools to understand
how physical properties of organic-inorganic hybrids depend on the crystal structure.
Therefore, I have synthesized and characterized several organic-inorganic hybrids and
found ways to relate the properties to their structure. Because I have studied a large
variety of compounds, structures and physical properties, each chapter of this thesis can
be read individually. I provide a brief summary of each chapter below:

Chapter 2: Various experimental strategies that are of central importance in all research
projects carried out in this thesis are highlighted. These experimental strategies include
the synthesis methods, patterning techniques and X-ray diffraction data interpretation
conducted in the following chapters. This chapter provides an overview of how I have
dealt with various research questions, from an experimental perspective based on the
synthesis techniques and X-ray diffraction data interpretation.

Chapter 3: Single crystals of both previously studied and new phenylalkylammonium
lead iodide organic-inorganic hybrid compounds were synthesized, and characterized
by single-crystal X-ray diffraction. Two different type of structures were obtained:
layered structures in which the inorganic sheets consist of solely corner-sharing and both
corner- and edge-sharing PbI6-octahedra. Density functional theory calculations showed
that the face-sharing PbI6-octahedra create a confinement effect leading to effectively
one-dimensional behavior, responsible for the observed peak shifts in photoluminescence
in the different structures. The results show how the connectivity of the octahedra leads
to confinement effects that directly tune the optical band gap.

Chapter 4: The presence of water during synthesis of (C6H5CH2NH3)2PbI4 produced
a minority phase with water molecules incorporated in a completely new structure:
(C6H5CH2NH3)4Pb5I14·2H2O, consisting of ribbons of edge-sharing PbI6-octahedra
separated by the organic cations. Density functional theory calculations including
spin-orbit coupling showed that edge-sharing PbI6-octahedra cause the band gap to be
increased with respect to corner-sharing PbI6-octahedra. To gain systematic insight, the
effect of connectivity of PbI6-octahedra on the band gap was modeled in idealized lead
iodide perovskite-derived compounds. Notably, it was found that increasing the connec-
tivity from corner-, via edge-, to face-sharing causes a significant increase in the band
gap. This provides a new mechanism to tailor the optical properties in organic-inorganic
hybrids.

Chapter 5: Single crystals of perovskite-like (CH3NH3)3Bi2I9 hybrids were synthesized,
and the results showed how the large dielectric constant is strongly affected by the
polar ordering of its constituents. Single-crystal X-ray diffraction studies showed how a
well-pronounced, ferrielectric phase transition at 143 K is governed by in-plane ordering
of the bismuth lone pair that breaks inversion symmetry and results in a polar phase. The
dielectric constant is markedly higher in the centrosymmetric phase above this transition.
Here, the bismuth lone pair is disordered in-plane, allowing the polarizability to be
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substantially enhanced. In addition, density functional theory calculations estimated a
large ferroelectric polarization and showed that the calculated polarization has almost
equal contributions of the methylammonium and Bi3+ lone pair, which are fairly decou-
pled. The results add to the understanding of possible mechanisms to induce polar phases.

Chapter 6: The structural phase transitions of PEA2MnCl4 (PEA = phenethylamine)
were studied using temperature dependent single-crystal XRD analysis, including
symmetry analysis of the observed space groups. The mechanism responsible for the
polar phase transition appeared to be different to previously proposed mechanisms in
similar systems. The transition is governed by the opening of a small dihedral angle
between the phenyl ring planes of two adjacent PEA molecules, which consequently
become crystallographically inequivalent in the polar phase. Notably, the polar axis was
found to be out-of-plane with respect to the inorganic sheets. This is in contrast to other
layered organic-inorganic hybrids as well as conventional layered perovskites, such as
the Aurivillius phases, where in-plane polarization is observed. These findings add to the
understanding of possible mechanisms that can induce ferroelectric behavior in layered
organic-inorganic hybrids.

Chapter 7: Microstructures of two-dimensional (2D), orange-colored
(C6H5CH2NH3)2PbI4 were successfully printed by two different soft lithography
techniques. Notably, both techniques yielded microstructures with very high aspect
ratios. X-ray diffraction revealed a strong preferential orientation of the crystallites in
both patterned structures, compared to nonpatterned, drop-casted thin films. Furthermore,
(time-resolved) photoluminescence measurements revealed that the optical properties of
(C6H5CH2NH3)2PbI4 are conserved upon miniaturization. However, it was found that
the larger grain sizes of the patterned films with respect to the nonpatterned film gave
rise to an enhanced PL lifetime. This demonstrates the possibility to use color-tunable
2D hybrids in optoelectronic devices.

Chapter 8: Single crystals of two new compounds were synthesized: 2,5-dimethylaniline
tin iodide organic-inorganic hybrids and 2,5-dimethylaniline triiodide. The synthesis
routes that drive the growth of the different compounds while starting from 2,5-
dimethylaniline and SnI2 were investigated. Single-crystal X-ray diffraction reveals that
the hybrid grows as a rhombohedral structure, consisting of one-dimensional chains of
SnI6-octahedra that share corners and edges to build up a ribbon along the [111] direction.
The triiodide salt forms a monoclinic structure consisting of linearly coordinated I3

–

features, separated by the organic amines. These findings give a better understanding of
the role of hypophosphorous acid, H3PO2, on the formation of both compounds.

Chapter 9: Spin-singlet formation was observed in a novel organic-inorganic hybrid
identified as CH3NH3Cu2Cl5. The hybrid adopts a layered structure in which
Cu2Cl5 – layers are separated by CH3NH3

+ layers. The inorganic layers consist of
corner- and edge-sharing CuCl6-octahedra, forming edge-sharing tetramers. Magnetic
susceptibility measurements indicate strong antiferromagnetic interactions within the
tetramers, whereas the coupling between the tetramers is weak. Low temperature
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magnetic susceptibility data suggest a non-magnetic ground state with a large spin gap
of ∼ 130 K, in apparent contradiction with ferromagnetic interactions between nearest-
neighbor spins. A novel spin-tetramer model is introduced in which antiferromagnetic
next-nearest-neighbor interactions lead to a spin-singlet state.
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CHAPTER 2
Experimental Strategies

In this chapter, I highlight various experimental strategies that are of central importance
in all research projects carried out in this thesis. These experimental strategies include
the synthesis methods, patterning techniques and X-ray diffraction data interpretation I
have conducted in the following chapters. Other experimental techniques carried out by
me or collaborations include magnetic measurements, electrical measurements, optical
measurements, thermogravimetric analysis and theoretical analysis. These techniques are
generally well-explained in literature. Moreover, these techniques are described in the
experimental sections of each of chapter. Therefore, this chapter provides an overview of
how I have dealt with various research questions, from an experimental perspective based
on the synthesis techniques and X-ray diffraction data interpretation.

2.1 Synthesis of Single Crystals
The synthesis of various organic-inorganic hybrid materials is one of the key aspects of the
research projects described in this thesis. In this section, I describe each of the synthesis
methods in more detail. The methods include the synthesis of the organic precursor salts,
crystal growth from slow evaporation, the layered-solution crystal-growth technique and
crystal growth of air-sensitive compounds. The preferred synthesis method depends on
various factors, such as the solubility and air-sensitivity of both the precursors and the
end-product. The advantages and disadvantages of each method are given in this section
as well.

Note that I did not use the drop-casting technique to grow single crystals. Drop-
casting describes the method in which both organic and inorganic precursors are dissolved
in a common solvent, and single crystals are grown by pipetting single droplets onto a
substrate and heating it. As the solution evaporates quickly, crystals are formed. This
process is very fast, widely used and considered a very simple way to make single
crystals. [1–4] However, I have tried this a couple of times, to make CH3NH3PbI3 and
(CH3NH3)2CuCl4, and found that this method does not yield high-quality single crystals.
In general, fast crystallization processes do not give high-quality crystals. Therefore, I
have focused on more controlled and slower crystallization methods to grow high-quality
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single crystals that could be used for single-crystal X-ray diffraction. While I did not use
drop-casting as a technique to make single crystals, I did use it to make polycrystalline
thin films. This is described in Section 2.2. The main difference here is that I drop-
casted the precursor solutions onto a hydrophilic substrate, with the intention to grow a
polycrystalline hybrid film.

It is important to bear in mind that single crystals are never perfect and that defects
are always present. Firstly, single crystals have a finite size. While the bulk atoms
mimic an infinite crystal, the surface atoms do not. Atoms on the surface do not have
translational symmetry and can have dangling bonds. Secondly, crystals often have
vacancies or impurity atoms that are located in the spaces between the atoms. Thirdly,
defects in the form of dislocations occur in single crystals. There are two types of
dislocations: screw and edge dislocations, that are often mixed in crystals. As a result,
single crystals are never made of one single domain, but consist of domains which are
slightly oriented from each other, formic mosaic crystals. Moreover, crystals can be
twinned. Crystal twinning occurs when two or more crystals share some of the same
crystal lattice points in a symmetric manner, forming an intergrowth of crystals. Crystal
twinning is described in more detail in Section 2.3.4. The crystal quality becomes
apparent from X-ray diffraction measurements. High-quality single crystals give rise to
smaller peak widths and well-defined, round-shaped spots when measured with single-
crystal X-ray diffraction. Furthermore, the refinement parameters give a clear indication
of the crystal quality, as the R-value is based on how similar the measured intensities of
symmetry-equivalent reflections are.

2.1.1 Synthesis of Organic Precursor Salts
The organic precursor salts were synthesized from an equimolar mixture of the organic
component (an amine, R – NH2) and HX (X = Cl, I): R – NH2 (aq) + HX (aq) 

R – NH3X (s). A syringe was used to slowly add the acid to the organic solution. After
evaporation at 70 °C, the prepared organic salt was washed three times with diethyl ether
and a bright white powder was obtained. In order to dry, the salt was placed in a vacuum
oven at 125 °C for 24 hours before storing.

As all wet synthesis techniques require the organic precursor salt to be dissolved,
prior to forming the end product, the following reaction takes place again: R – NH3X
(s) 
 R – NH3

+ (aq) + X– (aq). I believe that this proves that preforming any organic
precursor salt is not necessary, as directly adding the individual components will give
the same end result: R – NH2 (aq) + HX (aq) 
 R – NH2 (aq) + H+ (aq) + X– (aq) 

R – NH3

+ (aq) + X– (aq). In Chapter 8 we proved that adding the pre-made precursor salt
or the individual components directly, did not influence the formation of tin- and iodine-
based crystals. This means that the extra effort to make the organic precursor salt is not
required.

However, there are certain situations in which it can be beneficial to make the organic
precursor salt instead of using the liquid precursor. While the chemistry of both are the
same, making the precursor salt allows for easy handling. Especially in the case of iodine-
based salts. Iodine is relatively heavy, compared to the organic moieties. Thus, weighting
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small amounts of organic precursor is significantly easier in the form of an iodide salt.
Furthermore, some organic moieties do not come in pure form. Methylamine can be
store-bought as 33 wt% in EtOH or 40 wt% in H2O. Making a CH3NH3I salt, would
avoid adding large amounts of EtOH or H2O to the solvent.

2.1.2 Crystal Growth from Slow Evaporation
Crystal growth from slow evaporation is a relatively easy synthesis technique that is
applicable to the growth of various organic-inorganic hybrids. [5,6] The basic principle
behind this technique is that both organic and inorganic precursors are dissolved in a
common solvent. Note that, as stated in Section 2.1.1, it does not matter if the organic
precursor is added in the form of a (pre-made) halide salt or as the liquid precursor and a
stoichiometric amount of HX (X = Cl, I). After dissolving, the reaction mixtures are left
to slowly evaporate in an oven. Evaporation of the solvent saturates the reaction mixture
until single crystals form.

The general advantage of this technique is that it is a relatively easy way to grow high-
quality single crystals. Moreover, it is applicable to a large set of organic-inorganic hybrid
materials, as the main requirement is that both organic and inorganic moieties should be
soluble in a common solvent. As the organic precursors are generally soluble in almost
all solvents, the limiting step here is the solubility of the inorganic precursor. Therefore,
I have mainly used this technique to grow hybrids that are based on MnCl2 (Chapter 6)
or CuCl2 (Chapter 9). Both MnCl2 and CuCl2 dissolve in EtOH and H2O, that evaporate
easily.

A disadvantage of crystal growth from slow evaporation is that, as the name suggests,
the process can be quite slow. It can take several weeks or even months to grow crystals.
While I find that very fast synthesis techniques, e.g. drop-casting, generally do not yield
high-quality single crystals, it does not mean that waiting times are required to grow nice
crystals. However, the main disadvantage of this technique is that it is not suitable for
inorganic precursors that have a poor solubility, such as PbI2 and BiI3. Both compounds
are hard to bring into solution. Dimethylformamide (DMF) and HI (57 wt% in H2O) work
quite well, but these solvents have boiling points of 153 °C and 127 °C, respectively,
which is not as convenient as EtOH. Therefore, I have used an alternative synthesis
technique (see Section 2.1.3) to grow single crystals of hybrids containing PbI2 and BiI3.

2.1.3 Layered-Solution Crystal-Growth Technique

The layered-solution crystal-growth technique was first described by D. Mitzi. [7] He
reported the growth of high-quality single crystals of (C6H5C2H4NH3)2PbCl4 at room
temperature. In his procedure, he dissolved PbCl2 in concentrated aqueous HCl, placed a
less dense layer of methanol on top, and added a stoichiometric ratio of C6H5C2H4NH2
(relative to the PbCl2) to the top of the column. As slow diffusion takes place at the
interface between the layers, high-quality single crystals of (C6H5C2H4NH3)2PbCl4 were
obtained. The crystals were isolated after approximately one year. [7]
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Here, I modified the layered-solution crystal-growth technique to fit my organic-
inorganic hybrid compounds. A detailed explanation of the procedure is described below.
The organic molecules and metal halides were dissolved in separate solutions with large
density differences. As a result, a sharp interface is formed when the two components
are combined. Single crystals grow due to slow diffusion at the interface. The inorganic
components, PbI2 or BiI3, were dissolved in concentrated (57 wt%) aqueous HI, creating a
light-yellow or orange solution, respectively. This lead or bismuth iodide/HI mixture was
poured into glass test tube (a standard size of 18 x 150 mm). A syringe with needle was
used to make sure that the mixture is placed at the bottom of the tube, without touching the
sides of the glass tube. Absolute methanol was carefully placed on top of the mixture, with
another syringe and needle, without mixing both solutions. A sharp interface between the
two layers was formed due to the vast difference in densities (0.791 g/mL and 1.701
g/mL for MeOH and the concentrated aqueous HI, respectively). The organic solutions
were added in great excess by gently adding 15 droplets, using a glass pipette, on top of
the MeOH layer. The test tubes were covered with aluminum foil and kept in the fume
hood under ambient conditions. Crystals started to form at the interface and collected
at the bottom of the tube, with a time ranging from a few days to a week. The crystals
were obtained by washing them three times with diethyl ether, after carefully pouring the
content of the test tubes through a filter. Besides being a colorless solvent with a very
low vapor pressure, the crystals do not dissolve in diethyl ether. This makes diethyl ether
an excellent solvent for washing the crystals. After drying under ambient conditions, all
crystals were stored in a dry box.

The major advantage of the layered-solution crystal-growth technique is that high-
quality single crystals can be synthesized at room temperature, within several days. Note
that it took approximately one year to growPbCl2-based hybrids, [7] while the PbI2- and
BiI3-based hybrids studied here grow within one week of time. A drawback is that the
crystals tend to be small in size, and that the method cannot be applied universally, i.e.
not all organic-inorganic compounds grow with this method. In general, this method is
applicable for materials that are insoluble in many organic solvents, such as PbI2 and BiI3.
For compounds that tend to dissolve in water and ethanol, such as CuCl2 and MnCl2, this
method is not applicable as their hybrid forms tend to dissolve in water and ethanol as
well. For these materials, growth from slow evaporation, as described in Section 2.1.2, is
the most suitable method.

2.1.4 Crystal Growth of Air-Sensitive Compounds
The previously described synthesis methods are not suitable for compounds that oxidize
easily, such as tin. Therefore, I have synthesized air-sensitive compounds in a closed
system, under argon. The method used here, is directly based on the method described by
the Kanatzidis group. [8] Here, a three-way round-bottom flask was used, where one way
was used as argon inlet, one as outlet, connected to a gas bubbler, and one as entrance for
the precursors. Firstly, HI and H3PO2 where added to the flask and degassed by bubbling
argon for several minutes. The mixture was kept under argon atmosphere throughout the
experiment. Secondly, SnI2 was added from the glovebox to the acids, and left under
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continuous stirring at 120 °C, using an oil bath, until fully dissolved. A clear, yellow
solution was obtained. A stochiometric volume of the pre-made organic precursor salt or
the organic precursor solution was added to the hot mixture, and dissolved immediately.
The mixture was left under continuous stirring for several hours, until the solution has lost
roughly half its original volume. As a result, a highly concentrated solution was obtained.
Subsequently, the heater was switched off, and the stirring was discontinued, in order
to cool down to room temperature at a rate of approximately 20 °C/h. Upon cooling,
several small crystals form at the bottom of the flask. Once completed, the crystals were
extracted, by washing them with toluene and stored in a nitrogen-filled glove box.

2.2 Patterning Microstructures

To pattern microstructures of organic-inorganic hybrids, I used soft lithography
techniques. [9] Soft lithography is an easy and cost-effective way to make micropatterns.
Note that this method is very different from the methods described in previous sections, as
it is based on growing polycrystalline structures, instead of single crystals. The procedure
I used is described below.

A variety of 5 x 5 mm2 PDMS (polydimethylsiloxane) stamps were fabricated by
curing a silicone elastomer and its curing agent in a 10:1 weight ratio on prepatterned
Si masters. These Si masters contain line patterns with a width ranging between 1
and 80 µm and a height of 8 µm. The Si masters were cleaned with snowjet, 30
minutes of oxygen plasma cleaning, and silanized before pouring the PDMS. 10 µL of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane was added to a desiccator containing the Si
masters, in an argon-filled glove box. Once brought under vacuum, silanization took
place over night and the Si masters were stored thereafter. The elastomer was degassed to
remove all air bubbles, cured at 40 °C over night, and then peeled gently from the master.
The obtained PDMS stamps were soaked in ethanol for 6 days, dried on a hot plate at 50
°C for 1 h and stored in a closed box.

The patterning was performed on glass substrates by two different techniques: imprint
lithography and MIMIC (micromolding in capillaries) technology. First, the glass
substrates were cleaned with 2-propanol and 15 minutes of oxygen plasma cleaning, to
make the surface polar. For imprint lithography, 50 µL of the precursor solution was
deposited onto the clean glass substrate, prior to bringing the PDMS stamp in contact by
slowly pressing the PDMS stamp into the precursor solution (i.e. imprinting). A self-built
micromolding machine was used for perfect alignment of the stamp with the substrate
and applying a pressure in a controlled manner. Here, a pressure of around 0.5 bar was
applied. The stamps and substrates were cured for 2 h at 80 °C. After carefully removing
the stamps, the patterns were stored. For MIMIC technology, the PDMS stamp was
placed directly in conformal contact with the clean substrates, with an applied pressure of
around 0.5 bar. As a result, channels of the stamp formed capillaries with the substrate.
Thereafter, the precursor solution was deposited at one end of the channel-shaped stamps,
and spontaneously filled the channels by capillary force. The stamps and substrates were
cured for 2 h at 80 °C. After carefully removing the stamps, the patterns were stored.
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2.3 X-Ray Diffraction
Structure determination by X-ray diffraction (XRD) plays a major role in all research
carried out in this thesis. As stated in Chapter 1, the understanding of structure-property
relations in organic-inorganic hybrid materials is of central importance. In this section,
I highlight some of the key aspects of XRD that I have taken into consideration when
solving the crystal structures. At first, I provide an overview of strategies I have used
in single-crystal diffraction data collection and refinement. Secondly, I describe how
powder XRD can be used as a powerful complementary method. Thereafter, I describe
the strategies I have used when dealing with non-standard space group settings and crystal
twinning.

2.3.1 Single-Crystal X-Ray Diffraction Data Collection and Refine-
ment

Besides performing single-crystal XRD measurements on multiple crystals, to determine
and confirm the true structure, there are several other aspects of single-crystal XRD data
collection and refinement that I took into consideration. This is outlined below.

When the unit cell and space group of the crystal are unknown, in my opinion it is wise
to collect data over the full limiting sphere. Generally, a short test scan over 24 frames
of data is performed. This allows the quality of the single crystal to be confirmed, and
also provides an initial estimate of the Bravais lattice. The subsequent full data collection
strategy is often based on this initial estimate. For example, when a primitive hexagonal
cell is proposed, only one third of a sphere is generally measured. However, I found that
not measuring complete spheres of data can lead to incorrect determination of the Bravais
lattice after measuring. The assumption of a tetragonal lattice before measuring, and
hence measuring only a quarter of a sphere, is most likely to limit solutions to tetragonal
symmetry after data collections. Furthermore, the advantage of measuring the full Ewald
sphere is that complete precession images can be made afterwards. Precession images
provide valuable information on systematic absences and are therefore of importance
to determine the correct space group. Thus, when the compound is fully unknown, I
think that collecting a full data set is the best option. Furthermore, I think it is important
to redetermine the unit cell, including a much larger set of frames than the initial 24
frames made before measuring. This will give a much more likely unit cell, than before
measuring, required for integrating the intensities of the reflections. Another possibiliy
here is to use CELL NOW, [10] input a large set of reflections and let the software freely
run to determine a proper unit cell. While CELL NOW is often used to determine crystal
twins, see Section 2.3.4, it can also be used to determine the unit cell. This sometimes
gives an alternative cell that suits the data better.

With respect to integrating the reflections, I always refined in triclinic settings. No
matter how obviously the axes and angles seem to point in the direction of a particular
Bravais lattice, integration in the triclinic settings prevents any reflection being omitted.
This is especially important when non-primitive cells are suggested. For example, when
the data are integrated in a C-centered orthorhombic cell, even if this is not the true Bravais
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lattice, all reflections that are not allowed by C-centering (hkl: h+ k = 2n) are omitted
from the dataset. Consequently, determining the space group after integration will always
point in the direction of a C-centered cell, which may thus seem correct even if this is not
the case. The assumption of C-centering based on only the first 24 frames, as described
above, is risky. Therefore, I always integrated in triclinic settings. Once the correct
space group is found, it is possible to reintegrate the data in the relevant Bravais lattice, if
different to the initial assumption. Although this strategy can improve the fit parameters,
a more important consideration is that it prevents the structure solution from proceeding
in the wrong direction based on preliminary data.

Sometimes I found it useful to do an initial refinement in P1. This does not put any
constraints on your data, as no atoms are related to each other by symmetry. Therefore, it
can become apparent what bonding patterns your crystal has, without forcing the atoms
in a certain position by symmetry. This initial refinement can show the connectivity and
coordination numbers of each atom in your crystal in an unbiased way.

I always found it important to consider the possibility of crystal twinning. Therefore,
I always tried refinement of an inversion twin in non-centrosymmetric space groups.
Moreover, it is important to keep in mind that twinning can have a major influence on
the precession images. This means that it is possible to find reflections that appear to
be not allowed, while they can be allowed in another twin domain. The same holds
for the E-value statistics. The E-values are normalized structure factors (the square-
roots of the intensities), scaled in such a way that the mean values of E2 equals 1. For
centrosymmetric structures, there are more particularly strong and weak E-values than
for non-centrosymmetric structures. The software calculates the mean value of |E2− 1|.
Values of 0.736 for non-centrosymmetric structures and 0.968 for centrosymmetric
structures are expected. However, this is only an indication and no proof. Especially in
the presence of twinning, these statistics are very unreliable. Thus, I generally tried both
centrosymmetric and non-centrosymmetric space groups and chose the better solution for
subsequent structure refinement. More about crystal twinning is given in Section 2.3.4

When studying phase transitions and the corresponding structural changes, such as
described in Chapter 5 and Chapter 6, I found it important to use the same crystal over
the entire temperature range. Obviously, the entire temperature range should be measured
several times, but the use of the same crystal to collect data at each temperature allows
for a direct one-to-one mapping of structural changes.

2.3.2 Powder X-ray Diffraction as a Complementary Method
A large part of this thesis focuses on single-crystal XRD to determine crystal structures.
However, I have used powder XRD as well. While powder XRD can also be used to
determine full crystal structures, I do not think that it is the most suitable technique to
determine the full crystal structure of new and complicated compounds. This is especially
the case when high-quality single crystals are available. Therefore, I have only used it as
a complementary method.

Powder and single-crystal XRD are different techniques as they are based on different
instrumental schemes. In single-crystal XRD, the crystal rotates in the X-ray beam, while
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multiple images are recorded by an area X-ray detector. The geometry of the setup and
detector ensures that a discrete function of the intensities of the signal is recorded as a
function of diffraction angle. As a result, each reflection is measured individually and
the intensity of the spots is related to a function of the Miller indices hkl. Thus, single-
crystal XRD provides a direct mapping of integrated intensities. The advantage of this is
that most single-crystal software programs can carry out so-called Laue checks to deduce
the correct Laue class for the crystal, necessary to determine the space group. The main
limitation of single-crystal XRD is that while the technique is optimized for determining
integrated intensities, the esd’s (estimated standard deviations) on the lattice parameters
are relatively large. This makes it hard to observe small orthorhombic or monoclinic
distortions.

Powder XRD on the other hand, is a technique based on converging beam optics.
Operating in Bragg-Bretano geometry, powder XRD produces a one-dimensional
projection of the reciprocal space. The main strength of powder XRD is that this
geometry is optimized for angular resolution, by measuring the intensities as a function
of diffraction angle in a continuous fashion. Thus, powder XRD is the optimal technique
to accurately measure unit cell parameters. However, the disadvantage of powder XRD
is that it hard to distinguish Laue classes as all symmetry-equivalent reflections have the
same d-spacing. Consequently, individual intensities cannot be measured. This is mainly
a problem for the higher-symmetry crystal systems, since tetragonal, trigonal, hexagonal
and cubic systems all possess more than one Laue class. Therefore, it is nearly impossible
to determine the correct space group with powder XRD. Thus, I have mainly used single-
crystal XRD to determine full crystal structures with corresponding space groups and I
have used the angular resolution of powder XRD to determine small distortions in the unit
cell parameters. Furthermore, I have used powder XRD as a complementary method for
other reasons as well, as listed below.

With single-crystal XRD only one crystal can be measured at the time. This does not
say anything about the phase-purity of the entire batch of crystals. Therefore, I have used
powder XRD to confirm that all crystals have the same structure. This is described in
Chapter 3. Therefore, powder XRD can act as an extra test, complementary to single-
crystal XRD.

All micropatterns that I made in this thesis are characterized with the powder XRD
setup. As the microstructures are all polycrystalline, this is an obvious choice. However,
I have used single-crystal XRD to determine the crystal structure of a single crystal and
used this data to fit the XRD profiles. This proved the formation of the expected phase. In
fact, here I have used single-crystal XRD as a complementary method to powder XRD.

2.3.3 The Use of Non-Standard Space Group Settings
There are several conventions when it comes to defining Bravais lattices and space groups.
For example, the b-axis is taken as the unique axis in a monoclinic cell. Moreover, β is
defined as the monoclinic angle. The same holds for the unique c-axis in hexagonal
cells, as well as γ = 120° in hexagonal settings. However, here I show that it can be
very useful to use non-standard space group settings. The main reason why I used non-
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standard settings in this thesis, is because I have studied various phase-transitions. It is
convenient to keep all axes the same during a phase transition. For example, when we
have a phase transition from a polar phase to another polar phase, it is convenient when
the polar axis remains the same throughout the description. Chapter 6, is a good example
of this. However, when considering non-standard space group settings, it is important
to bear in mind that not every symmetry element is described by the short space group
symbol. To illustrate this, I provide an example below.

This example is obtained with help from the Hypertext Book of Crystallographic
Space Group Diagrams and Tables, and a discussion with its author, Dr. J. K.
Cockcroft. [11] Consider a unit cell with a C-centered lattice. Irrespective of the crystal
system, the reflection condition for C-centering is h+ k = 2n. However, this condition
automatically implies the following sub-conditions: 0kl: k = 2n, h0l: h = 2n, hk0:
h+k = 2n, h00: h= 2n, and 0k0: k = 2n. Some of these reflection conditions are the same
as those described by screw axes and glide planes. If we now consider to have the space
group Cmca, and look at the a-glide perpendicular to the c-axis, we obtain the additional
reflection condition hk0: h= 2n. However, due to the reflection condition hk0: h+k = 2n,
as induced by the C-centering, we also imply hk0: k = 2n, which resembles the reflection
condition for a b-glide perpendicular to the c-axis. Thus, instead of Cmca, we could
have also used the non-standard Ccmb space group, to describe the same set of reflection
conditions. In order to overcome the misleading use of either the a- or b-glide, while
technically both are accounted for, De Wolff et al. introduced the use of an e-glide. [12]

The idea behind this is that the letter e covers certain glide planes that did not have a
unique symbol, such as the glide plane described above. This one can be referred to as
‘either a or b’. As a result, they introduced the use of e in the Hermann-Mauguin symbol
of five different space groups: Abm2 became Aem2 (No. 39), Aba2 became Aea2 (No.
41), Cmca became Cmce (No. 64), Cmma became Cmme (No. 67), and Ccca became
Ccce (No 68.). [12] The advantage of using the symbol e, is that e is a neutral symbol,
while a and b are not. Therefore, the symbol does not change upon axis permutation.
For example, when we change the axes of a given unit cell from (x,y,z) to (y,z,x), Cmca
becomes Bbcm: the lattice becomes B-centered, the mirror-plane perpendicular to the
a-axis becomes a mirror-plane perpendicular to the c-axis, the c-glide perpendicular to
the b-axis becomes a b-glide perpendicular to the a-axis and the a-glide perpendicular to
the c-axis becomes a c-glide perpendicular to the b-axis. However, Bbam has the same
reflection conditions as Bbcm and Bbam will be chosen over Bbcm as the convention is to
give priority to symmetry elements of the highest type (for planes: m before a,b,c before
n) and a before b before c. This gives rise to confusion, while the use of the e-glide would
simply give a transformation from Cmce to Bbem, where e now describes either a or c.

2.3.4 Dealing with Crystal Twinning
Crystal twinning occurs when two or more intergrown crystals are formed in a
symmetrical manner, by sharing some of the same crystal lattice points. As a result, a
twinned crystal is defined as an aggregate in which different domains are joined together
according to a specific symmetry operation: a twin law. [13] Crystal twinning can occur
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when the crystals are grown under certain experimental conditions (such as temperature,
pressure and stress), leading to intergrowth of different domains.

Each twin domain is responsible for its own diffraction pattern. Therefore, the
diffraction pattern obtained from data collection of a single crystal is a superposition
of all diffraction patterns of the twin fractions. These individual diffraction patterns are
related to each other by a twin law and weighting fractions. The twin law can consist of
reflection, inversion and rotation, and can be expressed as a matrix that transforms the hkl
indices of one species into the other. The weighting fractions correspond to the quantities
of the particular twin domains present in the crystal. In terms of their diffraction patterns,
twinned crystals fall into two categories: the twin domains share all reflections or they
only share certain reflections. When the diffraction patterns fully overlap, the crystal
lattice belongs to a higher point group than the crystal lattice itself. When only certain
zones of the reflections overlap, the twin law usually represents a symmetry operation
that belongs to a higher symmetry supercell. [13] As twinning is not an uncommon effect
in crystallography, it is important to be able to recognize the presence of twinning, to
decipher the corresponding twin law and to refine the full structure properly. These are
the main points of this section.

Classified by Friedel, there are four different types of twinning. [14] As stated above,
after application of the twin law, the crystal lattice does overlap with the original lattice
or does not. In case it does overlap, twinning can occur by merohedry, pseudo-merohedy
and reticular pseudo-merohedry. When they do not overlap, twinning occurs by non-
merohedry. Here I provide an extensive list and detailed overview of each of these types
of twinning. As I have used SHELX97 to refine all structures, its manual is used as a
reference as well. [15]

Twinning by Merohedry
Twinning by merohedry occurs when a compound crystallizes in a unit cell with a higher
point group than the corresponding space group. The easiest form can occur in non-
centrosymmetric space groups and is called racemic twinning. Despite the fact that the
space group is non-centrosymmetric, by definition, each lattice has inversion symmetry.
Thus, this would give rise to enantiomorphic domains. Here, the twin law between twin
fraction 1 (h1,k1, l1) and twin fraction 2 (h2,k2, l2) is given by the inversion matrix.h2

k2
l2

=

−1 0 0
0 −1 0
0 0 −1

h1
k1
l1


The need for a racemic twin is usually indicated by the Flack parameter x, defined as
follows: [16]

|F(h,k, l,x)|2 = (1− x) |F(h,k, l)|2 + x |F(−h,−k,−l|2 (2.1)

In SHELX97, [15] refinement of the structure is carried out by full-matrix least-squares
techniques. Here, F(h,k, l,x) is the scaled observed structure factor and F(h,k, l)
and F(−h,−k,−l) are the calculated structure factors of the regular and inverted hkl,
respectively. The idea here is that the structure is refined with a racemic (i.e. inversion)
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twin, where x corresponds to the twin ratio. As a result, x can take up any value between 0
and 1. When the atomic coordinate set and the crystal have the same chirality or polarity, x
takes the value of 0, whereas when they are opposed x becomes 1. If the value is near 0.5,
the crystal is most likely twinned by the inversion matrix. Note that for a centrosymmetric
crystal x is undefined.

The other possibility occurs in lower-symmetry trigonal, tetragonal, hexagonal and
cubic crystal systems. Due to twinning, the lower symmetry Laue groups look like the
corresponding higher symmetry Laue group. As an example, we consider the true and
low-symmetry tetragonal space group P41 (Laue group 4/m) and a twin described by a
2-fold axis around [110], i.e. a mirror perpendicular to a and b. As a result, the diffraction
pattern will make the Laue group look like the higher-symmetry tetragonal Laue group
4/mmm, when x equals 0.5. The twin matrix is given below. The same matrix also applies
to low-symmetry trigonal, hexagonal and cubic crystal structures, producing diffraction
patterns with apparent 3m1, 6/mmm and m3m symmetry, respectively, when the domain
scale factor x equals 0.5. These point groups that describe the overall symmetry of the
lattice are called holohedral point groups. [13] Subgroups of holohedral point groups are
referred to as merohedral point groups. For example, the hexagonal 6/m merohedral point
group is a subgroup of the hexagonal 6/mmm holohedral point group.

h2
k2
l2

=

 0 1 0
1 0 0
0 0 −1

h1
k1
l1



Twinning by Pseudo-Merohedry
Twinning by pseudo-merohedry resembles twins that may occur in crystals that have
cell dimensions that mimic those of a higher-symmetry crystal system. Note that this
is different from twinning by merohedry, where a low-symmetry structure has a high-
symmetry lattice, that belongs to the same crystal system. For twinning by pseudo-
merohedry, the lattice can ‘accidentally’ belong to a different (higher-symmetry) crystal
system. This type of twinning is quite common. The easiest example to illustrate
this is when we consider a crystal, which has a unit cell described by a = b = c and
α = β = γ = 90°. While this is a mathematical description of a cube, this does not imply
that the crystal should have cubic symmetry, i.e. a 3-fold rotation axis perpendicular to
the (111) plane. [17] Other twins by pseudo-merohedry are described in more detail below.

Orthorhombic unit cells with a and b approximately equal in length may emulate
tetragonal. Orthorhombic space groups do not exhibit a 4-fold rotation axis around c,
while tetragonal space groups do. [17] Thus, when a and b are approximately equal in
length, twin fractions that are related by a rotation of 90° around c is possible. As a result,
the two twin fractions in the orthorhombic cell mimic the 4-fold rotation axis that would
have been present in tetragonal symmetry. The matrix below describes how twin fraction
2 (h2,k2, l2) is related to twin fraction 1 (h1,k1, l1).
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h2
k2
l2

=

 0 1 0
1 0 0
0 0 −1

h1
k1
l1


On the other hand, monoclinic unit cells with β ≈ 90° may emulate orthorhombic.

This is what I encountered in Chapter 5. To decipher the possible twin law, we use
the argument described by Parkin. [18] At first, we consider the differences between
monoclinic and orthorhombic symmetry. By definition, [17] monoclinic symmetry is
described by any of the possible symmetry elements (2-fold rotation axis, 21 screw axis,
mirror plane, c-axial or n-diagonal glide planes) associated with the b-axis only. For
orthorhombic symmetry, these symmetry elements may be associated with all three axes.
However, while deciphering the possible twin law, we do not need to consider all of the
given symmetry elements. The translational parts of the screw axes and glide planes
would give rise to systematic absences in reciprocal space, and would therefore give rise
to the inclusion of extra symmetry elements rather than the possibility for a crystal twin.
Therefore, we only need to consider rotation, reflection and inversion. When we only
consider centrosymmetric structures, we will end up with only having to consider 2-fold
rotation and mirror operations related to the a- and c-axes. Mathematically, this means
that there are four possibilities: a mirror perpendicular to the a-axis, a 2-fold rotation
around the a-axis, a mirror perpendicular to the c-axis and a 2-fold rotation around the
c-axis, that are described in matrices (i), (ii), (iii) and (iv), respectively. Figure 2.1 shows
how the twin domains are related. The blue cells represent twin fraction 1 (h1,k1, l1), the
red cell represents twin fraction 2 (h2,k2, l2). For clarity, the cells are projected on the
ab-plane. The c-axis is drawn out-of-plane, and the dashed lines represent the projection
on the ab-plane with a negative c-axis.h2

k2
l2

=

−1 0 0
0 1 0
0 0 1


(i)

h1
k1
l1

 h2
k2
l2

=

 1 0 0
0 −1 0
0 0 −1


(ii)

h1
k1
l1


h2

k2
l2

=

 1 0 0
0 1 0
0 0 −1


(iii)

h1
k1
l1

 h2
k2
l2

=

−1 0 0
0 −1 0
0 0 1


(iv)

h1
k1
l1


In the centrosymmetric case we describe here, we see that (i) and (ii) describe the

same cell. This can be seen in Figure 2.1, where both (i) and (ii) cells are related by an
inversion operation. Furthermore, this can be seen in the matrices, where an inversion
matrix relates both transformation matrices. The same argument holds for (iii) and (iv).
Moreover, since monoclinic symmetry has either m, 2 or 2/m point symmetry associated
with the b-axis, the b-axis can flip in sign (mirror perpendicular to b) and describe the
same cell. As a result, (i) and (iv), and (ii) and (iii) describe the same cell. Therefore,
when any of the four matrices is applied, the same twin will be created. Note that this
twinning can indeed only occur when β ≈ 90°, otherwise the inversion of the b-axis
will not provide the same cell. For the refinement, it does not matter which of the twin
matrices is applied to the data, as they are equivalent in reciprocal space. However, either
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Figure 2.1: Schematic illustration of symmetry operations that allow the formation of twin domains
in monoclinic unit cells that emulate orthorhombic. (i), (ii), (iii) and (iv) correspond to a mirror
perpendicular to the a-axis, a 2-fold rotation around the a-axis, a mirror perpendicular to the c-
axis and a 2-fold rotation around the c-axis, respectively. For clarity, the cells are projected on the
ab-plane. The c-axis is drawn out-of-plane, and the dashed lines represent the projection on the
ab-plane with a negative c-axis.

of the two twin laws describing the rotation around an axis ((ii) and (iv)) has to be used
in the software, as the other two matrices change the handedness of the axes and give a
determinant of −1, which is not accepted.

Monoclinic unit cells with a and c approximately equal and β ≈ 120° may emulate
hexagonal. Due to the convention for monoclinic symmetry (the b-axis unique), the
monoclinic cell mimics a hexagonal cell where the axes are defined in nonconventional
settings, i.e. the b-axis is the unique axis, rather than the c-axis. As hexagonal symmetry
always has rotational symmetry operators around the c-axis, this means that in our
mimicking monoclinic cell, we can have twin fractions that are related by rotation around
its b-axis. As here, β ≈ 120°, we can obtain a twin fraction (h2,k2, l2) from the original
cell (h1,k1, l1) by 120° rotation around the b-axis, as shown in the left matrix. However,
this allows for the presence of a third twin fraction (h3,k3, l3), rotated from the twin
fraction 2 by 120° rotation around the b-axis, as shown in the right matrix. As a result,
this gives rise to three twin fractions that are related by a 3-fold rotation around the b-axis.h2

k2
l2

=

 0 0 1
0 1 0
−1 0 −1

h1
k1
l1

 h3
k3
l3

=

 0 0 1
0 1 0
−1 0 −1

h2
k2
l2



Twinning by Reticular Pseudo-Merohedry
Rhombohedral unit cells can have twinning by reticular pseudo-merohedry, when
described by hexagonal axes. The hexagonal crystal family consists of two lattice
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systems: hexagonal and rhombohedral. These two lattice systems describe unit cells
with a = b, α = β = 90° and γ = 120°, and a = b = c and α = β = γ 6= 90°, respectively.
While the hexagonal symmetry always allows for a 6-fold rotation axis (holohedral point
group 6/mmm), the rhombohedral lattice always has a 3-fold rotation axis (holohedral
point group 3m). However, the conventional cell for the rhombohedral lattice is the
rhombohedrally-centered (R-centered) hexagonal cell. This cell contains three lattice
points and is therefore non-primitive. Still, the choice of this setting can be favored as
the 90° angles allow for a coordinate system that is easier to deal with. It is also possible
to describe a hexagonal cell in a rhombohedral lattice, but this is rarely favorable. When
a rhombohedral cell is described with hexagonal axes, it can mimic the 6-fold rotation
symmetry operation present in hexagonal cells by twinning with an additional 2-fold
rotation operator parallel to the 3-fold axis. Note that this is not twinning by merohedry,
because the 6-fold rotation axis belongs to the 6/mmm Laue group, which does not belong
to the rhombohedral crystal system. Instead, it is referred to as obversereverse twinning
or twinning by reticular pseudo-merohedry. This means that the a- and b-axis can be
inverted, in order to mimic the 6-fold rotation. This twinning is described by the matrix
below. h2

k2
l2

=

−1 0 0
0 −1 0
0 0 1

h1
k1
l1



Twinning by Non-Merohedry
As described in the previous paragraph, twinning by merohedry, pseudo-merohedry and
reticular merohedry are represented by twin matrices that only contain the values 0, 1
and −1. This means that all Miller indices are converted into other integer indices, so
that all reciprocal lattice points overlap, even though reflections from one domain may
overlap with systematic absences from another. This does not have to be the case. When
only a certain set of reciprocal lattice points overlap, while others do not, we speak of
twinning by non-merohedry. This means that only reflections with certain Miller indices
are affected by the twin law. As a result, the diffraction pattern is a superposition of three
sets of reflections: reflections that are present in both twin domains and reflections that
are present in either of the two twin domains. Of course, this is not limited to only two
twin domains.

A twin law for twinning by non-merohedry often describes a symmetry operation that
belongs to a higher symmetry supercell. However, this is not always the case. It is not
always possible to describe the relation between the twin fractions by a twin law that
belongs to any crystal system or metric symmetry. Such an example is two twin domains
rotated by only 15°. In that case, the CELL NOW [10] software can be used to determine
the two independent orientation matrices needed to describe the twin fractions. This is
done prior to the integration of the data. In CELL NOW, we input a full set of reflections
and specify the unit cell parameter (or let CELL NOW search for the best fitting cell
within given margins). CELL NOW outputs the amount of reflections that have an integer
index in the specified cell and gives the amount of unindexed reflections. Searching for
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the next twin domain, CELL NOW rotates the unit cell in such a way that fits again,
and outputs the total number of indexed reflections in the second domain, the number of
reflections that are unique for the second domain and the amount of reflections that are
not yet assigned to any domain. Furthermore, the transformation matrix with respect to
the first twin domain is given. This process can be continued until (almost) all reflections
are assigned to a twin domain. Once finished, both HKL4 and HKL5 reflection data
files can be created. Usually, all reflections are listed in an HKL4 file, listing h, k, l, F2

and σ(F2). When twinning by non-merohedry occurs, each reflection that corresponds
to an overlap or partial overlap of the two twin domains should appear twice (or more
in case of more twins) in the HKL4 file. Since this is not possible, the HKL5 file is
generated as well. In addition to the HKL4 file, it lists which transformation matrix
should be applied to each reflection, i.e. to which domain each reflection is assigned to.
The integration should then be done over all twin domains using the HKL5 file, followed
by an absorption correction including all twin domains, using TWINABS. [19] With the
generated HKL4 file, the structure solution can be determined. Introducing the HKL5 file
during the refinement, with corresponding weighting fractions, should greatly enhance the
overall fit of the structure solution. Refinement of the weighting fractions will indicate
the individual sizes of the domains.

The Combination of Multiple Twins
It is possible that a crystal has multiple twin domains. I have shown this in the example
of the monoclinic unit cell with a and c approximately equal and β ≈ 120°, which has
three twin domains. I have also shown that twinning by non-merohedry is not restricted
to two twin domains, and even a lot more domains can be present. In Chapter 5 I describe
a crystal that consists of twelve twin domains. It is also possible that more than one twin
law is needed to describe all twin domains. This is relatively easy for the combination of
general and racemic twins. For example, a monoclinic unit cell with β ≈ 90° and space
group P21 can have twinning by pseudo-merohedry as well as racemic twinning due to
the fact that P21 is a non-centrosymmetric space group. As a result, the inversion matrix
can be applied to either of the two domains related by the first twin, resulting in a total
of four twin domains. The combination of twinning by (pseudo-)merohedry and racemic
twinning can be included in SHELX97, using an HKL4 file and the following command
in the refinement:

TWIN −1 0 0 0 −1 0 0 0 −1 −4

Here, the twin operation of matrix (iv) is given. Addition of the ‘4’ gives a total of four
twin domains, and the ‘−’ makes sure that racemic twinning is included. Furthermore,
four weighting fractions should be refined as well.

It is not possible to add a TWIN command to refine an HKL5 file. However, racemic
twinning can also be included in CELL NOW, to create twice as many twin domains in the
HKL5 file. CELL NOW can also be used to combine twinning by (pseudo-)merohedry
and non-merohedry. For example, consider a monoclinic cell with β ≈ 90° and a ≈ 2b.
This β angle allows for twinning by pseudo-merohedry and a ≈ 2b allows for twinning
around the c-axis by 90°. This second twin is caused by non-merohedry as it mimics a
tetragonal cell when the a-axis is doubled. As a result, a 4-fold axis around the c-axis can
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be present. In order to rotate the second domain by 90° from the first domain, the twin
matrix below should be applied.h2

k2
l2

=

 0 2 0
−0.5 0 0

0 0 1

h1
k1
l1


Only the data with h = 2n are affected by this twin, by showing overlap of the

diffraction patterns. As this twin is by non-merohedry, it can be found by CELL NOW.
The twinning by pseudo-merohedry will not be suggested, as addition of this twin
does not give more indexing of the reflections. After all, this is twinning by pseudo-
merohedry, so all reflections overlap. Manually applying the twin matrix to both cells
found by CELL NOW allows for inclusion of all four twin domains, and in case of a non-
centrosymmetric space group, racemic twinning can give a total of eight twin domains.
Refinement of the HKL5 file with eight weighting fractions can give the final solution.
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2.4 Conclusions
In conclusion, I have highlighted various experimental strategies that play a major
role in all research projects described in the following chapters. These experimental
strategies include the synthesis methods, patterning techniques and X-ray diffraction data
interpretation I have conducted in this thesis.

The synthesis of various organic-inorganic hybrid materials is one of the key aspects
of the research projects described in the following chapters. Here, I have provided an
overview of all synthesis methods carried out in this thesis. These methods include
the synthesis of the organic precursors salts, crystal growth from slow evaporation, the
layered-solution crystal-growth technique and crystal growth of air-sensitive compounds.
I have explained how the preferred synthesis method depends on various factors, including
solubility and air-sensitivity of the precursors and end-product. Moreover, I have
described the advantages and disadvantages of each method. My findings are that
there is no chemical preference for using a pre-made organic precursor salts over the
liquid precursor, despite the fact that the organic precursor salt can be easier to handle.
Furthermore, synthesis methods based on slow evaporation are relatively easy, but not
applicable to poorly soluble inorganic precursors. On the other hand, the layered-solution
crystal growth technique works well for inorganic precursors that have a generally poor
solubility, but does not work for compounds that tend to dissolve in water and ethanol.
In addition to these synthesis techniques, I also described how to deal with air-sensitive
compounds and how to pattern polycrystalline microstructures.

Structure determination by XRD plays a major role in all research carried out
in this thesis, because understanding structure-property relations in organic-inorganic
hybrid materials is the main goal in each chapter. I have highlighted some of the key
aspects of XRD that I have taken into consideration when solving the crystal structures.
These include, but are not limited to, measuring a full limiting sphere, refinement in
triclinic settings, the use of non-standard space group settings and incorporation of
crystal twinning. Moreover, I have highlighted the benefits of using powder XRD as
a complementary method. Note that other experimental techniques carried out by me
or collaborations are described in the experimental sections of each of the following
chapters.
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CHAPTER 3
Confinement Effects in Low-Dimensional Lead Iodide

Perovskite Hybrids

M.E. Kamminga et al., Chem. Mater., 2016, 28(13), 4554-4562

Abstract

In this chapter, we have used a layered solution crystal growth technique to synthesize
high-quality single crystals of phenylalkylammonium lead iodide organic-inorganic hybrid
compounds. Single-crystal X-ray diffraction reveals low-dimensional structures consisting
of inorganic sheets separated by bilayers of the organic cations. The shortest alkyls yield
two-dimensional structures consisting of inorganic sheets of corner-sharing PbI6-octahedra.
However, the longer alkyls induce both corner- and face-sharing of the PbI6-octahedra, and
form new compounds. Density functional theory calculations including spinorbit coupling show
quantum confinement in two dimensions for the shorter alkyls, and in one dimension for the
longer alkyls, respectively. The face-sharing PbI6-octahedra create a confinement leading to
effectively one-dimensional behavior. These confinement effects are responsible for the observed
peak shifts in photoluminescence for the different phenylalkylammonium lead iodide hybrids.
Our results show how the connectivity of the octahedra leads to confinement effects that directly
tune the optical band gap.

3.1 Introduction

Initially used as a sensitizer in dye-solar cells, [1] CH3NH3PbI3 has attracted much
attention as an efficient absorber material in planar heterojunction solar cell devices. [2–7]

Very high power conversion efficiencies of up to 22.1% [8] have been reported for lead
iodide-based materials. CH3NH3PbI3 belongs to the group of organic-inorganic hybrid
materials that consist of organic cations and halogenometalates. In addition to solar
light conversion, other optoelectronic applications of organic-inorganic hybrid materials
have recently been reported owing to their outstanding optical properties. Light-emitting
diodes [9,10], lasers [11,12] and photodetectors [13] have extended not only the scope of these
materials but also the spectrum of interesting band gaps. Substitution of either the organic
or inorganic component will greatly influence the polarizability and optical band gap,
crucial for photovoltaics. As the valence band is formed by hybridized Pb-6s and halide-p
orbitals and the conduction band is primarily Pb-6p in character, [14] substitution of the
(metal) halide affects the band gap. [15] However, substitution of the organic component
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changes the band gap as well, because the size of the organic cation alters the inorganic
framework responsible for the size of the band gap. [16–18] Thus, the band gap of organic-
inorganic hybrids is related to the structure of the inorganic framework that can be
controlled by the organic part. Understanding how the band gap can be altered allows
the band gap of hybrid perovskite materials to be tuned for desired applications.

In addition to three-dimensional (3D) organic-inorganic hybrids, two-dimensional
(2D) hybrids are of particular interest. Recently, Smith et al. [19] reported a first-generation
solar cell device consisting of a layered hybrid perovskite absorber. This device
benefited from possible fabrication under ambient conditions and exhibited enhanced
moisture stability compared to the 3D CH3NH3PbI3 analogue. In most cases, these
2D hybrid structures consist of single 〈100〉-terminated perovskite sheets separated by
bilayers of alkylammonium cations and held together through van der Waals interactions
between the alkyl chains. [20] These compounds form a quantum well structure, in
which 2D semiconductor layers are separated by organic spacers. As a result of this
quantum confinement effect and enhanced dielectric confinement, stable excitons with
large binding energies can be formed. [21] Whereas the high exciton binding energy is
disadvantageous for solar cell device operation, these 2D structures exhibit conduction
within the layers [20] and have potential applications in light emission. [9,10] Although the
small organic cations are free to rotate in the 3D perovskite lattice, they are particularly
rigid in the 2D structure due to van der Waals interactions and possible π-π interactions in
the case of phenylalkyl chains. As a result, a 2D layer of positively charged amine groups
is formed. In combination with the neighboring layer of negatively charged iodide anions,
a polar surface is formed between the organic and inorganic layers. Even though 2D
hybrid structures have fewer conduction pathways compared to 3D structures, they benefit
from their enhanced polarizability. In fact, ferroelectricity was found in structurally
similar chlorocuprates. [22] Moreover, 2D materials can find applications in field effect
transistors, light-emitting diodes, lasers and detectors. Thus, 2D hybrid structures allow
for tunability of their properties, as the organic cations are not restricted to a small size.

In this chapter, we investigate how the band gap of low-dimensional hybrids can
be tuned by substituting phenylalkylamines for methylammonium in CH3NH3PbI3.
Methylammonium is a rather small cation that fits in the 12-fold iodine-coordinated
interstitial holes created by the extended 3D network formed by corner-sharing PbI6-
octahedra. As only small organic cations consisting of three or fewer C – C or C – N
bonds are expected to fit in this 3D structure, [23] we introduce larger phenylalkylamines to
obtain 2D hybrid structures. Moreover, we choose organic ligands with phenyl groups, as
interactions between the aromatic rings provide a positive contribution to the formation of
the hybrid structures through self-assembly. We use four different phenylalkylammonium
cations with alkyl chains that are one to four carbons long. The single crystals obtained
in our study are stable under ambient and low-humidity conditions, and no degradation
was observed over the course of months. Single-crystal XRD results reveal that the
two compounds with the shortest phenylalkylammonium cations have structures that
consist of inorganic layers of corner-sharing PbI6-octahedra separated by bilayers of
the organic cations. [24–27] This 2D confinement effect is well-known to influence the
band gap. [28,29] However, the two compounds with the longest phenylalkylammonium
cations form new structures wherein the inorganic layers are formed by both corner-

38



3

3.2. EXPERIMENTAL TECHNIQUES

and face-sharing PbI6-octahedra. Our study of the electronic structures using density
functional theory including relativistic spinorbit coupling effects (hereafter referred to
as DFT+SOC) show that increasing the length of the organic ligands results in band
structure features consistent with confinement effects from 3D to 2D and effectively 1D
as caused by the formation of face-sharing PbI6-octahedra, in agreement with shifts in
our photoluminescence data. Thus, although it is a general guideline that 2D confinement
and the size of the organic cation and halide have a templating influence on the band gap
we show that local structural features can cause the surprising effect of 1D confinement.
Our results show how confinement effects enable direct tuning of the optical band gap
in organic-inorganic hybrid materials and indicate the design rules for obtaining a large
library of hybrid perovskites with interesting optoelectronic properties.

3.2 Experimental Techniques

3.2.1 Crystal Growth
Single crystals of organic-inorganic hybrid perovskites were grown at room temperature
using a layered solution technique as previously reported by Mitzi. [30] The amines and
halogenometalates were dissolved in separate solutions. As the different solutions have
large differences in density, a sharp interface is formed when the two components are
combined. Single crystals were formed due to slow diffusion at the interface.

Procedure
74 mg (0.16 mmol) of PbI2 (Sigma-Aldrich; 99%) was dissolved in 3.0 mL of
concentrated (57 wt%) aqueous hydriodic acid (Sigma-Aldrich; 99.95%). This light-
yellow mixture was poured into a glass test tube (size 18 × 150 mm). A syringe
with needle was used to make sure that the mixture was placed at the bottom of the
tube. 3.0 mL of absolute methanol (Lab-Scan; anhydrous, 99.8%) was carefully placed
on top of the PbI2/HI mixture using another syringe and needle, without mixing the
solutions. A sharp interface was formed between the two layers due to the large
difference in densities (0.791 and 1.701 g/mL for methanol and concentrated aqueous
hydriodic acid, respectively). Four types of phenylalkylamine ligands were used:
benzylamine (Sigma-Aldrich; 99%), 2-phenethylamine (Sigma-Aldrich; 99%), 3-phenyl-
1-propylamine (Sigma-Aldrich; 98%) and 4-phenyl-1-butylamine (Sigma-Aldrich). The
phenylalkylammonium solutions were added in great excess by gently adding 15 droplets,
using a glass pipette, on top of the methanol layer. The test tubes were covered with
aluminum foil and kept in a fume hood under ambient conditions. After 24 h, a
small number of (PEA)2PbI4 and (PBA)3Pb2I7 crystals were formed at the interface and
gathered at the bottom of the tube. The (PMA)2PbI4 crystals started to form on the second
day and the (PPA)3Pb2I7 crystals followed half a day later. The crystals were collected
after 5 days as the interface between the two layers rapidly degrades over the course of 1
week. The crystals were washed three times with diethyl ether (Avantor) after carefully
pouring the contents of the test tubes through a filter. Besides being a colorless solvent
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with a very low vapor pressure, the crystals do not dissolve in diethyl ether, which makes
it an excellent solvent for washing the crystals. After drying under ambient conditions,
all crystals were stored in a drybox. The obtained high-quality crystals are bright orange
(for (PMA)2PbI4 and slightly lighter for (PEA)2PbI4) and bright yellow (for (PPA)3Pb2I7
and (PBA)3Pb2I7) in color. The (PMA)2PbI4 and (PEA)2PbI4 crystals were platelets of
roughly 0.6 mm in diameter and the (PPA)3Pb2I7 and (PBA)3Pb2I7 crystals were very
thin needles of around 1.3 mm long.

3.2.2 X-Ray Diffraction
Powder X-ray diffraction (XRD) data were collected using a Bruker D8 Advance
diffractometer in BraggBrentano geometry and operating with Cu Kα radiation. The
data were fitted using the EXPO [31] and GSAS [32] software suites. Single-crystal XRD
measurements were performed using a Bruker D8 Venture diffractometer equipped with a
Triumph monochromator and a Photon100 area detector, operating with Mo Kα radiation.
A 0.3 mm nylon loop and cryo-oil were used to mount the crystals. The crystals
were cooled with a nitrogen flow from an Oxford Cryosystems Cryostream Plus. Data
processing was done using the Bruker Apex II software and the SHELX97 software [33]

was used for structure solution and refinement.

3.2.3 Photoluminescence Measurements
The photoluminescence (PL) measurements were performed by exciting the single
crystals at approximately 400 nm by the second harmonic of a mode-locked Ti-Sapphire
laser (Mira 900, Coherent). The PL spectra were recorded by a Hamamatsu CCD camera.
A calibrated light source was used to correct the measurements with respect to the spectral
response of the setup. The time-resolved photoluminescence spectra were measured with
the Hamamatsu CCD camera in synchroscan mode. The same mode-locked femtosecond
laser with a repetition rate of 76 MHz was used as the excitation source.

3.2.4 Computational Methods

All calculations were performed within density functional theory (DFT) [34] in the
local density approximation (LDA) [35] including relativistic spinorbit coupling effects.
All calculations were performed using the experimental lattice parameters and atomic
positions. For (PMA)2PbI4, the unit cells consist of 168 atoms and 512 electrons,
whereas for (PPA)3Pb2I7, 648 atoms and 1936 electrons are included. All calculations
were performed using the Quantum Espresso simulation package. [36] For all atomic
components, the ultrasoft pseudopotentials [37] available in the Quantum Espresso library
were used. In the case of Pb and I, fully relativistic pseudopotentials were used; whereas
for C, N and H, scalar- and nonrelativistic pseudopotentials were used. For the calculation
of the charge density, a plane wave cutoff of 40 Ry and a charge density cutoff of 200
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Ry were used. The Brillouin zone was sampled using a 2 × 2 × 2 Brillouin-zone grid
centered at Γ for both (PMA)2PbI4 and (PPA)3Pb2I7. Structural models were rendered
using VESTA. [38]

3.3 Results and Discussion
In this chapter, we investigate the structure and photoluminescence response of lead iodide
perovskite-like organic-inorganic hybrids with aromatic ligands of increasing length. We
use four types of phenylalkylammonium cations, where the phenyl (P) and ammonium
(A) groups are separated by a methyl (M), ethyl (E), propyl (P) or butyl (B) group, i.e.,
C6H5(CH2)nNH3

+ with n = 1− 4. We abbreviate these organic ligands as PMA, PEA,
PPA and PBA, respectively. These organic groups are relatively large and form structures
with inorganic perovskite-like layers. In our case, PbI4

2 – layers of corner-sharing and/or
face-sharing octahedra separated by bilayers of the organic cations are formed. Previous
work reports the synthesis and optical studies of PMA-, [24,39,40] PEA- [24–27,40,41] and
PPA-based [26] lead iodide hybrids. However, Zhang et al. [26] did not show structural data
of the PPA-based lead iodide compound they made and assumed it to be isostructural with
the PMA- and PEA-based lead iodide structures. Our single-crystal XRD studies confirm
that the PMA- and PEA-based crystals adopt the reported (PMA)2PbI4 and (PEA)2PbI4
structures, as shown in Figure 3.2a.

Figure 3.1: Photograph of (PPA)3Pb2I7 single crystals.

However, the PPA-based crystals (Figure 3.1) adopt a different structure, as shown
in Figure 3.2b. Billing and Lemmerer [42] investigated the crystal structure of PPA lead
iodide and found the structural formula to be (PPA)4Pb3I10. It consists of face-sharing
trimers of PbI6-octahedra that are corner-shared to form the inorganic layer. Similar
stoichiometries have been observed in (PhMe3N)4Pb3Br10

[43] and (PhMe3N)4Sn3I10, [44]

but with an alternative packing of the trimeric building blocks. Notably, our single crystals
adopt a completely different and new crystal structure with the composition (PPA)3Pb2I7.
The structure consists of inorganic sheets that are separated by bilayers of the organic
PPA. The inorganic sheets have a remarkable structure as they combine corner-sharing
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with face-sharing PbI6-octahedra. The face-sharing induces the formation of trimers,
where a PbI6-octahedron shares both faces with a neighboring octahedron. Figure 3.2b
shows that the layers are not flat due to the stiffness of the face-sharing Pb3I10-trimers.
The face-sharing Pb3I10-trimers are linked to single PbI6-octahedra by corner sharing.

Figure 3.2: Polyhedral model of three structural motifs at 100 K, projected along the [100]
direction. (a) Crystal structure of (PMA)2PbI4. The structure of (PEA)2PbI4 is similar. (b) Crystal
structure of (PPA)3Pb2I7. (c) Crystal structure of (PBA)3Pb2I7.

Although the compounds mentioned above [42–44] consist of [M3X10]4 – units that are
corner-shared (M is a divalent metal and X is a halide), the compound we present here
is constructed from both [M3X10]4 – and [MX4]2 – units that are corner-shared. Thus,
we obtain a different crystal structure than Billing and Lemmerer, [42] using different
precursors and no heating while synthesizing. It represents a new structure type. The
structural data and refinement parameters are listed in Table 3.1. The unit cell of
(PPA)3Pb2I7 is orthorhombic and the structure adopts the noncentrosymmetric polar
Pca21 space group with an inversion twin (population is around 13%). This space group
is maintained over our measured temperature range from 100 to 400 K. Table 3.2 shows
how the lattice parameters vary and how the volume increases with temperature. Our
DSC measurement reveals that the compound degrades at temperatures above 400 K, by
showing an irreversible process. Figure 3.2 shows the three different structural motifs
observed in our crystals.

We observe that the PBA-based lead iodide hybrid is quite similar and forms the
(PBA)3Pb2I7 structure. Figure 3.2c shows the projection along the [100] direction,
whereas Figure 3.3d shows a single inorganic sheet of this structure. It contains the
same combination of corner-sharing and face-sharing PbI6-octahedra (Figure 3.3c), but
in a different pattern due to different crystal symmetry. This structure adopts the triclinic
P1̄ space group and has inversion centers at the middle, corners and edges of the unit
cell. This is also a new structure, and it belongs to the same structure class as the PPA-
based hybrids with formula A3M2X7. Further structural data and refinement parameters
are listed in Table 3.1.
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Table 3.1: Crystallographic and refinement parameters of (PMA)2PbI4, (PPA)3Pb2I7 and
(PBA)3Pb2I7. All measurements are performed using Mo Kα radiation (0.71073 Å). Full-matrix
least squares refinement against F2 was carried out using anisotropic displacement parameters.
Multi-scan absorption corrections were performed. Hydrogen atoms were added by assuming
a regular tetrahedral coordination to carbon and nitrogen, with equal bond angles and fixed
distances. For (PBA)3Pb2I7, one of the three organic cations is particularly disordered. Therefore,
the diffraction peaks are slightly broadened, which lead to higher R-factors and did not enable us
to refine this organic cation with anisotropic thermal factors.

(PMA)2PbI4 (PPA)3Pb2I7 (PBA)3Pb2I7
temperature (K) 100(2) 100(2) 100(2)
formula (C6H5CH2NH3)2PbI4 [C6H5(CH2)3NH3]3Pb2I7 [C6H5(CH2)4NH3]3Pb2I7
formula weight 931.14 1711.37 1753.39
(g/mol)
crystal size (mm3) 0.28×0.10×0.02 0.22×0.14×0.02 0.18×0.10×0.02
crystal color orange yellow yellow
crystal system orthorhombic orthorhombic triclinic
space group Pbca (No. 61) Pca21 (No. 29) P1̄ (No. 2)
symmetry centrosymmetric non-centrosymmetric centrosymmetric

(polar)
Z 4 4 2
D (calculated) 2.726 2.692 2.597
(g/cm3)
F(000) 1620 6080 1568
a (Å) 9.1111(3) 8.5278(8) 8.7068(10)
b (Å) 8.6338(3) 29.824(3) 15.9947(19)
c (Å) 28.4080(10) 33.208(3) 16.7613(19)
α (°) 90.0 90.0 73.823(6)
β (°) 90.0 90.0 85.570(5)
γ (°) 90.0 90.0 88.010(6)
volume (Å3) 2234.67(13) 8445.9(14) 2234.9(5)
µ (mm−1) 13.069 13.100 12.380
min / max 0.121 / 0.780 0.161 / 0.780 0.317 / 0.690
transmission
θ range (°) 2.87-36.33 2.81-36.28 2.52-31.15
index ranges -11 < h < 11 -10 < h < 9 -10 < h < 10

-10 < k < 10 -37 < k < 37 -19 < k < 19
-35 < l < 25 -41 < l < 41 -21 < l < 20

data / restraints 2287 / 0 / 98 16915 / 1 / 710 9118 / 5 / 323
/ parameters
GooF of F2 1.180 1.114 1.184
no. total reflections 30920 105667 104962
no. unique refelctions 2287 16915 9118
no. obs Fo > 4σ (Fo) 2202 16509 7245
R1 [Fo > 4σ (Fo)] 0.0173 0.0202 0.0758
R1 [all data] 0.0183 0.0212 0.0949
wR2 [Fo > 4σ (Fo)] 0.0428 0.0472 0.2021
wR2 [all data] 0.0435 0.0678 0.2252
largest peak and 1.39 and -0.58 3.80 and -1.63 4.90 and -2.08
hole (e/Å3)

Table 3.2: Unit cell parameters of (PPA)3Pb2I7, measured at different temperatures. The table
shows that the overall volume of the unit cell increases with temperature, while the Pca21 space
group is maintained.

temperature (K) a (Å) b (Å) c (Å) volume (Å3) α = β = γ = 90°
100(2) 8.5278(8) 29.824(3) 33.208(3) 8445.9(14) 90.0
200(2) 8.5677(3) 30.1342(11) 33.1352(11) 8558.0(5) 90.0
300(2) 8.606(6) 30.49(2) 33.26(2) 8729(10) 90.0
400(2) 8.6910(4) 30.9600(16) 32.8998(15) 8852.5(7) 90.0
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Figure 3.3: Polyhedral model of single inorganic sheets projected along the [001] direction. (a)
(PMA)2PbI4, (b) (PEA)2PbI4, (c) (PPA)3Pb2I7, (d) (PBA)3Pb2I7. L is the length of the region
created by corner-sharing PbI6-octahedra along the [010] direction in (PPA)3Pb2I7. The organic
molecules are not shown for clarity.

The crystal structure solutions are confirmed by fitting single-crystal XRD data to
powder XRD spectra of (PPA)3Pb2I7 and (PBA)3Pb2I7, as shown in Figure 3.4. Larger
quantities of the reaction products were analyzed for phase purity using powder XRD
performed at room temperature after grinding in an agate mortar. In the case of
(PPA)3Pb2I7, most of the peaks in the diffraction pattern could be fitted using the 100
K structural model obtained from single-crystal XRD. A preferred orientation of the
crystallites along the [001] direction was included in the model to obtain a better match
to the measured peak intensities. However, several extra peaks from a second phase were
also present, which by eye appeared to match the main peaks from a powder XRD pattern
of PPA iodide salt. To the best of our knowledge the crystal structure of this salt has not
been previously reported. In order to confirm the identity of the second phase, we first
determined the unit cell of PPA iodide using the EXPO software [31]. All peaks could be
indexed in a triclinic unit cell; LeBail fitting was carried out to obtain the refined lattice
parameters a = 17.3487(7) Å, b = 11.1652(5) Å, c = 6.0864(3) Å, α = 103.123(4)°,
β = 94.815(5)°, γ = 88.179(4)°. We were unable to solve the full structure of PPA
iodide, thus this unit cell was added as a second phase to the Rietveld refinement of
(PPA)3Pb2I7 and LeBail fitting of the peak intensities was performed while keeping the
lattice parameters fixed. The resulting fitted XRD profile is shown in Figure 3.4a. It is
clear that the majority phase in the sample is (PPA)3Pb2I7. The residual mismatch in the
intensities of some peaks is probably due to minor differences in the crystal structure of
(PPA)3Pb2I7 at room temperature compared to 100 K.
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Figure 3.4: Observed (black data points) and fitted (red line) powder XRD patterns of (a)
(PPA)3Pb2I7 reaction mixture and (b) (PBA)3Pb2I7 reaction mixture. The lower row of tick marks
in each case indicates the peak positions of the main hybrid phase. The upper row of tick marks
indicates the peak positions of secondary phases: PPA iodide in (a) and lead iodide in (b).

For the (PBA)3Pb2I7 sample, the diffraction pattern could be well fitted using the
100 K atomic positions obtained from single-crystal XRD, incorporating a preferred
orientation model for crystallites aligned along [100]. Some relatively weak extra peaks
could be fitted by adding the 4H polymorph of the starting material PbI2 to the refinement
as a second phase with a weight fraction of 4.8(2)%. [45] The fitted XRD profile is shown
in Figure 3.4b.

Figure 3.5 shows the presence of high-temperature phase transitions, indicated by
reversible DSC peaks. However, as one of the organic cations is already particularly
disordered at 100 K and the R-factors are relatively high, as discussed in the caption of
Table 3.1, no structural analysis of the higher temperature phases is presented here.
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Figure 3.5: DSC data showing reversible first-order phase transitions at higher temperatures in
(PBA)3Pb2I7.

The crystal structure of (PEA)2PbI4 is reported to be monoclinic with space group
C2/m, [27] but with iodide ions that are split over two positions. As our work focuses
on the formation of the inorganic lattice, we chose to refine the structure in the lower
symmetry triclinic space group P1. This allows the positions of the ions to be determined
without restricting their positions by symmetry. Therefore, our structure determination
of the inorganic sheets is accurate, but we do not present the full structure because the
positions and orientations of the organic molecules could not be determined with sufficient
certainty.

Figure 3.6: Hydrogen bonding between amine and iodide in (PPA)3Pb2I7. The dashed red lines
indicate the shortest distance between H and I.
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For the four compounds presented in this work, the main structurally driving
interaction is the hydrogen bonding between the iodides and the amine groups. Figure 3.6
shows the hydrogen bonding in the (PPA)3Pb2I7 crystal structure, that has both corner-
and phase-sharing PbI6-octahedra. Although the hydrogen bonding interaction effectively
forms the structure, the tails of the organic cations are unconstrained and can adopt
different configurations. For all compounds, we do not observe any π-π stacking,
the phenyl groups are arranged almost perpendicular to each other. In (PBA)3Pb2I7,
however, the tails of organic cations are particularly disordered and no clear arrangement
is observed.

Figure 3.7: Selected normalized photoluminescence (PL) spectra for layered lead iodide hybrids
with ligands of increasing length (1− 4). Compounds 1− 4 refer to (PMA)2PbI4, (PEA)2PbI4,
(PPA)3Pb2I7 and (PBA)3Pb2I7, respectively. The inset shows the photoluminescence peak positions
for multiple crystals. The dotted trend line shows the blue-shift with increasing alkyl chain length.

In Figure 3.7, we show the photoluminescence spectra of single crystals of all four
layered lead iodide hybrids. Our results clearly indicate a shift of the peak maxima
toward the blue when the length of the ligand is increased. Thus, systematically increasing
the length from PMA to PBA induces a significant blue-shift. This clearly corresponds
to the observation that the (PMA)2PbI4 crystals are orange, the (PEA)2PbI4 crystals
are yellow-orange, and the (PPA)3Pb2I7 and (PBA)3Pb2I7 crystals are yellow. The
photoluminescence spectra are asymmetric toward lower energies. We observe that
the presence of more complex inorganic sheets containing face-sharing PbI6-octahedra
leads to an enhanced broadening of the photoluminescence. We ascribe this to the
possible presence of defects and vacancies, which drive recombination in these more
complex crystals. This can result in interstitial bands, giving rise to transitions at
lower energy. Moreover, this is confirmed by the time-resolved decay dynamics which
are fitted with biexponential and triexponential functions, as shown in Figure 3.8.
Such multiexponential decay implies the presence of defect states or shallow trapping
levels in the grain boundaries of the crystals, which frequently behave as nonradiative
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Figure 3.8: Time-resolved PL spectra of (PMA)2PbI4, (PEA)2PbI4, (PPA)3Pb2I7 and (PBA)3Pb2I7.
The decay of (PMA)2PbI4 is fitted with a triexponential function with time constants of 37 ps
(72.5%), 132 ps (26.1%) and 874 ps (1.4%). The decay of (PEA)2PbI4, (PPA)3Pb2I7 and
(PBA)3Pb2I7 are fitted with a biexponential function with time constants of 247 ps (71.6%) and
1127 ps (28.4%), 97 ps (19.4%) and 827 ps (80.6%), and 104 ps (94.8%) and 1200 ps (5.6%),
respectively.

recombination centers. We determine the photoluminescence peak positions by assuming
a Gaussian line shape. The inset of Figure 3.7 shows that there is a distribution of peak
positions for different crystals of each type. Such variation can be caused by differences
in thickness, quality and concentration of intrinsic defects even within a single batch of
crystals. Thus, multiple data points are plotted in the inset. The dotted trend line clearly
shows that, even when taking natural variation into account, there is a clear blue-shift with
increasing the organic ligand length from PMA to PBA.

Table 3.3 shows the conversion of the PL peaks into band gaps for the compounds in
this work, placed into perspective with selected band gaps of related 3D and 2D organic-
inorganic perovskite hybrid compounds. Although the inset in Figure 3.7 shows that there
is a modest variation between different single crystals, the reported values also show a
variation in band gap values for each type of single crystal. For MASnI3, it was even
found to depend on the synthesis method used. [46] A distinction is made between single
crystals and thin films as their defects and trap densities can be different, resulting in
observations of different band gaps in both morphologies. [47] The focus of our work is on
single crystals and a full study of thin film formation is beyond the scope of our work. Our
single-crystal XRD results show that the compounds containing the two shortest organic
ligands grow in sheets, perpendicular to the c-axis. Other studies have shown that films
form in the same manner, with the c-axis perpendicular to the film. [29,41] However, the
new compounds with the longest organic ligands grow as needles, with the longest axis
being the a-axis. As a result, we cannot speculate about the film formation as preferential
orientations are expected to play a role. Here we present design rules for tuning the band
gap by changing the organic ligand. Table 3.3 shows various trends in how the band
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Table 3.3: Band gaps (in eV) of selected 3D and 2D organic-inorganic perovskite hybrids, measured
for single crystals and thin films.a

single crystal thin film
MAPbI3 1.51, [48] 1.52, [46] 1.61 [47,49] 1.57 [16,50]

MAPbBr2 2.18 [48] 2.33 [51], 2.35 [52]

MAPbCl3 3.04 [51]

(MA)2PbI2(SCN)2 2.14 [53] 2.11 [54], 2.33 [53]

MASnI3 1.21−1.35 [46] 1.63 [51]

MASnBr3 2.15 [51]

FAPbI3 1.45 [46] 1.48 [16]

CsPbI3 1.73 [16]

(PMA)2PbI4 2.12−2.19
(PEA)2PbI4 2.22−2.24 2.37 [40], 2.38 [41], 2.39 [51]

(PEA)2PbBr4 3.05 [51]

(PEA)2PbCl4 3.63 [51]

(PEA)2SnI4 1.99 [51]

(PPA)3Pb2I7 2.32−2.37
(PBA)3Pb2I7 2.39−2.48

a Band gaps are determined from the PL maxima given in the references. MA and FA are used to abbreviate methylammonium

and formamidinium, respectively.

gap alters when the compound is changed. The effect of a smaller halide increases the
band gap by varying metalhalidemetal angles, as discussed below, and the introduction of
longer phenylalkyl ligands increases the band gap by the 2D confinement effect. Although
these design rules are commonly understood, our work shows an additional design rule
coming from the formation of face-sharing PbI6-octahedra as discussed below.

The large separation of the inorganic sheets by the organic cations creates a
confinement effect from 3D to 2D and makes it valid to consider the electronic response
from only a single 2D sheet. [55] Because the organic cations do not significantly
participate in the frontier orbitals, the system can be further simplified to the inorganic
lattice, as in Figure 3.3. The length of the alkyl chain strongly influences the bonding
in the inorganic part. Figures 3.3a and 3.3b shows that the in-plane Pb – I – Pb angle
linking adjacent octahedra deviates from 180°. For (PMA)2PbI4, the in-plane Pb – I – Pb
angle is approximately 158°, indicating a substantial distortion of the perovskite sheet.
Increasing the length of the organic ligand by one carbon atom in (PEA)2PbI4, reduces
the in-plane Pb – I – Pb angle to approximately 153°. This means that the PbI6-octahedra
are more rotated with respect to (PMA)2PbI4. Previous work [51] has shown a blue-
shift of the excitonic bands with decreasing dimensionality of the structure. A recent
DFT study [18] of 3D lead iodide structures showed a relation between the Pb – I – Pb
bond angles and the steric size of the organic cations, as well as between the band gap
and this bond angle. The band gap increases with increasing distortion (i.e., smaller
Pb – I – Pb bond angles) by increasing the size of the organic molecules. Related work
on 2D hybrid materials by Knutson et al. [56] reveals the same trend. They studied 2D tin
iodide hybrids and showed that the variation of the in-plane Sn – I – Sn bond angle has the
largest impact on tuning of the band gap. Once rotation occurs, the top of the valence
band will be lowered as the antibonding interactions between the Sn-s and I-px and py
orbitals are reduced. On the other hand, the bottom of the conduction band is raised as
the distortion lowers the symmetry of the lattice. This results in significant antibonding
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between the Sn-p and I-s/p hybrid orbitals in the conduction band. Thus, the increase in
Sn – I – Sn bond angle distortion leads to an increase in the band gap. Our (PMA)2PbI4
and (PEA)2PbI4 compounds are in good agreement with this. We show experimentally
that increasing the length of the organic cation increases the in-plane distortion of the
inorganic lead iodide sheets, which in turn induces a blue-shift in photoluminescence.
Although this explains the blue-shift observed by going from PMA to PEA as the organic
ligand, increasing the length to PPA and PBA is more complex. As the (PMA)2PbI4 and
(PEA)2PbI4 compounds are structurally similar (layers of corner-sharing PbI6-octahedra)
and the (PPA)3Pb2I7 and (PBA)3Pb2I7 compounds are structurally similar as well (layers
of both corner- and face-sharing PbI6-octahedra), we investigate the difference between
(PMA)2PbI4 and (PPA)3Pb2I7 using electronic structure calculations.

Figure 3.9: Electronic band structures of (PMA)2PbI4 (a) and (PPA)3Pb2I7 (b) calculated
within DFT+SOC. (a) The band structure of (PMA)2PbI4 is calculated along the high symmetry
Γ(0,0,0)−X(π/a,0,0)−S(π/a,π/b,0)−Y(0,π/b,0), where a and b are the lattice parameters
along the [100] and [010] directions. At the Γ point, the valence band top is predominantly of
I-p (69%) and Pb-s (26%)character, whereas the conduction band bottom has a predominant Pb-
p (69%) and I-p (16%) character. Similarly, at the S point the character of the valence band
top is of Pb-s (21%), I-p (72%) whereas the conduction band bottom consists of Pb-p (63%) and
I-p (17%). (b) The band structure of (PPA)3Pb2I7 is calculated along the high-symmetry path
Y(0,π/b,0)−Γ(0,0,0)−X(π/a,0,0)−S(π/a,π/b,0), where a and b are the lattice parameters
along the [100] and [010] directions, respectively. All energies are referred to the top of the valence
band in both panels (a) and (b).
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In Figure 3.9, we show the band structure of (PMA)2PbI4. The band edges exhibit
highly dispersive conduction and valence band edges within the (001) plane, and flat band
edges along the [001] direction (not shown in Figure 3.9). This behavior is consistent
with the quasi-2D character of the (PMA)2PbI4 structure. The calculated band gap is
direct at the Γ point. We obtain a band gap of 0.42 eV within DFT+SOC. The electron
and hole effective masses in the (001) plane are small and isotropic. We obtain 0.24 me
and 0.15 me for holes and electrons, respectively. The effective masses and the band
gap of (PMA)2PbI4 are very similar to those obtained for bulk CH3NH3PbI3 within the
same level of theory (0.5 eV band gap and effective masses of 0.13 me and 0.11 me, for
holes and electrons respectively). [57] This finding is also fully consistent with previous
calculations on monolayer and bilayer CH3NH3PbI3. [58] In Figure 3.9b, we show the
band structure of (PPA)3Pb2I7. In contrast with (PMA)2PbI4, the band structure exhibits
a dispersive profile only along the Γ−X direction. This qualitative difference can be
linked to the crystal structures of (PPA)3Pb2I7 and (PMA)2PbI4. Indeed, the (PMA)2PbI4
structure is highly isotropic in the (001) plane, with the PbI6-octahedra sharing corners
throughout. In the case of (PPA)3Pb2I7, the Pb – I network appears as an alternation of
face- and corner-sharing octahedra, along the [010] direction.

For (PPA)3Pb2I7, we calculate a direct band gap of 1.6 eV at the Γ point, and
effective masses along the [100] direction of 2.35 me for holes and 0.44 me for electrons,
respectively. Within DFT+SOC, we also obtain that the band gap of the (PPA)3Pb2I7
structure is blue-shifted with respect to that of (PMA)2PbI4. The band gap difference
of 1.2 eV can be rationalized by the additional quantum confinement along the [010]
direction. This effect can be estimated from a quantum well model as

∆Eg =
}2π2

2m∗meL2 (3.1)

where m∗ is the electronic effective mass for the (PMA)2PbI4 structure, me is the electron
mass and L is the size of the region formed by corner-sharing PbI6-octahedra in the
inorganic layer of (PPA)3Pb2I7. We estimated that L ≈ 14.9Å from the experimental
crystal structure, as shown in Figures 3.3a and 3.3b. From this simple model, we can
estimate that ∆Eg = 1.1 eV, which is close to the difference in band gaps calculated for
(PMA)2PbI4 and (PPA)3Pb2I7 from DFT+SOC. Interestingly, the alternating face-sharing
PbI6-octahedra appear to have a similar confining effect for the electronic structure
along the [010] direction as the organic cations in the [001] direction. To confirm this
assumption, we calculated the wave functions corresponding to the highest occupied and
lowest unoccupied states for both (PMA)2PbI4 and (PPA)3Pb2I7. In Figure 3.10, we show
the comparison between the spatial distribution of the wave functions at the top of the
valence band and bottom of the conduction band for (PMA)2PbI4 and (PPA)3Pb2I7. In
the former, the wave functions are delocalized throughout all octahedral sites; in the latter,
the wave functions are concentrated around the corner-sharing octahedra; this effectively
defines 1D nanoribbons of electronic charge in (PPA)3Pb2I7. This behavior is consistent
for both the conduction band top and valence band bottom of the two structures.

The calculated band gap difference between the two structures (1.2 eV) is larger than
the energy difference of the peaks in the PL spectrum corresponding to these structures
(approximately 0.2 eV), as shown in Figure 3.7 and Table 3.3. This difference is likely
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Figure 3.10: Spatial distribution of the electronic wave function for the top of the valence
band (VBT) and bottom of the conduction band (CBB) at the Γ point for (PMA)2PbI4 (a,b) and
(PPA)3Pb2I7 (c,d). In both structures, the shape of the electronic wave functions is consistent
with the I-p, Pb-p characters for the VBT and CBB, respectively. In the case of (PPA)3Pb2I7, the
charge is distributed only over the region containing corner-sharing octahedra, for both the VBT
and CBB. For clarity, we show only the inorganic part of the structures, although the calculations
were performed by including the organic ligands.

due to the level of approximation employed here. We expect that by incorporating
quasiparticle corrections and excitonic effects this discrepancy will be resolved. Given the
extended size of the (PMA)2PbI4 and (PPA)3Pb2I7 unit cells, the inclusion of quasiparticle
and electron-hole interaction effects is computationally prohibitive. For reference, in
the case of CH3NH3PbI3 quasiparticle effects increase the DFT+SOC band gap by more
than 1 eV. [57,59] In addition, low-dimensional structures are known to exhibit enhanced
quasiparticle corrections and excitonic effects with respect to their bulk counterparts, due
to the reduction of the dielectric screening. [60]

In contrast with three-dimensional lead halide perovskites, the large cations in
(PMA)2PbI4 and (PPA)3Pb2I7 disrupt the three-dimensional corner-sharing connectivity.
This reorganization of the structure strongly impacts the electronic properties of the lead
iodide, inducing an increase in the band gap due to quantum confinement effects, as well
as a change in the band edge features. In a tight-binding model interpretation of the band
structures, the dispersive profiles of the bands are linked to the large overlap between
electronic wave functions localized at neighboring sites. In both structures, dispersive
bands are identified along directions where the PbI6-octahedra are corner-sharing. Flat
bands are found for directions that are either perpendicular to the plane formed by the
Pb – I network [(PMA)2PbI4 and (PPA)3Pb2I7] or along the direction of the chains of
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face-sharing PbI6-octahedra [(PPA)3Pb2I7]. Along these directions, the overlap of the
wave functions is limited by the presence of either the organic cation or the face-sharing
octahedra chains which are shown to confine the wave functions (Figure 3.10). Therefore,
the corresponding electronic bands exhibit a flat profile. Indeed, the hole effective
masses calculated within DFT+SOC increase by up to 1 order of magnitude, whereas the
electron effective masses are almost tripled when the structure of the inorganic network
incorporates face-sharing PbI6-octahedra.

Thus, compared to the 3D CH3NH3PbI3, confinement along the [001] direction to
form 2D structures induces a blue-shift. The presence of face-sharing PbI6-octahedra
induces an additional confinement effect in the [010] direction to create an effective
1D structure that enhances the blue-shift originally obtained from the first confinement
effect. This additional confinement effect, as shown by the absence of dispersion in the
[010] direction in the band structure of Figure 3.9, explains the more blue character of
(PPA)3 Pb2I7 compared to (PMA)2PbI4. Following the same argument, (PBA)3Pb2I7 has
a shorter region formed by corner-sharing PbI6-octahedra compared to (PPA)3Pb2I7, as
shown in Figures 3.3a and 3.3b. This could qualitatively mean that the confinement effect
along the [010] direction is enhanced in (PBA)3Pb2I7 and that an even larger band gap
would be observed compared to (PPA)3Pb2I7. This is indeed observed in Figure 3.7.
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3.4 Conclusions
In conclusion, we have synthesized high-quality single crystals of lead iodide hybrids with
compositions A2PbI4 and A3Pb2I7, where A are four different phenylalkylammonium
cations. We obtained novel low-dimensional crystal structures that combine corner-
sharing with face-sharing PbI6-octahedra and form a new class of organic-inorganic
hybrid materials. The inorganic layers in this class are composed of corner-shared
[M3X10]4 – and [MX4]2 – units. We have shown that systematically increasing the length
of the phenylalkylammonium chains induces a blue-shift in the photoluminescence.
We have calculated the electronic structure of (PMA)2PbI4 and (PPA)2Pb3I7 within
DFT+SOC and found that both compounds have semiconducting band structures, with
direct band gaps. In the case of (PPA)2Pb3I7, the band structure exhibits signatures of
quantum confinement effects. The calculated band edges are flat along the confinement
direction ([010]) and the band gap is larger than (PMA)2PbI4. Moreover, the electronic
wave functions corresponding to the states at the band edges are confined to the regions
of the inorganic network containing corner-sharing octahedra. The large cations lead to
a reorganization of the structure to include face-sharing as well as corner-sharing PbI6-
octahedra. This structural rearrangement leads to drastic changes in the band structures
compared to compounds exhibiting only corner-sharing octahedra. Our work provides
insight into how chemical substitutions and confinement effects allow direct tuning of
the optical band gap in organic-inorganic hybrid materials. Besides the possible interest
for multijunction solar cells, this knowledge is important for the development of tunable
hybrid perovskite-based light-emitting diodes.
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CHAPTER 4
The Role of Connectivity on Electronic Properties of Lead

Iodide Perovskite-Derived Compounds

M.E. Kamminga et al., Inorg. Chem., 2017, 56(14), 8408-8414

Abstract

In this chapter, we have used a layered solution crystal growth method to synthesize high-quality
single crystals of two different benzylammonium lead iodide perovskite-like organic-inorganic
hybrids. The well-known (C6H5CH2NH3)2PbI4 phase is obtained in the form of bright orange
platelets, with a structure comprised of single 〈100〉-terminated sheets of corner-sharing PbI6-
octahedra separated by bilayers of the organic cations. The presence of water during synthesis
leads to formation of a novel minority phase that crystallizes in the form of nearly transparent,
light yellow bar-shaped crystals. This phase adopts the monoclinic space group P21/n and
incorporates water molecules, with structural formula (C6H5CH2NH3)4Pb5I14·2H2O. The
crystal structure consists of ribbons of edge-sharing PbI6-octahedra separated by the organic
cations. Density functional theory calculations including spin-orbit coupling show that these
edge-sharing PbI6-octahedra cause the band gap to increase with respect to corner-sharing
PbI6-octahedra in (C6H5CH2NH3)2PbI4. To gain systematic insight, we model the effect of
the connectivity of PbI6-octahedra on the band gap in idealized lead iodide perovskite-derived
compounds. We find that increasing the connectivity from corner-, via edge-, to face-sharing
causes a significant increase in the band gap. This provides a new mechanism to tailor the
optical properties in organic-inorganic hybrid compounds.

4.1 Introduction
Organic-inorganic hybrid perovskites have attracted growing attention for optoelectronic
applications such as light-emitting diodes, [1,2] lasers, [3,4] photodetectors [5] and efficient
planar heterojunction solar cell devices. [6–10] Besides having unique optical [11,12] and
excitonic [13,14] properties, they are easy to synthesize. While very high power-conversion
efficiencies of up to 22.1% have been reported for lead iodide-based solar cells, [15] various
challenges remain. One of these challenges is the resilience for ambient conditions,
including moisture: it affects the morphology of the organic-inorganic hybrid perovskite
layer, and low-quality perovskite films can have pinholes that create shunting pathways
that drastically limit the device performance.

Recently, Conings et al. studied the influence of water contamination in organometal
halide perovskite precursors on the resulting perovskite film and solar cells. [16] Their
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results show that there is no considerable influence on the photovoltaic performance
of devices. Moreover, other studies have shown that moisture during film growth is
of importance to enhance the formation and quality of the hybrid perovskite films,
as well as their photoluminescence (PL) performance. [17,18] Furthermore, Eperon et
al. used powder X-ray diffraction (XRD) to show that the expected CH3NH3PbI3
phase forms even at high levels of humidity. [18] However, we show here that water
can also have undesired effects. The presence of water during the synthesis of the 2-
dimensional (2D) compound (C6H5CH2NH3)2PbI4 yields small quantities of a second
benzylammonium lead iodide phase with a larger band gap. This new compound has the
structural formula (C6H5CH2NH3)4Pb5I14·2H2O, with water incorporated into the crystal
structure. The inorganic network consists of ribbons of edge-sharing PbI6-octahedra.
Previously, as written in Chapter 3, we showed that face-sharing PbI6-octahedra exhibit
an electronic confinement effect and force the band gap to increase. [19] Here, using
density functional theory calculations with spin-orbit coupling (DFT+SOC), we study
the electronic structure of (C6H5CH2NH3)4Pb5I14·2H2O and show how the charge
distribution is affected when edge-sharing PbI6-octahedra are introduced. Notably, the
class of organic-inorganic hybrid perovskite(-derived) materials have several structural
features that influence the optical properties. These structural features include the choice
of metal and halide (ionic radii) and rotations/deformations of the inorganic backbone.
These factors not only influence the band gap directly but also each other and hence the
band gap indirectly. Several studies have investigated the effect of structural deformations
on the optical properties in great detail. [19–24] In our study, we focus on the effect that
connectivity of metal-halide-octahedra has on the band gap in lead iodide systems. We
demonstrate that the size of the band gap strongly depends on not only the dimensionality
of the inorganic network but also on the number of iodides shared between two adjacent
lead ions, resulting in corner-, edge-, or face-sharing PbI6-octahedra. We conclude that,
counterintuitively, the band gap increases with the number of shared iodides.

4.2 Experimental Techniques

4.2.1 Crystal Growth
Single crystals of (C6H5CH2NH3)2PbI4 and (C6H5CH2NH3)4Pb5I14·2H2O were grown
at room temperature using the same layered solution technique as described in Chapter 3.
PbI2 (74 mg, 0.16 mmol; Sigma-Aldrich; 99%) was dissolved in 3.0 mL of concentrated
(57 wt%) aqueous hydriodic acid (Sigma Aldrich; 99,95%). Absolute methanol 3.0 mL;
Lab-Scan; anhydrous, 99.8%) was carefully placed on top of the PbI2/HI mixture, without
mixing the solutions. A sharp interface was formed between the two layers due to the large
difference in densities. Benzylamine (Sigma Aldrich; 99%) was added in great excess by
gently adding 15 droplets. The reaction mixtures were kept in a fume hood under ambient
conditions. After 2 days, a small number of crystals started to form. The crystals were
collected after 2 weeks by washing three times with diethyl ether (Avantor). A mixture
of three types of crystals was obtained: bright orange platelets ((C6H5CH2NH3)2PbI4),
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colorless needles (an unidentified phase,) and nearly transparent, light yellow bar-shaped
crystals ((C6H5CH2NH3)4Pb5I14·2H2O)).

4.2.2 X-ray Diffraction
Single-crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8
Venture diffractometer equipped with a Triumph monochromator and a Photon100 area
detector, operating with Mo Kα radiation. A 0.3 mm nylon loop and cryo-oil were used
to mount the crystals. The crystals were cooled with a nitrogen flow from an Oxford
Cryosystems Cryostream Plus. Data processing was done using the Bruker Apex III
software, the structure was solved using direct methods, and the SHELX97 software [25]

was used for structure refinement.

4.2.3 Computational Methods

The calculations were performed within DFT, [26] in the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) [27] including relativistic SOC effects with
the Vienna Ab initio Simulation Package (VASP) [28,29] using the projector augmented
wave (PAW) method. [30,31] PAW data sets were used with a frozen 1s, 1s, [Kr]4d10, and
[Xe] core for C, N, I, and Pb, respectively. The calculations were performed using the
experimental lattice parameters and atomic positions, except for the hydrogen atoms,
which were optimized. Furthermore, the water molecules were left out. Structural models
were rendered using VESTA. [32]

4.3 Results and Discussion
High-quality single crystals of benzylammonium lead iodide organic-inorganic hybrid
were obtained using the layered solution crystal growth method as described in
Section 4.2. We performed this synthesis under ambient conditions and used methanol
and hydriodic acid (57 wt% in H2O) as solvents. As a result, water was present during
crystal growth. We identified three different phases after synthesis, which could easily be
distinguished as bright orange platelets, very thin colorless needles, and slightly thicker
pale yellow bar-shaped crystals (see Figure 4.1). The first two phases were abundantly
present, whereas the pale yellow bar-shaped crystals were present only in small quantities.
We identified the orange platelets as the known (C6H5CH2NH3)2PbI4 compound (space
group Pbca), consisting of 〈100〉-terminated sheets of corner-sharing PbI6-octahedra
separated by bilayers of the organic cation. [19,33] A more detailed description about this
crystal structure is given in Chapter 3. The structure of the thin colorless needles could
not be solved, because the crystal quality was very poor. However, the pale bar-shaped
crystals were of good crystal quality and represent a novel benzylammonium lead iodide
phase, the focus of this chapter.
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Figure 4.1: Photograph of the three types of crystals obtained: bright orange platelets
((C6H5CH2NH3)2PbI4), colorless needles (an unidentified phase), and nearly transparent, light
yellow bar-shaped crystals ((C6H5CH2NH3)4Pb5I14·2H2O).

In this chapter, we investigate the crystal and electronic structure of the light yellow
bar-shaped crystals and compare them to (C6H5CH2NH3)2PbI4. Our single-crystal XRD
measurements reveal that these crystals exhibit a completely different structure to the
orange platelets and have the chemical formula (C6H5CH2NH3)4Pb5I14·2H2O. The
crystallographic and refinement parameters are given in Table 4.1. Figure 4.2 shows the
crystal structures of (C6H5CH2NH3)2PbI4 and (C6H5CH2NH3)4Pb5I14·2H2O.

Figure 4.2: Polyhedral model of (a) (C6H5CH2NH3)2PbI4 and (b) (C6H5CH2NH3)4Pb5I14·2H2O
at 100 K, projected along the [010] direction. The H2O molecules are rotationally disordered,
and the orientation drawn should be considered illustrative only. Figure (a) is adapted from our
previous work [19] and also shown in Chapter 3.
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Table 4.1: Crystallographic data of (C6H5CH2NH3)4Pb5I14·2H2O. The measurements are
performed using Mo Kα radiation (0.71073 Å). Full-matrix least squares refinement against F2

was carried out using anisotropic displacement parameters. Multi-scan absorption corrections
were performed. Hydrogen atoms were added by assuming a regular tetrahedral coordination to
carbon and nitrogen, with equal bond angles and fixed distances.

(C6H5CH2NH3)4Pb5I14·2H2O
temperature (K) 100(2)
formula C28H44N4O2Pb5I14
formula weight (g/mol) 3281.34
crystal size (mm3) 0.26×0.12×0.08
crystal color very light yellow
crystal system monoclinic
space group P21/n (No. 14)
symmetry centrosymmetric
Z 2
D (calculated) (g/cm3) 3.572
F(000) 2432
a (Å) 17.4978(9)
b (Å) 7.9050(4)
c (Å) 22.6393(12)
α (°) 90.0
β (°) 103.0544(19)
γ (°) 90.0
volume (Å3) 3050.5(3)
µ (mm−1) 20.102
min / max transmission 0.161 / 0.780
θ range (°) 3.17-36.30
index ranges -21 < h < 21

-9 < k < 9
-28 < l < 28

data / restraints / parameters 6218 / 2 / 245
GooF of F2 1.082
no. total reflections 75145
no. unique refelctions 6218
no. obs Fo > 4σ (Fo) 5307
R1 [Fo > 4σ (Fo)] 0.0269
R1 [all data] 0.0354
wR2 [Fo > 4σ (Fo)] 0.0586
wR2 [all data] 0.0617
largest peak and hole (e/Å3) 1.25 and -1.40

As can be seen in Figure 4.2b, the crystal structure of (C6H5CH2NH3)4Pb5I14·2H2O
is rather different from its layered analogue. Despite consisting of the same
building blocks, i.e. benzylammonium and octahedrally coordinated lead
iodide, (C6H5CH2NH3)4Pb5I14·2H2O obtains an unusual structure. Whereas
(C6H5CH2NH3)2PbI4 forms a 2-dimensional (2D) structure comprised of layers of
corner-sharing PbI6-octahedra, (C6H5CH2NH3)4Pb5I14·2H2O forms a 1-dimensional
(1D) structure consisting of [Pb5I14]4 – building blocks that form ribbons along the [010]
direction. This is shown in Figure 4.3. Surprisingly, the connectivity in the inorganic
part consists solely of edge-sharing PbI6-octahedra. The starting compound, PbI2, also
consists of layers of edge-sharing PbI6-octahedra. However, these layers are neutrally
charged. In (C6H5CH2NH3)4Pb5I14·2H2O, these layers are cut into ribbons, giving
rise to negatively charged [Pb5I14]4 – building blocks. As a result, these ribbons are
neutrally charged in their center and negatively charged at the edges, where the neutral
PbI2 pattern is broken. Therefore, the benzylammonium cations form hydrogen bonds
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with the outermost iodides of the inorganic ribbons. As a result, the phenyl rings are
positioned between the inorganic ribbons. Notably, water molecules are also incorporated
into the (C6H5CH2NH3)4Pb5I14·2H2O crystal structure. After the inorganic backbone
and the organic molecules were refined, using our single-crystal XRD data, a nonbonded
center of electron density remained in a structural void. This intensity maximum closely
matched the electron density of a water molecule, present during synthesis. Therefore,
we conclude that water is incorporated in the crystal lattice. Thus, the presence of water
during crystal growth induces the formation of an additional phase with completely
different structural features and optical properties, as will be discussed below.

Figure 4.3: Polyhedral model of a single inorganic layer of (a) (C6H5CH2NH3)2PbI4 and (b)
(C6H5CH2NH3)4Pb5I14·2H2O at 100 K. (a) Projection along the [001] direction, where the
corner-sharing PbI6-octahedra form a slab that has translational symmetry along the a- and b-
directions. This figure is adapted from our previous work [19] and also shown in Chapter 3. (b)
Projection perpendicular to the inorganic slabs, showing edge-sharing PbI6-octahedra forming a
[Pb5I14]4 – ribbon with translational symmetry along the b-direction only.

In Chapter 3, we studied the photoluminescence (PL) response and electronic
structure of (C6H5CH2NH3)2PbI4 and found an experimental direct band gap of 2.12-
2.19 eV in single crystals and a calculated direct band gap of 0.42 eV at the Γ point
within DFT+SOC using the local density approximation (LDA). [19] We reason that this
difference is likely due to the level of approximation employed and that incorporating
quasiparticle corrections and excitonic effects would resolve the discrepancy. However,
given the extended size of the unit cell, the inclusion of quasiparticle and electron-
hole interaction effects is computationally prohibited. For reference, in the case of
CH3NH3PbI3 quasiparticle effects increase the DFT+SOC band gap by more than
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1 eV. [34–36] In addition, low-dimensional structures are known to exhibit enhanced
quasiparticle corrections and excitonic effects with respect to their bulk counterparts, due
to the reduction of the dielectric screening. [37] In this work, we measured the PL response
of (C6H5CH2NH3)4Pb5I14·2H2O and observed no significant signal with respect to the
noise level. Therefore, we studied the electronic structure to investigate the nature of
the band gap. Since the water molecules are disordered in the structure, we considered
the full structure without the water molecules, i.e. (C6H5CH2NH3)4Pb5I14, within
GGA+DFT+SOC. Figure 4.4 shows the resulting band structure, which is represented
more elaborately in Figure 4.7 in at the end of this chapter.

Figure 4.4: Band structure of (C6H5CH2NH3)4Pb5I14 within DFT+SOC using the Perdew-Burke-
Ernzerhof (PBE) functional, [27] with Γ = (0,0,0), = (0.5,0,0), = (0,0.5,0), Z = (0,0,0.5),
C = (0.5,0,0.5) or equivalent (0.5,0,−0.5), and C1 = (0.5,0.5,0.5) or equivalent (0.5,0.5,−0.5).
The coordinates denote multiples of the reciprocal lattice basis vectors a∗, b∗ and c∗, respectively.

As can be seen in Figure 4.4, the band gap is direct at the C point and has the large
value of 2.0 eV within DFT+SOC. We reason that this value is underestimated with
respect to the real band gap due to the level of approximation used. The wide band
gap can explain why no significant PL signal was observed for the crystals. While this
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can be consistent with the observation that the crystals are nearly transparent in color, it
does not exclude the possibility that the material can be a weak emitter due to its specific
crystal structure, which might enhance nonradiative decay pathways as well. Still, the PL
response differs significantly from (C6H5CH2NH3)PbI4. The fact that the crystal structure
consists of layers of inorganic PbI6-octahedra greatly affects the size of the band gap due
to the 2D confinement effect. [12,19,38]

Figure 4.5: Comparison of the electronic band structures of (a) the full (C6H5CH2NH3)4Pb5I14
crystal, (b) a single [Pb5I14]4 – ribbon of the full crystal, and (c) a 2D PbI2 sheet created by
translation of the experimental [Pb5I14]4 – ribbon (black) and an idealized infinite 2D PbI2 sheet
with fixed Pb-I distances of 3.15 Å (red), along the common direction Γ −Y , within DFT+SOC
using the PBE functional.

However, we find in this work that the connectivity between the inorganic PbI6-
octahedra has a major, additional influence on the size of the band gap. As the inorganic
layers are well separated from each other, as far as the valence and conduction bands
are concerned, the electronic structure can be approximated by that of the inorganic part
only. [39] We did this by taking just one [Pb5I14]4 – ribbon from the full crystal structure.
In fact, we removed the organic groups and placed the ribbons at large distances from
each other such that they do not interact. Figure 4.5b shows that consideration of a
single [Pb5I14]4 – ribbon results in a relatively similar band structure as the full crystal
structure. Assembling the ribbons into the full crystal structure gives rise to a widening of
the band gap on Γ −Y . The gap shifts to C, and is slightly larger than for the ribbon only.
Thus, the size of the band gap is mainly determined by the inorganic slabs. Therefore,
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we decided to investigate the influence of edge-sharing PbI6-octahedra in more detail.
Figure 4.5c shows the band structure of a 2D PbI2 sheet. We constructed this model by
taking the experimental positions of the [Pb5I14]4 – ribbons and translating them to form
a 2D sheet; i.e. a sheet that is infinitely extended in two dimensions. For comparison,
we also made a simplified model structure in which all the Pb-I distances in the 2D
PbI2 sheet were fixed to 3.15 Å (which is a typical value for the Pb-I bond lengths in
(C6H5CH2NH3)4Pb5I14·2H2O). We found that this influences the band structure, but
not the magnitude of the band gap. Figure 4.5c shows an indirect band gap of ∼ 1.78
eV for both models, and Figure 4.8 in shows the band structure of the idealized 2D
slab for more directions. The confinement effect involved in breaking the 2D PbI2 sheet
into [Pb5I14]4 – ribbons is small. Therefore, our results show that the connectivity of
the PbI6-octahedra within a layer is the key factor determining the size of the band gap,
as evidenced by the significantly smaller band gap calculated for the orange counterpart
(C6H5CH2NH3)2PbI4, which consist of sheets of corner-sharing octahedra rather than
edge-sharing octahedra. To obtain a better understanding of the band structure, we also
explored the effect that edge-sharing PbI6-octahedra have on the dispersion using a tight-
binding (TB) approximation. This can be found in , Figures 4.9 and 4.10, and Table 4.3.

Figure 4.6: Spatial distribution of the electronic wave function for (a) the top of the valence
band and (b) the bottom of the conduction band at the C point, within DFT+SOC using the PBE
functional. Shown are the pseudo charge densities augmented with soft charges near the atomic
cores.

In Figure 4.6 we show the spatial distribution of the electronic wave functions for the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) at the C point in the crystal structure of (C6H5CH2NH3)4Pb5I14. Figure 4.6a
clearly shows that the HOMO predominantly has states at the edges of the ribbons,
where the terminal iodide ions are located. Furthermore, it shows that the charges
are to lesser extent distributed over the iodide ions that are part of the edge-sharing
network and almost absent from the lead ions, whereas they are distributed over both
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parts in (C6H5CH2NH3)2PbI4. [19] Figure 4.6b shows that the charge is predominantly
distributed over the lead ions in the LUMO, similar to (C6H5CH2NH3)2PbI4. [19] Here,
the distribution is largest in the middle of the organic ribbons.

To isolate the role of the connectivity (i.e., corner-, edge-, and face-sharing PbI6-
octahedra) on the electronic structure, we modeled several crystal structures and
calculated their electronic structures. These idealized theoretical model structures exhibit
fixed Pb-I distances of 3.15 Å (which is a typical value of the Pb-I bond lengths in
(C6H5CH2NH3)4Pb5I14·2H2O) and fixed Pb-I-Pb angles of 180° (corner-sharing), 90°
(edge-sharing), and 70.5° (face-sharing). To generalize our approach, we included three-
dimensional (3D), 2D, and 1D structures. Note that corner-sharing can exist in 1D, 2D,
and 3D. Edge-sharing can only occur in 1D and 2D structures, without creating corner-
sharing pathways as well (see Figure 4.9 in for further details on the 2D structure).
Face-sharing can only exist in a 1D linear chain: higher-dimensional structures will also
include edge- and corner-sharing, which we avoid in our models to isolate the influence
of face-sharing. For all the theoretical structures, we calculated the approximate band
gap within DFT, with and without SOC. The results are listed in Table 4.2. All of the
relevant electronic band structures can be found in (Figures 4.11 to 4.16), together with
a description of the procedure used to obtain the band gap for the charged systems.

Table 4.2: Approximate band gaps (eV) of theoreticala model structures with different connectivity
and dimensionality

3D 2D 1D
with spin-orbit coupling

corner-sharing 0.10 0.94 1.82
edge-sharing 1.89 2.21
face-sharing 2.45

without spin-orbit coupling
corner-sharing 1.26 1.76 2.27
edge-sharing 2.48 2.61
face-sharing 2.78

a Calculated within DFT with and without SOC.

Our results show that the band gap increases with decreasing dimensionality, which
is commonly understood as a quantum confinement effect. This trend holds not only for
corner-sharing PbI6-octahedra but also for edge-sharing PbI6-octahedra. Moreover, our
results reveal another clear trend: as the connectivity varies from corner- to edge- to face-
sharing (i.e., an increase in the number of I ions shared with neighboring octahedra), the
band gap also increases. Thus, although the number of hopping pathways for carriers
between neighboring Pb ions increases, the paths become less favorable. These trends
hold for calculations that both include and exclude SOC. Furthermore, it it apparent that
if the dimensionality increases, the effect of the SOC is enhances.
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Notably, the size of the band gap of organic-inorganic hybrid materials is
influenced by the interplay between the choice of metal, halide (ionic radii), structural
deformations, [19–24] and the connectivity. In this work, we have focused on the aspect of
connectivity, using model systems with idealized atom distances and angles, and ignored
the choice of the organic cation. As a result, we directly studied the effect that connectivity
has on the band gap in lead iodide systems.
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4.4 Conclusions
In conclusion, we have used a layered-solution crystal-growth technique to synthesize
two different benzylammonium lead iodide hybrid compounds with different ratios of
its constituents. Besides the known (C6H5CH2NH3)2PbI4 phase, we have characterized
a new (C6H5CH2NH3)4Pb5I14·2H2O phase consisting of ribbons of edge-sharing PbI6-
octahedra that are separated by the organic groups. Water is also incorporated into this
structure. No significant photoluminescence could be measured for the latter crystals.
Thus, the presence of water during synthesis can give rise to secondary phases with
different structural features and undesirable optical properties. We have calculated the
electronic structure of (C6H5CH2NH3)4Pb5I14·2H2O within DFT+SOC and found a very
large band gap, in agreement with our PL measurements. Moreover, by comparing
the band structures of the full crystal, a single [Pb5I14]4 – ribbon, and an extended
2D PbI2 sheet, we found that edge-sharing of the PbI6-octahedra is responsible for
increasing the band gap relative to (C6H5CH2NH3)2PbI4, which is comprised of corner-
shared octahedra. Furthermore, we modeled idealized crystal structures with different
dimensionalities and octahedral connectivity and calculated their electronic structures.
Our results show that the band gap increases not only with decreased dimensionality but
also with increased connectivity; i.e. as the connectivity of the octahedra increases from
corner- to edge- to face-sharing, the band gap increases.

Our current study adds to the understanding of how the band structure is controlled by
the connectivity of the inorganic lattice. Our results show that the band gap is determined
by the number of iodides shared between two adjacent lead ions and is increased by
higher connectivity. This understanding will facilitate direct tuning of the band gap of
such materials for desired applications.
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Appendix A
In this appendix, we show additional band structure diagrams of
(C6H5CH2NH3)4Pb5I14·2H2O and theoretical model structures with 3D, 2D and
1D dimensionlity, consisting of corner-, edge- and face-sharing PbI6-octahedra. More-
over, we discuss the effect that edge-sharing PbI6-octahedra have on the dispersion using
a tight-binding approximation.

Figure 4.7: Extended version of the band structure of (C6H5CH2NH3)4Pb5I14 within PBE-
DFT+SOC, with Γ = (0,0,0), = (0.5,0,0), = (0,0.5,0), Z = (0,0,0.5) and C = (0.5,0,0.5) or
equivalent (0.5,0,−0.5). The superscript 1 denotes addition of (0,0,0.5). The coordinates denote
multiples of the reciprocal lattice basis vectors a∗, b∗ and c∗, respectively.
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Figure 4.8: Band structure of a 2D PbI2 sheet within PBE-DFT+SOC. The left panel reproduces
Figure 4.5c, showing band structures of a 2D PbI2 sheet built from the experimental atomic
positions (black) and of an idealized edge-sharing slab with fixed Pb-I distances of 3.15 Å (red). The
right panel shows a more elaborate band structure of the idealized edge-sharing slab, as calculated
for a hexagonal unit cell, over the hexagonal Brillouin zone path.
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Exploring the Effect that Edge-Sharing of PbI6-Octahedra has on the Dispersion
using a Tight-Binding (TB) Approximation

In this section, we explore the effect that edge-sharing of PbI6-octahedra has on the
dispersion of the band structure of (C6H5CH2NH3)4Pb5I14·2H2O. However, it is
important to mention that there are two different structural motifs that can be built from
edge-sharing octahedra, as shown in Figure 4.9. One possibility has hexagonal symmetry,
in which each Pb ion has six nearest neighbors, linked by 90° Pb – I – Pb angles only.
This is the type of edge-sharing we encounter in (C6H5CH2NH3)4Pb5I14·2H2O and is
therefore discussed here. The other possibility has tetragonal symmetry, in which each
Pb ion is linked to four nearest neighbors by 90° Pb – I – Pb angles via shared edges and
to four next-nearest neighbors by 180° Pb – I – Pb angles via shared corners.

Figure 4.9: Comparison of two types of edge-sharing. (a) Hexagonal, with all Pb – I – Pb angles
90°. (b) Tetragonal, with Pb – I – Pb angles of 90° for edge-shared octahedra and 180° for corner-
shared octahedra.

Thus, the hexagonal model is the only case in which solely edge-sharing occurs and is
therefore the model we use to compare edge-sharing with corner-sharing. Consequently,
we studied the band structure of two theoretical model structures: a 3D structure solely
consisting of corner-sharing PbI6-octahedra and the 2D edge-sharing structure of which
the band structure is given in Figure 4.8. These are simplified structural models, in which
all the Pb – I distances are fixed to 3.15 Å, and octahedral tilting is absent. Figure 4.10
shows the band structures of both structure models, as well as a tight-binding (TB) fit to
the calculations.
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Figure 4.10: Comparison of the electronic band structures and tight-binding (TB) fits to the
electronic band structures of theoretical models of 3D corner-sharing and 2D edge-sharing PbI6-
octahedra. From top to bottom: band structures using the PBE functional, with spin-orbit coupling
(SOC), band structures without SOC, TB fit, and TB fit without including the π-π interaction.
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In this TB approximation, only the nearest-neighbor interaction is considered. The TB
fit includes s-s overlap, s-p interactions, p-p (σ -σ ) interactions and p-p (π-π) interactions.
The TB parameters (on-site energies, Slater-Koster parameters) were fitted for the 2D
edge-sharing and 3D corner-sharing structures to approximate the DFT band structures
as closely as possible. The final TB calculations were performed using the averaged
parameters for both structures (seeTable 4.3). For the TB calculations, the TBPW 1.1
program was used. [40] As can be seen in Figure 4.10, the TB fit describes the essence of
the DFT band structures. Hopping of carriers from one Pb to another Pb is only possible
via an intermediate I. In the case of the 3D corner-sharing structure, this means that
all Pb – I – Pb angles equal 180°. In contrast, the 2D hexagonal edge-sharing structure
contains no 180° paths, and all the Pb – I – Pb angles equal 90°. Surprisingly, our results
show that to pass these 90° corners, the s-p interaction barely plays a role, while the
combination of p-p (σ -σ ) and p-p (π-π) is crucial. The bottom panel of Figure 4.10
shows that without p-p (π-π) interactions, the band structure of the edge-sharing structure
becomes very flat, while the band-structure of the corner-sharing structure stays nearly
the same. Therefore, we conclude that the π-π overlap plays a significant role in the
band structure of edge-sharing PbI6-octahedra. Furthermore, as the π-π interactions are
generally much weaker than the σ -σ interactions, this means that the entire p-p interaction
is crucial. Note that we used a certain level of approximation, which excludes several
interactions and parameters, such as next-nearest neighbor interactions, differences in
crystal field, spin-orbit coupling and octahedral tilting. However, we see that although
switching on the π-π interaction leads to a significant band broadening, the gap for the
hexagonal system remains larger than that of the cubic system. It is this, combined with
the much stronger effect of SOC in the cubic system, that results in a significantly larger
band gap in the hexagonal edge-sharing system.

Table 4.3: The average parameters (in eV) used in the TB calculations.

Type Value Type Value
Pb on-site s -8.566875 s-s -0.539441
Pb on-site p 0.3552425 s-p 0.926776
I on-site s -12.7056765 p-p (σ -σ ) 1.742416
I on-site p -2.5597875 p-p (π-π) -0.484158
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Electronic Band Structure Diagrams of all Theoretical Model Structures

In this section, we present the electronic band structure diagrams of the 3D (corner-
sharing), 2D (corner- and edge-sharing) and 1D (corner-, edge- and face-sharing) model
structures, calculated within DFT, with and without spin-orbit coupling. We modeled
the 2D slabs and 1D linear chains (see Figure 4.11) using a 3D periodically repeated
super cell. We calculated the approximate band gaps by evaluating the band structures
as a function of distance between the periodic image of the slabs or chains. When the
distance is too small, undesired interactions between the slabs or chains occur. However,
as most of the systems have a negative charge, electrons start to become unbound when the
distance between the chains becomes too large, due to reduction of the positively charged
background (negatively charged ions are often unstable in LDA and GGAs). As a result,
vacuum levels can have a lower energy than the LUMO of the slabs or chains themselves.
This can be accounted for when the band structures are calculated as a function of distance
between the slabs or chains (Figures 4.13 to 4.16). As an example, consider the case of
Figure 4.14, top part. At small distance (d = 10 Å), the valence band top and conduction
band minimum are not yet at the correct energies, as the influence from the periodic
images is present. At larger distance, the occupied bands are practically independent of d
and the valence band top is not affected by interactions with the periodic images anymore.
For the empty states, the situation is a bit more complicated. The minimum at X moves
down from d = 10 Å to d = 11 Å to d = 12 Å. From d = 12 Å, the position of this state
hardly changes, i.e. the periodic images do not matter anymore. However, one can also
see vacuum-like states. These are characterized by a strong dependence on d, see e.g. the
empty states minimum at Γ moving down strongly. A complication arises at d = 13 Å,
where at X, a vacuum band is very close to the valence band minimum at 2.21 eV and
interacts with it. At d = 14 Å, the vacuum states are much deeper and the state at 2.21 eV
is, again, almost a pure state of the chain.
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Figure 4.11: Polyhedral model of 1D linear chains of (a) corner-sharing, (b) edge-sharing and (c)
face-sharing PbI6-octahedra.

Figure 4.12: Electronic band structure of 3D corner-sharing PbI6-octahedra,[PbI3]– , calculated
within PBE-DFT with SOC (left) and without SOC (right). Band gaps are 0.10 eV and 1.26 eV,
respectively.
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Figure 4.13: Electronic band structure of 2D corner-sharing PbI6-octahedra, calculated within
DFT with SOC (top) and without SOC (bottom), as a function of distance between the sheets.
Approximate band gaps are 0.94 eV and 1.76 eV, respectively.

81



4

CHAPTER 4. THE ROLE OF CONNECTIVITY

Figure 4.14: Electronic band structure of 1D corner-sharing PbI6-octahedra, calculated within
DFT with SOC (top) and without SOC (bottom), as a function of distance between the chains.
Approximate band gaps are 1.82 eV and 2.27 eV, respectively.
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Figure 4.15: Electronic band structure of 1D edge-sharing PbI6-octahedra, calculated within
DFT with SOC (top) and without SOC (bottom), as a function of distance between the chains.
Approximate band gaps are 2.21 eV and 2.61 eV, respectively.
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Figure 4.16: Electronic band structure of 1D face-sharing PbI6-octahedra, calculated within
DFT with SOC (top) and without SOC (bottom), as a function of distance between the chains.
Approximate band gaps are 2.45 eV and 2.78 eV, respectively.
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CHAPTER 5
Polar Nature of (CH3NH3)3Bi2I9 Perovskite-Like Hybrids

M.E. Kamminga et al., Inorg. Chem., 2017, 56(1), 33-41

Abstract

In this chapter, we have synthesized and studied high-quality single crystals of perovskite-
like (CH3NH3)3Bi2I9 hybrids, using a layered-solution crystal-growth technique. The large
dielectric constant is strongly affected by the polar ordering of its constituents. Progressive
dipolar ordering of the methylammonium cation upon cooling below 300 K gradually converts
the hexagonal structure (space group P63/mmc) into a monoclinic phase (C2/c) at 160 K.
A well-pronounced, ferrielectric phase transition at 143 K is governed by in-plane ordering
of the bismuth lone pair that breaks inversion symmetry and results in a polar phase (space
group P21). The dielectric constant is markedly higher in the C2/c phase above this transition.
Here, the bismuth lone pair is disordered in-plane, allowing the polarizability to be substantially
enhanced. Density functional theory calculations estimate a large ferroelectric polarization of
7.94 µC/cm2 along the polar axis in the P21 phase. The calculated polarization has almost
equal contributions of the methylammonium and Bi3+ lone pair, which are fairly decoupled.

5.1 Introduction
Organic-inorganic hybrid materials, and in particular CH3NH3PbI3, have recently
attracted growing attention as light-harvesting materials in solar cell devices because
of their unique optical [1,2] and excitonic [3,4] properties and electrical [5] and ionic
conductivity. [6] From extensive research spanning several decades, it is known that
these hybrids are easy to synthesize. Because these hybrids consist of both organic
and inorganic moieties that can both be tuned, substitution of either of the components
yields a diverse class of structurally different materials with a wide range of functional
properties. [7] Where early interest in these hybrid materials focused on their magnetic
properties, [8,9] many other properties have since been studied, including the coexistence
of ferromagnetic and ferroelectric ordering. [10,11] Such materials could find applications
in ferroelectric RAM and magnetic data storage [12] as well as have potential as
electrically controlled magnetic sensors and spintronic devices for data storage. [13,14]

Recent advances have mainly focused on the photovoltaic properties and optoelectronic
applications of organic-inorganic hybrids. Although a full understanding of how these
materials function has not yet been achieved, it is known that efficient solar cells require
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an absorber material that exhibits three key attributes: excellent optical properties, charge
separation, and charge transport. While various recent studies have focused on tuning of
the optical band gap, [15–19] in this chapter we focus on the charge separation/transport
properties. Such materials require a high dielectric constant to induce charge separation
and a polar character to facilitate charge transport. [20] While the best-performing organic-
inorganic hybrid solar cells are lead-based, substitution of lead is desired because of its
toxicity. [21] The feasibility of substituting tin for lead has been studied, [22–24] but this
has the major disadvantage that tin oxidizes easily. Tin-based devices are thus less stable
than lead-based devices, and commercial applications are more difficult. Thus, a lead
substitute is required that is less toxic, is stable, and has the potential for a high dielectric
constant. Here we substitute bismuth for lead. Although bismuth is a heavy metal, it is
considered to have a low toxic effect on the human body. [25,26] Organic-inorganic hybrids
based on trivalent bismuth are expected to exhibit semiconducting behavior and have band
structures very similar to those of divalent lead-based hybrids. This is because Bi3+ ions
are isoelectronic to Pb2+, and the electronegativities and ionic radii of these elements are
similar. [27,28] Furthermore, oxide-based bismuth compounds are known to exhibit high
dielectric constants. [29] Pioneering results by Park et al. [30] and Lyu et al. [31] revealed the
successful implementation of (CH3NH3)3Bi2I9

[30,31] and the fully inorganic Cs3Bi2I9
[30]

in solar cell devices with efficiencies above 1%. Although the optical properties of these
materials are inferior to those of the lead-based hybrids, a high dielectric constant provides
an environment where defects are more effectively screened. [7] Thus, in addition to
photovoltaic devices, such high dielectric constant materials allow potential applications
in other electronic devices, such as channel layers in thin-film transistors [32] and gate
insulators in field-effect transistors. [33] The single crystals of (CH3NH3)3Bi2I9 obtained
in our study are stable under ambient conditions. We observe no degradation over the
course of months, making these bismuth-based hybrids possible contenders for stable,
lead-free electronic devices.

In this chapter, we show how trivalent bismuth alters the structure of (CH3NH3)3Bi2I9
from that of the divalent metal (M) hybrid perovskites CH3NH3MX3 while maintaining
striking structural similarities. Single-crystal X-ray diffraction (XRD) studies reveal that
the room temperature structure is hexagonal with bismuth cations that are displaced in
antipolar fashion. Gradual dipolar ordering of the methylammonium cation upon cooling
yields a twinned monoclinic structure at 160 K. A well-pronounced ferrielectric phase
transition at 143 K occurs, governed by in-plane ordering of the bismuth lone pair. This
breaks the inversion symmetry and results in a highly twinned monoclinic polar low-
temperature phase. Density functional theory (DFT) calculations show a remarkably high
ferroelectric polarization of 7.94 µC/cm2 along the polar axis. The 143 K phase transition
is also evidenced by differential scanning calorimetry and dielectric measurements. The
dielectric constant is found to be significantly higher in the nonpolar phase. The in-
plane disordering of the neighboring Bi3+ lone-pair electrons above 143 K significantly
enhances the electric polarizability.
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5.2 Experimental Techniques

5.2.1 Crystal Growth
Single crystals of (CH3NH3)Bi2I9 were grown at room temperature using a modified
version [19] of the layered-solution approach, previously reported by Mitzi. [2] Here,
methylamine and bismuth iodide are dissolved in separate solutions of different densities.
Because of the density difference, a sharp interface is formed when the two components
are brought together. As slow diffusion takes place at the interface, single crystals start
to grow.

Procedure
The single crystals were synthesized by closely following the procedure described in our
previous work. [19] (see Chapter 3) Here, 70 mg (0.12 mmol) of BiI3 (Sigma-Aldrich;
99%) was dissolved in 3.0 mL of concentrated (57 wt%) aqueous hydriodic acid (Sigma-
Aldrich; 99.95%). A total of 3.0 mL of absolute methanol (Lab-Scan; anhydrous, 99.8%)
was placed on top of the orange-brown BiI3/HI mixture, without mixing the solutions.
A concentrated (33 wt%) methylamine solution in absolute alcohol (Sigma-Aldrich) was
added in great excess by gently adding 15 droplets on top of the methanol layer. Small
crystals were observed after 2 days and extracted after 6 days by washing three times with
diethyl ether (Avantor). After drying under ambient conditions, all crystals were stored
in a drybox. The high-quality crystals are intense red in color and shaped like hexagonal
platelets, with the biggest crystals being around 1.7 mm across.

5.2.2 Dielectric Measurements
Dielectric measurements were performed using a commercial Quantum Design Physical
Properties Measurement System and an Agilent E4980A Precision LCR Meter. The
contacts were made by hand using 0.05-mm-diameter platinum wires connected to the
crystals by silver epoxy. The contacts were made on opposite faces (ab-planes) of the
hexagonal platelets for measurement along the c-direction. Geometrically less accurate
measurements with contacts in the basal plane indicated that the anisotropy in the
dielectric constant is small. The capacitance and dielectric loss were measured in the
frequency range between 100 Hz and 1 MHz and the temperature range between 10 and
340 K.

5.2.3 Differential Scanning Calorimetry
DSC measurements were performed using a Netzsch DSC 204 F1 instrument with an LN2
cooling system. A platinum crucible with a pierced lid was used to measure a powder
sample of 7.76 mg over a temperature range of 175 to 20 °C at a rate of 10 K/min under
a 100 mL/min argon flow (99.999% purity).
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5.2.4 X-Ray Diffraction
Single-crystal XRD measurements were performed using a Bruker D8 Venture
diffractometer operating with Mo Kα radiation and equipped with a Triumph
monochromator and a Photon100 area detector. The crystals were mounted on a 0.3
mm nylon loop using cryo-oil. An Oxford Cryosystems Cryostream Plus was used for
cooling the samples using a nitrogen flow. Data were processed using the Bruker Apex II
software incorporating CELL NOW [34] to determine the twin domains in the monoclinic
phases, and the structures were solved and refined using the SHELX97 software. [35]

5.2.5 Computational Methods
DFT calculations were performed in order to estimate the ferroelectric polarization in
(CH3NH3)3Bi2I9. The calculations were performed using the Vienna Ab initio Simulation
Package [36] and projector augmented-wave potentials. [37] The energy cutoff was fixed to
500 eV and the k-point mesh to 5 × 3 × 2. The Berry phase theory was used to evaluate
the ferroelectric polarization. [38] The tools of the Bilbao Crystallographic Server [39]

were used for symmetry analysis, such as PseudoSymmetry [40] and Amplimodes
software. [41,42]

5.2.6 Absorption Measurements
A fiber-optic light source (Highlight 2100, Olympus Europe) was used for the absorption
measurement. The absorption spectrum of a single crystal was measured using a fiber-
optic spectrometer (USB2000, Ocean Optics). Briefly, the absorption was measured
by differential transmission, which is defined as −log(Ts/Tr), where Ts and Tr are the
light intensities with and without the crystal sample in front of the tip of the optic fiber,
respectively.

5.3 Results and Discussion
In this chapter, high-quality single crystals of (CH3NH3)3Bi2I9 were obtained by the
layered-solution crystal-growth method. Figure 5.1 shows a single crystal. CHN
elemental analysis showed the presence of 2.20 wt% C, 1.03 wt% H, and 2.81 wt% N
in the structure. Combined with the Bi:I ratio and structure obtained by single-crystal
XRD, this corresponds to a structural formula of (CH3NH3)3Bi2I9.

In Figure 5.2a, we show the dielectric constant and loss along the c-direction as a
function of the temperature, measured on a (CH3NH3)3Bi2I9 single crystal with a surface
area of 0.45 mm2 and a thickness of 0.12 mm. The dielectric constant is high, with a
value of around 38 at room temperature. We observe a sharp drop in its value at 143 K by
a factor of 2. The temperature dependence of the dielectric constant is independent of the
frequency, evidencing a phase transition. This result is in good agreement with work by
Jakubas et al., [43] who assigned this transition to possible ferrielectric ordering. Below
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Figure 5.1: Photograph of a (CH3NH3)3Bi2I9 single crystal.

we will show that this assignment is correct and provide the structural displacements that
are associated with the polar ordering, as the change in the crystal structure at this phase
transition has not previously been reported. Figure 5.2a also shows a dielectric loss peak
at around 80 K, which shifts toward higher temperatures as the frequency is increased.
This is consistent with activated behavior, but there is no crystallographic evidence that it
corresponds with further structural changes. In Figure 5.2b, we fit ln τ versus 1/T to the
Arrhenius relation

τ = τ0 exp
[

Ea

kT

]
(5.1)

where τ0 is the characteristic time constant of the relaxation, Ea the activation energy,
and k the Boltzmann constant. The fit confirms thermally activated relaxation with an
activation energy of 91 meV and τ0 of 5 × 10−12 s. We associate this behavior with polar
defects, [44] which have only a small effect on the dielectric constant.

Our DSC data, shown in Figure 5.3, show a first-order phase transition at 143 K,
which corresponds to the transition observed in Figure 5.2a. In order to investigate
the origin of the large change in dielectric constant, we performed single-crystal XRD
measurements. The arrows in Figure 5.2a indicate the temperatures at which we studied
the crystal structure: at room temperature (300 K), just above the phase transition (160 K),
and below the phase transition (100 K). The space groups and the refinement parameters
are given in Table 5.1.
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Figure 5.2: Dielectric constant along the c-axis of a single crystal of (CH3NH3)3Bi2I9. (a)
Dielectric constant and loss as a function of the temperature. The results are plotted for three
different frequencies of 104, 105, and 106 Hz. (b) ln τ as a function of 1/T , demonstrating Arrhenius
behavior at temperatures between 60 and 90 K.

Figure 5.3: DSC data showing reversible first-order phase transition around 143 K in
(CH3NH3)3Bi2I9, with an enthalpy change of around 1.37 J/g.
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Table 5.1: Crystallographic and refinement parameters of (CH3NH3)3Bi2I9 at 300, 160 and 100 K.

(CH3NH3)3Bi2I9
formula weight (g/mol) 1656.30
crystal size (mm3) 0.060×0.080×0.080
crystal color intense red
wavelength (Mo Kα radiation, Å) 0.71073
D (calculated) (g/cm3) 4.148
F(000) 2800
refinement method full-matrix least squares F2, anisotropic displacement parameters
absorption correction multi-scan
temperature 300(2) 160(2) 100(2)
crystal system hexagonal monoclinic monoclinic
space group P63/mmc (No. 194) C2/c (No. 15) P21 (No. 4)
symmetry centrosymmetric centrosymmetric non-centrosymmetric

(polar)
Z 2 4 4
a (Å) 8.568(2) 8.4952(6) 8.4729(17)
b (Å) 8.568(2) 14.7126(10) 14.663(3)
c (Å) 21.757(7) 21.6855(14) 21.347(4)
α (°) 90.0 90.0 90.0
β (°) 90.0 90.0024(2) 90.08(3)
γ (°) 120.0 90.0 90.0
volume (Å3) 1381.1(8) 2710.4(3) 2652.0(9)
µ (mm−1) 23.211 23.211 23.721
min / max transmission 0.074 / 0.105 0.004 / 0.016 0.004 / 0.017
θ range (°) 2.75-31.02 2.77-25.31 2.76-25.91
index ranges -12 < h < 12 -10 < h < 10 -10 < h < 10

-12 < k < 11 0 < k < 17 -17 < k < 17
-31 < l < 31 0 < l < 26 -25 < l < 25

data / restraints / parameters 857 / 0 / 15 4880 / 0 / 58 9891 / 0 / 87
GooF of F2 1.374 1.678 1.177
no. total reflections 66767 4880 9819
no. unique refelctions 857 2491 8292
no. obs Fo > 4σ (Fo) 805 4758 7280
R1 [Fo > 4σ (Fo)] 0.0515 0.0528 0.0680
R1 [all data] 0.0554 0.0554 0.0921
wR2 [Fo > 4σ (Fo)] 0.1184 0.1173 0.1907
wR2 [all data] 0.1200 0.1198 0.2094
largest peak and hole (e/Å3) 2.07 and -1.89 1.59 and -1.44 6.06 and -4.71

High-Temperature Phase: 300 K
The crystal structure is hexagonal with space group P63/mmc (Figure 5.4). The
orientations of the methylammonium molecules are disordered, and their likely dynamic
rotational motion prevents the exact determination of their positions. Therefore, the
molecule is drawn in Figure 5.4 at the position where the highest electron density was
found, likely corresponding to the center of mass. Furthermore, methylammonium is
depicted as CH3CH3 because there is no preferential orientation of the molecule, making
the carbon and nitrogen positions indistinguishable. Moreover, although the hydrogen
atoms were added according to geometrical considerations using the ‘riding’ model of the
SHELX software, [35] the symmetry allows them to rotate freely around the vertical axis
of the methylammonium cation. As a result, the hydrogen positions shown in Figure 5.4
should be considered only as illustrative.

The crystal structures of the formula R3M2X9, with R being a small (in)organic
cation, M a trivalent metal such as Sb3+ and Bi3+, and X a halogen, were studied
previously. These studies include the compounds R3Sb2Cl9, [45–48] (CH3NH3)3Sb2I9, [49]
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Figure 5.4: Crystal structure of (CH3NH3)3Bi2I9 at 300 K, space group P63/mmc: (a) ac-plane
view of four unit cells; (b) ab-plane view of four unit cells (BiI6-octahedra are shaded green);
(c) Bi2I9

3 – -dimer showing face-sharing of octahedra through linkage with three iodide ions. The
bismuth cations are displaced off-center in the octahedra along the c-axis, as indicated by arrows.

(CH3NH3)3Sb2Br9, [50,51] (CH3NH3)3Bi2Br9, [51,52] and [C(NH2)3]3Bi2I9. [48] The mate-
rial that we discuss here, (CH3NH3)3Bi2I9, was synthesized and studied earlier by Jakubas
et al. [43] Their XRD and pyroelectric studies suggested that this compound is isomor-
phous with (CH3NH3)3Sb2I9

[49] and Cs3Bi2I9
[53] at room temperature, but no evidence

was provided. This conjecture is confirmed by our single-crystal XRD data. The room
temperature crystal structure is similar to the structure recently reported by Lyu et al. [31]

Our unit cell parameters are slightly larger but closely match those found by Jakubas
et al. [43] Interestingly, (CH3NH3)3Bi2I9 is related to the cubic RMX3 hybrid perovskite
structure and can be described as a hexagonal analogue. In the RMX3 perovskite structure,
the RX3 sublattice forms a face-centered-cubic (fcc) close-packed lattice and metal ions
occupy half of the octahedral holes. The (CH3NH3)3Bi2I9 structure is based on an alterna-
tive type of close packing in which the (CH3NH3)3I9 sublattice is stacked in the sequence
ABACBC along the c-direction, denoted as (hcc)2 using JagodzinskiWyckoff notation. [54]

The Bi3+ cations occupy the octahedral sites formed by six iodide ions. Because the close-
packed stacking of the sublattice is different in the fcc and hcc arrangements, the octahe-
dral interstitial sites are connected in a different manner. The MX6-octahedra in RMX3
are linked by corner-sharing, while the BiI6-octahedra in (CH3NH3)3Bi2I9 are linked
by face-sharing, as shown in Figure 5.4. Because of charge balance, the Bi3+ cations
are found in only one-third of the octahedral holes. As a result, the (CH3NH3)3Bi2I9
structure consists of Bi2I9

3 – -dimers that are face-shared through common coordination
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to three iodide ions. The formation of isolated Bi2I9
3 – -dimers is frequently encountered

in iodobismuthates. [55]

Figure 5.4c shows that the bismuth ions are not positioned in the center of the
octahedron formed by the six iodide ions. Because of its lone pair, the bismuth ion
is displaced off-center along the c-direction, as shown by the terminal Bi – I bonds of
2.9524(10) Å, which are significantly shorter than the bridging Bi – I bonds of 3.2384(10)
Å. Thus, the bismuth ions move away from the shared octahedral face. This off-
center displacement of the octahedrally coordinated metal ions has also been observed in
isomorphous systems. [48,53] However, the resulting electronic dipoles within each dimer
point in opposite directions, giving a net zero dipole moment. Thus, the structure exhibits
antipolar character.

High-Temperature Phase: 160 K
Cooling the crystal from 300 to 160 K results in crystal structure changes. As can be
seen in Figure 5.5, extra peaks in reciprocal space appear gradually and become fully
developed at 160 K. The new peaks violate the condition hhl, where l = 2n, which arises
from the c-glide plane of the P63/mmc structure.

Figure 5.5: (hk3) reciprocal lattice planes reconstructed from raw single-crystal XRD data at 300,
240, 200 and 160 K showing appearance of extra peaks as the temperature is decreased, violating
the hhl, l = 2n condition for a hexagonal c-glide.
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While it was possible to refine the inorganic sublattice with reasonable thermal
displacement factors in several hexagonal space groups, the fit parameters were
unexpectedly high in each case. We conclude that the hexagonal symmetry is not
maintained. Moreover, several warning signs for twinning were present, including the K
factor [K = mean(Fo2)/mean(Fc2)], being systematically higher for reflections with low
intensity. Taking into account possible groupsubgroup relationships of space groups, [56]

we investigated possible orthorhombic and monoclinic solutions and found that the best
description of the crystal structure at 160 K is in the monoclinic space group C2/c.

Figure 5.6: Schematic representation of the relation between the hexagonal 300 K (in red) and
monoclinic 160 K (in green) unit cell, shown in the ab-plane. The black unit cells are the monoclinic
twins formed by the 6-fold rotation axis. Note that the modest thermal expansion of the unit cell
parameters and the monoclinic out-of-plane angle (close to 90°) are not considered in this drawing
for clarity.

This structure can be obtained from the room temperature P63/mmc structure by the
following transformation: am = ah, bm = ah +2bh, cm = ch. We note that the c-glide in
P63/mmc is not the same as the c-glide in C2/c. The transformation from hexagonal to
monoclinic results in three twin domains, rotated by 120° because the a- and b-axes are
interchangeable in the hexagonal phase. Furthermore, because our monoclinic unit cell
was found to have β ≈ 90°, the diffraction pattern emulates that of an orthorhombic unit
cell. This gives rise to a twin component generated by 2-fold rotation around the c-axis.
Because this is possible for each of the three 120° rotated twin domains, a total of six
twin domains were found, connected by a 6-fold rotation around the c-axis. Figure 5.6
illustrates how the monoclinic twin domains are related to the hexagonal phase. The
essentially equal refined twin fractions of the six domains (0.15, 0.19, 0.15, 0.15, 0.20,
and 0.16) strongly support this choice of structure model. Moreover, the fit parameters, as
listed in Table 5.1, greatly improved for this multitwin structural refinement. We note
that the low-temperature crystal structure of fully inorganic Cs3Bi2I9 was also found
to exist in a twinned monoclinic C2/c phase. [57] However, this is the first time that
(CH3NH3)3Bi2I9 has been identified in the monoclinic phase. Looking in more detail
at the refined structure, we find that the driving force for the change from hexagonal to
monoclinic symmetry is an induced orientation of the methylammonium cations. At 300
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K, the methylammonium cations are fully disordered. At 160 K, the large refined thermal
displacement factors for carbon and nitrogen indicate that the molecules retain a degree
of dynamic rotation, but they obtain a preferential orientation along the b-axis. Because
methylammonium has a dipole moment, this preferential alignment induces distortion of
the BiI6-octahedra, as shown in Figure 5.7, and reduces the symmetry to monoclinic.

Figure 5.7: Methylammonium iodide planes of (CH3NH3)3Bi2I9 at 160 K, showing dipolar
alignment: (a) ab-plane view of terminal iodide ions (i.e., bonded to one bismuth ion); (b) ab-plane
view of bridging iodide ions (i.e., bonded to two bismuth ions). The two planes are stacked on top of
each other along the c-direction. The arrows indicate shifts of the iodide ions compared to the room
temperature structure, creating local dipole moments aligned with those of the methylammonium
cations. Linkages are drawn between the iodide ions only to indicate that they coordinate the same
bismuth ion.

The refined I – I distances in Figure 5.7 show how the triangular faces of the BiI6-
octahedra become distorted in the monoclinic phase. Looking at Figure 5.7a, the I4 – I6
distance shortens to create a more negatively charged region, while I5 moves away and
creates a more positively charged region. The resulting electric dipoles align with the
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dipoles of the methylammonium cations. The ab-plane in Figure 5.7b shows the same
effect but with the dipole alignment in the opposite direction. The iodide anions in these
two planes are crystallographically distinct, allowing a nonzero dipole moment within
each Bi2I9

3 – -dimer. However, the overall inversion symmetry of the structure results in
the cancellation of dipole moments between different Bi2I9

3 – -dimers, and hence there is
zero net polarization in the material. The iodide triangles within a layer are also tilted
out-of-plane by 3.4− 3.8°. Within the error margins of the atom positions, this can be
considered as a rigid rotation of the Bi2I9

3 – -dimers with respect to the c-axis, allowed by
the monoclinic symmetry, without having an impact on its properties.
Thus, the crystal structure slowly evolves from a hexagonal P63/mmc phase at 300 K to
a monoclinic C2/c phase at 160 K by alignment of the methylammonium cations along
the b-direction. Notably, Jakubas et al. [43] observe a second-order phase transition at 223
K. The preferential alignment of the methylammonium cation develops over such a broad
temperature range that no heat effects were observed in our DSC data. The monoclinic
C2/c phase retains its centrosymmetry and high dielectric constant.

Low-Temperature Phase: 100 K
We determined the low-temperature phase to be monoclinic with space group P21.
Figure 5.8 shows reciprocal lattice planes in which extra peaks appear that violate both the
hkl, where h+ k = 2n, condition for C-centering and the h0l, where l = 2n, condition for
the c-glide of the monoclinic C2/c phase. Because P21 is noncentrosymmetric (polar),
12 twin domains are possible. Figure 5.9 shows the allowed peak positions for the three
monoclinic domains rotated by 120°, which accounts for all of the peaks. With β ≈ 90°
again, the same six domains as those in C2/c are allowed. Adding an inversion twin
to each domain results in a total of 12 twin domains. Thus, the phase transition at 143
K represents the breaking of the inversion symmetry. The DSC data show a first-order
phase transition, and thus groupsubgroup relationships between the two space groups do
not necessarily hold. Nevertheless, P21 is a subgroup of C2/c. [56]

Figure 5.8: (hk2) reciprocal lattice planes reconstructed from raw single-crystal XRD data at 160
K (left) and 100 K (right), showing violation of C-centering and the c-glide in the low-temperature
phase.
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Figure 5.9: (hk2) reciprocal lattice planes reconstructed from raw single-crystal XRD data at 100
K, showing the allowed peak positions (green circles) for three monoclinic twin domains related by
120° rotations around the c-axis, accounting for all the observed peaks.

Looking more closely at the refined crystal structure, the bismuth ions are still
positioned off-center along the c-direction in the BiI6-octahedra at 100 K. In P63/mmc,
off-centering in the ab-plane is not possible, but monoclinic symmetry allows it. In the
C2/c phase, it is relatively small; the bismuth ions are displaced at an angle of 5.6° with
respect to the c-axis. This corresponds to a displacement of 2.1 pm projected on the ab-
plane. A striking difference between the C2/c and P21 phases is that the bismuth ions are
significantly more displaced off-center in the ab-plane in the P21 phase. In the C2/c unit
cell, all bismuth ions are crystallographically equivalent, while in the P21 unit cell, there
are four inequivalent bismuth ions. These four ions are displaced at angles of 27.5°, 21.6°,
19.2°, and 8.7° with respect to the c-axis. The displacements, when projected onto the ab-
plane, are 9.8, 6.4, 6.7, and 4.5 pm, respectively. Thus, despite the fact that the bismuth
ions are crystallographically independent, all four are displaced more off-center in the ab-
plane at an average angle of 19.3° with respect to the c-axis. In fact, their displacements
in the ab-plane are, on average, 3.3 times larger in the low-temperature phase. Figure 5.10
shows the in-plane shifts of the four crystallographically distinct bismuth ions in the four
different ab-planes.

Because the bismuth shifts are driven by the presence of the Bi3+ lone pair, this implies
that the phase transition at 143 K is caused by in-plane ordering of the lone pairs, which is
thus the origin of the polar nature of the material. We find that while the antipolar nature
along the c-axis is maintained, the phase transition is associated with a polar displacement
along the b-axis and an antipolar displacement along the a-axis. This is of central
importance for photovoltaic properties because polar regions can create internal junctions
that enable charge separation. [58] These junctions can create electric fields across the
polar domains and separate the photogenerated excitons into free charges. Moreover,
they assist the transport of the free charges to reduce recombination, [20,59] which is one
of the defining factors for efficient solar cells. For 180° domains, the polar regions can
align in three different configurations: the polarization direction can align parallel, head-
to-head, and tail-to-tail. The parallel alignment creates a neutral domain wall, whereas
the head-to-head and tail-to-tail configurations create charged domain walls. [60] At head-
to-head domain walls, the adjacent bound charge layers induce a buildup of positive
charges and hence a divergence in the electrostatic potential. This can be compensated
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Figure 5.10: ab-plane projections of crystallographically distinct BiI6-octahedra showing the
bismuth displacements. The images are in order of stacking along the c-direction. The red arrows
only indicate the direction of the bismuth displacement and not the size of the displacement. The
organic cations are omitted for clarity.

for by conduction of electrons along the domain wall. On the other hand, at tail-to-tail
domain walls, the buildup of negative charges allows for hole conduction to occur along
the domain wall. [61] Thus, the different alignments of the polar regions in the material
allow for selective electron and hole conduction and therefore facilitate charge separation.
Methylammonium has a large built-in polarization, and the asymmetry of the organic
cation can facilitate the absence of an inversion center in the structure. [58] Moreover, the
lone pair of bismuth can be a driving force for structural distortion. Thus, the polar
nature of organic-inorganic hybrid materials is directly influenced by their structures,
and our results show how the polar nature of (CH3NH3)3Bi2I9 has a great impact on
its dielectric properties. We show that (CH3NH3)3Bi2I9 has a polar phase below the
phase transition at 143 K. However, Figure 5.2 shows that the dielectric constant remains
large, well above the transition temperature in the centrosymmetric phase. This large
dielectric constant will be favorable for charge separation in applications that operate
under ambient conditions, whereas charge transport would benefit from a polar phase at
room temperature. Future research to increase the transition temperature of such materials
would be of great interest.

Now, we evaluate the ferroelectric polarization using the Berry phase theory. Starting
from the low-symmetry structure with space group P21, we consider the centrosymmetric
160 K structure with space group C2/c to be the reference structure, where partial disorder
of the CH3NH3

+ groups was neglected and replaced by a centrosymmetrically ordered
arrangement of all of the organic cations in the unit cell. This allows us to have a one-to-
one mapping between the P21 and C2/c structures.
In Figure 5.11, we show the evolution of polarization from the C2/c to P21 structure, as a
function of the normalized amplitude (λ ) of atomic displacements. The total polarization
arising from all of the correlated atomic displacements sums up to 7.94 µC/cm2 along
the b-axis. The estimated value is not small, even when compared to standard inorganic
ferroelectric materials such as BaTiO3, whose polarization is around 27 µC/cm2. [62] In
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Figure 5.11: Total polarization (black circles) and partial contributions arising from the CH3NH3
+

cations (blue down-triangles) and from the Bi2I9
3 – framework (red up-triangles). The partial

contributions are calculated while keeping the other contribution in the centrosymmetric 160 K
positions. For the inorganic contributions, this means that the organic cations are considered to be
antiferrodistortively arranged. The CH3NH3

+ and Bi2I9
3 – contributions represent 55% and 45%

of the total polarization, respectively.

order to obtain further insight, we performed a functional polarization analysis; i.e., we
disentangled the contributions coming from the CH3NH3

+ organic cations and the Bi2I9
3 –

framework, abbreviated as P(CH3NH3
+) and P(Bi2I9

3 – ), respectively. This can be done
by recalculating the polarization but considering the Bi2I9

3 – and CH3NH3
+ functional

groups in their respective centrosymmetric positions, while displacing all of the other
atoms. In Figure 5.11, we show the two contributions arising from P(CH3NH3

+) and
P(Bi2I9

3 – ), which are equal to 4.51 and 3.67 µC/cm2 , respectively. We first note that
the two contributions sum up linearly, i.e., reproducing the total polarization arising
from all of the correlated atomic displacements. This suggests that the two subsystems
are fairly decoupled or weakly interacting through hydrogen bonds. Furthermore, both
contributions are comparable in size. P(CH3NH3

+) can be interpreted as originating from
the dipole of the CH3NH3

+ cations, slightly tilted out of the b-axis, as can be seen in
Figure 5.12.

In Figure 5.12, we compare the centrosymmetric reference phase with respect to the
lower-symmetry polar structure. The centrosymmetric structure has an inversion center
located at (1/2, 1/2, 1/2). The CH3NH3

+ cations at z = 1/2 and 3/4 are aligned parallel
to the b-axis, while in the polar structure, all CH3NH3

+ cations are tilted with respect to
the b-axis, giving rise to an uncompensated dipole moment. Furthermore, the induced
distortions of the Bi2I9

3 – framework are clearly visible in Figure 5.12.
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Figure 5.12: Comparison between the centrosymmetric (left) and polar (right) structures. The
inversion center is located at (1/2, 1/2, 1/2) in the centrosymmetric structure. The tilting of the
CH3NH3

+ cations and the induced distortions into the Bi2I9
3 – framework remove this inversion

center, and a polarization along the b-axis arises.

Figure 5.13: Absorption spectrum of a (CH3NH3)3Bi2I9 single crystal, showing a band gap of 2
eV.

The higher dielectric constant in the room temperature phase is a consequence of
the ferrielectric nature of the material below 143 K. The phase transition is induced by in-
plane ordering of the bismuth lone pairs. Bringing the lone pair into a specified orientation
reduces its motional freedom. This reduces the polarizability, which is directly related
to its dielectric response. In order to obtain charge separation in electronic devices,
the Coulomb interaction between the electronhole pair should be reduced. A higher
dielectric constant of the material reduces the binding energy. While our results show
that (CH3NH3)3Bi2I9 has a high dielectric constant at room temperature and can be an
air-stable lead-free substitute for lead-based electronic devices, device performances in
solar cells are mainly limited by its optical properties. Figure 5.13 shows the absorption
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spectrum of (CH3NH3)3Bi2I9, measured on a single crystal. The spectrum shows a band
gap of 2.0 eV, which is slightly smaller than previously reported values of around 2.1
eV [30,31] for thin films. Similar studies on CH3NH3PbI3 also show a more red absorption
in single crystals compared to thin films. [63] Furthermore, the absence of emission
suggests that the band gap of (CH3NH3)3Bi2I9 is indirect in nature, in agreement with the
DFT studies performed by Lyu et al. [31] This may explain that the solar cell efficiencies
are below 1%. [30] Nevertheless, we show that the decoupled ordering of the bismuth lone
pair and the methylammonium dipole gives access to different functionalities associated
with both polar and nonpolar states.
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5.4 Conclusions
We have synthesized high-quality single crystals of (CH3NH3)3Bi2I9. Dielectric
measurements along the c-direction show a well-pronounced phase transition at 143 K,
in agreement with the literature. [43] At 300 K, the crystal structure is antipolar in nature,
adopting the hexagonal space group P63/mmc. This is a hexagonal analogue of the cubic
RMX3 perovskite structure. Gradual dipolar ordering of the methylammonium cations
upon cooling induces distortions in the BiI6-octahedra. This results in a monoclinic
phase with space group C2/c at 160 K, containing six twin domains related by a 6-fold
rotation around the c-axis. Below the first-order phase transition at 143 K, we find a
monoclinic phase with the polar space group P21 that contains 12 twin domains. DFT
calculations show a remarkably high ferroelectric polarization of 7.94 µC/cm2 along the
polar axis. Notably, the dielectric constant is significantly larger in the centrosymmetric
phase. Our data show that the phase transition at 143 K is governed by in-plane ordering
of the bismuth lone pair. The antipolar ordering along the c-axis is maintained below
the transition temperature, while a polar component along the b-axis and an antipolar
component along the a-axis arise and give rise to the observed ferrielectric ordering.
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Abstract

In this chapter, we investigate possible mechanisms to induce electric polarization in layered
organic-inorganic hybrids. Specifically, we investigate the structural phase transitions
of PEA2MnCl4 (PEA = phenethylamine) using temperature dependent single-crystal XRD
analysis, including symmetry analysis of the observed space groups. Our results show that
PEA2MnCl4 transforms from a high-temperature centrosymmetric structure with space group
I4/mmm to a low-temperature polar Pca21 phase via an intermediate phase with polar space
group Aea2. We study the mechanism responsible for the I4/mmm to Aea2 polar phase
transition and find that it is different to previously proposed mechanisms in similar systems.
The transition is governed by the opening of a small dihedral angle between the phenyl
ring planes of two adjacent PEA molecules, which consequently become crystallographically
inequivalent in the Aea2 phase. This molecular rotation induces a significant difference in
the lengths of the ethylammonium tails of the two molecules, which coordinate the inorganic
layer asymmetrically and are consequently involved in different hydrogen bonding patterns.
Consequently, the negatively charged chlorine octahedron that coordinates the Mn2+ cation
deforms. This deformation moves the Mn2+ off-center along the out-of-plane-axis, contributing
to the polar nature of the structure. Notably, the polar axis is out-of-plane with respect to
the inorganic sheets. This is in contrast to other layered organic-inorganic hybrids as well as
conventional layered perovskites, such as the Aurivillius phases, where in-plane polarization
is observed. Our findings add to the understanding of possible mechanisms that can induce
ferroelectric behavior in layered organic-inorganic hybrids.

6.1 Introduction
Organic-inorganic hybrid materials are of great interest for a wide range of
applications. The combination of organic and inorganic components in a single
compound leads to a class of materials that exhibits a large variety of properties
including two-dimensional magnetic order [1,2] and the coexistence of ferromagnetic
and ferroelectric ordering. [3,4] Recently, organic-inorganic hybrids have also attracted
growing attention for optoelectronic applications such as light-emitting diodes, [5,6]

lasers, [7,8] photodetectors [9] and efficient planar heterojunction solar cell devices. [10–14]
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Organic-inorganic hybrids can adopt the perovskite structure ABX3; a variety of
organic cations can occupy the 12-fold coordinated A-sites, which are enclosed by metal
halide BX6-octahedra. When organic cations that are too large for this coordination
geometry are introduced, layered structures with structural formula A2BX4 can be
obtained. These layered hybrids consist of single 〈100〉-terminated perovskite sheets
separated by bilayers of the organic cations and are held together by van der Waals
interactions between the organic groups. [15] Such materials can benefit from enhanced
conduction within the layers, [15] and have potential applications in field-effect transistors
and light emission. [5,6] Furthermore, these layered structures tend to be more stable
against humidity (see Chapter 3). [16]

Similar to oxide perovskites, hybrids can exhibit ferroelectric and piezoelectric
properties at room temperature. [3,17–21] Polar hybrids are of interest for various
applications, which depend on the crystallographic polar axis. For example, it is thought
that solar cells can benefit from a ferroelectric domain structure, as charge separation is a
key aspect of their performance. [22,23] A built-in electric field can assist exciton separation
and charge transport. In layered structures, this requires that the polar axis lies in-plane
with respect to the layers. On the other hand, ferroelectric-gate field-effect transistors
(FeFETs) require charge induction, and can benefit from a polar material as the gate
electrode: the top electrode can change the resistance by changing the polarization. [24]

This application requires a polar axis that lies out-of-plane. The buckling of the
inorganic layers that usually occurs in layered hybrid perovskites can result in a rotational
degree of freedom of the octahedra that gives rise to in-plane polarization. [25] We have
previously observed such a mechanism in the layered phenethylammonium (PEA) copper-
chloride hybrids PEA2CuCl4, [3] where the polar-to-non-polar phase transition at 430 K is
associated with the onset of buckling of the inorganic lattice.

In this chapter, we focus on structural phase transitions in the layered PEA manganese
chloride hybrid. PEA2MnCl4 and PEA2CuCl4 contain the same PEA organic moiety,
have similar structural features, and we find that they both have two structural phase
transitions at similar temperatures (363 K, 412 K for the former, and 340 K, 410 K for
the latter). The major difference is that Cu2+ is Jahn-Teller (JT) active, whereas Mn2+

is not. Therefore, PEA2CuCl4 has a significantly distorted inorganic lattice involving
an alternating pattern of long and short Cu – Cl bonds in plane; the MnCl6-octahedra in
PEA2MnCl4 are much more regular. The spatially ordered configuration of magnetic
orbitals associated with this alternating bonding pattern gives rise to ferromagnetic order
below 13 K, [3,26] whereas (canted) antiferromagnetic order is observed below 44.3 K in
PEA2MnCl4. [27] [28] The presence or absence of JT distortion also has a major influence
on the buckling of the inorganic lattice and the buckled-to-non-buckled phase transition.
In contrast to PEA2CuCl4, [3] we find that the buckling transition in PEA2MnCl4 does
not induce polarization. For this non-JT-active system, a very different sequence of
space groups is observed, despite the fact that the phase transitions occur at comparable
temperatures. Inversion symmetry is broken by rotation of the organic cation, independent
of the buckling of the inorganic lattice. This leads to a completely different mechanism
in which displacements of the organic molecules induce polarization. Notably, we find
the resulting polar axis to be out-of-plane. Our results add to the understanding of
mechanisms behind ferroelectricity in layered organic-inorganic hybrids.
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6.2 Experimental Techniques

6.2.1 Crystal Growth
Single crystals of (C6H5(CH2)2NH3)2MnCl4 were grown by the slow evaporation
of solvent at 60 °C. A 1:2 molar ratio of MnCl2 (Sigma Aldrich; ≥99%) and
C6H5(CH2)2NH3Cl (2-phenethylamine HCl, Sigma Aldrich; 99%) were dissolved in
absolute ethanol (J.T. Baker) and placed in an oven at 60 °C. After approximately one
week, transparent, colorless single crystals had formed. The crystals are shaped as
platelets with sizes ranging from 0.1 to around 6 mm.

6.2.2 X-Ray Diffraction
Single crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8
Venture diffractometer operating with Mo Kα radiation and equipped with a Triumph
monochromator and a Photon100 area detector. The crystals were mounted on a 0.5 mm
glass fiber using commercial acrylate glue. The crystals were cooled with a nitrogen
flow from an Oxford Cryosystems Cryostream Plus. Data processing was done using
the Bruker Apex III software, the structures were solved using direct methods and the
SHELX97 software [29] was used for structure refinement.

6.2.3 Calorimetry Measurements
Differential scanning calorimetry (DSC) measurements were performed using a TA-
instruments STD 2960. An Al crucible was used to measure a powder sample of 38.19
mg over a temperature range of 300 K to 450 K at a rate of 1 K/min under a 100 mL/min
argon flow.

6.3 Results and Discussion
Differential scanning calorimetry (DSC) measurements reveal two phase transitions,
at 363 K and 412 K, as shown in Figure 6.1. Furthermore, the onset of weight
loss in a corresponding thermogravimetric analysis measurement (not shown) reveals
that PEA2MnCl4 starts to decompose above 473 K. The phase transition at 363 K is
characterized by different slopes before and after the peak, thus we conclude that it
has weakly first order character similar to the 340 K transition of the copper analogue
PEA2CuCl4. [3] The second phase transition also appears to be first order, similar to
PEA2CuCl4.

We now focus on the structural investigation of the three different phases indicated by
the phase transitions at 363 K and 412 K in Figure 6.1. Single-crystal XRD was used to
study each crystal structure in detail. The results are discussed below. In Table 6.1, we list
the crystallographic data and refined parameters. Figure 6.2 shows the crystal structures
of all three phases.
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Figure 6.1: DSC data showing reversible first-order phase transitions at 363 K and 412 K in
PEA2MnCl4

High-Temperature Phase: 430 K
The high-temperature phase is described by the centrosymmetric tetragonal space group
I4/mmm. The reflection conditions clearly indicate either body-centering in the tetragonal
setting or face-centering in an orthorhombic setting with a doubled unit cell volume.
However, we found that the choice of tetragonal I4/mmm over orthorhombic Fmmm
gave significantly better fitting parameters. The individual MnCl6-octahedra have apical
Mn – Cl bonds of 2.4633(24) Å and equatorial Mn – Cl bonds of 2.5836(7) Å, respectively.
As a consequence of the symmetry, the inorganic layers are perfectly flat, i.e. all
Mn – Cl – Mn angles are 180°. Electron density maps suggested that the phenyl rings of
the PEA molecules are rotationally disordered around the c-axis. The structure as shown
in Figure 6.2c and Figure 6.3 should thus only be considered schematic with respect to
the rotational angle of the PEA molecules.

Intermediate-Temperature Phase: 385 K
The intermediate-temperature phase is described by the orthorhombic space group Aea2.
The a and b unit cell parameters are related to those of the high-temperature phase
by a factor of

√
2, whereas the same c-axis is retained. As shown in Figure 6.4, the

A-centering is apparent from the reflection condition hkl : k + l = 2n. The reflection
condition 0kl : k = 2n indicates the presence of a b-glide plane perpendicular to the a-
axis. Furthermore, the reflection condition h0l : h = 2n indicates the presence of an a-
glide plane perpendicular to the b-axis. Note that the reflection condition for A-centering,
k+ l = 2n, automatically implies the conditions h0l : l = 2n, hk0 : k = 2n, 0k0 : k = 2n
and 00l : l = 2n. The combination of the 0kl : k = 2n condition for a b-glide plane
perpendicular to the a-axis with the condition for the A-centering, k+ l = 2n, results in
the additional condition of 0kl : l = 2n. This reflection condition indicates the additional
presence of a c-glide plane perpendicular to the a-axis. Thus, the reflection conditions
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Table 6.1: Crystallographic and refinement parameters of (C6H5(CH2)2NH3)2MnCl4, measured at
three different temperatures.

((C6H5(CH2)2NH3)2MnCl4
formula weight (g/mol) 441.12
crystal size (mm3) 0.12×0.20×0.20
crystal color colorless
wavelength (Mo Kα radiation, Å) 0.71073
refinement method full-matrix least squares F2, anisotropic displacement parameters
absorption correction multi-scan
temperature 100(2) 385(2) 430(2)
crystal system orthorhombic orthorhombic tetragonal
space group Pca21 (No. 29) Aea2 (No. 41) I4/mmm (No. 139)
symmetry polar polar centrosymmetric
Z 4 4 2
D (calculated) (g/cm3) 1.452 1.389 1.270
F(000) 908 908 454
a (Å) 7.2325(6) 7.2975(6) 5.1672(14)
b (Å) 7.1316(6) 7.2603(6) 5.1672(14)
c (Å) 39.118(4) 39.815(4) 40.046(14)
α (°) 90.0 90.0 90.0
β (°) 90.0 90.0 90.0
γ (°) 90.0 90.0 90.0
volume (Å3) 2017.7(3) 2109.5(3) 1069.2(7)
µ (mm−1) 1.184 1.132 1.117
min / max transmission 0.1499 / 0.1987 0.1366 / 0.1987 0.1406 / 0.1933
θ range (°) 2.60-36.29 2.79-35.70 3.05-31.06
index ranges -10 < h < 10 -10 < h < 10 -7 < h < 7

-10 < k < 10 -10 < k < 10 -7 < k < 7
-55 < l < 55 -56 < l < 56 -56 < l < 56

data / restraints / parameters 6157 / 1 / 139 3245 / 1 / 74 571 / 9 / 24
GooF of F2 1.334 1.083 1.110
no. total reflections 102719 57945 17250
no. unique refelctions 6157 3245 571
no. obs Fo > 4σ (Fo) 5952 2249 506
R1 [Fo > 4σ (Fo)] 0.0490 0.0774 0.0805
R1 [all data] 0.0507 0.0972 0.0865
wR2 [Fo > 4σ (Fo)] 0.1338 0.1973 0.2340
wR2 [all data] 0.1351 0.2242 0.2433
largest peak and hole (e/Å3) 0.66 and -1.80 0.78 and -1.70 0.89 and -1.04

account for both a b- and c-glide plane perpendicular to the a-axis. To avoid confusion
in such a situation, De Wolff et al. introduced the use of the symbol e to cover certain
combinations of glide planes that do not have a unique symbol. [30]

The reflection conditions give rise to two possible space groups: the polar Aea2 and
centrosymmetric Aeam (non-standard setting of Cmce) space groups, which are both
subgroups of the high-temperature I4/mmm phase. [31] In order to probe centrosymmetry,
second harmonic generation (SHG) measurements were performed. [32] SHG is a
generally well-suited technique to probe the lack of inversion symmetry in single crystals.
Therefore, SHG measurements are often performed to prove the presence of polarization
along certain crystal directions. Although SHG measurements were performed on various
PEA2MnCl4 single crystals, the results were inconclusive. For reference, single crystals
of PEA2CuCl4 were also probed, which is known to be polar at least up to 340 K. [3]

However, SHG measurements on this material were inconclusive as well. It is likely that
SHG is not a suitable technique for this specific class of materials, as no conclusions
regarding the presence or absence of a polar phase can be made. We reason that this
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Figure 6.2: Crystal structures of the low-temperature Pca21 (a), intermediate-temperature Aea2
(b) and high-temperature I4/mmm (c) phases of (C6H5(CH2)2NH3)2MnCl4. Hydrogen atoms in
the intermediate- and high-temperature phase are omitted due to disorder of the organic molecule.

is caused by the very small electrical polarization in our structure. As discussed below
in more detail, Mn2+ is shifted off-center in the MnCl6-octahedra, but only by 1.4 pm.
The small associated polarization is most likely impossible to measure with SHG and
difficult to detect by any other measurement technique. However, such a displacement
is significant compared to the experimental uncertainty of our XRD measurement.
Therefore, we continued our analysis using an extensive XRD study.

We found Aea2 to be the most suitable space group, with inclusion of an inversion
twin. Although the structure could be solved and refined in Aeam, the polar Aea2 space
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Figure 6.3: Ordered and disordered organic cations of the low-temperature Pca21
(a), intermediate-temperature Aea2 (b) and high-temperature I4/mmm (c) phases of
(C6H5(CH2)2NH3)2MnCl4. Hydrogen atoms in the intermediate- and high-temperature phase are
omitted due to disorder of the organic molecule.

Figure 6.4: (a) 0kl, (b) 1kl and (c) h0l reciprocal lattice planes from raw single-crystal XRD
data at 385 K. The peaks in the 0kl and 1kl planes obey the hkl : k + l = 2n condition for A-
centering. (a) Reflection condition 0kl : k = 2n holds, which indicates the presence of a b-glide
plane perpendicular to the a-axis. (c) Reflection condition h0l : h = 2n holds, which indicates the
presence of an a-glide plane perpendicular to the b-axis.

group gave a significantly better fit (R1 = 0.0774 for Aea2 and R1 = 0.1039 for Aeam, for
Fo > 4σ (Fo)). The intermediate phase appears to be in a pseudodynamic state between
the dynamic high-temperature phase with rotating PEA molecules and the frozen low-
temperature phase where the PEA molecules have a well-defined orientation (see below).
As shown in Figure 6.3, the organic cations could be well modelled in the structural
refinement by disordering over two positions. This disorder occurs in a kind of tilting
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manner: the ethylammonium groups are less rigid than the phenyl rings and can be
displaced slightly away from the direction perpendicular to the rings. However, this
does not occur in exactly the same manner in the two crystallographic distinct organic
molecules. Looking at the structure in more detail, it becomes apparent that the organic
molecules are responsible for breaking the mirror plane perpendicular to the c-axis and
hence the inversion symmetry. This occurs by means of a small degree of torsion (with
a dihedral angle of around 9.5°) between the two phenyl rings, which are no longer
crystallographically equivalent. Therefore, the total structure of the layered hybrid is
stacked in an ABCABC manner, with A and C as PEA molecules and B as the inorganic
layer. By definition, such three-layer structures do not have an inversion center. Therefore,
a polar structure is obtained. The fit is poorer in Aeam because the two PEA molecules
are related by an additional mirror plane perpendicular to the c-axis, and hence cannot
be rotated with respect to each other. A further consequence of the broken inversion
symmetry is that the ethylammonium tails of the two molecules do not approach the space
between the MnCl6-octahedra in the inorganic sheets in the same manner. As a result, the
tails have significantly different lengths of 3.65 and 3.90 Å, as illustrated in Figure 6.3b.
We reason that this difference is caused by different hydrogen bonding patterns. As
hydrogen bonding can only occur in a finite number of patterns, it is not possible to
optimize the hydrogen bonding of both ammonium groups with chloride simultaneously.
Therefore, the ethylammonium tail of one molecule is elongated, allowing the ammonium
group to descend further into the void of the inorganic sheet to attain beneficial hydrogen
bonding. For the other molecule, the non-optimized hydrogen bonding gives rise to a
shorter ethylammonium tail, as unfavorable hydrogen bonding prevents the ammonium
group from fully approaching the void between octahedra. As a result, the two positively
charged ammonium groups approach the inorganic layer asymmetrically (along the c-
axis). This also induces deformation of the negatively charged chlorine cage from a
perfect octahedron. Due to this deformation, Mn2+ moves off-center along the c-axis,
contributing to polarization in the structure. The off-center shift of Mn2+ is apparent from
the difference in apical Mn – Cl bonds: 2.4531(5) Å and 2.4674(4) Å. Taking the weighted
average of the six Cl– as the center of the octahedron, Mn2+ is shifted by around 1.4 pm
along the c-axis.

In summary, we argue that the out-of-plane polarization is induced by the opening
of a small dihedral angle between the planes of the two phenyl groups, which causes
an asymmetric approach of the ammonium groups to the inorganic layer, inducing
deformation of the chloride octahedron and a shift of Mn2+ off-center along the c-
axis. The torsion likely originates from competing attractive and repulsive forces in
the van der Waals gap between the organic layers. Competing π-π and quadrupole
interactions between the phenyl groups can result in the opening of a small dihedral
angle between the phenyl ring planes in this pseudodynamic intermediate phase. Notably,
vibrational entropy is a factor that can play a role as well. [33] We assign the opening
of a small dihedral angle as the primary order parameter for the polar transition. For
layered organic-inorganic hybrid structures in general, the organic constituent should
have an aromatic group in order to obtain this opening of a dihedral angle between the
phenyl ring planes and hence induce out-of-plane polarization. Furthermore, the length
of the alkylammonium tail should be sufficient to create asymmetric coupling of the
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ammonium groups to the inorganic layer and hence deformation of the halide octahedral
cage. Shorter tails will limit this degree of freedom and can in fact fix the shape of
the entire cation and the way it is incorporated into the crystal structure. Longer alkyl
chains may act similarly to PEA. However, this argument may be complicated by the
observation that the incorporation of different organic cations can yield very different
crystal structures. For example, we have found that exchanging phenethylammonium for
3-phenyl-1-propylamonium in phenethylammonium lead iodide gives rise to a completely
different crystal structure with different structural features. [16]

Our finding that the polar axis is out-of-plane, is unusual for layered hybrid structures.
Buckling of the inorganic layers typically results in a rotational degree of freedom
that gives rise to in-plane polarization, [25] as we have previously observed for the
copper analogue PEA2CuCl4, [3] as stated below. Here we show a completely different
mechanism, in which displacements of the organic molecules induce an out-of-plane
polarization.

Low-Temperature Phase: 100 K
The low-temperature phase has previously been reported to exhibit the centrosymmetric
orthorhombic Pbca space group. [27,28] This space group (in the non-standard setting of
Pcab in order to keep the labelling of the axes constant for all phases) is consistent with
our single-crystal XRD data. All reflection conditions resulting from the three glide
planes, i.e. 0kl : l = 2n, h0l : h = 2n and hk0 : k = 2n, are obeyed. However, Pbca is not
a subgroup of the intermediate-temperature phase Aea2, as it has higher symmetry. [31]

Structure solution and refinement was also successful in the polar space group Pca21, for
which the same reflection conditions apply except for hk0 : k = 2n. Moreover, Pca21 is a
subgroup of Aea2. [31] McCabe et al. showed in their study on the crystal structure of the
Aurivillius phase Bi2NbO5F that Pbca and Pca21 can tend to fit equally well, and that it
can be very difficult to distinguish between the two by single-crystal XRD. [34] Assigning
a centrosymmetric space group to a possible polar structure is a common problem in
crystallography, especially when the polarization is too small to be measured reliably
by other methods. To a first approximation, XRD patterns are always centrosymmetric
since the intensities of Friedel Pairs Ihkl and I−h−k−l are equal. We have also encountered
this dilemma in the copper-based analogue, PEA2CuCl4. Single-crystal XRD diffraction
analysis provided no evidence that the symmetry was lower than centrosymmetric Pbca at
room temperature, [3] whereas complementary Raman/IR scattering measurements proved
the presence of a polar phase. [35] Interpretation of the Raman data suggested that the
origin of the polar order lay in a tilt of the organic cation by only ∼ 0.07°, beyond the
sensitivity of the XRD measurement. For the low-temperature phase of PEA2MnCl4,
since any of the three glide planes in the Pbca space group can be removed to obtain
different settings of Pca21, we have refined our single-crystal XRD data in not only the
centrosymmetric Pcab space group, but also in all three possible settings of the polar space
group: P21ab, Pc21b and Pca21 (incorporating an inversion twin in each case). Fits using
all four structural models are of equal quality and there is no significant preference for any
individual solution based on the data alone. Considering the fact that the polar space group
is a direct subgroup of Aea2, [31] and that the intermediate phase has an out-of-plane polar
axis, we argue that the most likely space group is Pca21. In this case, the direction of the
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polar axis is maintained throughout the low- and intermediate- temperature regimes. The
low-temperature phase can be considered as a frozen phase in which the organic cations
are ordered, as shown in Figures 6.2 and 6.3. Neighboring phenyl rings are perpendicular
to each other, with no significant π − π overlap. Notably, the ethylammonium tails of
the two crystallographically independent phenethylammonium molecules differ in length
by 8 pm, as shown in Figure 6.3a. This difference is not as large as for the intermediate
phase, but still very pronounced. As a result, the low-temperature phase also exhibits
a distorted chloride octahedron, where the Mn2+ is shifted off-center along the c-axis.
Here, the apical Mn – Cl bonds are 2.4845(3) Å and 2.4973(3) Å, respectively. Taking
the weighted average of the six Cl– as the center of the octahedron, Mn2+ is shifted by
around 1.1 pm along the c-axis, resulting in out-of-plane polarization. However, there is
a second possible mechanism that takes place. Both the Pcab and Pca21 space groups
allow buckling of the inorganic lattice. We define the buckling angle as the angle between
the two apical Cl ions and the c-axis. At 100 K, the buckling is around 6.8°. Notably, the
choice of space group does not influence the buckling angle: refinement in Pcab, P21ab,
Pc21b and Pca21 all resulted in a buckling of 6.8°, within error margins. Figure 6.5
shows the buckling angle as a function of temperature, measured over all three phases.
The buckling is characteristic of the low-temperature phase and disappears above T1 =
363 K.

Figure 6.5: Buckling angle as a function of temperature in PEA2MnCl4. The buckling angle is
defined as the angle between the two apical Cl ions and the c-axis.

The buckling of the inorganic layers appears to be uncoupled from the polar-
to-non-polar transition, in contrast to previous work on the copper-based analogue
PEA2CuCl4. [3] In PEA2CuCl4, it was found that the polar and buckling transitions appear
simultaneously, indicating that the polarization is coupled to the buckling of the inorganic
sublattice. Here we show that for PEA2MnCl4, the orientational degree of freedom of the
organic cation is the driving force for breaking inversion symmetry, independent of the
buckling of the inorganic layers.
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6.4 Conclusions
In conclusion, we have investigated the crystal structures corresponding to three different
phases of PEA2MnCl4 (PEA = phenethylammonium), using single-crystal XRD analysis,
including group-subgroup analysis of the space groups. Our results show that the high-
temperature phase adopts the centrosymmetric I4/mmm space group, where the organic
molecules are fully rotationally disordered. The phase transition at 412 K is governed
by a breaking of inversion symmetry and leads to a polar Aea2 intermediate-temperature
phase. We determined that the low-temperature phase (below 363 K) adopts the space
group Pca21. Notably, the phase transition at 363 K is governed by the onset of buckling
of the inorganic sublattice. In contrast to previous work on the copper-based analogue,
PEA2CuCl4, [3] the buckling transition is not related to the polar-to-non-polar phase
transition. In this chapter, we have thus explored an alternative mechanism that can
induce ferroelectricity in organic-inorganic hybrids. In PEA2MnCl4, we find that the
inversion symmetry is broken by the opening of a small dihedral angle between the two
phenyl ring planes of crystallographically inequivalent phenethylammonium molecules.
As a result of this dihedral angle, the ethylammonium tails of the two molecules do not
approach the space between the MnCl6-octahedra in the inorganic sheets in symmetric
fashion. Therefore, a major difference in length between two ethylammonium tails of
the two crystallographically independent phenethylammonium groups is observed. We
reason that this difference is caused by different hydrogen bonding patterns with the
chloride octahedra. Consequently, the negatively charged chlorine cage deforms from
perfect octahedral geometry, which results in an off-center shift of Mn2+ along the c-
axis, contributing to the polar nature of the structure. Notably, the polar axis is out-of-
plane with respect to the inorganic sheets, in contrast to the in-plane polar axis of similar
systems. [3,17] Our findings add to the understanding of possible mechanisms that can
induce ferroelectric behavior in layered organic-inorganic hybrids.
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CHAPTER 7
Micropatterned 2D Hybrid Perovskite Thin Films with

Enhanced Photoluminescence Lifetimes

M.E. Kamminga et al., ACS Appl. Mater. Inferfaces, 2018, 10(15), 12878-12885

Abstract

The application of luminescent materials in display screens and devices requires micropatterned
structures. In this chapter, we have successfully printed microstructures of a two-dimensional
(2D), orange-colored organic-inorganic hybrid perovskite ((C6H5CH2NH3)2PbI4), using two
different soft lithography techniques. Notably, both techniques yielded microstructures with
very high aspect ratios in the range of 1.5-1.8. X-ray diffraction revealed a strong preferential
orientation of the crystallites along the c-axis in both patterned structures, when compared
to nonpatterned, drop-casted thin films. Furthermore, (time-resolved) photoluminescence (PL)
measurements revealed that the optical properties of (C6H5CH2NH3)2PbI4 are conserved upon
patterning. We found that the larger grain sizes of the patterned films with respect to the
nonpatterned film gave rise to an enhanced PL lifetime. Thus, our results demonstrate easy and
cost-effective ways to manufacture patterns of 2D organic-inorganic hybrid perovskites, while
even improving their optical properties. This demonstrates the potential use of color-tunable 2D
hybrids in optoelectronic devices.

7.1 Introduction
Organic-inorganic hybrid perovskite materials, such as CH3NH3PbI3, have attracted
tremendous attention as promising candidates for diverse optoelectronic applications
because of their unique optical [1,2] and excitonic properties, [3,4] as well as their long
carrier diffusion length. [5–7] Moreover, these hybrids exhibit a wide range of tunable band
gaps [8–11] and are easy to synthesize. In addition to solar light conversion, [12–16] other
optoelectronic applications of this class of materials have recently been reported owing
to their outstanding properties. These applications include light-emitting diodes, [17,18]

field-effect transistors, [19] nonvolatile memories, [20] lasers [21,22] and photodetectors. [23]

Recently, many advances have been made to improve the quality of thin films [16,24,25]

and study the effect of moisture on the film formation. [26,27] However, the application
of these luminescent materials in display screens and similar devices requires patterning.
This patterning should be composed of dense and uniform crystalline structures, without
harming the optical properties of the materials.
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The most commonly used micropatterning method is photolithography, which
requires complex and expensive photolithographic and etching equipment. Furthermore,
a new etching procedure should be developed each time a new material is introduced.
Therefore, soft lithography techniques have gained more interest as a low-cost method
for creating micrometer- and submicrometer-sized structures, [28–30] in particular those
that are additive techniques. These methods require a hard or an elastomeric stamp that
is patterned with a relief structure. The structures can be transferred to the material
by various methods, which include imprint lithography and micromolding in capillaries
(MIMIC). [31] Imprint lithography is a method in which a prepatterned stamp is gently
pressed into a liquid precursor film. MIMIC technology involves bringing a prepatterned
stamp and a substrate into conformal contact to form micrometer-sized capillaries
between the stamp and the substrate. After placing the precursor solution at one end of
the stamp, the channels are spontaneously filled by capillary forces. Both soft lithography
methods appear applicable for organic-inorganic hybrid perovskites, [32–34] although no
direct comparison of the two methods has been made for this class of materials.

Recently, a few studies reported methods to fabricate micropatterns of the three-
dimensional (3D) organic-inorganic hybrid perovskite CH3NH3PbX3 (X = I, Br), [33–36]

but only a limited amount of work has been reported on the patterning of two-
dimensional (2D) hybrids. [32] In most cases, 2D hybrids allow for handling under ambient
conditions as they exhibit enhanced moisture stability compared to their 3D counterparts.
Generally, 2D hybrid structures consist of single 〈100〉-terminated perovskite sheets
separated by bilayers of the organic cations, which are held together through van der
Waals interactions. [37] Because of their quantum well structure and enhanced dielectric
confinement, stable excitons with large binding energies can be formed within these
materials. [38] Such high exciton binding energies are generally disadvantageous for solar
cell applications, but these 2D structures can exhibit enhanced conduction within the
layers [37] and have potential applications in other optoelectronic devices, such as light
emitting diodes. [17,39,40] Furthermore, 2D organic-inorganic hybrid materials allow for a
large set of organic cations to be incorporated into the crystal structure and therefore for
a broad range of tunable band gaps for desired applications. [10,11]

In this chapter, we focus on 2D benzylammonium lead iodide, (C6H5CH2NH3)2PbI4,
which forms orange crystals with a direct band gap in the range of 2.12-2.19 eV. [11] We
investigate and compare both imprint lithography and MIMIC technology, with which we
obtain line patterns of (C6H5CH2NH3)2PbI4 with micrometer-scale resolution. Although
we demonstrate the successful formation of uniform arrays of (C6H5CH2NH3)2PbI4 using
both methods, the choice of method is found to have an influence on the long-range quality
of the patterns. Surprisingly, X-ray diffraction (XRD) revealed that micropatterning
induces a strong preferential orientation of the crystallites, compared to nonpatterned,
drop-casted film. Furthermore, photoluminescence (PL) measurements reveal that the
optical properties of (C6H5CH2NH3)2PbI4 are maintained during patterning. Notably, our
results show that the micropatterns contain larger grain sizes than the nonpatterned film
and therefore give rise to an enhanced PL lifetime. Thus, our results show easy and cost-
effective ways to manufacture patterns of 2D organic-inorganic hybrid perovskites, while
maintaining their optical properties and even improving the PL lifetime. This potentially
allows for the use of color-tunable 2D hybrids in optoelectronic devices.
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7.2 Experimental Techniques

7.2.1 Materials Synthesis
The organic precursor salt was synthesized by slow evaporation of an equimolar mixture
of HI (Sigma-Aldrich; 57 wt% in H2O) and benzylamine (Sigma-Aldrich; 99%). After
slowly adding HI to benzylamine, swirling to mix both components and heating on a
hotplate at 60 °C, a white salt was formed. Once the solvent was fully evaporated,
the crystallized salt was washed three times with diethyl ether (Avantor) and dried in a
vacuum oven at 120 °C overnight. PbI2 (Sigma-Aldrich; 99%) was used as the inorganic
precursor. The organic-inorganic precursor solution was made by dissolving the organic
and inorganic salts in an equimolar ratio in dimethylformamide (DMF, Sigma-Aldrich),
yielding a concentration of 0.1 M.

7.2.2 Preparation of PDMS Stamps

A variety of 0.5 × 0.5 cm2 polydimethylsiloxane (PDMS) stamps (around 6 mm thick)
were fabricated by curing the silicone elastomer and its curing agent (Sylgard 184, Dow
Corning) in a 10:1 weight ratio on a prepatterned Si master and cutting 0.5 × 0.5 cm2

fully patterned sections out of the elastomer. The Si master used in this chapter contains
line patterns with line widths ranging between 1 and 80 µm and a depth of 8 µm.
The Si master was cleaned with a CO2 snowjet and an oxygen plasma for 30 min and
silanized before pouring PDMS over its patterned surface. To silanize the master, we
used a vacuum process inspired by the work of Xia and Whitesides. [28] Here, 10 µL
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich, 97%) was added to a
desiccator containing the Si master in an argon-filled glove box. Once brought under
vacuum, silanization took place over night and the Si master was stored thereafter. The
elastomer was degassed to remove all air bubbles, cured at 40 °C overnight, and then
peeled gently off the master. Note that the cured PDMS stamps always contain some
nonreacted low molecular weight monomers which will slowly migrate to the surface
of the stamp and leave traces on the substrate during microcontact printing or other
patterning techniques. To extract the low-molecular-weight fractions, we soaked the
PDMS stamps in EtOH for 6 days, before drying them on a hot plate at 50 °C for 1 h
and stored in a closed box.

7.2.3 Patterning of the Films
The patterning of the films was performed on glass substrates by two different patterning
techniques: imprint lithography and MIMIC technology. First, the glass substrates
(around 2 × 2 cm2) were cleaned with 2-propanol and then with oxygen plasma for
15 min to make the surface polar. For the imprint technique, 50 µL of the precursor
solution (with a viscosity of 0.92 mPa s) was drop-casted onto the clean glass substrate,
prior to slowly pressing the PDMS stamp into the precursor solution (i.e. imprinting). A
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home-built micromolding machine was used for perfect parallel alignment of the stamp
with the substrate by applying a mechanical pressure of ∼0.5 bar in a controlled manner.
The stamps and substrates were cured under this pressure for 2 h at 80 °C. After carefully
removing the stamps and removing excess precursor, the patterned substrates were stored.
For the MIMIC method, the PDMS stamp was placed directly in conformal contact with
the clean substrates, with an applied pressure of ∼0.5 bar. As a result, the channels of
the stamp formed capillaries with the substrate. Thereafter, the precursor solution was
deposited at one end of the channel-shaped stamps, and spontaneously filled the channels
by capillary forces. The stamps and substrates were cured under applied pressure for 2
h at 80 °C. After carefully removing the stamps and the excess precursor, the patterned
substrates were stored.

7.2.4 X-Ray Diffraction
XRD data were collected using a Bruker D8 Advance diffractometer in Bragg-Brentano
geometry and operating with Cu Kα radiation. The data were fitted using the EXPO [41]

and GSAS [42] software suites.

7.2.5 Scanning Electron Microscopy
The microstructures were studied by scanning electron microscopy (SEM), using JEOL
JSM-6490 (2.5 kV), FEI Nova NanoSEM 650 operating in low-vacuum mode (10 and 30
kV), and Zeiss MERLIN HR-SEM (0.76 kV).

7.2.6 Photoluminescence Measurements
PL measurements were performed at room temperature by exciting the samples at
approximately 400 nm by the second harmonic of a mode-locked Ti-Sapphire laser (Mira
900, Coherent). A Hamamatsu CCD camera was used to record the PL spectra. A
calibrated light source was used to correct the measurements with respect to the spectral
response of the setup. Time-resolved PL (TRPL) measurements were performed with a
Hamamatsu Streak camera working in a synchroscan mode.

7.3 Results and Discussion
We patterned microstructures of organic-inorganic hybrid perovskites
[(C6H5CH2NH3)2PbI4] on glass substrates using both micropatterning techniques,
as illustrated in Figure 7.1. The glass substrates were plasma-cleaned in all cases to make
them polar. For comparison, we also prepared nonpatterned thin films by drop-casting a
small amount of precursor solution (50 µL) onto a glass substrate (see Figure 7.1c). The
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Figure 7.1: Schematic illustration of the patterning procedures showing two different pathways to
obtain micropatterned structures: (a) MIMIC technology and (b) imprint lithography. (c) Procedure
used to obtain the reference drop-casted films.

precursor solution immediately spreads into a uniform thin layer (of the order of 1 mm)
and a polycrystalline film was obtained after thermal annealing.

As shown in Figure 7.1, the two micropatterning procedures differ from each other
in the order in which the prepatterned PDMS stamp and the precursor solution are
introduced. For the MIMIC technology, the stamp and polar substrate are brought into
conformal contact, forming capillaries between the stamp and the substrate. Once the
precursor solution is introduced at one side of the stamp, the channels spontaneously fill
by capillary forces. The general advantage of this technique is that the stamp is brought
into conformal contact with the substrate before introducing the precursor solution.
Therefore, residual layers of the precursor between the patterned structures are avoided.
A limiting factor for making well-defined patterns is the viscosity of the precursor
solution, which should be low enough to allow viscous flow. Moreover, a disadvantage
of the MIMIC technology is that patterning isolated features is impossible. [30] Imprint
lithography describes the method in which a prepatterned stamp is gently pressed onto a
liquid precursor film on a substrate. Imprint lithography has the advantage over MIMIC
technology that it is also applicable to solvents that do not spontaneously wet the substrate
and the PDMS mold. Furthermore, isolated features can also be patterned. The main
disadvantage is possible formation of residues between the patterned structures, resulting
in lower-quality structures. [30] Both patterning methods can also be applied to monomeric
precursors and polymer melts, but the choice of our organic-inorganic hybrid precursor
requires that both methods employ precursor solutions.

Figure 7.2 shows optical microscopy images of the patterned and nonpatterned films
as created by the procedures illustrated in Figure 7.1. Both micropatterned films appear
very smooth, well-defined and uniform. The drop-casted thin film appears less smooth
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Figure 7.2: Optical microscopy images of micropatterned (a,b) and drop-casted thin films (c) of
(C6H5CH2NH3)2PbI4. The micropatterned films were obtained by MIMIC technology (a) and
imprint lithography (b). The feature size is smaller than 5 µm.

than the micropatterns. However, no clear distinction between the two patterning methods
can be made based on the optical microscopy images alone. Figure 7.3 shows SEM
images of the micropatterned structures. The top-view images of Figures 7.3a and 7.3b
suggest that the patterned lines are of high quality, without any notable residues between
the lines even for the imprinted patterns. This demonstrates that imprint lithography is a
suitable method for printing organic-inorganic hybrids using DMF (solubility parameter
of 12.1 cal1/2 cm−3/2 [43]) as the solvent. This is also supported by the minimal swelling
of PDMS when DMF is used as the solvent. [43,44] Figure 7.4 shows SEM images at lower
magnification, covering a larger area. Here, the imprinted pattern appears very uniform
over longer distances, whereas the pattern made using MIMIC technology appears to have
more defects. The general quality of the MIMIC patterns is high, but this method is very
sensitive to local disturbances. A single defect or obstruction in a channel will prevent
the rest of the channels from becoming filled and therefore yield an incomplete pattern.
Defects will only have a local influence with imprint lithography, as the precursor solution
is already present everywhere in the channel before curing. Thus, MIMIC technology is
based on a more dynamic process than imprint lithography and requires more parameters
to be optimized to form a uniform pattern. Therefore, we reason that imprint lithography
would be a more suitable method for larger-area printing than MIMIC technology. From
a practical and engineering point of view, imprint lithography is hence the preferred
method.

Comparison of the cross-sectional SEM images of Figures 7.3c and 7.3d shows
different height profiles for the two patterning methods. Neither method yielded structures
with a height corresponding to the channel height of the master (8 µm). The reason for
this is that the channels are fully filled with the diluted liquid precursor solution, but
upon drying, only a relatively small volume of crystalline material remains. However, a
simple calculation, taking into account the crystal density, channel size, and molarity of
the precursor solution, shows that the expected pattern height in a dried channel would
only be 0.27 µm. Notably, Figures 7.3c and 7.3d show feature heights of 6.80 and 7.25
µm for MIMIC technology and imprint lithography, respectively. However, these are
typical average feature heights and there is some variation across different lines in each
sample. The patterns made by the MIMIC method have feature heights in the range of
6 to almost 7 µm (no features were > 7 µm in height), whereas the patterns made by
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Figure 7.3: Top-views (a,b) and cross-sectional (c,d) SEM images of micropatterned thin films
of (C6H5CH2NH3)2PbI4. The micropatterned films are obtained by MIMIC technology (a,c) and
imprint lithography (b,d).

imprint lithography have feature heights in the range of 6 to almost 7.5 µm, with several
examples of features > 7 µm. No variation in height was observed along the channel
length. Note that it is not possible to use atomic force microscopy (AFM) techniques to
scan the surface, as the structures features are too large.

The formation of these high structures implies that around 25x (for the 6.80 µm
feature made with MIMIC technology) and 27x (for the 7.25 µm feature made with
imprint lithography) more solid material accumulated in the channels than expected.
Previous work on micropatterns of yttrium-stabalized zirconia, using MIMIC technology,
showed that around 7.5x more solid material accumulated in the channels than was present
in the equivalent volume of the liquid precursor solution. [45] It was hypothesized that this
accumulation can be explained by the high permeability of the precursor solvent into the
micropores of the wall of the PDMS stamp, which enabled new precursor solution from
outside the stamp to be continuously dragged into the microchannels. We reason that
the same mechanism can explain the high features in both types of line patterns here.
Notably, the micropatterns obtained with both techniques yielded very high aspect ratios
in the range of 1.5-1.8, while well-defined objects with aspect ratios beyond 1 are rarely
reported. [30]

We conclude that both patterning methods are suitable for generating organic-
inorganic hybrid perovskite patterns, resulting in well-defined structures with very high
aspect ratios. We found that imprint lithography yielded slightly higher structures and
better large scale uniformity. Moreover, as discussed in Section 7.1, imprint lithography
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Figure 7.4: SEM images of large areas of micropatterned (C6H5CH2NH3)2PbI4 using (a) imprint
lithography and (b) MIMIC technology. The imprinted pattern appears very uniform over long
distances, while the pattern made with MIMIC technology appears to have more defects.

allows for isolated features to be patterned, while MIMIC technology does not. For
example, microdots are typical features that are required for various applications. Another
example of isolated features, i.e. smiley faces patterned by imprint lithography, is shown
in Figure 7.5.

Figure 7.6 shows the XRD patterns obtained for micropatterned and nonpatterned
films. All profiles were fitted using the 100 K atomic positions obtained from our
previously reported single-crystal XRD data. [11] The fits incorporated the March-Dollase
preferred orientation model for crystallites aligned along the c-axis as implemented in the
GSAS software. [46] The XRD profiles confirm that both the patterned and nonpatterned
films grew as a pure (C6H5CH2NH3)2PbI4 phase. However, both thr imprinted and
MIMIC patterns show a strong c-axis preferential orientation: only the 00l (l = 2n)
peaks are present in the profiles. Spin-coating, a commonly employed method to deposit
thin films of organic-inorganic hybrid perovskites, also generally yields highly c-axis
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Figure 7.5: (a) Optical microscopy and (b) SEM images of imprinted smiley faces in a
(C6H5CH2NH3)2PbI4 film. The smiley faces have a cross section of ∼30 µm.

oriented films. [47] In contrast, our nonpatterned drop-casted film exhibits a lesser degree
of preferential crystallite orientation, as can be seen in Figure 7.6. The XRD pattern
of the drop-casted film shows that the film is still highly c-axis oriented, as evidenced
by the strong 00l (l = 2n) peaks. However, the extra peaks observed in the pattern
(indexed as 200, 020 and 400) indicate that the preferred orientation is not as strong
as for the micropatterned films. Spin-coating generally leads to thinner films (i.e. tens
or hundreds of nanometers) than our drop-casted film. We think that spin-coated films
become crystallographically oriented because the spinning gives rise to fast evaporation
and concentration saturation. The spin-coating process is very fast, as the meniscus of
the precursor solution is brought down at such a rate that supersaturation occurs rapidly,
followed by nucleation at the energetically most favorable location, i.e. at the glass
substrate interface. As a result, only heterogeneous nucleation occurs and a highly c-
axis-oriented film is formed. In contrast, drop-casting is a much slower technique as
the precursor solution is not forced to spread as rapidly as during spin-coating. As
a result, there is time for both heterogeneous and homogeneous nucleation, and the
presence of homogeneous nuclei disrupts the formation of a fully oriented film, as shown
in Figure 7.6c.

To understand the mechanism by which micropatterning gives fully c-axis oriented
films, we have considered various influencing factors. First, the surface/volume ratio of
the confined channel does not play any role. We confirmed this by patterning lines using
a PDMS stamp with 80 µm wide channels (see Figure 7.7). At such low aspect ratios, the
precursor solution was mainly confined by the PDMS top surface rather than by the side
walls. Still, a fully c-axis oriented pattern was obtained. Because the orientation is not
dependent on the influence of the PDMS side walls and ceiling, it can be concluded that

129



7

CHAPTER 7. MICROPATTERNED THIN FILMS

Figure 7.6: XRD profiles of micropatterned (a,b) and drop-casted thin films (c) of
(C6H5CH2NH3)2PbI4. The micropatterned films were obtained by MIMIC technology (a) and
imprint lithography (b).

Figure 7.7: XRD spectrum of micropatterned (C6H5CH2NH3)2PbI4 film obtained by imprint
lithography. Here, a stamp with 80 µm wide lines was used. The diffraction pattern is fitted
using the 100 K atomic positions obtained from our single-crystal XRD data, [11] incorporating
a preferred orientation model for crystallites aligned along [001].
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nucleation most likely occurs at the polar glass substrate only. Second, we hypothesize
that the preferential orientation in the micropatterned structures is not caused by the
drying rate. Although spin-coated films dry considerably faster than drop-casted films,
we found that the micropatterns dried even more slowly than the drop-casted films while
still yielding fully c-axis oriented structures. The difference between the patterning
and nonpatterning processes is the limited mass transport rate in the channels due to
quasi-one-dimensional (1D) confinement, and the local accumulation of mass beyond
the critical nucleation concentration is therefore less likely than in a quasi-2D film. The
reason is that effective diffusion rates decrease when the dimensionality is reduced. [48]

The smaller mass fluxes in 1D geometries lead to smaller concentration fluctuations
on the local scale, thereby lowering the chance of a nucleation event from occurring.
Therefore, we infer that homogeneous nucleation is suppressed in the channels by both
the physical confinement of the channel and the nonpolar nature of the PDMS stamp.
As a result, highly c-axis-oriented patterns are formed following nucleation at the polar
bottom interface. Thus, patterning not only gives rise to predefined microstructures by
molding but also has a significant influence on the final orientation of the crystallites in
the microstructure. We conclude that fully c-axis-orientated 2D organic-inorganic hybrids
can be obtained by micropatterning, as an alternative to spin-coating techniques.

As stated in Section 7.1, it is important that micropatterning gives rise to high-
quality structures while maintaining the optical properties of the material. In Figure 7.8a,
we show PL data from the micropatterns made using MIMIC technology and imprint
lithography and from a nonpatterned, drop-casted film. The nonpatterned and patterned
films yielded PL peaks at around 543, 542 and 546 nm (2.28, 2.29 and 2.27 eV),
respectively, which are slightly blue-shifted with respect to what we previously observed
for single crystals of (C6H5CH2NH3)2PbI4 (2.12-2.19 V). [11] Note that films and crystals
are not directly comparable, as their defects and trap densities can be different, resulting
in the observation of slightly different band gaps. [6] Additionally, work on related hybrid
perovskites has shown great differences in quantum yield between nanocrystals and
thin films. [49] However, all three films in this chapter were polycrystalline and had
comparable band gaps. Figure 7.8a shows that the PL peak of the patterned film made
by imprint lithography is slightly broader than those of the nonpatterned film and the
patterned film made by MIMIC technology. Moreover, a shoulder is apparent at longer
wavelengths. As the patterned films made by MIMIC technology generally have fewer
problems with residues between the patterned features than patterned films made by
imprint lithography, we attribute this difference in the optical properties to the presence of
more defects and vacancies in the imprinted film. The presence of defects and vacancies
drives recombination in these systems and can result in interstitial bands that give rise
to transitions at lower energy. Moreover, strong electron-vibration coupling effects in
the deformable lattice and correlated self-trapped states play a role. In fact, broad-
band, white-light PL has recently been shown in a series of related 2D perovskite single
crystals. [50–52] Note that the patterned films made by MIMIC technology are of high
quality, but that the large-area application of MIMIC technology is limited, as discussed
above.

Figure 7.8b shows the corresponding TRPL spectra. Notably, the micropatterned
films appear to have longer lifetimes than the nonpatterned film. From the graph, it
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Figure 7.8: (a) PL and (b) TRPL spectra measured on drop-casted and micropatterned thin
films, using MIMIC technology and imprint lithography, respectively, of (C6H5CH2NH3)2PbI4.
The decay of the drop-casted and micropatterned films (made by MIMIC technology and imprint
lithography) are fitted with the stretched-exponential function

is very clear that the MIMIC and imprint spectra are nearly identical, but they clearly
differ from the nonpatterned film. We found that the decay curves cannot be fitted with
a monoexponential curve, as the decay appears more complex. The best way to deal
with the multiexponential decay in our material, without overparameterizing, is by fitting
with a stretched-exponential (Kohlrausch [53]) function. [54,55] The stretched-exponential
function is given by

F(t) = F0 exp

[
−
(

t
τ0

)β
]

(7.1)
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where τ0 is the effective time constant and β (a constant between 0 and 1) is the stretch
parameter that is a direct measure for the local heterogeneity of the sample, which is
related to the width of the lifetime distribution. However, following the work of Zatryb
et al. [55] on PL decay, we did not measure the relaxation function directly. Instead, we
measured the number of photons that are emitted in a very short time period after the
excitation pulse. This number of photons is directly proportional to the change of the
population of the excited emitters. Therefore, the decay of the PL intensity is given by a
negative time derivative of the relaxation function, and hence, the stretched-exponential
function for PL decay becomes

IPL(t) =C · tβ−1 exp

[
−
(

t
τ0

)β
]

(7.2)

where C is a constant. Figure 7.8 shows the fits using the following fitting parameters:
τ0 = 79 ps and β = 0.57 for the drop-casted thin film, and τ0 = 113 ps and β = 0.69 and
τ0 = 115 ps and β = 0.68 for the micropatterned films, made by MIMIC technology and
imprint lithography, respectively. The average decay time constant 〈τ〉 can be determined
by

〈τ〉= τ0

β
Γ

(
1
β

)
(7.3)

where Γ is the gamma function. The average decay time constants are 127 ps for
the nonpatterned film and 149 ps and 145 ps for the micropatterned films, made by
MIMIC technology and imprint lithography, respectively. Thus, the PL lifetimes of the
micropatterned films are nearly identical and enhanced with respect to the nonpatterned
film.

Figure 7.9a shows the 008 XRD peak (Kα1/Kα2 doublet) of the three samples.
The peak width for the micropatterned films is significantly smaller than that of the
nonpatterned film. This implies that the patterned films have larger crystallites than
the nonpatterned films. As shown in Figures 7.9b to 7.9d, the nonpatterned films have
significantly smaller crystallites than the patterned films (bar-shaped crystallites). We
believe that these small crystallites are formed by homogeneous nucleation and that
they are responsible for the less oriented nature of these films. The small features also
explain the longer lifetime of the patterned films, as larger crystallites exhibit a smaller
radiative recombination coefficient, resulting in longer PL lifetimes. [56,57] Because the
slow drying process facilitates both homogeneous and heterogeneous nucleation events,
a high concentration of nucleation points and hence small crystallites are obtained in the
nonpatterned film. In the patterned structures, however, mass transport can occur in a 1D
fashion because of the geometry of the channels. The MIMIC and imprint processes differ
dynamically. At the moment the stamp is brought into contact with the precursor, the
dynamical processes for MIMIC and imprint are not the same. However, crystallization
occurs sometime after penetration has taken place or the stamp is brought into conformal
contact with the substrate. At that moment, MIMIC and imprint are comparable as they
both represent a stagnant situation in which no pressure-driven flow occurs and only 1D
diffusional transport along the channel can occur while crystallization takes place. In this
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Figure 7.9: (a) 008 XRD peaks (Kα1/Kα2 doublet) for the drop-casted and micropatterned films.
(b-d) SEM images of (micropatterned) thin films made by MIMIC technology, imprint lithography
and drop-casting.

situation, fewer conflicting nucleation centers form and material can be transported over
longer distances, feeding nuclei and allowing the growth of larger grains. We conclude
that micropatterning not only maintains the optical properties of (C6H5CH2NH3)2PbI4
but also enhances slightly the PL lifetime compared to nonpatterned, drop-casted films.
The fact that the lifetime enhancement is largest when MIMIC technology is used
demonstrates an advantage of MIMIC technology over imprint lithography. However,
the variation of the lifetime is rather small.
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7.4 Conclusions
We have investigated two different soft lithography methods to obtain line patterns of
(C6H5CH2NH3)2PbI4 with high resolution: imprint lithography and MIMIC technology.
Our results show the successful formation of uniform arrays of high-aspect-ratio (well
above 1.5) (C6H5CH2NH3)2PbI4 micropatterns using both methods. Although we find
both methods to be applicable for the micropatterning of our organic-inorganic hybrid,
the choice of method does have an influence on the characteristics of the patterns formed.
Imprint lithography yields patterns with slightly higher features and better large-scale
uniformity. Moreover, isolated features can be made with imprint lithography. MIMIC
technology is based on a more dynamic process than imprint lithography and requires
more parameters to be optimized to form a uniform pattern.

Because the XRD data demonstrate that micropatterning induces a strong preferential
orientation of the crystallites compared to nonpatterned, drop-casted films, we
conclude that fully c-axis-orientated 2D organic-inorganic hybrids can be obtained by
micropatterning, as an alternative to spin-coating techniques. Furthermore, our (TR)PL
measurements reveal that the optical properties of (C6H5CH2NH3)2PbI4 are maintained
during patterning. Notably, the larger grain size obtained by patterning gives rise to
an enhanced PL lifetime compared to nonpatterned drop-casted films. Thus, we have
explored easy and cost-effective ways to manufacture patterns of 2D organic-inorganic
hybrid perovskites, while maintaining and even enhancing their optical properties, and
we find that the patterning technique used has an influence on the microstructure and
therefore the optical properties of the films. This allows for the implementation of color-
tunable 2D hybrid novel ptoelectronic devices.
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CHAPTER 8
The Role of Hypophosphorous Acid on the Synthesis of

Tin-Based Organic-Inorganic Hybrids

M.E. Kamminga et al., in preparation

Abstract

In this chapter, we synthesized high-quality single crystals of two new compounds: 2,5-
dimethylaniline tin iodide organic-inorganic hybrids and 2,5-dimethylaniline triiodide. We
investigated the synthesis routes that drive the growth of the different compounds while starting
from 2,5-dimethylaniline and SnI2. Single-crystal X-ray diffraction reveals that the hybrid
grows as a rhombohedral structure, refined in the polar space group R3c, consisting of one-
dimensional chains of SnI6-octahedra that share corners and edges to build up a ribbon along
the [111] direction. The triiodide salt forms a monoclinic structure consisting of linearly
coordinated I3

– units, separated by the organic amines, refined in space group P21/m. Our
findings give a better understanding of the role of hypophosphorous acid, H3PO2, on the
formation of both compounds.

8.1 Introduction
Organic-inorganic hybrid perovskites, such as CH3NH3PbI3, have attracted growing
attention as promising candidates for diverse optoelectronic applications. The
combination of organic and inorganic components in a single compound leads to a
class of materials that exhibit a large variety of properties. Because of their unique
optical [1,2] and excitonic [3,4] properties and electrical [5] and ionic conductivity, [6] various
optoelectronic applications are reported in literature. These applications include light-
emitting diodes, [7,8] lasers, [9,10] photodetectors [11] and efficient planar heterojunction
solar cell devices. [12–16] However, the best performing organic-inorganic hybrid solar
cells are lead-based. Substitution of lead is desired because of its toxicity. [17] The
feasibility of substituting tin for lead has been studied, [18–21] because they are in the
same group in the periodic table. However, tin has the major disadvantage that Sn2+

can oxidize easily to Sn4+. Still, tin-based hybrid perovskites are reported to have
excellent mobilities in transistors [22] and can be intentionally or unintentionally doped
to become metallic. [23,24] Furthermore, encapsulation under inert atmosphere allows for
the successful implementation and study of tin-based perovskite solar cell devices. [18,19]
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In this chapter, we synthesize high-quality single crystals of a new tin-based hybrid
compound: 2,5-dimethylaniline (abbreviated as 2,5-DMA) tin iodide. The motivation
for synthesizing this compound is that tin-based compounds generally can exhibit good
mobilities and that the introduction of aromatic 2,5-DMA molecules might enhance the
mobility due to possible π-π stacking. Using single-crystal X-ray diffraction, we find
that 2,5-DMASnI3 grows as a rhombohedral structure, consisting of one-dimensional
chains of SnI6-octahera that share corners and edges to build up a ribbon along the
[111] direction. We believe that this compound might have an enhanced exciton lifetime,
because the one-dimensional nature supports the separation of charges. Various low-
dimensional tin-based hybrid structures have previously been reported. [25] However, we
have synthesized a tin-based hybrid with an alternative structural motif, not reported
before.

In addition to the target product, 2,5-DMASnI3, we also successfully synthesized
high-quality single crystals of another new compound: 2,5-DMAI3. This triiodide salt
forms a monoclinic structure consisting of linearly coordinated I3

– units, separated by
the organic amines. We find that both compounds, 2,5-DMASnI3 and 2,5-DMAI3,
form from the same starting compounds. However, we find that the product depends
on the experimental conditions. Our findings give a better understanding of the role of
hypophosphorous acid, H3PO2, on the formation of both compounds.

8.2 Experimental Techniques

8.2.1 Crystal Growth of 2,5-Dimethylaniline Tin Iodide
Single crystals of 2,5-dimethylaniline tin iodide (2,5-DMASnI3) were grown following
the synthesis method previously reported by Stoumpos et al. to synthesize methylam-
monium tin iodide and formamidinium tin iodide. [20] At first, 2,5-dimethyliodide salt
(2,5-DMAI) was synthesized from an equimolar mixture of 2,5-DMA and HI. A syringe
was used to slowly add concentrated (57 wt%) aqueous hydriodic acid (Sigma Aldrich;
99.95%) to 2,5-DMA (Sigma Aldrich; 99%). The mixture was heated to 70 °C, to remove
excess solvent. The resulting white salt was washed with diethyl ether (Avantor) and dried
in air. Subsequently, a 100 mL 3-necked Schlenk flask was charged with 6.8 mL concen-
trated (57 wt%) aqueous hydriodic acid (Sigma Aldrich; 99.95%) and 1.7 mL concen-
trated (50 wt%) aqueous hypophosphorous acid, H3PO2 (Sigma Aldrich). This mixture
was degassed with argon and kept under an argon atmosphere throughout the experiment.
373 mg (1 mmol) SnI2 (Sigma Aldrich; 99%) was added to the flask and dissolved upon
heating the mixture to 120 °C using an oil bath, while stirring magnetically. A yellow
mixture was obtained. A stoichiometric amount of 1 mmol of 2,5-DMAI salt was added
to the hot solution and dissolved immediately. Next, the solution was kept under contin-
uous stirring and slowly evaporated at 120 °C to approximately half its original volume.
Then, stirring was discontinued and the mixture was left to cool down to room tempera-
ture at a rate of approximately 20 °C/h. Upon cooling, crystals shaped as yellow needles
with a length of approximately 3 mm were obtained. In the rest of this chapter, this
synthesis method is referred to as the Stoumpos method.
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8.2.2 Crystal Growth of 2,5-Dimethylaniline Triiodide
Single crystals of 2,5-dimethylaniline triiodide (2,5-DMAI3) were grown at room
temperature, following a modified layered-solution synthesis method previously reported
by Mitzi. [26] In this method, 60 mg (0.16 mmol) SnI2 (Sigma Aldrich; 99%) was added
to 3.0 mL of concentrated (57 wt%) aqueous hydriodic acid (Sigma Aldrich; 99.95%).
As SnI2 did not fully dissolve, the precipitate was not transferred into a standard size (18
× 150 mm) glass test tube. 3.0 mL of absolute MeOH (Lab-Scan, 99.8%) was carefully
placed on top of the red-brown SnI2/HI mixture, without mixing the solutions. A sharp
interface was formed between the two layers due to a large difference in densities. 2,5-
DMA (Sigma Aldrich; 99%) was added in great excess by adding 15 droplets, using a
glass pipette. The test tube was covered with aluminum foil and kept in a fume hood under
ambient conditions. This method turned out to be very slow. It took more than a month
to grow black/red bar-shaped crystals of up to 3 mm long. Moreover, as we observed that
tin was not included in the final product (2,5-DMAI3 was the product formed), we found
that this elaborate method was not necessary. Simply adding MeOH and 2,5-DMA to the
filtered SnI2/HI mixture, briefly stirring and leaving it in the fume hood under ambient
conditions gave the same result. However, using this simplified method, high-quality
crystals were observed within 24 h. This led us to believe that the evaporation rate was
the most important parameter. Note that the addition of MeOH is not vital to the formation
of 2,5-DMASnI3. It does promote the solubility of the organic component, as it prevents
the formation of 2,5-DMAI. However, the absence of MeOH reduced the evaporation
rate, and subsequently, larger crystals of up to around 8 mm long were obtained. While
we modified the synthesis method from the original method designed by Mitzi, [26] in the
rest of this chapter we still refer to this simplified method as the Mitzi method.

8.2.3 X-Ray Diffraction
Single-crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8
Venture diffractometer equipped with a Triumph monochromator and a Photon100 area
detector, operating with Mo Kα radiation. A 0.3 mm nylon loop and cryo-oil were used
to mount the crystals. The crystals were cooled with a nitrogen flow from an Oxford
Cryosystems Cryostream Plus. Data processing was done using the Bruker Apex III
software and the SHELX97 [27] software was used for structure solution and refinement.

8.3 Results and Discussion
We explored two different methods to synthesize 2,5-DMASnI3 (2,5-DMA = 2,5-
dimethylaniline) and we found that the two techniques gave rise to different products.
Using the Stoumpos method, we obtained the tin-based organic-inorganic hybrids, 2,5-
DMASnI3, in the form of yellow needles. With the Mitzi method, we obtained very dark
red/black bar-shaped crystals that turned out to be the triiodide salt, 2,5-DMAI3. No tin
was observed in this structure. We used single-crystal XRD to study both structures in
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detail. Moreover, we studied the reaction parameters of both methods to understand what
drives the formation of one compound over the other. This will be discussed below. At
first, both crystal structures are described, see Figures 8.1 and 8.1. Crystallographic and
refinement parameters of both compounds are listed in Table 8.1.

Table 8.1: Crystallographic and refinement parameters of 2,5-DMAI3 and 2,5-DMASnI3. The
measurements are performed using Mo Kα radiation (0.71073 Å). Full-matrix least squares
refinement against F2 was carried out using anisotropic displacement parameters. Multi-scan
absorption corrections were performed. Hydrogen atoms were added by assuming a regular
tetrahedral coordination to carbon and nitrogen, with equal bond angles and fixed distances.

2,5-DMAI3 2,5-DMASnI3
temperature (K) 100(2) 100(2)
formula C8H12I3N C8H11I3NSn
formula weight (g/mol) 502.89 621.58
crystal size (mm3) 0.08×0.10×0.16 0.02×0.06×0.22
crystal color black/dark red yellow
crystal system monoclinic rhombohedral
space group P21/m (No. 11) R3c (No. 161)
symmetry centrosymmetric non-centrosymmetric (polar)
Z 2 6
D (calculated) (g/cm3) 2.686 2.900
F(000) 452 2208
a (Å) 9.3195(8) 17.2991(9)
b (Å) 6.6052(6) 17.2991(9)
c (Å) 11.0657(9) 17.2991(9)
α (°) 90.0 117.373(2)
β (°) 114.095(3) 117.373(2)
γ (°) 90.0 117.373(2)
volume (Å3) 621.82(9) 2143.5(4)
µ (mm−1) 7.497 8.980
min / max transmission 0.380 / 0.585 0.196 / 0.810
θ range (°) 3.08-36.39 2.76-27.22
index ranges -13 < h < 13 -24 < h < 24

-9 < k < 9 -24 < k < 24
-15 < l < 15 -24 < l < 24

data / restraints / parameters 2051 / 0 / 76 4367 / 1 / 110
GooF of F2 1.195 1.200
no. total reflections 28187 113765
no. unique refelctions 2051 4367
no. obs Fo > 4σ (Fo) 1983 3746
R1 [Fo > 4σ (Fo)] 0.0197 0.0494
R1 [all data] 0.0205 0.0683
wR2 [Fo > 4σ (Fo)] 0.0512 0.1128
wR2 [all data] 0.0518 0.1347
largest peak and hole (e/Å3) 0.48 and -2.71 1.61 and -1.76

2,5-DMASnI3
Figure 8.1 shows the crystal structure of 2,5-DMASnI3. As listed in Table 8.1, refinement
was done in the polar space group R3c, using rhombohedral settings. The combination
of single-crystal XRD measurements at 100 K and 300 K, and above room temperature
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) reveal no
phase transitions in 2,5-DMASnI3. 2,5-DMASnI3 maintains space group R3c throughout
the entire temperature range, before decomposition at around 350 K.

While 2,5-DMASnI3 yields the same structural formula as the cubic ABX3 hybrid
perovskite structure, with A the monovalent organic cation, B the divalent metal and X the
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Figure 8.1: Crystal structure of 2,5-DMASnI3. (a) Polyhedral model of the full crystal structure,
projected along the [111] direction. (b) A single SnI6-octahedron, showing severe distortion. (c)
A single inorganic ribbon. Shading represents the strip of SnI6-octahedra that share edges. The
total inorganic ribbon consists of three such edge-sharing strips that are connected through corner-
sharing.

halide, the structural motif is very different. As shown in Figure 8.1a, the structure of 2,5-
DMASnI3 consists of SnI6-octahedra that form one-dimensional chains along the [111]
direction. This one-dimensional nature is also apparent from the shape of the crystals. The
crystals grow as needles and the longest direction corresponds to the [111] direction. As
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shown in Figure 8.1, the SnI6-octahedra are tremendously distorted. The three I – Sn – I
angles deviate from a perfect 180° and obtain values of 171.019(1)°, 166.243(1)° and
154.760(1)°, respectively. We believe that this distortion is caused by the interaction
between the NH3

+ group and the Sn2+ lone pair. Figure 8.1 shows a single inorganic
ribbon. Each ribbon consists of three strips of edge-sharing SnI6-octahedra, that are
connected to each other by corner-sharing. This bonding pattern appears rather unusual.
The organic molecules form a herringbone-type structure. Therefore, no π-π stacking is
observed. The ammonium groups are oriented towards the inorganic ribbons, to create
hydrogen bonding.

We believe that the polar nature of the structure (space group R3c) might aid charge
separation. However, we also argue that the band gap is probably quite large as the crystals
are yellow in color. Moreover, our previous work on lead iodide-based hybrids (see
Chapter 4) has shown that the dimension and connectivity of the metal halide octahedra
plays a significant role in the band gap of the compound. [28] The one-dimensional nature
and presence of edge-sharing SnI6-octahedra in 2,5-DMASnI3 then contribute to the large
band gap.

2,5-DMAI3
Figure 8.2 shows the crystal structure of 2,5-DMAI3. As listed in Table 8.1, refinement
was done in the monoclinic space group P21/m. The combination of single-crystal XRD
measurements at 100 K and 300 K, and above room temperature DSC and TGA reveal no
phase transitions in 2,5-DMAI3. 2,5-DMAI3 maintains space group P21/m throughout
the entire temperature range, before decomposition at around 410 K. 2,5-DMAI3 is a
triiodide salt, and while SnI2 was one of the starting compounds, no tin was observed in
the product. We used energy-dispersive X-ray spectroscopy (EDAX) measurements to
prove the absence of tin. As shown in Figure 8.2, the triiodide complexes are ‘dumbbell’-
shaped and not connected to each other by shared atoms. Furthermore, the complexes
are highly asymmetric: the I1−I2 and I2−I3 distances are 3.1373(4) Å and 2.779(3) Å,
respectively. This large asymmetry means that the I3

– unit exhibits strong ionic character.
Furthermore, the triiodide ion deviates significantly from linearity with an I1−I2−I3
angle of 175.989(2)°, which is close to the mean value for triiodide ions taken from the
Crystallographic Open Database (COD) of 178° (see Table 8.2). [29–33] Moreover, linear
and symmetrical I3

– ions are generally associated with large cations, in contrast to the
asymmetric bent I3

– anions found with small asymmetric or highly charged cations. [34]

Notably, all organic molecules lie parallel to the (101)-plane and hence, parallel to each
other. The distance between two 2,5-DMA molecules corresponds to half a unit cell, i.e.
3.3026(6) Å. The molecules are stacked in an off-set manner, but this still means that
there is some π-π overlap between adjacent rings.

There are several triiodide salts reported in literature. In Table 8.2 we list a selection
of reported triiodide salts with various organic cations. This list is not complete, but
based on all structures found in the COD. Except for 1-ethylpyridinium and 1,2,4-
trimethylpyridinium. No crystallographic information files (CIFs) for these compounds
were deposited in the database, but as the organic molecules have a similar size to 2,5-
DMA, we manually constructed CIFs from the structural data presented in the papers. [35]

Note that we only considered fully organic cations. Cations containing for example iron
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Figure 8.2: Crystal structure of 2,5-DMAI3. The hydrogen atoms of the methyl groups are split
over two positions by symmetry and should be considered illustrative only.

or arsenic are excluded from this list. [36,37] Almost all triiodide salts found in the COD are
published as structure reports. The triiodide salts are often reported as undesired products
formed as byproduct or instead of a target product. Here we show successful growth
of both the triiodide salt and the target product, 2,5-DMASnI3, and argue why either
of the two components form, depending on the experimental conditions. This adds to
the understanding why triiodide salts can form under certain conditions. Furthermore, as
most triiodide salts are reported as structure reports, not much is said about the properties.
As shown in Table 8.2, a few compounds have π-π stacking and the compound we present
here is one of them. The combination of the dark color (see Figure 8.3a) and π-π stacking
in our structure led us to believe that the conduction can be large. However, the ionic
character of the I3

– unit expects us to believe that the conductivity can be reduced by
limited charge transfer. Investigation of mobilities and theoretical analysis are part of
future research.

As shown in Table 8.2, the appearance of 2,5-DMAI3 is rather dark, indicating a
relatively small band gap. The absorption spectrum is shown in Figure 8.3b. The spectrum
appears to show some excitonic absorption at around 720 nm. While we argue that the
band gap will be in the order of 1.55 eV, it is difficult to extract the exact band gap due
to absorbance that extends beyond 1.55 eV (800 nm). Notably, no emission could be
detected, indicating the likelihood of an indirect band gap.
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Figure 8.3: (a) Photograph of 2,5-DMAI3 single crystals. (b) Absorption spectrum of 2,5-DMAI3
single crystal, showing excitonic absorption at around 720 nm.

As stated above, the formation of either 2,5-DMASnI3 or 2,5-DMAI3 directly depends
on the synthesis method used. In Table 8.3 we list the differences is experimental
conditions between the two methods. To understand which difference induces the
different products, we investigate the effect of all experimental conditions: temperature,
state of organic precursor, solvent and atmosphere.

Table 8.3: Outline of both synthesis methods.

Stoumpos method [20] Mitzi method [26]

temperature 120° 25°
state of organic precursor 2,5-DMAI (s) 2,5-DMA (l)
solvents HI and H3PO2 HI (and MeOH)
atmosphere argon ambient
obtained compound 2,5-DMASnI3 2,5-DMAI3

Effect of Temperature
We grew 2,5-DMAI3 at room temperature, while we grew 2,5-DMASnI3 at elevated
temperature. To investigate the effect of temperature, we performed both synthesis
methods at the alternate temperatures. The Mitzi method appears to be successful at 120
°C. The same product was obtained. However, the crystals contained more imperfections
and were smaller in size. We reason that this is caused by the rapid evaporation rate at
120 °C, which negatively influences the crystal quality. This argument is similar to the
argument about the necessity of adding MeOH to the reaction mixture. This is discussed
in the Section 8.2. Conversely, the Stoumpos method does not work at room temperature.
The main problem here is that the relatively large amount of SnI2 does not fully dissolve at
room temperature, and SnI2 was the only product obtained. Possibly, the optimal relative
concentrations of organic and inorganic components were not reached or the hybrid did
not nucleate due to the relatively easy growth on existing SnI2 particles. Furthermore, we
dissolved both products in EtOH and allowed them to recrystallize at ambient conditions.
This appeared successful for both 2,5-DMAI3 and 2,5-DMASnI3. Consequently, both
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products are stable and the driving force for formation of either of the two components
lies in the initial formation of the product. Thus, we find that the elevated temperature is
important for the growth of 2,5-DMASnI3, but as 2,5-DMAI3 can also form at the same
temperature, this is not the crucial difference between the two methods.

Effect of the State of the Organic Precursor
In the Stoumpos method, 2,5-DMA is added as a pre-made 2,5-DMAI salt, while in the
Mitzi method, 2,5-DMA is directly used. Here we explored the necessity of forming the
2,5-DMAI salt before continuation of the synthesis process. We found that this step can be
removed from the synthesis procedure. The salt immediately dissolves in HI and adding
the salt, instead of the solution, only adds more iodine to the reaction mixture, while there
is already a great excess of HI. For the Mitzi method, the use of pre-made 2,5-DMAI salt,
instead of 2,5-DMA as solution, also did not influence the product formed. This method
is also based on an excess of HI, therefore no change is observed. Thus, the state of the
organic component does not influence the formation of the final product of either of the
synthesis methods.

Effect of Atmosphere and Hypophosphorous Acid
Despite the fact that both 2,5-DMAI3 and 2,5-DMASnI3 are stable in air for at least 24
hours, both synthesis methods are performed under different environmental conditions.
The Stoumpos method was performed under inert atmosphere, while the Mitzi method
was performed under ambient conditions. Notably, when the alternate atmosphere was
used, both synthesis methods failed. The Stoumpos method failed in ambient atmosphere,
as no 2,5-DMASnI3 was formed. The Mitzi method also failed to give any product under
inert environment. However, when the reaction mixture was exposed to air, 2,5-DMAI3
formed within one hour. This leads to the conclusion that oxygen plays a crucial role in the
formation of the triiodide salt. While Sn2+ easily oxidizes to Sn4+, neither was observed
in the final product 2,5-DMAI3. Notably, HI is also not very stable in air. The iodide ions,
I– , can be oxidized to iodine, I2. This is the reason why H3PO2 should be introduced. [49]

H3PO2 is a reducing agent that brings I2 back to I– . Consequently, the 2,5-DMASnI3 can
be formed with the Stoumpos method. In case of the Mitzi method, the presence of ambient
air and lack of any reducing agent oxidizes a significant amount of I– to I2, which in turn
reacts with I– to form the reactive triiodide complex: I3

– . This triiodide easily reacts
with the organic component to form the triiodide salt, 2,5-DMAI3. Thus, the addition
of H3PO2 is crucial for the synthesis of the 2,5-DMASnI3 hybrid. However, H3PO2 is
not the only experimental requirement for the synthesis of the hybrid. As stated above,
the reaction temperature is crucial for the formation of the hybrid as well. Additional
experiments showed that adding H3PO2 to the reaction mixture used in the Mitzi method
(25 vol%) still produced 2,5-DMAI3 when exposed to air. The main difference is that
it took significantly longer to grow the crystals. Thus, in order to grow 2,5-DMASnI3
hybrids, H3PO2, inert atmosphere and elevated temperatures is required. Leaving out any
of these three conditions does not give any product or gives 2,5-DMAI3. In order to grow
2,5-DMAI3, the key experimental condition is the absence of inert atmosphere.

Peculiar to the Mitzi method is the fact that no triiodide salt forms when different
organic molecules are used. We have tried this method with several organic moieties,
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including benzylammonium and 2-thiophenemethylammonium, but none gave any
product. As shown in Table 8.2, several organic triiodide salts have been successfully
made, but we believe that it is not possible to implement every organic cation. We think
that 2,5-DMA has a more favorable size and shape for inclusion in a triiodide salt. While
benzylammonium and 2-thiophenemethylammonium have a relatively long shape with
respect to the ammonium group, 2,5-DMA has a more wide shape. The widest span in
2,5-DMA is between the two methyl groups and corresponds to 5.8545(3) Å. Notably, the
span of the I3

– complex in 2,5-DMAI3 is 5.9088(3) Å, which is very similar. We think
that growth of 2,5-DMAI3 is favorable over some other XI3 salts, with X being an organic
cation, as both building blocks are similar in size.
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8.4 Conclusions
In conclusion, we have synthesized and investigated the crystal structures of two
new compounds: 2,5-dimethylaniline tin iodide organic-inorganic hybrid and 2,5-
dimethylaniline triiodide. Starting from 2,5-dimethylaniline and SnI2, we have
investigated the experimental conditions that drive the formation of the hybrid and the
triiodide salt. Our findings reveal that the hybrid only grows at elevated temperatures,
under inert atmosphere and with the addition of hypophosphorous acid, H3PO2. Leaving
out any of these three conditions does not give any product or an alternative compound.
Crucial for the growth of the triiodide salt is the absence of inert atmosphere. As HI is
not very stable in air, the iodide ions, I– , can easily oxidize to iodine, I2. This happens
in presence of ambient air and lack of any reducing agent, such as H3PO2. As a result,
a significant amount of I2 will be formed, which can react with I– , to form the reactive
triiodide complex: I3

– . This triiodide complex then easily reacts with the organic moiety
to form the triiodide salt. Our result shows an alternative structural motif for organic-
inorganic hybrids with structural formula ABX3. Moreover, our findings add to the
understanding of how experimental conditions drive the formation of different products
while starting from the same precursors.
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J. Appl. Cryst. 2016, 49, 292–301.
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CHAPTER 9
Spin-Singlet Formation in the Spin-Tetramer Layered

Organic-Inorganic Hybrid CH3NH3Cu2Cl5

M.E. Kamminga et al., submitted

Abstract

In this chapter, we report spin-singlet formation in a novel organic-inorganic hybrid identified
as CH3NH3Cu2Cl5. The hybrid adopts a layered structure in which Cu2Cl5 – layers are
separated by CH3NH3

+ layers. The inorganic layers consist of corner- and edge-sharing CuCl6-
octahedra, forming edge-sharing tetramers. Magnetic susceptibility measurements indicate
strong antiferromagnetic interactions within the tetramers, whereas the coupling between the
tetramers is weak. Low temperature magnetic susceptibility data measurements suggest a
non-magnetic ground state with a large spin gap of ∼ 130 K, in apparent contradiction with
ferromagnetic interactions between nearest-neighbor spins. We discuss a novel spin-tetramer
model in which antiferromagnetic next-nearest-neighbor interactions lead to a spin-singlet state.

9.1 Introduction
Organic-inorganic hybrid perovskites, with structural formula ABX3, are of much interest
for a broad range of applications because of interesting magnetic, [1–8] ferroelectric, [9,10]

conducting, [11–15] optical [16,17] and optoelectronic [18–24] properties of these materials.
Hybrid perovskite structures generally consist of organic cations A that occupy the 12-
fold coordinated sites, coordinated by metal halide BX6-octahedra. In addition to the
three-dimensional (3D) perovskites, layered perovskite structures with structural formula
A2BX4 can be obtained. These layered hybrids consist of single 〈100〉-terminated
perovskite sheets separated by bilayers of the organic cations and are held together by
the van der Waals interactions between the organic groups. [13]

From the early 1970s, long-range magnetic order has been studied in layered hybrid
perovskites incorporating Fe2+, Mn2+, Cu2+ and Cr2+ as the metal cation, B [3–7]. The
magnetic properties are determined by the magnetic superexchange interactions through
the B – X – B bonds (where X is the halogen). Furthermore, incorporation of Jahn-
Teller (JT) active metal cations has a major influence on the perovskite structure and
therefore on the magnetic properties. Layered hybrid perovskites based on Mn2+ and
Fe2+ cations do not exhibit JT distortions and have B – X – B angles of ∼180°. Following
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the Goodenough-Kanamori rules, [25,26] these hybrids exhibit antiferromagnetic (AFM)
interactions. [3–5] Cu2+ and Cr2+, on the other hand, are JT active. These distortions
result in orthogonal electronic orbitals of adjacent metal ions, giving rise to ferromagnetic
(FM) superexchange via a 180° pathway. [6,7,27] A textbook example is methylammonium
copper chloride, (CH3NH3)2CuCl4, which exhibits FM order below Tc = 8.9 K. [3,28]

In this chapter, we investigate the synthesis and magnetic properties of a
new methylammonium copper chloride compound: CH3NH3Cu2Cl5. Similar to
(CH3NH3)2CuCl4, is a layered structure in which inorganic sheets are separated by
organic cations. However, the inorganic Cu2Cl5 – layers consist of a unique pattern
of corner- and edge-sharing CuCl6-octahedra. Our static magnetic susceptibility
measurements reveal that this connectivity of JT-distorted octahedra results in a broad
maximum in the temperature dependence of the magnetic susceptibility, χ(T ), at around
82 K and a spin-singlet state with a spin gap of ∼ 130 K. These results are very
surprising, as the crystal structure analysis indicates that the nearest-neighbor exchange
interactions are ferromagnetic and weak. From the fit of χ(T ) with a model of isolated
tetramers of edge-sharing CuCl6-octahedra, we obtain an estimate for the spin gap and
the strongest antiferromagnetic exchange interactions. In contrast to other materials
with four-spin building blocks, such as Cu2Fe2Ge4O13

[29] and Cu2CdB2O6
[30], spins

in the title compound do not show any sign of long range order. The unique feature
of this material is the microscopic mechanism for the spin-singlet ground state, which
originates from strong next-nearest-neighbor exchange interactions between Cu spins in
the tetramers. The crystal chemistry of layered methylammonium copper chlorides thus
allows for a design beyond corner-sharing involving edge-sharing units, resulting in a 2D
crystal structure with a singlet magnetic ground state.

9.2 Experimental Techniques

9.2.1 Crystal Growth
Single crystals of CH3NH3Cu2Cl5 were grown from slow evaporation of an equimolar
mixture of CH3NH2, HCl and CuCl2·2H2O, dissolved in EtOH. Besides the compound of
interest, yellow sheets of the prototypical hybrid phase, (CH3NH3)2CuCl4, were obtained
as well.

Procedure
1.70 g (10 mmol) of CuCl2·2H2O (Alfa Aesar; 99%) was placed in an Erlenmeyer
flask upon addition of 30 mL of EtOH (J.T. Baker) and swirled until fully dissolved
and a dark green clear solution was obtained. 0.82 mL (10 mmol) of HCl (37 wt%
in H2O) (Boom) was added without color change. Upon adding 1.35 mL (10 mmol)
of CH3NH2 solution (33 wt% in EtOH) (Sigma Aldrich), immediate crystallization of
yellow crystals took place. A small amount of the crystals were extracted and identified
as the (CH3NH3)CuCl4 phase, [31,32] using X-ray diffraction. The flask was covered in
Parafilm, to prevent evaporation, and placed in the oven at 50 °C over night to increase
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the solubility. The next day, 20 mL of clear solution was separated from the crystals in the
Erlenmeyer flask (flask A) and placed in a new flask (flask B). Both flasks were covered
with Parafilm, containing four small holes for slow evaporation, and placed back in the
oven at 50 °C. All products were obtained after one week, when all remaining liquid had
evaporated. Flask A contained brown CH3NH3Cu2Cl5 crystals and the previously formed
yellow (CH3NH3)CuCl4 crystals. Flask B contained the brown CH3NH3Cu2Cl5 crystals
and turquoise needles, which we identified as a recrystallization of the starting compound
CuCl2·2H2O, using X-ray diffraction. Figure 9.1 shows a photograph of the products of
flask A and flask B. The brown crystals are bar-shaped and small, with the majority having
dimensions less than 1 mm. The crystals were stored under low-humidity conditions in a
dry box. Figure 9.2 shows an optical microscope image of as grown crystals.

Figure 9.1: Photograph of yellow (CH3NH3)2CuCl4 and brown CH3NH3Cu2Cl5 after full
crystallization in flask A (left) and flask B (right).

Figure 9.2: Optical microscope image of CH3NH3Cu2Cl5, showing the growth product of small
bar-shaped crystals.

159



9

CHAPTER 9. SPIN-SINGLET FORMATION

9.2.2 X-Ray Diffraction
Single-crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8
Venture diffractometer equipped with a Triumph monochromator and a Photon100 area
detector, operating with Mo Kα radiation. The crystals were mounted on a 0.3 mm nylon
loop, using cryo-oil. A nitrogen flow from an Oxford Cryosystems Cryostream Plus was
used to cool the crystals. Data processing was done using the Bruker Apex III software.
The SHELX97 software [33] was used for structure solution and refinement.

9.2.3 Magnetic Measurements
A Quantum Design XL MPMS SQUID magnetometer was used to carry out
magnetic measurements. Polycrystalline samples of CH3NH3Cu2Cl5 (6.4 mg) and
(CH3NH3)2CuCl4 (3.7 mg) were investigated. The measurements of the magnetization
versus applied magnetic field were performed at 5 K. The measurements of the
magnetization versus temperature were performed under an applied magnetic field of 0.1,
0.5 and 1 T (zero-field cooled).

9.3 Results and Discussion
We have synthesized high-quality single crystals of CH3NH3Cu2Cl5, and studied its
crystal structure and magnetic properties. CH3NH3Cu2Cl5 is an organic-inorganic
hybrid, in which the organic and inorganic constituents are present in a 1:2 ratio.
This is not the most common stoichiometry found in hybrid perovskites. Most known
layered perovskites yield the general formula A2BX4, where A is a protonated primary
amine, B a divalent metal and X a halide. [34] These structures consist of single
〈100〉-terminated CuCl42 – sheets separated by bilayers of CH3NH3

+ and held together
through van der Waals interactions. [13] In case of the methylammonium copper chloride
hybrids, this would mean (CH3NH3)2CuCl4. (CH3NH3)2CuCl4 is an existing form that
grows as yellow sheet-like crystals. This compound has already been studied decades
ago, [3,28,31,32] and therefore we focus in this chapter on the more unusual compound
CH3NH3Cu2Cl5, and its properties. This AB2X5 stoichiometry has been observed in
another copper chloride hybrid as well. [35] However, this [(CH3)4P]Cu2Cl5 compound
yields a different structure than our compound of interest. CH3NH3Cu2Cl5 exhibits
structural features that we have not encountered in literature, and we will discuss its
structure in more detail below. Notably, during synthesis of CH3NH3Cu2Cl5, we found
that the yellow (CH3NH3)2CuCl4 phase always forms as well. The synthesis procedure
is explained in more detail in .

Figure 9.3 shows the crystal structure of CH3NH3Cu2Cl5. As stated above, the
crystals grow bar-shaped. Our analysis revealed that the longest axis is the b-axis.
This is the most favorable direction to grow in. The refinement was done in the
monoclinic space group P21/n, without any twinning present. The crystallographic and
refinement parameters are given in Table 9.1. Our single-crystal XRD measurements
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Figure 9.3: Polyhedral model of (a) CH3NH3Cu2Cl5, projected along the [010] direction, and
(b) a single inorganic sheet projected along the [100] direction. The yellow and purple shadings
represent octahedra around the two crystallographically distinct copper atoms, Cu1 and Cu2
respectively.

Figure 9.4: Polyhedral model of a single inorganic sheet, projected along the [101] direction, to
provide a top-view of a single sheet. The yellow and purple shadings represent octahedra around
the two crystallographically distinct copper atoms, Cu1 and Cu2 respectively. The dashed box
indicates a tetramer of edge-sharing CuCl6-octahedra. Due to JT distortion, all CuCl6-octahedra
are elongated in the direction perpendicular to the tetramer chain formation.

show that the crystals have the same structural phase at room temperature as at 100
K. CH3NH3Cu2Cl5 has a two-dimensional (2D) structure in which Cu2Cl5 – layers are
separated by CH3NH3

+. Notably, the inorganic layers consist of both corner- and
edge-sharing CuCl6-octahedra. This can easily be seen in Figure 9.4. In fact, the
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structure consists of tetramers of edge-sharing CuCl6-octahedra. Three octahedra of each
tetramer share edges with the octahedra of a neighboring tetramer, thus forming ribbons.
These ribbons are connected to each other by corner-sharing, to build a ‘starcaise’ two-
dimensional sheet, as shown in Figure 9.3a. The JT instability of Cu2+ ions with 9
d electrons gives rise to an elongation of CuCl6-octahedra as shown Figure 9.4. The
physical consequence of this distortion will be discussed in more detail below.

Table 9.1: Crystallographic and refinement parameters of CH3NH3Cu2Cl5. The measurements are
performed using Mo Kα radiation (0.71073 Å). Full-matrix least squares refinement against F2

was carried out using anisotropic displacement parameters. A multi-scan absorption correction
was performed. Hydrogen atoms were added by assuming a regular tetrahedral coordination to
carbon and nitrogen, with equal bond angles and fixed distances.

CH3NH3Cu2Cl5
temperature (K) 100(2)
formula CH6NCu2Cl5
formula weight (g/mol) 336.40
crystal size (mm3) 0.08×0.04×0.02
crystal color brown
crystal system monoclinic
space group P21/n (No. 14)
symmetry centrosymmetric
Z 4
D (calculated) (g/cm3) 2.506
F(000) 648
a (Å) 11.2080(11)
b (Å) 6.0995(6)
c (Å) 13.0688(12)
α (°) 90.0
β (°) 93.526(4)
γ (°) 90.0
volume (Å3) 891.73(15)
µ (mm−1) 6.183
min / max transmission 0.0775 / 0.1254
θ range (°) 3.12-26.43
index ranges -14 < h < 14

-7 < k < 7
-16 < l < 16

data / restraints / parameters 1830 / 0 / 84
GooF of F2 1.078
no. total reflections 31099
no. unique refelctions 1830
no. obs Fo > 4σ (Fo) 1643
R1 [Fo > 4σ (Fo)] 0.0135
R1 [all data] 0.0185
wR2 [Fo > 4σ (Fo)] 0.0293
wR2 [all data] 0.0306
largest peak and hole (e/Å3) 0.28 and -0.32

As stated in , it was impossible to grow CH3NH3Cu2Cl5 without growing
(CH3NH3)2CuCl4 as well. For single-crystal XRD measurements, it is possible to
select single crystals of CH3NH3Cu2Cl5 from the mixture. However, due to the small
size of the crystals, we used an aggregate of many small crystals for the magnetic
measurements. While we made a great effort to separate the two phases, we found it
impossible to obtain a large enough polycrystalline sample of CH3NH3Cu2Cl5 without
any small contamination of (CH3NH3)2CuCl4. Given the weight of both samples and
their magnetic response (see Figures 9.8 and 9.9), we calculated that the CH3NH3Cu2Cl5
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has a small (CH3NH3)2CuCl4 contamination of 1.49 wt%. As (CH3NH3)2CuCl4 has one
Cu2+ per formula unit and CH3NH3Cu2Cl5 has two, a simple calculation shows that in the
contaminated CH3NH3Cu2Cl5 sample, 1% of all Cu2+ are in the FM (CH3NH3)2CuCl4
phase.

Figure 9.5 shows the magnetization of the CH3NH3Cu2Cl5 sample as a function of
temperature in various applied magnetic fields. Two types of behavior are apparent from
the graph: a FM contribution at low temperatures (see Figure 9.8) and a broad maximum
at around 82 K. We ascribe the low-temperature feature to the contaminant. The broad
maximum scales with the applied magnetic field, whereas the FM phase has reached
saturation above 0.1 T. Therefore, we attribute this ‘bump’ to the CH3NH3Cu2Cl5 phase.
This conclusion is consistent with the assumption that the FM contribution comes from
the 1.49 wt% contamination of (CH3NH3)2CuCl4, as discussed in . Furthermore, the
appearance of this broad maximum at around 82 K indicates strong antiferromagnetic
exchange interactions in CH3NH3Cu2Cl5. The proposed model for the magnetic
interactions is discussed below.

Figure 9.5: Magnetization as a function of temperature measured in various applied magnetic
fields (zero-field cooled) of a polycrystalline sample of CH3NH3Cu2Cl5 with a small contamination
of (CH3NH3)2CuCl4.

In Figure 9.6, we obtained the magnetic susceptibility of the CH3NH3Cu2Cl5 sample
by subtracting the magnetic susceptibility of (CH3NH3)2CuCl4 (1.49 wt%), measured in
the same applied field, from the data in Figure 9.5. Therefore, the corrected curve shows
the magnetic response of the CH3NH3Cu2Cl5 phase. The broad maximum near 82 K is
very pronounced. Notably, the susceptibility tends to zero as temperature decreases to 0
K, indicating a nonmagnetic ground state.

The Cu2+ ions in elongated CuCl6-octahedra have one hole with spin 1/2 in the dx2−y2

orbital, which lies in the xy-plane perpendicular to the elongation axis. There are three
types of superexchange interactions between neighboring CuCl6-octahedra: between
edge-sharing octahedra within a tetramer, between edge-sharing octahedra of neighboring
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tetramers forming ribbons, and between corner-sharing octahedra of neighboring ribbons.
The orbital overlap in all three scenarios is illustrated in Figure 9.10 in Section. The
strongest interactions are within the tetramers owing to the large overlap of the 2p-orbitals
of Cl ions with the dx2−y2 orbitals of two neighboring Cu ions. In contrast, the dx2−y2

orbitals of Cu ions from different tetramers are hybridized with the p-orbitals of different
Cl ions, which makes the exchange interactions between tetramers very weak. Therefore,
in our model tetramers are assumed to be magnetically decoupled.

Figure 9.6: Corrected magnetic susceptibility as a function of temperature measured in 0.1 T
(zero-field cooled) of a polycrystalline sample of CH3NH3Cu2Cl5. Red circles correspond to the
experimental susceptibility. The black and blue lines correspond to the theoretical susceptibility
based on the tetramer model, with and without normalization factor, respectively.

In this respect, compound CH3NH3Cu2Cl5 is different from the well-studied spin-
singlet material SrCu2(BO3)2. [36–38] The latter compound is described by a 2D orthogonal
dimer Heisenberg model, which is topologically equivalent to the 2D Shastry-Sutherland
model, [39] which remains in the spin-singlet state even for relatively strong interactions
between the dimers. The inter-dimer interactions result in strong reduction of the spin gap
in SrCu2(BO3)2, whereas in CH3NH3Cu2Cl5 the spin gap is of the order of the strongest
antiferromagnetic exchange interaction, as shown below. The key issue is the difference
between the dimensonalities of the crystal and magnetic structure in CH3NH3Cu2Cl5,
which also occurs in other Jahn-Teller materials, such as CsO2

[40] and KCuF3. [41]

Figure 9.7 shows the tetramer of edge-sharing CuCl6-octahedra. Due to the two
crystallographically distinct coppers, there are two different nearest-neighbor interactions
within the tetramer: the interaction between Cu1 and Cu2 ions with the exchange constant
J1 and the interaction between two Cu2 ions (the exchange constant J′1). Figure 9.7b
shows a top-view of the edge-sharing plane of the tetramer, indicating the relevant
Cu – Cl – Cu angles, θ , which are close to 90°. The weak FM exchange interactions
cannot explain the origin of the observed magnetic susceptibility peak at 82 K. The only
interaction in the tetramer that can lead to a nonmagnetic ground state with a large spin gap
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is the AFM interaction between next-nearest-neighbor spins with the exchange constant
J2 > 0. Strong next-nearest-neighbor interactions between Cu spins (∼ 100 K) were also
found in Cu – O edge-sharing chains. [42]

Figure 9.7: (a) Tetramer of edge-sharing CuCl6-octahedra. The yellow and purple shadings
represent octahedra around the two crystallographically distinct copper atoms, Cu1 and Cu2
respectively. (b) Top-view of the edge-sharing plane of the tetramer, indicating Cu – Cl – Cu angles,
nearest-neighbor (J1 and J′1), and next-nearest-neighbor interactions (J2).

We propose a simple model in which the observed temperature dependence of the
magnetic susceptibility of CH3NH3Cu2Cl5 can be understood. Herein, we neglect
the relatively weak interactions between the tetramers (see Figure 9.10). The spin
Hamiltonian of an isolated tetramer is given by

H = J1S2 ·S3 + J′1(S1 ·S2 +S3 ·S4)+ J2(S1 ·S3 +S2 ·S4) (9.1)

where Si (i = 1,2,3,4) is the spin on the i-th site of the tetramer, J1 and J′1 are the
exchange constants between nearest-neighbor spins and J2 is the next-nearest-neighbor
exchange constant (see Figure 9.7). The 16 eigenstates of this Hamiltonian include
the quintuplet of S = 2 states, where S is the total spin of the tetramer, with energy
E2 =

1
4 (J1 +2J′1 +2J2), three triplets with S = 1 and two singlets with S = 0. The S = 1

states are either symmetric (s) or antisymmetric (a) with respect to S2 ↔ S3, S1 ↔ S4.
The wave function for Sz =+1 becomes

|S = 1,Sz =+1〉s,a = α ↓↑↑↑+β ↑↓↑↑ ±β ↑↑↓↑ ±α ↑↑↑↓ (9.2)

where the ± sign corresponds to the symmetric/antisymmetric state. The energy of
the symmetric state is given by E1s =

1
4 (J1 − 2J′1 − 2J2) and the energies of the two
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antisymmetric triplets are E±1a = 1
4 (−J1± 2

√
J2

1 +(J′1− J2)
2). On the other hand, the

two singlet states have the symmetric wave functions

|S = 0,Sz = 0〉= α(↓↓↑↑+ ↑↑↓↓)+β (↓↑↓↑+ ↑↓↑↓)+ γ(↓↑↑↓+ ↑↓↓↑) (9.3)

with α +β + γ = 0. The energies of the S = 0 states are E±0 = 1
4 (−(J1 + 2J′1 + 2J2)±

2
√

D), where D = (J1− J′1− J2)
2 + 3(J′1− J2)

2. For the AFM next-nearest-neighbor
interactions, J2 > 0, and relatively weak FM nearest-neighbor interactions, J1,2J′1 < 0,
the tetramer has the singlet ground state with energy E−0 . When the nearest-neighbor
interactions are ignored (they are very weak), the ground state is the product of two singlet
states formed on the pair of sites (1,3) and (2,4). The first excited state is a triplet with the
energy E1s or E−1a. The magnetic susceptibility per Cu2+ is given by

χ =
µ2

B
kBT
〈S2

z 〉 (9.4)

where µB is the Bohr magneton, kB is the Boltzmann constant, T temperature and 〈S2
z 〉 is

the thermal average of the z-component of the total spin of the tetramer given by

〈S2
z 〉=

2
Z
(5e−βE2 + e−βE1s + e−βE+

1a + e−βE−1a) (9.5)

where Z = 5e−βE2 + 3(e−βE1s + e−βE+
1a + e−βE−1a) + e−βE+

0 + e−βE−0 is the tetramer
partition function. Figure 9.7 shows the comparison of the magnetic susceptibility
of CH3NH3Cu2Cl5 (red circles represent experimental data) with that of the isolated
tetramer model calculated for J1 = J′1 = 0 and J2 = +131.5 K. We found that the
shape of the susceptibility curve is almost solely determined by J2: FM nearest-neighbor
interactions with the strength of several tens of K have little effect on the theoretical
susceptibility and therefore cannot be determined reliably from the susceptibility fit.
The thin black line was obtained by normalizing the theoretical susceptibility so that
it coincides with the experimental one at the maximum of the susceptibility. The
good agreement shows that the simple model can reproduce the shape of the magnetic
susceptibility. However, without a normalization factor, the theoretical susceptibility per
mole of Cu2+ (thick blue line) is lower than the experimental one, especially at high
temperatures. This can be understood as follows. The spin gap required to have the
maximum of the susceptibility at 82 K is about 130 K. As a result, not all tetramer
eigenstates are highly excited even at 300 K, which reduces the susceptibility. A large
spin gap required to reproduce the low-temperature behavior of the susceptibility and
the Curie-like behavior with a small Curie-Weiss constant observed at high temperatures
suggest that the exchange constants in CH3NH3Cu2Cl5 might be temperature-dependent,
i.e. the cross-over into the singlet state can be accompanied by a lattice deformation which
increases the AFM interactions between spins through the spin-lattice coupling.

For future research, of particular interest would be the substitution of Cu with
nonmagnetic ions. When other ions are substituted for magnetic ions in a spin gap
system, the singlet ground state is disturbed so that staggered moments are induced
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around the impurities. If the induced moments interact through effective exchange
interactions, which are mediated by intermediate singlet spins, exotic ground states
appear or long range order can arise. [43] Examples of impurity induced antiferromagnetic
ordering in spin gap systems are Cu1 – xZnxGeO3, [44] Sr(Cu1 – xZnx)2O3, [45] and
Pb(Ni1 – xMgx)2V2O8. [46] We hypothesize that in our structure, replacing Cu by, for
example, Fe might induce interactions between tetramers. As shown in Figure 9.10, there
are only very weak interactions between the Cl px-orbital and the Cu dx2−y2 orbitals.
However, replacing Cu with Fe in the same structure will result in a significant interaction
between the Cl px-orbital and the Fe dxz-orbital. As a result, the neighboring tetramers
will no longer be magnetically decoupled and a 2D magnetic lattice will be obtained.
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9.4 Conclusions
In conclusion, we have synthesized and investigated the magnetic properties of a new
methylammonium chopper chloride compound: CH3NH3Cu2Cl5. Our findings reveal
that the hybrid grows with an alternative structural motif, not observed for organic-
inorganic hybrids before. The crystal structure consists of inorganic sheets that are
separated by organic cations. The inorganic Cu2Cl5 – layers consist of a unique pattern
of corner- and edge-sharing CuCl6-octahedra. Our magnetic measurements reveal that
the connectivity of these JT-distorted octahedra gives rise to a broad maximum in the
magnetic susceptibility at around 82 K. Moreover, our data show that CH3NH3Cu2Cl5
has a nonmagnetic ground state. We propose a novel, simple model in which the
observed temperature dependence of the magnetic susceptibility of CH3NH3Cu2Cl5 can
be understood, based on strong AFM next-nearest-neighbor interactions in tetramers of
edge-sharing CuCl6-octahedra. The proposed model fits the shape of the broad maximum
quite well, with exchange constants of about +130 K. Our findings show that the crystal
chemistry of layered methylammonium copper chlorides allows a design beyond corner-
sharing octahedra involving edge-sharing units, with different magnetic interactions.

168



9

9.4. CONCLUSIONS

Spin-Singlet Formation in the Spin-Tetramer Layered Organic-Inorganic Hybrid
CH3NH3Cu2Cl5
M.E. Kamminga, M. Azhar, J. Zeisner, A.M.C. Maan, B. Büchner, V. Kataev, J. Baas,
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Appendix B

In this appendix, we show more detailed results on the synthesis of CH3NH3Cu2Cl5 and
additional magnetic measurements of (CH3NH3)2CuCl4 and CH3NH3Cu2Cl5.

Synthesis of CH3NH3Cu2Cl5
During synthesis of CH3NH3Cu2Cl5, we found that the yellow (CH3NH3)2CuCl4
phase always forms as well. In fact, each synthesis method we employed gave rise
predominantly to (CH3NH3)2CuCl4. Therefore, we have studied certain experimental
conditions that influence the growth of the CH3NH3Cu2Cl5 phase, including the choice
of solvent, molar ratios and concentrations. We have grown the crystals from slow
evaporation using H2O and EtOH as a solvent. Using only H2O as a solvent, resulted
in growth of (CH3NH3)2CuCl4 alone. When EtOH was used, both (CH3NH3)2CuCl4
and CH3NH3Cu2Cl5 were obtained. We found that CH3NH3Cu2Cl5 is unstable in humid
conditions. Storage in the oven or dry box keeps the crystals intact for months, but storage
under ambient conditions results in degradation over the course of several hours. As a
result, we reason that the use of H2O as a solvent prohibits CH3NH3Cu2Cl5 to grow, as
it stays in solution and CH3NH2 will eventually be evaporated. This is not the case when
EtOH is used. Note that the synthesis methods we employed here were not H2O-free, as
CuCl2·2H2O and HCl (37 wt% in H2O) were used. Still, this H2O content is much lower
than in the 30 mL EtOH used as solvent.

As stated above, CH3NH3Cu2Cl5 has a 1:2 organic:inorganic ratio, while
(CH3NH3)2CuCl4 has a 2:1 ratio. Therefore, we have tried the synthesis using 2:1,
1:1 and 1:2 ratios. In all cases, (CH3NH3)2CuCl4 forms first. Growth of this phase
turns out to be always favorable over the growth of CH3NH3Cu2Cl5. As a result,
the 2:1 ratio resulted in (CH3NH3)2CuCl4 only, as the 2:1 ratio was maintained after
the initial growth of (CH3NH3)2CuCl4. The 1:1 ratio resulted in (CH3NH3)2CuCl4,
CH3NH3Cu2Cl5 and CuCl2·2H2O, which is the starting compound. The reason for this is
that once (CH3NH3)2CuCl4 has formed, an excess of the inorganic component remains,
favoring the growth of CH3NH3Cu2Cl5. Moreover, once all of the organic component
has crystallized in either of the two forms, there is still some of the inorganic component
left, that eventually crystallized back into the starting compound CuCl2·2H2O. The
growth of (CH3NH3)2CuCl4 is so favorable, that it even grows when there is an excess
of the inorganic component used beforehand. Thus, the 1:2 ratio resulted in the same
observation, but with a larger amount of CuCl2·2H2O formed at the end. Still, the
obtained CH3NH3Cu2Cl5 crystals are of high quality, which means that even though they
grow after the growth of (CH3NH3)2CuCl4, they do not grow at the last minute.

The other parameter we have investigated is the overall concentration of all
components. The concentration we used (around 3.3 M) was very high. As a result,
(CH3NH3)2CuCl4 grows immediately once the precursors are brought in contact. A much
smaller concentration is required to prevent this from happening. Using a concentration
of around 0.33 M prevented this immediate formation. However, this eventually resulted
in (CH3NH3)2CuCl4 only. The amount of CH3NH3Cu2Cl5 formed, if any, was incredibly
small. We believe that once the point is reached where CH3NH3Cu2Cl5 would start to
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grow, there is barely any solvent left, as most had already evaporated at that time. Thus,
we have not found a synthesis method that only yields CH3NH3Cu2Cl5, but the described
method is reproducible and yields high quality single crystals of CH3NH3Cu2Cl5.

Magnetic Measurements on (CH3NH3)2CuCl4 and CH3NH3Cu2Cl5
While it was not possible to grow CH3NH3Cu2Cl5 without growing (CH3NH3)2CuCl4
as well, it was possible to solely grow (CH3NH3)2CuCl4. Therefore, we measured a
pure CH3NH3Cu2Cl5 sample to be able to separate the contamination from the phase
of interest. As shown in Figure 9.8a, a very small coercive field (∼ 180 Oe) is
observed, corresponding to a very soft ferromagnet. Furthermore, the magnetization of
(CH3NH3)2CuCl4 saturates to the expected 1 µB per Cu2+. Therefore, we conclude that
this sample is purely (CH3NH3)2CuCl4.

Figure 9.8: (a) Magnetization as a function of applied magnetic field measured at 5 K and (b)
magnetization and inverse magnetic susceptibility as a function of temperature measured in 0.1 T
(zero-field cooled) of a polycrystalline sample of (CH3NH3)2CuCl4.

174



9

BIBLIOGRAPHY

Figure 9.9 shows the same measurement for the CH3NH3Cu2Cl5 sample. We attribute
the FM contribution completely to a small contamination of (CH3NH3)2CuCl4 in the
sample. Given the weight of both samples and their magnetic response, we can thus
calculate that the CH3NH3Cu2Cl5 sample has a small (CH3NH3)2CuCl4 contamination
of 1.49 wt%. As (CH3NH3)2CuCl4 has one Cu2+ per formula unit and CH3NH3Cu2Cl5
has two, a simple calculation shows that in the contaminated CH3NH3Cu2Cl5 sample, 1%
of all Cu2+ are in the FM (CH3NH3)2CuCl4 phase, corresponding to 0.01 µB per Cu2+

ion (see Figure 9.9).

Figure 9.9: Magnetization as a function of applied magnetic field measured at 5 K of a
polycrystalline sample of CH3NH3Cu2Cl5 with a small contamination of (CH3NH3)2CuCl4.

175



9

CHAPTER 9. SPIN-SINGLET FORMATION

Figure 9.10: Illustration of superexchange interactions between CuCl6-octahedra in
CH3NH3Cu2Cl5. Superexchange interactions between neighboring copper ions (a) within a
tetramer (see Figure 9.4), (b) between adjacent tetramers and (c) between adjacent ribbons of
tetramers. Different colors correspond to hybridization of different copper ions.
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Summary

In this thesis, I investigated Properties of Organic-Inorganic Hybrids in terms of
Chemistry, Connectivity and Confinement. Organic-inorganic hybrids are materials that
consist of organic and inorganic components that are combined into a single compound.
Organic and inorganic compounds generally have different physical properties. While
organic compounds can provide structural flexibility and easy processing, inorganic
compounds are known for their robust electronic and magnetic properties, their wide
range of band gaps and bandwidths, and thermal stability. Combining both components
into a single hybrid compound gives rise to materials with properties that are associated
with both components. Moreover, as the variety of organic and inorganic materials
that can be implemented into a hybrid structure is very large, organic-inorganic hybrids
represent a large set of materials with very distinct physical properties.

The main goal of my research was to gain a better fundamental understanding
of structure-property relations in organic-inorganic hybrids. Thus, I wanted to
increase the understanding of how displacements in the crystal structure can change
fundamental physical properties in organic-inorganic hybrid compounds. I think that this
understanding could eventually lead to tools that can be used to design materials with
properties for desired applications.

The Chemistry of organic-inorganic hybrids is important to tune the materials
properties. The organic and inorganic components build up the structure together.
Changing either of the two components as a direct influence on the structure of the other
component and hence the properties of the compound. I have shown that increasing
the size of the organic cation directly influences the structure of the inorganic part and
consequently changes the band gap (Chapter 3). By changing the inorganic part, I
have shown that structurally similar compounds can have very distinct mechanisms for
ferroelectricity (Chapter 6). Moreover, I observed that synthesis conditions play a major
role in the end product. The presence of water can lead to secondary phases (Chapter 4),
and inert/ambient conditions and the choice of solvent can determine what hybrid phase
will form (Chapters 8 and 9).

The Connectivity of the inorganic lattice plays a major role in the materials properties.
The inorganic lattice often takes the shape of a 3-dimensional network of corner-sharing
MX6-octahedra, with M a divalent metal and X a halide. I showed that the band gap
of the material is directly related to the dimensionality of the inorganic network, i.e. 3-
dimensional structures, 2-dimensional sheets and 1-dimensional ribbons, as well as to the
connectivity of the MX6-octahedra, i.e. corner-sharing, edge-sharing and face-sharing
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(Chapter 4). In addition, I observed that replacing the divalent metal with a trivalent metal
gives rise to a 0-dimensional structure of face-sharing MX6-octahedra that is related to a
polar phase transition (Chapter 5). Moreover, I showed that different connectivity of Jahn-
Teller distorted MX6-octahedra gives rise to different magnetic interactions (Chapter 9).

Confinement also plays a role in organic-inorganic hybrids. Here, I distinguish
between two forms of confinement: physical confinement (i.e. confined in space)
and electronic confinement. I observed that micropatterning a 2-dimensional hybrid
influences the microstructure and the optical properties. Confining the hybrid in a
few micron wide channel induces a strong preferential orientation of the crystallites.
In addition, the larger grain sizes compared to non-patterned films enhanced the
photoluminescence lifetime (Chapter 7). Moreover, I reported that face-sharing MX6-
octahedra in layered structures create a quantum confinement effect leading to effectively
1-dimensional behavior as shown by the electronic structure (Chapter 3).

To summarize, I have synthesized both new and previously reported organic-inorganic
hybrids, studied their crystal structures and measured fundamental physical properties.
Subsequently, I have investigated structure-property relations. My findings in this thesis
add to the understanding of the chemistry, structures and physical properties of these
hybrid materials. Furthermore, I have reported a few tools that are of use for direct tuning
of certain physical properties of organic-inorganic hybrids for desired applications.
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Samenvatting

In dit proefschrift heb ik Eigenschappen van Organisch-Anorganische Hybrides
onderzocht in termen van Chemie, Connectiviteit en Insluiting. Organisch-anorganische
hybrides zijn materialen die bestaan uit organische en anorganische componenten die
samengevoegd zijn in een enkel materiaal. Organische en anorganische materialen hebben
doorgaans verschillende fysische eigenschappen. Organische materialen hebben een
flexibele structuur en zijn makkelijk te maken, terwijl anorganische materialen bekend
staan om hun robuuste elektronische en magnetische eigenschappen, hun brede spectrum
aan bandkloven en bandbreedtes, en thermische stabiliteit. Het combineren van beide
componenten in een enkel hybride materiaal zorgt ervoor dat het materiaal eigenschappen
van beide componenten bevat. Bovendien is er een grote variatie aan organische en
anorganische materialen die in de hybride structuur kunnen worden geı̈mplementeerd.
Hierdoor omvatten hybrides een grote klasse materialen met verscheidene fysische
eigenschappen.

Het doel van mijn onderzoek was om een beter fundamenteel begrip te krijgen
van structuur-eigenschap relaties in organisch-anorganische hybrides. Ik wilde de
kennis vergroten van hoe verplaatsingen in de kristalstructuur fundamentele fysische
eigenschappen in organisch-anorganische hybrides kunnen beı̈nvloeden. Ik vind dat deze
kennis uiteindelijk kan leiden tot hulpmiddelen die men kan gebruiken om materialen te
ontwerpen met specifieke eigenschappen voor gewenste toepassingen.

De Chemie van organisch-anorganische hybrides is belangrijk voor het veranderen van
de materiaaleigenschappen. De organische en anorganische componenten bouwen samen
de structuur op. Het wijzigen van een van de twee componenten heeft een directe invloed
op de structuur van de andere component en daarmee ook op de eigenschappen van het
materiaal. Ik heb laten zien dat het vergroten van het organische kation de structuur van
het anorganische deel beı̈nvloedt en daarmee de bandkloof beı̈nvloedt (Chapter 3). Door
het anorganische deel te veranderen heb ik laten zien dat materialen met een vergelijkbare
structuur heel andere mechanismen voor ferro-elektriciteit kunnen hebben (Chapter 6).
Bovendien heb ik aangetoond dat synthese-omstandigheden van grote invloed zijn op het
eindproduct. De aanwezigeid van water kan leiden tot een secundaire fase (Chapter 4), en
inert/atmosferische condities en het oplosmiddel kunnen beı̈nvloeden welke hybride fase
gevormd wordt (Chapters 8 and 9).

De Connectiviteit van het anorganische netwerk is van grote invloed op de
materiaaleigenschappen. Het anorganische netwerk is meestal een 3-dimensionaal
netwerk bestaande uit hoek-geschakelde MX6-octaëders, waarin M een divalent metaal
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en X een halide is. Ik heb laten zien dat de bandkloof van het materiaal direct
gerelateerd is aan zowel de dimensie van het anorganische netwerk, dat wil zeggen
3-dimensionale structuren, 2-dimensionale lagen en 1-dimensionale linten, als aan de
connectiviteit van de MX6-octaëders, dat wil zeggen hoek-schakeling, zijde-schakeling en
vlak-schakeling (Chapter 4). Bovendien heb ik aangetoond dat het substitueren van het
divalente metaal met een trivalent metaal een 0-dimensionale structuur geeft bestaande
uit vlak-geschakelde MX6-octaëders. Deze structuur is gerelateerd aan een polaire fase-
overgang (Chapter 5). Verder heb ik bewezen dat de magnetische interacties in Jahn-Teller
verstoorde MX6-octaëders afhankelijk is van de onderlinge connectiviteit (Chapter 9).

Insluiting speelt ook een grote rol bij organisch-anorganische hybrides. Ik maak hierin
onderscheid tussen twee vormen van insluiting: fysieke insluiting (insluiting in de ruimte)
en elektronische insluiting. Ik heb laten zien dat het aanbrengen van een micropatroon in
een 2-dimensionale hybride van invloed is op de structuur en de optische eigenschappen.
Het insluiten van de hybride in een kanaal van een paar micrometer breed zorgt voor een
preferentiële oriëntatie van de kristallieten. Bovendien hebben de lagen met aangebracht
patroon een grotere korrelgrootte dan de lagen zonder patroon, wat de levensduur van de
fotoluminescentie verbetert (Chapter 7). Verder heb ik bewezen dat vlak-geschakelde
MX6-octaëders in gelaagde structuren het kwantuminsluitingeffect kunnen opwekken.
Hierdoor vertoont de structuur 1-dimensionaal gedrag, wat blijkt uit de elektronische
structuur (Chapter 3).

Om samen te vatten: ik heb zowel nieuwe als eerder gerapporteerde organisch-
anorganische hybrides gesynthetiseerd, hun kristalstructuren bestudeerd en fundamentele
fysische eigenschappen onderzocht. Vervolgens heb ik structuur-eigenschap relaties
onderzocht. Mijn bevindingen uit dit proefschrift voegen iets toe aan de bestaande
kennis van de chemie, structuren en fysische eigenschappen van deze hybride materialen.
Bovendien vind ik dat ik een aantal hulpmiddelen heb gerapporteerd die men kan
gebruiken om materialen te ontwerpen met specifieke eigenschappen voor gewenste
toepassingen.
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