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ABSTRACT

Inorganic/organic hybrid perovskites have emerged as synthetic materials that
exhibit light-harvesting properties. Although perovskites with alkylammonium
cations have been previously reported, a perovskite family with phosphonium
cations has not been investigated. Firstly, a library of phosphonium salts was made
with the intention of further reaction with the group 14 halides towards creating a
perovskite crystal. The composition of these salts were elucidated via NMR
spectroscopy, and the crystal structures of three of the phosphonium salts were
determined. The phosphonium iodide salts were then reacted with the lead, tin, and
germanium iodides and bromides to discover if variant perovskitic structures are
obtained. The reaction of lead(ll) iodide with various phosphonium salts produced
a charge-balanced network of Pbls™ fragments connecting in a face-sharing
octahedral motif. These phosphonium-templated iodoplumbates were found to
possess semi-conducting properties, as suggested by the results of UV-Vis and their
high thermal stability was confirmed by TGA experiments. Three novel crystal
structures were isolated from reaction of phosphonium salts with tin(I1) and tin(1V)
iodide, each of them producing an iodostannate anion with a unique geometry. In a
reaction with Snls an unpredictable oxidation of starting material produced a
potentially Lewis acidic tin(IV) cation. Finally, the reaction of phosphonium salts
with germanium(ll) halides produced charge-balanced compounds with an ABX3
general formula that did not crystallize in a perovskitic manner. Germanium(1V)
iodide formed a series of co-crystals when reacted with the phosphonium iodide
salts. These species were found to form Ge-I----I halogen-bonding interactions.
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CHAPTER 1: An Introduction to Inorganic/Organic Hybrid Perovskites

1.1 Introduction

1.1.1 An Overview of Main Group Chemistry

Main group chemistry is arguably one of the most fascinating fields in modern
science. It focuses on the study of elements contained in the s-block and p-block?, which
makes it a very rich and diverse topic. The main group elements are comprised of metals,
nonmetals and metalloids included in groups 1, 2, and 13-18.1 Metals and nonmetals can
be roughly distinguished by electronegativity, or the tendency of an atom in a bond to
attract electrons toward itself.> In general, metals have an electronegativity of less than 2.0
whereas nonmetals have electronegativities greater than 2.2.* Furthermore, metals are able
to conduct heat and electricity, while nonmetals are insulators. In the periodic table,
metallic character increases going down a column and decreases going from left to right
across a period.! Some of the main group elements do not fit in either of the nonmetal or
metal categories, however. These elements are termed “metalloids” and have intermediate
electronegativities to the metals and nonmetals. Metalloids also display limited electrical
conductivity, however this increases with temperature.! Figure 1.1 provides a pictorial
representation of the main group elements as they appear in the periodic table and their
classifications as metals, nonmetals, or metalloids. Given the wide scope of elements that
belong to the main group, it is no surprise that main group chemistry also has a wealth of

real-world applications.



1A 1A 1A IVA VA VIA VIIA VIIA

Li | Be B

Na | Mg Al | Si

K |Ca Ga|Ge| As

Rb| Sr In |Sn | Sb| Te
Cs|Ba TI | Pb | Bi | Po | At
s-block p-block

Figure 1.1: The Main Group Elements in the s-block and p-block of the periodic table.
Elements with green text are nonmetals, elements with purple text are metalloids, and
elements with blue text are metals.*

The chemistry in the Macdonald Research Group here at the University of Windsor
primarily revolves around main group elements in low oxidation states and atypical
bonding environments. Our research focuses on phosphorus in various oxidation states and
contributes to the current chemical bonding knowledge of elements ranging from group 13

to the halogens. This thesis will deal with elements in groups 15 and 14.

In the Periodic Table of Elements, the Group 15 elements are sometimes called the
‘pnictogens’, which is derived from the Greek word pniktos, which means “to strangle”.?
This group contains the elements nitrogen, phosphorus, arsenic, antimony, and bismuth.
These elements occur naturally in various states and forms. Nitrogen occurs in nature as a
non-metal gas and makes up 78.1% of our atmosphere.! Phosphorus is a non-metal solid

that has several allotropes, arsenic and antimony are metalloid solids, and bismuth is a

solid metal. The pnictogens possess 5 valence electrons and commonly occur in the +5 or



+3 oxidation states. The behaviour of the pnictogens in each unique oxidation state varies.

A more detailed discussion of oxidation states will follow in section 1.1.2.

As previously stated, phosphorus occurs in various allotropes. An allotrope can be
defined as one of two or more physical forms in which an element can exist.®> One of the
allotropes, white phosphorus, has a chemical formula of P4 and exists as a solid, liquid, or
gas.! Its tetrahedral structure is shown in Figure 1.2. White phosphorus is extremely
pyrophoric; however it is widely used as a reagent in inorganic synthesis. Red phosphorus,
another allotrope, is rather inert in comparison to white phosphorus and has a structure in
the solid state that is very difficult to model.* Black phosphorus is the most stable allotrope

and has a rhombohedral form in the solid state.!

Figure 1.2 The Tetrahedral Structure of White Phosphorus.® The silver balls represent
phosphorus atoms.

Group 14 is arguably one of the most fascinating groups of the periodic table. It is
comprised of the elements carbon, silicon, germanium, tin, and lead. Carbon is a nonmetal,
silicon and germanium are metalloids, and tin and lead are metals. Group 14 elements are

often termed the ‘tetrels’ because they contain four valence electrons. This thesis deals



with germanium, tin, and lead, and these tetrels typically exist in the +2 or +4 oxidation
states. Whether a group 14 element exists in the +2 or +4 oxidation state helps one gain an

understanding of its chemical behaviour.

1.1.2 Oxidation and Valence States

In order to predict the type of bonding an element may take part in and thus in order
to understand its reactivity, one must have a grasp on the concept of oxidation states.
Parkin® defines an oxidation state to be the charge an atom would have if all ligands were
heterolytically cleaved from it. Thus, for each ligand removal, the electrons would be given
to the most electronegative atom. For example, in hydrogen bromide the electron pair used
for bonding would be given to bromine if the molecule underwent heterolytic cleavage.
Thus, hydrogen would have a +1 oxidation state and bromine would have a -1 oxidation
state. This is called the Fragmentation Method of Assigning Oxidation Numbers® and it is

illustrated in Figure 1.3.
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Figure 1.3: The Fragmentation Method of Assigning Oxidation Numbers®:Heterolytic
Cleavage of Hydrogen Bromide.

Therefore, the oxidation state of an atom can be expressed by subtracting the charge
on each of the ligands from the total charge of the compound. In the hydrogen bromide
example, the total charge of the compound is 0, so the oxidation state of hydrogen would

therefore be 0- (-1), which is +1. Although this model is useful in determining oxidation



states in redox reactions, it is not always appropriate for assigning the oxidation states of

p-block and transition metal compounds due to chemically unintuitive results.

Valence state is another model that is used to rationalize the potential reactivity and
bonding of a particular atom. According to Parkin®, the valence state of an atom is simply
the number of electrons an atom uses in bonding (or chemistry). On rare occasions the
valence state and absolute value of the oxidation state of an atom may be equal, however
it is merely by coincidence that this occurs. Beryllium hydride is a good example of when
the oxidation state and valence state are equal by coincidence. Beryllium has an oxidation
state of +2 in this compound since hydrogen is more electronegative and adopts the
electrons upon heterolytic bond cleavage. By the valence state model, beryllium has an
equal valence state of 2 because it uses two electrons to make bonds with the hydrogen

ligands.

The oxidation state and valence state of an atom fails to be equivalent in three
different situations as described by Parkin®. The first situation occurs when a homonuclear
bond is present, as in hydrogen peroxide. Hydrogen peroxide is electrically neutral,
meaning that all of the oxidation states on each atom must balance out to zero. Since
hydrogen has a +1 oxidation state in this compound, oxygen must have a -1 charge. In
comparison, the valence model suggests that oxygen is bivalent (valence state of 2) since

two electrons are involved in bonding for each atom.



Figure 1.4: Lewis Structure of Hydrogen Peroxide.

Another situation where the oxidation state and valence state are not equivalent is
when two of the ligands that dissociate from the atom of interest have equal and opposite
charges®. A clear example occurs in the common electrically neutral solvent,
dichloromethane. The carbon atom has a valence state of 4 since it uses 4 electrons to bind
its ligands, however its oxidation state is 0 because hydrogen (+1) and chlorine (-1) have
oxidation states that cancel each other out. Lastly, when the overall molecule is charged
and the ligand that dissociates from the atom in question is a cation, it is impossible for that
atom to have identical valence and oxidation states.® This situation is illustrated by the
phosphonium (PH4*) ion. Phosphorus is pentavalent but has an oxidation state of -3 due to
the proton ligand dissociation. Since the three situations presented above are quite
common, examples of when the valence state is equal to the absolute value oxidation

number are few and far between.
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Figure 1.5: Lewis structure of Dichloromethane.
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Figure 1.6: Lewis Structure of the Phosphonium lon.

A model that is related, but not identical, to the valence state model is employed to
unambiguously assign oxidation states to p-block elements. This model, proposed by Ellis
and Macdonald®, defines the oxidation state of an atom by the number of lone pairs
associated with it. This model is preferred over the valence state model because it can
consistently determine oxidation states as well as give insight into the chemical behaviour

and structure of compounds with the same oxidation state.

Ellis and Macdonald’s® oxidation state model is related to Parkin’s® valence state
model in that it assumes that for a given atom of interest, the atom is less electronegative
than the than the other atoms to which it is bonded. A clear example occurs in the
compound PFs. Since fluorine is more electronegative than phosphorus, the central
phosphorus atom has an oxidation state of +5. Another example in which the pnictogen
centre is less electronegative than the ligands it is bound to occurs in trimethylphosphine,
which is used as a reagent in this thesis. In this compound (PMes), the phosphorus atom
adopts a +3 oxidation state due to the carbon atoms (-4 oxidation state) being more
electronegative than both the phosphorus centre and the hydrogens (+1 oxidation state)
bound to the carbons. Thus, it is most common to observe phosphorus in either a +3 or +5

oxidation state, however phosphorus has been observed by the Macdonald Group in the +1



state.” 2% It is uncommon to have a negative or even-numbered oxidation state on
phosphorus since this implies paramagnetism. An illustration of phosphorus in its common

oxidation states with various coordination environments is shown below in Figure 1.7.
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Figure 1.7: Phosphorus’ Most Common Oxidation States.%’

In addition to phosphorus, the group 14 elements germanium, tin, and lead will be
prominent in this thesis, and thus their oxidation states should be discussed. The group 14
elements can adopt a much wider range of possible oxidation states than phosphorus. Based
on Ellis and Macdonald’s model®, they can be assigned an oxidation state ranging from -4
to +4. Some of these oxidation states are more prevalent in nature than others. It is
uncommon to find any of the group 14 elements in the +3 or +1 oxidation state because
this indicates paramagnetism.! The most stable oxidation state for carbon, silicon,
germanium, and tin is +4, whereas the most stable oxidation state for lead is +2. It should

be noted that tin and germanium can also be found in the +2 oxidation state. An illustration



of possible examples of zero and positive oxidation states for the group 14 elements is

presented in Figure 1.8.
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Figure 1.8: Prototypical examples of structures associated with various oxidation states

for Group 14.1

The prominence of lower oxidation states as one descends group 14 can be
explained by the inert pair effect.® The inert pair effect refers to the tendency of valence
electrons in the outermost s-orbital to remain unionized.!! In other words, the ns? electrons
in the atom become more like core electrons and do not participate in bonding. This can be

explained by the increase in ionization energy caused by a larger effective nuclear charge.

The Macdonald Group has taken advantage of the variance in elemental behavior
with different oxidation states in our research. We have synthesized compounds that can
be suitable for applications ranging from metathesis® to inorganic dyes'? and thus we feel
that we can make valuable contributions to a rapidly-growing family of compounds: the

organic-inorganic hybrid perovskites.

1.1.3 Perovskites

Perovskites are undoubtedly one of the most fascinating topics of research in

inorganic chemistry today. The perovskite mineral, calcium titanium oxide (CaTiO3) was



discovered in 1839 by Gustav Rose in Russia and was named after Lev Perovski, a Russian
minerologist.*® After this discovery, all other materials that adopt the general formula of
ABO3 or ABX3 are termed “perovskites”. In these formulae, ‘A’ represents a large cation
and ‘BOs’ or ‘BX3’ represents a polyatomic anion®3, with ‘X’ denoting a halogen atom.
The crystal structure of a perovskite can be described as corner-sharing octahedra with a
central cation. This motif can be best thought of as repeating cubic units with a cation in
the center of each cube, as illustrated in Figure 1.6. In this diagram, the central blue sphere
represents the ‘A’ cation, the pink spheres on the corners represent the ‘B’ cations within
the polyatomic anions, and the green spheres on the edges of the cube represent the ‘O’ or
‘X’ anions. It is worthwhile to note that in the crystal structure of a perovskite, the ‘B’
cations become hexacoordinate as opposed to tricoordinate as suggested by the general
formula. It is possible to obtain distorted perovskites in which the cubic structure appears

buckled if the central ‘A’ cation is too large.

Figure 1.9: The General Perovskite Crystal Structure where the blue sphere represents the

‘A’ cation, the pink spheres represent the ‘B’ cations, and the green spheres represent the
‘O’ or ‘X’ anions.
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The most common perovskite minerals are found within the Earth’s crust. In fact,
two out of the three primary components of Earth’s lower mantle adopt a perovskite crystal
structure. Bridgmanite or silicate perovskite, (Mg, Fe)SiOs and CaSiOs, are two
perovskites found below the Earth’s surface.'* There is also evidence of this perovskite in
outer space, as (Mg, Fe)SiOs has been observed in the Tenham meteorite.*® These minerals
do not always exhibit the same motif adopted by an ideal perovskite, however. As the
pressure increases from the surface to the Earth’s lower mantle, the crystal structure of
these perovskites become increasingly distorted.'® This distortion was evaluated at
increasing pressures in YAIO3, CaSnOz and GdFeOs perovskites and it was discovered that
the corner octahedra tilt slightly at higher pressures.!’ This is demonstrated in Figure 1.10,

where an ABOs perovskite with slight distortion is depicted.

A transmission electron microscopy (TEM) study of magnesium-bearing
bridgmanite has found that this perovskite undergoes phase transitions at higher
temperatures and pressures in the Earth’s lower mantle.!® A phase transition from
orthorhombic to tetragonal to cubic crystal systems was observed as the temperature
increased moving closer to the Earth’s core.*® This provides further evidence that structural

transitions in perovskites occur with increasing temperature and pressure.
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Figure 1.10: The Distortion of Perovskite at High Pressures.'® The turquoise octahedra
with red spheres on the vertices represent the BO3 anions and the grey spheres represent
the A cations.

Although the most common perovskites found on Earth contain oxygen, there are
naturally occurring perovskites that form from transition metals and halides. MgCNis, one
of the transition-metal perovskites that has received a lot of attention due to its
superconducting abilities, adopts the same cubic perovskite structure as seen in the oxide
perovskites.?® Another example of a transition-metal perovskite is CssAuO.?* This
compound is very unique because its formula does not match the traditional structural
formula for a perovskite. The three cesium atoms each have a +1 charge, the oxygen has a
-2 charge, and the gold atom has a -1 charge. Interestingly, the anionic character of the gold
varies with the alkali metal chosen, as a complimentary study of RbzAuO yielded a higher
ionization energy in gold. Neighborite, a well-studied perovskite with the formula

NaMgFs, is a naturally-occurring halogen-containing perovskite. It is reminiscent of
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MgSiOs in that it also transitions from an orthorhombic to cubic crystal system as the

temperature and pressure increases.?

In addition to the unique characteristics of their crystal structure, perovskites also
have fascinating properties from both a theoretical and practical standpoint. Perovskites
are good candidates for various applications in materials science because of their
superconductivity, ionic conductivity, and magnetoresistance.?® These properties indicate
that perovskites could potentially be used in microelectronics, telecommunications, and

even photoelectronics.?

Perovskites exhibit interesting properties due to their inherently flexible bond
angles and the resulting deviations from the ideal octahedral structure that can take place.
These deviations include slight tilting of the corner octahedrons (as previously discussed),
displacement of the central “A” cation from the cube, and also the Jahn-Teller distortions
of the corner octahedra.?* Jahn-Teller distortion describes the spontaneous breaking of
symmetry that occurs in a molecular system in order to lower its overall energy.?® This
typically occurs in octahedral or tetrahedral transition metal complexes®® and has been
observed in perovskites containing Cu?* and Mn®*.2* Since perovskites exhibit a corner-
sharing octahedral crystal structure®®, Jahn-Teller distortions will occur as either elongation
or compression®® as depicted in Figure 1.11. Elongation occurs when d-orbitals that have a
z-component, namely the d;?, dx, and dy; orbitals, decrease in energy, whereas compression

occurs when the d-orbitals without a z-component (dxy, dx2y? orbitals) decrease in energy.?®
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Figure 1.11: Jahn-Teller Elongation (left) and Compression (right).2®

It is useful to quantify the distortion an ABO3 or ABXs molecular system might
experience in order to determine whether it will, in fact, form a perovskite. The
Goldschmidt tolerance factor, t, for perovskites serves as an indication of the stability and
amount of distortion of the crystal structure from the ideal cubic shape.?”?8 It describes
how compatible an ion is to making the traditional perovskite crystal structure. An equation
representing the relationship between the ionic radii and tolerance factor is depicted in
Figure 1.12. Ra represents the ionic radius of the central cation, Rg represents the ionic
radius of the cation within the polyatomic anion, and Ro or x represents the ionic radius of
oxygen or any halide. Materials with a calculated tolerance factor of 0.9-1.0 will have an
ideal cubic structure and form a perovskite.?® A tolerance factor of 0.71-0.9 indicates a
material that adopts a distorted perovskite structure with tilted octahedra?®, which was
previously visualized in Figure 1.7. Non-perovskite structures occur when the tolerance
factor is greater than 1 or less than 0.71; the former case usually forms a hexagonal crystal

system whereas the latter case usually forms an orthorhombic system.?°
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= (R4 + Rp)
[\/E(RO or X + RB)]

Figure 1.12: The Goldschmidt Tolerance Factor Equation?®.

Although the naturally-occurring perovskites have interesting crystal properties and
a potential for useful applications, they have proven to be tedious to synthesize in the
laboratory. The original perovskite, CaTiOs, can be made in the laboratory setting by
mixing CaCOs and TiO> in the solid state using a mortar and ethanol slurries for 3h. This
product is then pressed into pellets and calcined in air at elevated temperature for 12h, and
then broken up to repeat the process again.*® MgCNis perovskite is similarly synthesized
using solid-state starting materials, which are ground together, made into a pellet, and
heated at elevated temperature under a mixture of argon and hydrogen gas.?’ Once again,
the pellet is broken up and the mixing-heating process is repeated before the final
perovskite product is obtained. An even longer process is in place to synthesize the anionic
gold perovskite, RbsAuO, which must remain untouched for six weeks after initial reaction

before excess solid rubidium can be removed.?

The lengthiness of the oxide perovskites’ syntheses is tolerated because of their
remarkable properties such as superconductivity. Superconductivity refers to the
phenomenon in which a material poses zero resistance to conducting electricity.3 This
property was first discovered in layered copper oxide perovskites at high temperatures®?
and further observed in barium oxide perovskites.*** Non-traditional perovskitic
structures have also demonstrated useful properties. The Ruddlesden-Popper (RP) phase
of perovskite®3® has a general formula of An+1BnXan+1 Or An-1A2’BnXan-1, where A, A’, and

B are cations, X is an anion such as oxygen, and n is the number of layers of octahedra in
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the crystal structure.®” The RP phase perovskite LaSrsFesO1o can be used as a rechargeable
metal-air battery since the oxygen in the crystal lattice is easily removed.® The discovery
of these properties in the oxygen-containing perovskites motivated the synthesis of more

perovskitic materials that have their own unique properties and applications.

1.1.4 Organic-Inorganic Hybrid Perovskites

Inorganic-organic hybrid perovskites are most well studied because they can work
as light-harvesting materials in solar cells. The use of solar cells has grown exponentially
in recent years due to their ability to convert light energy from the sun directly to electrical
energy.® Traditionally, rooftop solar cells are comprised of crystalline silicon and have
power conversion efficiencies (PCEs) reaching up to 25%.27°4% Other common types of
solar cells include cadmium telluride (CdTe), gallium arsenide (GaAs), and copper indium
gallium diseluride (CIGS), which all have PCEs exceeding 20%.2"%° Perovskites have
recently joined these materials in the ranks of possible materials for solar cells, as they
have a comparable PCE of 20.1%* and are inexpensive in comparison to silicon and

CdTe.®

In a perovskite solar cell (PSC), the perovskite layer absorbs light and electrons
jump from the valence band (VB) to the conduction band (CB), leaving holes in the valence
band. These holes allow electrical current to flow through the cell, which can power an
electronic device.® The energy gap between the valence band and the conduction is called
the bandgap and it represents the minimum energy required to excite an electron from the
VB to the CB so electrical current may flow.*! The band gap is equivalent to the

HOMO/LUMO gap in molecular orbital theory, where the HOMO is the VB and the
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LUMO is the CB.*? Figure 1.13 depicts a functioning perovskite solar cell.*® It should be
noted that FTO (Fluorine-doped Tin Oxide) is a type of electrically conductive glass that

is used to construct a wide range of optoelectronic devices.
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Figure 1.13: A Functioning Perovskite Solar Cell*®, showing the VB, the CB, and the band
gap. The blue circles represent electrons in the VB, the red circle represents an excited
electron that has gone to the CB, and the white circle represents a hole in the VB.

In recent years, main group halometallate perovskites have been extensively
studied because of their ability to be used in solar cells as well as other important
applications. Lead halide perovskites with the general formula of APbX3 have been used
as LEDs*®™, lasers*4’  photodetectors®®>!, and in facilitated water-splitting®>®3. The
Kanatzidis group>>’ has pioneered the synthesis of main group halometallate perovskites.
Their first perovskite synthesized was CsSnls>* and it has the same structural formula
(ABX3) as the perovskites discussed above.'* This perovskite undergoes complex

transitions between two different polymorphs upon increases in pressure and temperature
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in a similar fashion to bridgmanite'®!” and neighborite?>. One polymorph of CsSnls,
depicted in Figure 1.14, is black in colour and functions as a p-type semiconductor.>* P-
type semiconductors are characterized by an electron hole in the crystalline lattice.”® A
neighboring electron fills the hole and leaves another hole adjacent to it. Thus, the hole is
constantly moving from atom to atom. This occurs in the direction opposite to that of the
electron flow. It is important to note that although the electrons move in p-type
semiconductors, the atoms themselves stay stationary. In the CsSnls perovskite, the hole is
due to tin vacancies in the perovskite structure.>® This black polymorph of CsSnls has a
narrow bandgap of 1.3eV°*, making it suitable for semiconducting applications. The black
polymorph also exhibited near-IR photoluminescence (PL) at room temperature, making it
a desirable candidate for non-invasive investigation of artefacts and paintings®®, optical

amplifiers®, fibre-optic and laser systems®!, and biomedical applications.®?

Figure 1.14: The Black Polymorph of CsSnls.>* The purple spheres represent iodine, the
blue spheres represent cesium, and the grey spheres represent tin. The bonds drawn
between Cs-I are meant to show that the cesium cation is in a 12-fold coordination sphere.

18



The other polymorph of CsSnls has greatly contrasting properties in comparison to
its black polymorph. It is yellow in colour and has a chemical formula of Cs2Snzls. As its
formula suggests, it does not exhibit the same corner-sharing octahedra as a typical
perovskite, but rather it forms infinite 1D [Snyls>] chains.®* Its bandgap of 2.55eV is much
larger than that of the black polymorph, making it a wide-bandgap semiconductor. This
substantial difference in bandgap between the two phases can be explained by the structural

changes that occur when the black polymorph is exposed to air.>*

Group 14 halide perovskites are not limited to inorganic ions, like Cs*. Organic
cations such as methylammonium (MA) and formamidinium (FA), pictured in Figure 1.15,
have been shown to yield hybrid inorganic-organic perovskite materials which have
important photophysical properties. The structural formula for these compounds is AMls,
where “A” is one of the organic cations mentioned above and “M” is either tin or lead. Not
surprisingly, these perovskites exhibited similar temperature-dependent phase transitions
to those found in the oxide perovskites'®1"?2 and CsSnls>*. Four different phase transitions
(a, B, v, and 8)°° were exhibited in all four compounds made from the combination of the
cations with tin(ll) or lead(Il) iodide. These materials are classified as medium bandgap
semiconductors with bandgaps ranging from 1.2-1.7eV.%® Materials with bandgaps in this
range are sought after for solar cell applications due to their optimal PCE.® Near-IR PL is
also observed in these perovskites, making them attractive candidates for energy

conversion applications.®*
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Figure 1.15: Methylammonium (MA) and Formamidinium (FA) Cations.

Kanatzidis and his colleagues went on to create more organic halometallate
perovskites with the general formula of AGels®. A wider variety of ammonium ions were
used to synthesize this family of perovskites, and their structure with a methylammonium
A-site cation is depicted in Figure 1.16. Akin to the perovskites made of tin and lead that
were previously synthesized®, these perovskites also displayed a direct band gap which
highlights the semiconducting properties they have. Interestingly, a gradual change in size
of the organic cation was found to influence the packing of the [Gels] anions, which lead

to differences in the crystal structures among the AGels perovskite family.

Figure 1.16: Methylammonium Germanium lodide Perovskite.>®
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A trimethylsulfonium lead triiodide perovskite, (CH3)3SPbls, synthesized by the
Kanatzidis group®’ is the newest member of the main group halometallate perovskite
family. This perovskite, which is depicted in Figure 1.17, also undergoes a change in
crystal system as the temperature changes, losing symmetry as temperature decreases. This
perovskite is unique in that it forms a 1D network of face-sharing Pbls octahedra due to the
sulfonium cation being too large to accommodate a 3D network of octahedra.®’
Trimethylsulfonium lead triiodide has a very large bandgap (3.1eV)°” in comparison to
those of the aforementioned perovskites, and thus it is classified as a wide-bandgap
semiconductor. Although its optoelectronic properties are still being investigated, this
perovskite shows promise due to its stability in air at ambient temperatures. It surpasses
the other perovskites in this respect, as the black polymorph of CsSnls®*, MAPbI3>>%, and

the trigonal polymorph of FAPbIs® all decompose to some degree in air at room

temperature.
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Figure 1.17: Trimethylsulfonium Lead Triiodide.>” The grey polyhedra represent the face-
sharing octahedral motif of this 1D perovskite.

The main group perovskites made by Kanatzidis represent the cutting edge of a

synthetic boom in this research area. Other groups have synthesized perovskites of this
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nature with different halides apart from iodine?”?%-" and each of these compounds

exhibit unique properties based on the combination of cations and anions used.

Fascinatingly, each inorganic-organic hybrid perovskite has a unique bandgap that
can be tuned by changing the composition of the perovskite. The general formula for
perovskitic materials (ABX3) suggests that there is a lot of potential for variation in their
composition. The X-site anion, which is occupied by a halogen in these perovskites, was
the most common component that researchers tried to tune to date. For example, single
crystals of methylammonium lead halide perovskites (MAPbX3) were studied with UV-
Visible spectroscopy and it was found that the bandgap narrows as X is changed from
iodide to bromide to chloride.”® Furthermore, the effects of changing the halide (X)
between iodide, bromide, and chloride in a mixed-halogen MAPbI>X perovskite were
examined by Mosconi et al.®® using DFT calculations. It was found that the perovskites in
which the X anion is bromide had a higher bandgap than those that contained chloride or
iodide.®® Noh et al.”’ further examined the tunability of the bandgap of MAPDbI3«Bry by
changing the ratio of Br:I. They were able to achieve bandgaps of 1.6-2.2eV, which covers

almost the entire visible spectrum.”’

Notably, fluoride is absent from the inorganic-organic halide perovskites. Chung et
al.>* showed that fluoride incorporation in CsSnls perovskite greatly enhanced the PCE,
thus chemists working with organic cations sought to incorporate fluorine in their mixed-
halide perovskites. Fluorine afforded low stability in these systems,®® thus Ogale and
coworkers® used the tetrafluoroborate (BF4) anion as a source of fluorine in a MAPbI3
perovskite. This anion is similar in size to iodide, thus it was readily integrated into the

perovskite structure. It was discovered that MAPDbIz «(BF4)x displays enhanced electrical
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conductivity in comparison to MAPDbI3"®, which is further evidence that tuning the X-site

can have a significant effect on the properties of a perovskite.

The B-site cations also play a role in the conductive properties of perovskitic
materials. Using the MAPDIz perovskite, researchers have investigated the effect of
gradually incorporating other metal cations in the B-site with lead. Navas et al.”® doped the
Pb?* in this perovskite with Sn?*, Cd?*, Sr?*, and Ca?" cations and analyzed the effect by
studying the change in bandgap. It was found that MAPbIs doped with tin(11) was the only
perovskite that had a higher bandgap than that of the parent structure. The presence of the
other cations narrowed the bandgap, with MAPbI; doped with Sr>* having the smallest
bandgap.” Tin has also been controllably exchanged for lead in FASnIz and it was
discovered that the bandgap decreases as the lead content increases.®® Trivalent cations
such as Bi®**, Au*, and In® have also been incorporated in MAPbBr; by Bakr and
coworkers.8! They found that Bi(lll) incorporation lowered the bandgap in comparison to

the parent compound, but Au(I11) and In(111) had no appreciable effect on the bandgap.8!

Kanatzidis and his colleagues have made perovskites with various nitrogen-
containing organic cations with lead, tin, and germanium iodides.>*>® In general, the tin(l1)
compounds have smaller bandgaps than those containing Pb(Il). Germanium-templated
perovskites with the general formula of AGels were also studied and it was found that their
bandgaps are wider than those of any Sn(ll) or Pb(ll) perovskites.® The variance in
bandgaps with different B-site cations show that this component of the perovskite could

also respond to external stimuli and therefore play a role in the conduction of electrons.
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The A-site cation is the final component in the perovskite formula that may be
tuned. Originally, this cation was thought to have no orbital or electronic contribution to
the final electronic structure of perovskite.22* However, Hu et al.®> demonstrated that
changing the values of a, b, and ¢ in CsaFALMAPbBI;l3; by tuning the ratio of FA:
(MA+Cs) changed the onset of absorption in comparison to the parent compound
FAPDBr,l3,. Furthermore, DFT calculations performed by Filip and colleagues® showed
that the bandgap of metal halide perovskites decreases with the X-B-X bond angle in the
perovskite. The X-B-X bond angle can be adjusted by tilting the octahedra, which is
achieved by changing the size of the A cation due to steric hindrance.®®®” Many studies
suggest that a larger A-site cation such as FA may be better than MA in terms of stability,
efficiency, and narrowing the bandgap?’88-1%, however it is more difficult to incorporate

such a cation into the perovskitic structure due to steric considerations.

In addition to their attractive optoelectronic properties and tunability, perovskites
are relatively facile to synthesize. Perovskites can be made in bulk as crystals or by
deposition of thin films.2” This thesis will focus on synthesizing perovskite crystals,
therefore the methods used to create perovskite crystals will be discussed. One of the most
common ways to grow perovskite crystals is to heat a saturated perovskite precursor
solution containing an organic halide salt and lead(lIl) halide. The reaction mixture is left
to cool and halide perovskite crystals crash out of solution.®191-104 peroyskite crystals as
large as 1cm in size have been reported using this method2. Another conventional method
of growing crystals, slow evaporation, is also used to grow perovskite crystals. In this
method, crystals are grown when an organic solvent such as DMF or ethanol is slowly

evaporated from the perovskite precursor solution.9210%106
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There are also several novel crystal-growth methods that have been used to grow
perovskite crystals in bulk. Antisolvent vapor-assisted crystallization (AVC)% is a method
used to grow crystals as well as thin films. In AVC, an appropriate antisolvent is made to
slowly diffuse into a perovskite precursor solution. The solvothermal method® is another
facile way to grow perovskite crystals. It is done by heating the precursor solution in a
closed vial to prevent solvent from evaporating. Solvothermal synthesis has been used to
make mixed-halide perovskites. Lastly, perovskite crystals can be created via inverse
temperature crystallization (ITC)!%. ITC takes advantage of the decrease in solubility of
the perovskite at elevated temperatures in certain solvents. One other avenue taken to create
perovskites is mixing the ammonium halide salt and the lead halide in the solid state to

create a powder.?’

1.1.5 Scope of Thesis

The previous section summarizes the most recent advances in the synthesis and
investigation of main group halometallate perovskites. Although there exists a large family
of these perovskites, the A-site cation is largely limited to cesium® and alkylammonium
species®>°®. Since phosphonium is isolobal to ammonium?, it is possible that a perovskite
structure similar to those observed by Kanatzidis and colleagues®® can be made with
phosphorus. To date, there has been one instance of a phosphonium-containing perovskite,
which was synthesized by Kociok-Kéhn.1% Trimethylphosphonium trichlorogermanate(l1)
adopts a distorted perovskite structure in the crystalline state and was inadvertently
synthesized as an attempted crystallization of an adduct of trimethylphosphine-

germanium(ll) chloride.!%°
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109 serves as encouragement that a perovskite structure

Kociok-Ko6hn’s discovery
may be created using other phosphoniums and group 14 halides. Given that
trimethylphosphonium formed a distorted perovskite structure, it is probable that a larger
phosphonium cation like the ones synthesized in this thesis will not crystallize in a
perovskitic manner. Nevertheless, it is still worthwhile to explore the products of these
reactions as novel structures. The second chapter of this thesis describes the synthesis and
characterization of novel phosphonium salts of various size for reaction with the group 14
halides. Chapters 3,4, and 5 outline the results of the reactions of the different phosphonium

salts with lead, tin, and germanium halides, respectively. Chapter 6 provides a summary of

the work in this thesis as well as future considerations for this research.

Figure 1.18: Outline of Potential Phosphorus-Containing Perovskites Explored in this
Thesis.
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CHAPTER 2: Synthesis of Novel Phosphonium Salts

2.1 Introduction

2.1.1 Phosphines

Phosphines are arguably the most versatile class of ligands ever studied.! These
species are commonly used as neutral ligands in transition metal and organometallic
chemistry. Phosphines can coordinate to metals that are in various oxidation states and they
can also be used in catalysis.? They have the general formula of PRaHs.n,> where R is
usually an organic derivative, and adopt a trigonal pyramidal geometry. The value of n in
the general formula for a phosphine dictates whether it is primary (n=1), secondary (n=2)
or tertiary (n=3) phosphine. In this chapter, tertiary phosphines will be used as precursors

to phosphonium salts.

Tertiary phosphines are the most common types of phosphines in chemistry today,
with triphenylphosphine and trimethylphosphine, pictured in Figure 2.1, being the most
routine.® The triarylphosphines occur as white air-stable solids, whereas the
trialkylphosphines are colourless liquids that readily oxidize to O=PR3 in air. Phosphines
may also occur as bi- or triphosphines which typically serve as chelating ligands. A

common diphosphine, dmpe, and a triphosphine, triphos, are also displayed in Figure 2.1.

/, |

@@

Figure 2.1: Common Phosphine Ligands. From left to right: trimethylphosphine,
triphenylphosphine, dmpe, and triphos.
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Phosphines are classified by the Tolman electronic parameter and the cone angle.
The Tolman electronic parameter gives insight into the w-acidity of a phosphine, whereas
the cone angle measures the steric bulk of a ligand.>*® For the purposes of this thesis, it is
important to consider the size of the phosphine being used to make a phosphonium salt

because the phosphonium cation will occupy the A-site of a perovskite.

2.1.2 Phosphonium Salts

Phosphonium salts are a family of phosphorus-containing compounds that have a
PR4" cation. The R-groups in the cation can consist of hydrogen, such as in [PH4™][I7], or
an organic moiety such as in the quaternary phosphonium salts.® This chapter will focus on
the creation of phosphonium salts through protonation (Scheme 2.1) and alkylation
(Scheme 2.2) of tertiary phosphines. Protonation involves the use of an inorganic acid such

as hydroiodic acid, whereas alkylation employs an alkylating agent such as iodomethane.

. H
| -
rRPWR + H-X —— [R-PER|[X]
R
Scheme 2.1: Protonation of Phosphine®
. R
PR + R—X — |R-PER|[X]
R |§ !
R

Scheme 2.2: Alkylation of Phosphine®
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The following chapter demonstrates that the above two methods of synthesizing
phosphonium salts can be used with multiple organic mono- and diphosphines. The
structural elucidation of each phosphonium salt via NMR spectroscopy is presented along

with the crystal structures of three of the synthesized salts.
2.2  Results & Discussion

2.2.1 Synthesis of Monophosphonium Salts

Tetramethylphosphonium lodide

Given the success of forming perovskites from methylammonium species,’ 1 it
seemed fitting to start building the phosphonium salt library with one that contains methyl
substituents. Trimethylphosphine (PMes) and iodomethane (Mel) were reacted in a 1:1
ratio in toluene at room temperature under inert atmosphere. Mel was added to the Schlenk
flask in a dropwise fashion, and a white precipitate formed. After 24h, this white precipitate
was isolated and characterized as tetramethylphosphonium iodide ([PMes][1]) by NMR and
CHN-Elemental Analysis. Interestingly, although this phosphonium salt has been prepared

before,!! it had not been crystallographically characterized.

o tol _ I\I/Ie _
Pypme + Mel ' —pt -
Me v ee e 24h Me I\?/IeMe [I l

Scheme 2.3: Novel Synthesis of Tetramethylphosphonium lodide.

Our synthesis of [PMes][I] is more facile and higher-yielding than the synthesis

described by Herrmann and Kuhn.!! Previously, this salt was made by reacting calcium
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phosphide and iodomethane in a methanol-water solution at 0°C for 3h.!* This mixture is
then heated at reflux for 48h, the solvents are removed in vacuo, then the resulting residue
is mixed with ethanol and heated to boiling again. The residue obtained from exposing the
hot-filtered solution to reduced pressure is then recrystallized from anhydrous ethanol. In
addition to the being more convenient, our synthetic protocol has a 78% yield, whereas the
reported synthesis!! generates a 53% yield. Furthermore, NMR spectroscopy of the crude
product from the previous literature method reveals the presence of three other byproduct
phosphonium cations!!, whereas the NMR spectrum of our synthesis contains only the
target phosphonium. The 3'P{*H} NMR of our product displayed one singlet at 23.6 ppm,
suggesting that there was no unreacted starting material or byproduct in the product
mixture. The *H NMR shows one doublet at 1.84 ppm which represents the methyl proton
environment coupling to the phosphorus. Hermann and Kuhn!! found a doublet at 1.93
ppm for the methyl protons of this phosphonium, which is similar to the chemical shift we
observed. The differences in chemical shift can be explained by the difference in solvents
used: Kuhn et al.! used DO, whereas we used CDsCN. The 2Jpy is 15 Hz, which is the
same as the coupling constant reported by Herrmann and Kuhn?! for this salt. The *C NMR
of our product also matches well with the previously reported synthesis of [PMes][l]. The
single methyl environment in the cation appears as a doublet at 9.98 ppm in our spectrum
and 9.2 ppm in Khun et al.’s.!! The one-bond coupling constants between carbon and
phosphorus match closely as well, with ours at 56.3Hz and the previously-reported
coupling constant at 56Hz.* As previously stated, the differing solvents could be a cause
for the small discrepancy in chemical shift between the two different characterizations of

[PMes][1].
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Although [PMes][1] has been made before, it has not been crystallographically
characterized and we were fortunate to obtain crystalline material from an acetonitrile
solution. Crystals suitable for X-Ray diffraction were selected, and the crystal structure of

[PMeg][1] was elucidated. It is depicted in Figure 2.2.

@

Cc1
c1

c1
Cc1

Figure 2.2: Crystal structure (ball and stick) of [PMe4][I] with selected bond lengths (A)
and angles (°): P1-C1, 1.761(7)A; C1-P1-C1°, 109.5(3)°, Hydrogen atoms not bound to
phosphorus are omitted for clarity.

Although a CSD search gives many examples of species that contain a
tetramethylphosphonium ion, there is only one example of a tetramethylphosphonium salt
with a single halide. Tetramethylphosphonium fluoride ([PMes][F]) has been
crystallographically characterized by Kornath et al.'? and thus the metrical parameters of
the phosphonium cations in this structure and our structure may be compared. In
comparison to the analogous tetramethylphosphonium fluoride salt,*? which have P-C bond
lengths averaging at 1.778(13)A, the P-C bond lengths in tetramethylphosphonium iodide

are similar at 1.761(7)A. The bond angles in the cation at 109.5(3)° are similar to those
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previously reported,'? indicating that the methyl groups are tetrahedrally arranged about

the phosphine, as anticipated.

Trimethylphosphonium lodide

Given the successful synthesis of [PMeg][l]] via the alkylation of
trimethylphosphine, the protonation of trimethylphosphine to create [HPMes][l] was
attempted. Trimethylphosphine was reacted with hydroiodic acid solution in a 1:1 ratio to
create the phosphonium iodide salt. This compound has been reported by Bellachioma as
a product of the hydrolysis of [PMesl][I], however it has not been fully characterized.™®
The phosphine was dissolved in toluene and the hydroiodic acid solution was added
dropwise under stirring to ensure that the reaction went to completion. A white precipitate
formed immediately upon addition of the brown HI solution. After pumping off the toluene,

the white solid was dissolved in acetonitrile to yield colourless crystals.

H
D tol. I
Pome + HI ——> [Me—P~ -
Me™" e 2an . [Me~B~Me| [I7]
- Me -

Scheme 2.4: Novel Synthesis of Trimethylphosphonium lodide.

The successful synthesis of trimethylphosphonium iodide ([PMes][l]) was
confirmed by NMR spectroscopy and X-Ray crystallography. The 3!P{*H} NMR gave
good evidence for creation of the trimethylphosphonium cation as the chemical shift
obtained was similar to that of previously reported trimethylphosphonium cations. The
spectrum exhibited one phosphorus environment, which was a singlet. The chemical shift

of the synthesized compound is 2.09 ppm, which is very close to the shift for
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trimethylphosphonium iodide of -0.44 ppm reported by Bellachioma.®® To observe the
phosphorus coupling to protons, a 3P NMR without proton decoupling was run. The
splitting pattern showed a doublet of decets, which corresponds with the predicted pattern

for trimethylphosphonium iodide.

Hg

|
HA\C/ "//C/ILAI\
HA

) H/

Figure 2.3: H Environments of [HPMes][l].

The doublet of decets exhibited in the 3P NMR is due to the phosphorus coupling
to the Ha and Hg environments of [PMe3z][1] as depicted in Figure 2.3. Phosphorus exhibits
stronger coupling (510Hz) to the lone proton in environment B because it is only one bond
away. Weaker coupling (15.9Hz) is exhibited to the methyl protons because they are two
bonds away. The chemical shift for phosphonium iodide in this spectrum is 1.18 ppm,
which is in close correspondence with the shift found by Bellachioma.'®* A comparison

between the 3'P{*H} and 3P NMR spectra is displayed in Figure 2.4.

48



Figure 2.4: The a) *!P{*H} and b) 3P NMR Spectra of [HPMes][l].

The proton NMR spectrum further confirmed that phosphonium iodide was
synthesized. Two signals corresponding to environment A and environment B, as shown
in Figure 2.3, were displayed on the spectrum. A doublet of decets that is displayed at 6.42
ppm corresponds to the Hg environment. The large coupling constant of 513 Hz is due to
Hg coupling to the phosphorus one bond away, while the smaller coupling constant of
5.7Hz is due to Hg coupling to the methyl protons of environment A. The doublet of
doublets resonance displayed at 1.85 ppm (cf. 1.99 ppm)®® corresponds to the Ha
environment. Ha exhibits coupling to phosphorus two bonds away (16.5Hz cf. 15.7 Hz)*®

and the proton from environment Hg which is three bonds away (6.3Hz cf. 5.5Hz).1

Although trimethylphosphonium iodide has already been synthesized and
reported,? it had not been fully characterized thus we collected further spectroscopic data.
The B3C{*H} NMR is consistent with the proposed composition. One of the chemical shifts
observed at 118.26 ppm, a singlet, is attributable to the deuterated acetonitrile solvent used
to make the NMR sample. Acetonitrile displays another resonance at approximately 1.39
ppm which is a septet. It is not observed in this spectrum because the spectral width is too
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narrow. The resonance observed due to the methyl groups on trimethylphosphonium iodide
is a doublet a 5.75 ppm. This is distinct from the chemical shift of trimethyl phosphine,
which displays a chemical shift of 14.3 ppm. The doublet splitting pattern is due to the one-

bond coupling of the carbons to phosphorus, which is quantified at 55.6Hz.

Since this compound has not been crystallographically characterized before, X-ray
diffraction was performed on a sample recrystallized by slow evaporation of acetonitrile.
The crystallographic data provides further insight into the bonding nature of this
compound. The bond lengths found in this structure for P-C1 and P-C2 of ca. 1.783A and
the P-H bond distance of ca. 1.52A are in good agreement with those previously reported
for trimethyl phosphonium cations.}* Figure 2.5 displays the structure of

trimethylphosphonium iodide.

—~ @ T

C2

P2 11

C1

Figure 2.5: Crystal structure (ball and stick) of [HPMes][I] with selected bond lengths
(A) and angles (°): P2-C2, 1.7827(10); P2-C(1), 1.7831(6); P2-H, 1.52(3)A; C2-P2-C1,
110.13(3); C1-P2-C1, 111.25(4); C2-P2-H, 112.7(9); C1-P2-H, 106.3(5). Hydrogen
atoms not bound to phosphorus are omitted for clarity.
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Tri(n-butyl)phosphonium lodide

The successful synthesis of both [PMeg][l] and [HPMes][l] via protonation and
alkylation of PMes prompted us to probe similar reactions with tri(n-butyl)phosphine. For
the protonation, tri(n-butyl)phosphine was dissolved in toluene and H1 was added dropwise
in the same manner as with the synthesis of [HPMez][l]. The toluene was removed via
vacuum after 24h, leaving an orange oil. This oil was further pumped on, and after 6h a
pale pink solid was collected. The percent yield of this reaction was 96.0%. Although no
crystals were obtained for this reaction, NMR spectroscopy confirmed that the product
created was indeed the target tri(n-butyl)phosphonium iodide. A single resonance in the
3P{*H} NMR at 12.98 ppm indicated that there was only one phosphorus species in the
product mixture. There was no peak at -32.4 ppm, which would indicate the presence of

the starting tri(n-butyl)phosphine.>16

'H and BC{*H} NMR are also consistent with the synthesis of tri(n-
butyl)phosphonium. A doublet of septets at 7.40 ppm indicates that the phosphine was
protonated. This shift, which corresponds to Environment A in Figure 2.6, represents the
coupling of the lone proton to the phosphorus atom and the six protons of Environment B.
The strong one-bond coupling between proton A and the phosphorus atom (489Hz) is
similar in magnitude to the one reported for trimethylphosphonium iodide by Bellachioma
et al.'® (496.4Hz). Environments B, C, and D have shifts of 2.35 ppm, 1.62 ppm, and 1.49
ppm, respectively and appear as multiplets with unresolved coupling. The coupling is
unresolved because each of the environments is coupled to many similar but different
environments and as a result the couplings are ambiguous and the splitting patterns are

convoluted. Environment E is a triplet at 0.95 ppm, which is in the typical range for a
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terminal methyl group. The three-bond coupling of these protons to Environment D is
similar to those observed in trimethylphosphonium iodide.™® The *H NMR chemical shifts,

multiplicities, integrations, and coupling constants are shown in Table 2.1.

Figure 2.6: *H Environments in Tri(n-butyl)phosphonium lodide

Table 2.1: Summary of the *H NMR Spectrum of [HP(n-butyl)s][I] in CDsCN

Environment Chemical Multiplicity Integration Coupling
Shift (ppm) (Hz)
A 7.40 Dsept 1H Lpn =489
3JHH =55
B 2.35 M 6H Unres.
C 1.62 M 6H Unres.
D 1.49 M 6H Unres.
E 0.95 T 9H =7

The BC{*H} NMR spectrum served as further confirmation that tri(n-
butyl)phosphonium iodide was synthesized. Figure 2.7 depicts the *C environments
observed in this phosphonium salt. Environments A, B, and C appear as doublets due to
coupling to phosphorus. The one-bond coupling between phosphorus and Environment A
is 47.2Hz, the two-bond coupling to Environment B is 15.5Hz, and the three-bond coupling
to Environment C is 4.7Hz. The two-bond coupling is reminiscent of the 2Jpc present in

tetramethylphosphonium iodide, which is quantified at 56Hz.}” The one-bond coupling
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observed in this spectrum is like that observed in trimethylphosphonium iodide.*
Environment D, the terminal methyl environment, is a singlet at 12.70 ppm. It does not
couple to the phosphorus atom since it is four bonds away. It is also worthwhile to note
that the carbon environments do not experience observable coupling to each other because
the *C nucleus is in such low abundance. The chemical shifts, multiplicities, and coupling

of the 3C NMR of tri(n-butyl)phosphonium iodide are summarized in Table 2.2.

=

C
~ / ~ c\

Ce

Cc
~c,

Figure 2.7: 3C Environments in Tri(n-butyl)phosphonium iodide.

Table 2.2 Summary of the *C Spectrum of [HP(n-butyl)s][I] in CDsCN.

onme emica D oupling

P
A 16.10 D Ypc=47.2
B 23.36 D 2Jpc = 15.5
C 24.20 D 3pc = 4.7
D 12.70 S N/A

Tri(n-butyl)methylphosphonium lodide

Tri(n-butyl)phosphine was also alkylated with iodomethane in a similar fashion to
trimethylphosphine. The resulting phosphonium salt is tri(n-butyl)methylphosphonium
iodide. This compound has been synthesized and characterized before,*6181° however the
synthesis used in this thesis is different than those that have been previously reported.
Tri(n-butyl)methylphosphonium iodide was first accessed as a byproduct in a 3!P NMR-

monitored Mitsunobu reaction by Guthrie et al.'® It was then made for further reactions
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with tri(n-butyl)phosphine and Mel stirring in THF for 12h at room temperature by Takeshi
et al.2® It was also made by Yuzhen et al.*® as the target compound by heating a solution of
tri(n-butyl)phosphine in ethyl acetate to 33-37°C and adding Mel in a dropwise fashion
under stirring. This mixture was stirred for 1-3h after the addition of Mel at elevated

temperature and then cooled to room temperature to obtain the product.

For this thesis, tri(n-butyl)methylphosphonium iodide was synthesized in a similar
way to that of Takeshi et al.!® Because of the improved preparations of the other
phosphonium salts described above using toluene as a solvent, we chose to employ it for
this reaction as opposed to the THF that had been used in the literature method. Thus, tri(n-
butyl)phosphonium iodide was dissolved in toluene and Mel was added in a dropwise
fashion. After 16h, the toluene was pumped off and a white powder was collected. A
31p{*H} NMR spectrum of the white powder displayed a single resonance at 32.95 ppm,
which is similar to the resonance observed by Guthrie et al.1® (31.8 ppm) for this compound.
The B3C{*H} spectrum further confirmed that tri(n-butyl)methylphosphonium was created
since there were five resonances displayed apart from the DMSO-ds solvent peak. The 3C

environments in this phosphonium salt are shown in Figure 2.8.
c c c
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Figure 2.8: 3C Environments in Tri(n-butyl)methylphosphonium lodide
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The terminal methyl group in the n-butyl chains in Environment D resonate as a
singlet at 13.25 ppm, which is a typical chemical shift for this environment.?® Environment
E, which is directly bound to the phosphorus, was observed as a doublet at 18.89 ppm due
to coupling to the phosphorus. The one-bond coupling constant was found to be 49.4Hz,
which is close to that of the one-bond phosphorus-carbon coupling constant reported in
tetramethylphosphonium iodide.” Environment A, which is also directly bound to the
phosphorus is also a doublet at 22.55 ppm, however the one-bond coupling to phosphorus
is much smaller than that of Environment A. Environments B and C have very similar
chemical shifts at 23.33 and 23.20 ppm, respectively, because they are both in the middle
of the n-butyl chain. Both carbon environments resonate as singlets because they are too

far away to couple to the phosphorus.

To complete the characterization of this phosphonium salt, a *H NMR spectrum of
tri(n-butyl)methylphosphonium iodide was collected. It revealed the five different proton
resonances according to Figure 2.9. Environment A appeared on the spectrum as a doublet
at 1.798 ppm whose two-bond coupling to phosphorus is quantified at 13.5Hz. The peak
integration matched the expected number of protons (i.e. 3) that belong to this environment.
Environment B should appear as a triplet of doublets due to the coupling of this
environment to phosphorus and Environment C, alas only a broad triplet at 2.17 ppm was
observed. The two-bond coupling of these protons to phosphorus is valued at 14.5Hz,
however the three-bond coupling of Environment B to Environment C is not resolvable.
Since DMSO-ds was used to collect this spectrum, the broadness of the triplet and the

absence of the doublets within it could be attributable to solvent effects.
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The solvent effects of using deuterated DMSO also affected the determination of
coupling constants for Environments C and D. Environment C, which should appear as a
triplet of triplets due to coupling to environments B and D, appears as a multiplet at 1.46
ppm. Similarly, Environment D resonated as a multiplet despite the predicted splitting
pattern being a triplet of quartets. The protons in this environment resonated at 1.41 ppm.
Neither of the three-bond coupling constants to other protons could be resolved. The
terminal methyl group in the n-butyl chains manifested as a triplet at 0.93 ppm, which is a
characteristic shift of methyl protons.?’ The three-bond coupling of these protons in

Environment E to those in Environment D was found to be 7Hz.

Figure 2.9: The *H NMR Environments of tri(n-butyl)methylphosphonium iodide.

2.2.2 Synthesis of Diphosphonium Salts
Bis(dimethylphosphonio)ethane lodide

Given the successful synthesis of monophosphonium iodide salts by protonation
and alkylation of various phosphines, the synthesis of diphosphonium iodide salts was also
attempted using the same methods. The first diphosphine ligand used was
bis(dimethylphosphino)ethane, or dmpe. This ligand was protonated to make

(bisdimethylphosphonio)ethane iodide by adding two equivalents of hydroiodic acid to a
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solution of dmpe in iodide according to Scheme 2.4. Two equivalents of acid were added
to ensure that both phosphorus atoms were protonated in the reaction. At first, dropwise
addition of the HI produced a brown solution, suggesting that the HI did not initially react
with the diphosphine. However, after approximately two minutes of stirring, the solution
turned pale yellow with some white precipitate on the sides of the flask. After 16h of

continuous stirring, the solution was colourless with a white precipitate.

| tol. |_H
Sp NP+ = | SpSP 21
| H|

Scheme 2.5: Protonation of dmpe.

Once the toluene and water from the hydroiodic acid solution was pumped off, a
white solid remained. The white solid was dissolved in acetonitrile and a 3P{*H} NMR
spectrum was collected. A singlet was observed at 5.55 ppm, indicating that there is only
one phosphorus environment and suggesting that the desired product was created.
Moreover, this chemical shift is similar to that of other phosphoniums**" previously
synthesized and not close to that of the starting material (dmpe, -48.7 ppm).?* Although the
IH and 3C{*H} NMR spectra have yet to be collected, the single phosphorus environment
observed provides good encouragement that bis(dimethylphosphonio)ethane iodide was
indeed prepared. Attempts at recrystallization with various solvents via slow evaporation,

including acetonitrile, DCM, and THF, did not produce a crystal.

Bis(trimethylphosphonio)ethane lodide
Dmpe was also alkylated with two equivalents of iodomethane, yielding

bis(trimethylphosphonio)ethane iodide. The phosphine was dissolved in toluene and the
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Mel was added to the solution in a dropwise fashion. A white precipitate formed at the

surface as the Mel was introduced to the phosphine. The reaction mixture was left to stir

for 18h, after which a white precipitate was present in the flask. The volatiles were pumped

off, and the white solid that remained was collected and analyzed via NMR spectroscopy.
| tol. |

Sp NPl 4 Mel - | SpoP |21
| 7

Scheme 2.6: Methylation of dmpe.

The 3'P{*H}, 'H, and BC{*H} are consistent with the formation of the desired
product, bis(trimethylphosphonio)ethane iodide. The 3P{*H} NMR showed one
phosphorus environment, a singlet at 32.49 ppm, suggesting that both phosphorus atoms
were methylated as intended. The *H NMR displayed two environments aside from the
deuterium oxide solvent resonance; a doublet at 1.99 ppm and a doublet at 2.65 ppm from
coupling of the proton environments to the phosphorus atoms. The resonance at 1.99 ppm
is attributable to the 18 methyl protons, while the resonance at 2.65 ppm is due to the four
protons of the ethylene bridge. The two-bond coupling constant from the methyl protons
to phosphorus was found to be 13.8Hz and the three-bond coupling constant from the
bridge protons to the phosphorus was 6Hz. These values are similar to those reported by
Yuan et al.,? as they observed coupling constants of 15Hz and 7Hz for two-bond and three-
bond coupling, respectively in their diphosphonium salts. The *C{*H} spectrum also
contained two environments other than the solvent signals: a triplet at 6.92 ppm and a
singlet at 15.24 ppm. The former shift is consistent with the methyl carbons, whereas the

latter shift represents the carbon atoms of the ethylene bridge. The one-bond coupling
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constant from the phosphorus atoms to the methyl protons was calculated to be 26.2Hz.
This falls on the lower end of the literature range for Jec coupling constants (18Hz-
89Hz).1"23-25 Although no crystals suitable for X-Ray diffraction were obtained, the NMR
spectra of the product give conclusive evidence that bis(trimethylphosphonio)ethane iodide

was made.
[(Diphenylphosphino)methyl]methyldiphenylphosphonium lodide

Dppm was also methylated to build the library of phosphonium salts for this thesis.
Although this reaction has been carried out before and the products fully characterized,?”?®
it was re-synthesized for the purposes of this thesis. In the literature preparation, dppm is
dissolved in toluene at 80°C and the iodomethane, which is in excess, is added to this
solution.?” The product, which is a white solid, is collected via filtration. In this thesis we
have slightly modified the literature method by reacting the diphosphine and Mel at room
temperature and allowing it to stir for 18h as opposed to 4h. In addition, the product was
isolated by pumping off the toluene instead of by filtration. Furthermore, crystals of the
product were obtained from acetonitrile, whereas in the literature? crystals were obtained

from chloroform.

The 3P{*H} NMR provided evidence that this reaction did not go as initially
planned. Instead of having only one phosphorus environment, which would be observed if
both phosphorus atoms were methylated, two phosphorus environments were present in
the NMR. This suggests that only one of the two phosphine centers were methylated. One
phosphorus environment was observed at -28.06 ppm as a doublet with a two-bond P-P

coupling constant of 64.2Hz. This is similar to the literature chemical shift of dppm (-21.78
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ppm),2® suggesting that the phosphorus atom in this environment experiences shielding
similar to that of the phosphine and not a phosphonium. Another doublet was present at
23.39 ppm, which suggests that this resonance belongs to a phosphonium environment
given that the shift is similar to other monophosphonium ions that have previously been
reported.l’” The two-bond coupling between the phosphonium and phosphine phosphorus
environments was determined to be 64Hz. The literature methylation of dppm also reports
two 3P{*H} NMR environments at a similar shift; one at -22.3 ppm and another at 26.7
ppm, with both two-bond coupling constants equal to 59.7Hz.8 Figure 2.10 shows the
predicted product based on the SIp{H} NMR spectrum,
[(Diphenylphosphino)methyl]methyldiphenylphosphonium iodide. This salt will be

referred to as Compound 2.3.8 for the remainder of this chapter.
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Figure  2.10:  [(Diphenylphosphino)methyl]methyldiphenylphosphonium iodide,
Compound 2.3.8.

IH NMR of the product made in this thesis was also compared to the literature.
There were eight resonances in the spectrum. Two doublets at 2.42 and 3.71 ppm
represented the three methyl protons and the two protons of the methyl bridge, respectively.
In the literature these shifts were found to be 2.72 ppm and 4.15 ppm,?® indicating that the

products match. The discrepancies in chemical shift between the synthesized product and
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the literature could be due to the differences in solvent used to make the sample, since this
thesis used deuterated acetonitrile and the literature used deuterated chloroform. The two-
bond coupling of the methyl protons to phosphorus was found to be 13.5Hz, which matches
the analogous literature coupling constant?® exactly. The two-bond coupling of the methane
bridge protons to phosphorus matched the literature closely as well (15Hz cf. 14.7Hz).%®
The other six resonances observed correspond to the six different aromatic proton
environments. Their chemical shifts range from 7.18-7.72 ppm, which is comparable to the

literature shifts that range from 7.20-7.78 ppm.%

Although the BC{*H} NMR spectrum for the material produced has not yet been
obtained, X-Ray crystallography drew further parallels between the structure reported in
the  literature and the one  presented herein. The crystal of
[(diphenylphosphino)methyl]methyldiphenylphosphonium iodide reported in this thesis
was obtained by slow evaporation from acetonitrile, while the literature crystal?® was
grown from chloroform. A comparison of bond lengths between the the two compounds,
illustrated in Figure 2.11, is outlined in Table 2.3. Since there was disorder at the phosphine
site in the literature structure,? there is no assigned bond length for P1-C(Ph) and P1-C1,
and no assigned angle for P1-C1-P2. Thus, the structure reported in this thesis more

completely elucidates the key bond lengths and angles for Compound 2.3.8.

The bond lengths of the phosphonium site in Compound 2.3.8 were first compared
to the literature structure. In Table 2.3, the average of the phosphonium phosphorus (P2)
to phenyl carbon (C211, C221) bond length is reported. This value, 1.7942(12)A, is similar
to that of the literature (1.792(5)A)%® since the estimated standard deviations (ESDs)

overlap. The P2-C1 bond, which is the bond between the phosphonium phosphorus and the
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methane bridge carbon, is also close to the literature value within experimental error based
on the ESDs (1.7888(13)A cf. 1.782(5)A).2® Furthermore, the P2-C2 bond which is

1.8066(12)A (cf. 1.802(5)A)? also resembles the literature value within an accepted ESD.

The remaining key metrical parameters of this crystal structure were compared to
those of other dppm-derived monophosphonium salts. A crystal structure of ethylated
dppm served as a good model for comparing the bond lengths of the phosphine phosphorus
to the two phenyl carbons and the bridging methane group. The average value of the P1-
C111 and P1-C121 bond lengths was found to be 1.8300(13)A, while the average value
reported in the literature?® was 1.832(2)A. Once again, ESDs confirm that these bonds are
crystallographically similar. The P1-C1-P2 bond angle in this crystal structure was found
to be 117.30(7)°, which falls within the literature range for dppm-templated

monophosphonium salts and ylides.?83!

Figure 2.11 Crystal structure (ball and stick) of Compound 2.3.8 with selected bond
lengths (A) and angles (°): P2-C2, 1.7888(13); P2-C1, 1.8066(12); P1-C1, 1.8656(12);
P1-C1-P2, 117.30(7). Hydrogen atoms are omitted for clarity.

62



Table 2.3 Selected Metrical Parameters of Compound 2.3.8.

Parameter Value (A/°) Literature Value(A/?)?®
P1-C(Ph) 1.8300(13)* N/A

P1-C1 1.8656(12) N/A
P2-C(Ph) 1.7942(12)% 1.792(5)

P2-C1 1.7888(13) 1.782(5)

P2-C2 1.8066(12) 1.802(5)
P1-C1-P2 117.30(7) N/A

*= this bond length is the average of P1-C121 and P1-C111; {= this bond length is the
average of P2-C221 and P2-C211.

Even though excess iodomethane was used in this reaction, the desired
demethylated product was not obtained. This could be due to the steric bulk of the
phosphine not allowing the methylation of the phosphine sites. This supposition is
supported by a study conducted on various phosphine ligands by Clavier and Nolan.®? They
compared numerous phosphines based on the percent buried volume, which is defined by
the total volume of a sphere occupied by a chelating ligand with a metal at the center of the
sphere. This helps assess the steric pressures brought on by a ligand. Clavier and Nolan
found that dppm has the largest % buried volume among the bis(diphenylphosphines) with
an alkyl bridge.3? Although this ligand property is often discussed in terms of chelation, it
can give insight into the steric bulk around the phosphine centers and thus help to assess
the difficulty of methylating both sites. The larger the percent buried volume, the more

difficult it may be to methylate both sites of a diphosphine.
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Bis(methyldiphenylphosphonio)propane lodide

To probe the hypothesis about steric prevention of reactivity,
bis(diphenylphosphino)propane (dppp) was reacted with iodomethane to determine if
mono- or dimethylated products are formed. The diphosphine was dissolved in toluene and
Mel was added to the flask in a dropwise manner while the solution was stirring. Shortly
after the Mel had been added, a white precipitate started to form in the flask. After 12h of
stirring, the solvent was evaporated by vacuum and a white solid was collected. 3'P{*H}
NMR analysis was immediately carried out on the white powder to check if one or both
phosphine sites had been methylated in the reaction. According to the literature, dppp has
a chemical shift of -19.4 ppm.® Interestingly, the 3'P{*H} NMR of the product showed
only one peak at 24.8 ppm, which indicates that there is only one phosphorus environment
in the product, and it is not a phosphine environment. The similarity in chemical shift
between this product and other tetraalkylphosphonium environments presented in this
thesis, especially tetramethylphosphonium (23.65 ppm) and the phosphonium site of
Compound 2.3.8 (23.39 ppm), is evident. This shift is also close to PMes cations previously
reported in the literature.!’”-% Thus, based on the 3!P{*H} NMR, it is reasonable to conclude
that dppp was methylated at both phosphine sites. The reaction scheme along with the

proposed product based on NMR is depicted in Scheme 2.7.

P/\/\p tol. © ©
+ Mel —— > 2[1
@ @ P\/\/P

Scheme 2.7: The Methylation of dppp.
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To further characterize this product, *H and **C{*H} NMR spectra were collected.
Five proton environments, which are labelled according to Figure 2.12, were observed.
Environment C, which should resonate as a doublet of quintets due to coupling to
phosphorus and Environment B, appeared as a multiplet at 1.74 ppm. Coupling constants
that would represent the two-bond coupling to phosphorus and the three-bond coupling to
Environment B were unable to be resolved. Environment A resonates just upfield from
Environment C at 2.68 ppm. As predicted, this environment appears as a doublet due to the
two-bond coupling of the methyl protons to the phosphorus. The coupling constant was
quantified at 15.5Hz, which is similar to the 2Jpw values observed in the literature.?22
Environment B appears as a doublet of triplets due to coupling to Environment C and
phosphorus, with the two-bond coupling constant equal to 13Hz and the three-bond
coupling constant equal to 8.5Hz. Environments D, E, and F appear downfield from the
other shifts in the aromatic region of the spectrum since they are attached to the phenyl
rings. Environments E and F could not be distinguished from each other since they occur
at virtually the same shift. Their chemical shift range is 7.80-7.88 ppm. Environment D
appeared further upfield at 7.69 ppm and showed a clear triplet of doublets splitting pattern.
The three-bond coupling from Environment D to the phosphorus atom was found to be
3Hz, while the three-bond coupling from Environment D to the protons of Environment E

is 8Hz.
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Figure 2.12: *H NMR Environments of bis(methyldiphenylphosphonio)propane iodide.

Table 2.4: Summary of *H NMR Shifts in Dimethylated dppp

O c e a ) egratio OuUp 0
0]e O O
A 2.69 D 6 2Jpn=15.5
B 3.27 Dt 4 23pu=13.0
3Jun=8.5
C 1.74 M 2 Unresolved
D 7.69 Td 8 3JpH=3
3JHH:8
E,F 7.80-7.88 M 12 unresolved

The B3C{*H} further confirmed the demethylation of dppp. There were six carbon
environments present in the spectrum, labelled according to Figure 2.13. The peak of the
methyl carbons in Environment A was displayed as a doublet due to coupling to
phosphorus at 4.94 ppm. The one-bond coupling constant of this carbon environment to
phosphorus was quantified at 54.5Hz and falls in the middle of the literature range for one-
bond carbon to phosphorus coupling.t”23-?% Environment B also resonated as a doublet due
to coupling to phosphorus at 21.9 ppm. The one-bond coupling constant of this
environment to phosphorus was found to be 70.9Hz. Environment C appears as a singlet at

15.1 ppm, which is a common shift for bridging alkyl groups in these diphosphines.?® The
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ipso-carbon of the phenyl groups, Environment D, is a doublet at 119.7 ppm due to
coupling to phosphorus. It has a *Jpn of 85.8Hz, which is at the upper end of the literature
range for these coupling constants.'”23?% Environment E is the ortho-carbon on the phenyl
groups and it experiences coupling to phosphorus as well, producing a doublet at 132.14
ppm and a coupling constant of 5.2Hz, which is weak coupling in comparison to the
literature.”® The meta-carbon, Environment F, experiences a similar coupling to
phosphorus despite it being three bonds away. It appears as a doublet at 129.99 ppm with
a calculated coupling constant of 6.2Hz. Finally, Environment G appears as a singlet at
134.63 ppm. It is four bonds away from phosphorus and thus does not experience any

coupling to it.
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Figure 2.13: *3C NMR Environments of Dimethylated dppp.

NMR analysis of the product point towards the synthesis of
bis(methyldiphenylphosphonio)propane iodide. Since both phosphine sites were
methylated, it is reasonable to conclude that this phosphine is less sterically encumbered

than dppm. This is undoubtedly attributable to the longer alkyl bridge in dppp.
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Bis(methyldiisopropylphosphonio)propane lodide

Another phosphine with a propylene bridge, bis(diisopropylphosphino)propane
was also reacted with iodomethane. This ligand will be called dippp for the remainder of
this chapter. Like the other phosphines in this chapter, dippp was dissolved in toluene and
Mel was added to this solution in a dropwise fashion. A white precipitate started to form
just two minutes after adding the iodomethane. The reaction mixture was left to stir for
16h, after which the toluene was pumped off. A white solid was collected and analyzed via

NMR spectroscopy. Figure 2.14 shows the predicted product.

oY
Y

217

Figure 2.14: Bis(methyldiisopropylphosphonio)propane iodide

A 3P{*H} NMR spectrum was collected to see if the phosphine was methylated at
both sites. The spectrum showed a single peak at 42.5 ppm, which is downfield from the
literature shift of dippp at 3.13 ppm.®* Since only one phosphorus environment was present,
this suggests that both phosphine sites were indeed methylated. A *H NMR spectrum was
also taken to observe the proton environments of this species, which are depicted in Figure
2.15. A summary of the spectrum is presented in Table 2.5. Environments A, B, and C
appear in the spectrum as predicted. Environment A is a doublet of doublets at 1.31 ppm
due to coupling to the ipso protons of the isopropyl groups as well as coupling to

phosphorus. Both environments are three bonds away from Environment A, however the
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three-bond coupling due to phosphorus (17Hz) is stronger than the three-bond coupling to
Environment C (7Hz). The methyl protons of Environment B also show the predicted
doublet splitting pattern due to coupling to phosphorus. These protons resonate at 1.80 ppm
and have a two-bond coupling constant of 12Hz. The ipso proton (Environment C)
resonates as a doublet of septets at 1.52 ppm due to coupling to phosphorus and the
Environment A protons. The two-bond coupling constant to phosphorus, 363Hz, is much
larger than the others observed in similar phosphonium salts. The coupling to the
Environment A protons was not able to be resolved. Environment D, which should have
appeared on the spectrum as a doublet of triplets, resonated as a multiplet at 2.44 ppm.
Hence, the two-bond and three-bond coupling to phosphorus and the protons of
Environment E, respectively, were not able to be resolved. Similarly, Environment E was
a multiplet when it should have appeared as a doublet of quintets due to coupling to

phosphorus and the four protons of Environment D. This coupling was also unresolvable.
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Figure 2.15: *H NMR Environments of Bis(methyldiisopropylphosphonio)propane iodide.
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Table 2.5: A Summary of the H NMR Spectrum of
Bis(methyldiisopropylphosphonio)propane iodide.

Environment Chemical Multiplicity Integration Coupling
Shift (ppm) Constant (Hz)

A 1.31 Dd 24H $Jpn= 17Hz

3Jun= THz
B 1.80 D 6H 2Jpp= 12Hz
C 1.52 Dsept 4H 2Jp=363Hz

$JHH=

unresolved
D 2.44 M 4H Unresolved
E 2.69 M 2H Unresolved

2.2.3 Chapter Conclusions

This chapter explored the synthesis of various phosphonium iodide salts as
potential precursors to phosphonium-templated perovskites. To achieve this, organic
monophosphines and diphosphines were protonated and methylated using hydoiodic acid
and iodomethane, respectively. Ten phosphonium salts were synthesized in good yield and
characterized via NMR spectroscopy. Five monophosphonium iodide salts were
synthesized, including [(Diphenylphosphino)methyljmethyldiphenylphosphonium iodide,
which was intended to be a diphosphonium salt. Its crystal structure, along with that of
tetramethylphosphonium iodide and  trimethylphosphonium iodide,  was
crystallographically elucidated and compared to the current literature. Five diphosphonium
salts were synthesized and characterized by NMR spectroscopy. Thus, a library of
phosphonium iodide salts with varying substituent size was built for eventual reaction with

group 14 halides with the goal of forming a phosphonium-templated perovskite.
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2.3  Experimental

General Procedures

All manipulations were carried out using standard inert atmosphere techniques. All
chemicals and reagents were purchased from Sigma-Aldrich, except for tri(n-
butyl)phosphine which was purchased from Strem Chemicals, and used without further
purification. Deuterated solvents were dried according to literature procedure when
necessary, and all other solvents were dried over a series of Grubbs’-type columns and
degassed prior to use. NMR spectra were recorded at room temperature on a Bruker
Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz or Bruker Avance DPX 300
MHz spectrometers. Chemical shifts are reported in ppm relative to internal standards for
'H and 3C (the given deuterated solvent) and the external standard for *'P (85% H3POs).
Coupling constants |J| are given in Hz. Elemental Analysis was performed by the University
of Windsor Mass Spectrometry Service Laboratory using Perkin Elmer 2400 combustion

CHN analyzer.

X-Ray Crystallography

Crystals for investigation were covered in Paratone®, mounted into a goniometer head,
and then rapidly cooled under a stream of cold N2 of the low-temperature apparatus
(Oxford Cryostream) attached to the diffractometer. The data were then collected using the
APEXII software suite®® on a Bruker Photon 100 CMOS diffractometer using a graphite
monochromator with MoKa (A = 0.71073 A) or CuKo. (A = 1.54178 A) radiation. For each
sample, data were collected at low temperature. APEXII software was used for data

reductions and SADABS®® was used for absorption corrections (multi-scan; semi-empirical
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from equivalents). XPREP was used to determine the space group and the structures were
solved and refined using the SHELX3’ software suite as implemented in the WinGX3® or

OLEX2% program suites. Validation of the structures was conducted using PLATON.*°

2.3.1 Tetramethylphosphonium iodide

To a 100mL Schlenk flask was added trimethylphosphine (0.75mL, 7.5mmol) and
dissolved in ca. 30mL of toluene. lodomethane (0.47mL, 7.50mmol) was added to the
Schlenk flask in a dropwise fashion under stirring and nitrogen atmosphere. Upon addition
of Mel, a white precipitate formed. After approximately 24h of stirring, the toluene was
pumped off and a white solid was collected. Some of this solid was dissolved in acetonitrile
and left for slow evaporation, bestowing crystals suitable for X-ray diffraction. Yield:
78.0% (1.275 g, 5.84 mmol). 3P{*H} NMR (D;0) &: 23.65 (s). *C{*H} NMR (CD3sCN)
5: 9.98 (d, PCH3, YJcp = 56.3Hz). 'H NMR (CD3CN) &: 1.84 (d, 12H, PCHa, 2Jup=15Hz).
Elemental analysis: calc. for C4H12P1-0.33 tol: C, 30.51; H, 5.94; N, 0.00, found: C, 30.42;

H, 5.73; N, 0.21.

2.3.2 Trimethylphosphonium iodide

0.5mL of trimethylphosphine was dissolved in toluene in a Schlenk flask.
Hydroiodic acid (0.64mL) was added dropwise to the Schleck flask containing
trimethylphosphine solution under stirring, forming a white precipitate. The solution was
allowed to stir for 24 hours, after which the solvent was pumped off. The solid was
dissolved in acetonitrile and left to recrystallize by slow evaporation, granting colourless
crystals suitable for X-ray diffraction. Yield: 70% (0.758 g, 3.71 mmol). 3!P{*H} NMR

(CDsCN) &: 2.089 (s). *C{*H} NMR (CDsCN) &: 5.75 (d, PCH3, Jcp = 55.6). *H NMR
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(CD3CN) &: 1.85 (dd, 9H, PCHs3, 2J4p=16.5Hz., 3J4n=6.3Hz), 6.423 (ddec, 1H, PH, Jup=
513Hz, 3Jun=5.7Hz.) . Elemental analysis: calc. for CsH1oPl: C, 17.66; H, 5.13; N, 0.00,

found: C, 18.13; H, 5.13; N, 0.04.

2.3.3 Tri(n-butyl)phosphonium iodide

Tri-n-butylphosphine (0.75mL, 3.0mmol) was added to a 100mL Schlenk flask with ca.
30mL of toluene. Under stirring, hydroiodic acid (0.41mL, 3.0mmol) was added dropwise
to the flask under nitrogen atmosphere. After 24h, the toluene was pumped off and an
orange oily substance was left in the flask. The orange substance was placed under vacuum,
and after 6h a pale pink solid was collected. Yield: 96% (1.566 g, 4.74 mmol). 3:P{*H}
NMR (CD:CN) &: 12.98 (s). BC{*H} NMR (CDsCN) §: 12.70 (s, PCCCCHa), 16.10 (d,
PCH,CCC,1Jcp=47.2Hz), 23.36 (d, PCCH,CC, 2Jpc =15.5Hz), 24.20 (d, PCCCH,C, 3Jpc=
4.7Hz). 'H NMR (CDsCN) &: 0.95 (t, 9H, PCCCCHs, 3Jnun=7.0Hz), 1.49 (m, 6H,
PCCCH_2C, unresolved coupling), 1.62 (m, 6H, PCCH>CC, unresolved coupling), 2.35 (m,
6H, PCH2CCC, unresolved coupling), 7.40 (dsept, 1H, PH, Jup= 489Hz, 3Jun=5.5Hz.).
Elemental analysis: calc. for PC12Hogl: C, 43.65; H, 8.55; N, 0.00, found: C, 43.36; H, 8.54;

N, 0.02.

2.3.4 Tri(n-butyl)methylphosphonium iodide

0.75mL (3.0mmol) of tri(n-butyl)phosphine was added to a 100mL Schlenk flask along
with ca. 30mL of toluene. lodomethane (0.43mL, 3.0mmol) was added dropwise to the
flask under nitrogen atmosphere. A white precipitate formed immediately upon
introduction of Mel to the solution and the reaction was left to stir for 16h. After 16h, the

toluene was pumped off and a white solid was collected. Yield: 66% (0.403 g, 1.17 mmol).
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31pLIHY NMR (DMSO-dg) 8: 32.95 (5). *C{*H} NMR (DMSO-dg, 125.77MHz) &: 13.25
(s, PCCCCHz3), 18.89 (d, PCH3 1Jcp = 49.4Hz), 22.55(d, PCH,CCC, Ycp= 4.3Hz), 23.21(s,
PCCCHC), 22.33(s, PCCH.CC). 'H NMR (DMSO-ds) &: 1.80 (d, 3H, PCHs,
23p4=13.5Hz.), 2.17 (m, 2H, PCH.CCC, 2pu=14.5Hz), 1.46 (m, 2H, PCCH.CC,
unresolved coupling), 1.41 (m, 2H, PCCCH2C, unresolved coupling), 0.93 (t, 3H,
PCCCCHs, 3Jun = 7Hz). Elemental analysis: calc. for PC13Hsol: C, 45.36; H, 8.78; N, 0.00,

found: C, 44.57; H, 8.66; N, 0.01.

2.3.5 Bis(dimethylphosphonio)ethane iodide

2.61mL (15.9mmol) of dmpe was added to a Schlenk flask and dissolved in ca. 10mL of
toluene. Hydroiodic acid (4.19mL, 31.9mmol) was added to the flask containing dmpe in
a dropwise fashion under stirring, producing a brown solution. After approx. 2mins, the
solution turned pale yellow and a small amount of white precipitate was visible in the flask.
The reaction mixture was left to stir for 16h, after which a white precipitate was observed
in a colourless solution. The toluene was pumped off and a white solid was collected. Yield:
55% (1.273 g, 8.26 mmol). 3P{*H} NMR (MeCN, 121.5MHz) §: 5.55 (s). Elemental

analysis: calc. for P.CeHusl2: C, 17.75; H, 4.47; N, 0.00, found: C, 17.81; H, 3.51; N, 0.01.

2.3.6 Bis(trimethylphosphonio)ethane iodide

Dmpe (0.25mL, 1.53mmol) was dissolved in ca. 10mL of toluene in a Schlenk flask. Two
equivalents of Mel (0.19mL, 3.06mmol) was added to the flask in a dropwise fashion under
stirring. A white precipitate was observed at the surface of the solution upon addition of
the first drops of Mel. The reaction mixture was left to stir for 18h and the solvent was

pumped off. A white powder was collected. Yield: 78% (0.515 g, 1.19 mmol). 3P{H}
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NMR (DMSO-ds) §: 32.49 (s). BC{*H} NMR (D;0) &: 6.92 (t, P(CH3)s, 1Jcp = 26.2H2z),
15.24(s, P(u-CHa). *H NMR (D20) &: 1.99 (d, 18H, P(CHs3)s, 2Jpr=13.8Hz.), 2.65 (d, 4H,
P(u-CHa)2, 3Jpn = 6Hz). Elemental analysis: calc. for P2CgHazletol: C, 34.24; H, 5.75; N,

0.00, found: C, 33.93; H, 5.48; N, -0.03.

2.3.7 [(Diphenylphosphino)methyl]methyldiphenylphosphonium iodide

0.100g (0.26mmol) of dppm was dissolved in toluene in a Schlenk flask and 0.1mL
(1.6mmol) of Mel was added dropwise under stirring. No immediate colour change was
observed upon addition of Mel, however after approx. 20 minutes a clear solution with a
white precipitate was observed. The reaction mixture was left to stir for 18h. The reaction
mixture was filtered through a frit and a white solid was collected and pumped on to remove
any lingering solvent. The white solid was dissolved in MeCN and produced crystals
suitable for X-ray diffraction. Yield: 88% (0.092g, 0.23 mmol). 3P{*H} NMR (CDsCN,
202.45MHz) §: -28.06 (d, P(Ph)2, 2Jpp = 64.2Hz), 23.39 (d, MeP(Ph),, 2Jpr = 64Hz). H
NMR (CDsCN, 500MHz) &: 2.42 (d, 3H, PCHs, 2Jpy=13.5Hz.), 3.71 (d, 2H, PCH2P, 1Jpy
= 15Hz), 7.18-7.25 (m, 2H, H-Ph, unresolved coupling), 7.30-7.32 (m, 2H, H-Ph,
unresolved coupling), 7.33-7.36 (m, 4H, H-Ph, unresolved coupling), 7.41-7.44(m, 4H, H-
Ph, unresolved coupling), 7.53-7.57(m, 4H, H-Ph, unresolved coupling), 7.67-7.72(m, 4H,
H-Ph, unresolved coupling). Elemental analysis: calc. for P2C2sHaslo¢1.5t0l: C, 55.39; H,

4.71; N, 0.00, found: C, 55.51; H, 4.51; N, 0.00.

2.3.8 Bis(methyldiphenylphosphonio)propane iodide

Bis(diphenylphosphino)propane (0.100g, 0.24mmol) was added to a Schlenk flask and

dissolved in ca. 20mL of toluene. 0.15mL of iodomethane (2.42mmol) was added dropwise
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to the flask containing the phosphine under stirring. After a few minutes, a white precipitate
was present in the reaction flask and the mixture was left to stir for 12h. The toluene was
pumped off and a white powder was collected. Yield: 56% (0.094 g, 0.14 mmol). 3P{*H}
NMR (DMSO-ds) &: 24.58 (s). 3C{*H} NMR (DMSO-ds) &: 4.94 (d, 2C, PCH3, LJcp =
54.5Hz), 15.13 (s, 1C, PCCCP), 119.72 (d, 4C, PCipso, Jcp =85.8Hz), 129.99 (d, 8C, Crneta,
3)cp = 6.2Hz.), 132.14 (d, 8C, Cortho, 2Jcp = 5.2Hz.), 134.63 (5, 4C, Cpara). *H NMR (DMSO-
ds) 8: 1.74 (m, 2H, PCCH.CP, unresolved coupling), 2.68 (d, 6H, PCH3, 2Jpn=15.5Hz.),
3.27 (dt, 4H, PCHy, 2Jpn=13Hz, 3Jun=8.5Hz), 7.69 (td, 8H, PCC(H-ortho),, 3Jpn = 3Hz.,
8Jun = 8Hz.), 7.80-7.88 (m, 12H, H-meta (2) & H-para, unresolved coupling). Elemental
analysis: calc. for P2Ca9Ha32120.75t0l: C, 53.74; H, 5.00; N, 0.00, found: C, 53.64; H, 4.95;

N, -0.01.

2.3.9 Bis(methyldiisopropylphosphonio)propane iodide

0.29g (1.03mmol) of dippp was added to a Schlenk flask and dissolved in toluene. Two
equivalents of iodomethane (0.13mL, 2.06mmol) were added to the Schlenk flask
containing dippp in a dropwise fashion under stirring. Approximately two minutes
following the addition of the Mel, a white precipitate started to form. The reaction mixture
was left to stir for 16h, after which the toluene was pumped off and a white solid was
collected. Yield: 83% (0.357 g, 0.85 mmol). 3P{'H} NMR (D20) 8: 42.15 (s). 'H NMR
(DMSO-de) 8: 1.31 (dd, 24H, PCCCHa, 3Jpn=17Hz, 3Jun=7Hz), 1.80 (d, 6H, PCHs3, 2Jpn=
12Hz), 1.52 (dsept, 4H, PCH, 2Jp= 363Hz), 2.44 (m, 4H, PCH,CCH.P, unresolved
coupling), 2.69 (m, 1H, PCCHCP, unresolved coupling). Elemental analysis: calc. for

P2C17Ha40l2¢0.75t0l: C, 42.46; H, 7.37; N, 0.00, found: C, 42.08; H, 8.01; N, -0.05.
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CHAPTER 3: Phosphonium-Templated lodoplumbates

3.1 Introduction

In the past two decades, lead(ll) iodide-organic hybrids (iodoplumbates) have
emerged as promising materials for a myriad of applications ranging from photovoltaics
and non-linear optics to semiconductors and dielectric materials.® This great diversity of
applications is a consequence of their variable and interesting optical and electronic
properties. The topology of the anionic lead(ll) iodide component (which largely
determines the electronic and optical properties) is controlled by the packing of the cationic
organic components.?? Typically, small cations like methylammonium and
formamidinium yield three-dimensional perovskites which make useful light-harvesting
materials.! Larger polycationic organic components give rise to two-dimensional and one-
dimensional iodoplumbate networks*®, which can exhibit interesting optical properties
(e.g. efficient photoluminescence®, non-linear optics) or magnetic properties’, respectively.
Nitrogen centered organic cations are components in most examples of iodoplumbate
materials, with there being only a few examples containing phosphorus centered organic
cations.® This chapter presents the reactions of four monophosphoniums and one
diphosphonium with lead (1) iodide and demonstrates the potential applications of these

products.
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3.2  Results & Discussion
3.2.1 Monophosphonium-Templated lodoplumbates

Group 14 iodometalates have demonstrated the ability to form perovskitic

structures of the formula ABIls, where ‘A’ is a monocation and ‘Bls’ is a monoanion.®

Historically, the ‘A’ cation site is occupied by a larger alkali metal such as Rb or Cs?%¥ or
an alkylammonium.'*-1* These cations render 3D perovskite structures due to their smaller
size. When a larger cation is used, a 2D- or 1D- perovskitic structure is observed with
possible formulae of the general form ABIs, A;Bls, and AsBls.23Y7 Given that different-
sized alkylammonium cations produce different dimensionalities of anion connectivity,
and in light of the interesting structures obtained with trimethyl sulfonium cations,!” we
sought to elucidate the structures obtained using alkyl- and arylphosphonium cations.
Trimethylphosphonium,  tetramethylphosphonium,  tri(n-butyl)phosphonium  and

methyltriphenylphosphonium iodide salts were used to react with lead (I1) iodide in the

hopes of obtaining distorted perovskitic structures.

Figure 3.1 Monophosphoniums Reacted with Pbls.

The new family of phosphonium-templated perovskite was initiated by reacting
trimethylphosphonium iodide with lead (11) iodide. A recent paper by Saidaminov et al.*8
demonstrated the creation of perovskite crystals by inverse temperature crystallization

(ITC), a method that takes advantage of the decrease in solubility of products in certain
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solvents as the temperature increases. Thus, trimethylphosphonium iodide and Pbl, were
dissolved in DMSO, creating a yellow solution and heated at 120°C for 16h to evaporate
the solvent. A brown substance coated the bottom and sides of the vial in a thin layer after
this time and could not be recovered for analysis. Given these results, another method of

obtaining crystals was attempted.

Since high-performing perovskites have been synthesized via a ball-milling®!9, the
reaction of trimethylphosphonium iodide and Pbl, was attempted mechanochemically.
[HPMeg] [1], a colourless salt, and Pbl, a pale-yellow solid, were placed in a ball mill for
one hour at a milling frequency of 30Hz, yielding a golden-yellow powder. Since the colour
of the mixture changed after milling, there is reason to believe that a reaction did occur.
The powder was analyzed via 3'P{*H} and 'H NMR spectroscopy. The 3P{*H} NMR
displayed a lone singlet at -0.27 ppm, which is similar to the shift observed for
trimethylphosphonium iodide in this thesis (2.09 ppm) as well as that observed by
Bellachioma et al. (-0.44 ppm?°). The absence of other phosphorus environments and the
similarities between this shift and the literature shift?® support the persistence of the
phosphonium in the product mixture. The *H NMR gave further evidence for the presence
of the phosphonium since there was a doublet of multiplets observed at 6.33 ppm,
representing the lone proton attached to the phosphorus atom. As previously determined in
Chapter 2 of this thesis, the lone proton should appear as a doublet of decets due to coupling
to phosphorus and the nine methyl protons. The one-bond coupling of the proton to the
phosphorus atom was resolved at 119Hz, whereas the three-bond coupling of the proton to
the methyl protons could not be resolved. This could be due to solvent effects since DMSO

was used to prepare the sample. A doublet of doublets, which represents the nine methyl
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protons, was observed at 1.63 ppm. The larger splitting, 119Hz, is due to the coupling of
the methyl protons to the phosphorus atom that is two bonds away and the smaller splitting,
16.2Hz, results from coupling to the lone proton three bonds away. Attempts at obtaining
crystals suitable for X-Ray diffraction from this powder were unsuccessful, however the
colour change as the reaction progressed and the NMR evidence of the phosphonium

indicate that new products were accessed.

Although ITC*8 did not work for the reaction of trimethylphosphonim iodide with
Pbl, and elevated temperatures caused decomposition of the reactants, crystals of the
reaction of tetramethylphosphonium iodide with lead(Il) iodide were successfully
obtained. For tetramethylphosphonium, the starting materials were combined in DMSO
and heated at 120°C to drive off the solvent. After two days mustard-yellow crystals
suitable for X-Ray diffraction ([PMes][Pbls]) were collected directly from the product.
Alternatively, crystals for the reaction of lead(ll) iodide with tri(n-butyl)phosphonium
([PH(n-butyl)3][Pbls]) and methyltriphenylphosphonium iodide ([PPhsMe][Pblz]) were
obtained by slow evaporation from acetonitrile. The reaction of [PPhsMe][l] and lead(ll)
iodide was carried out in the same manner as the reaction with [PMe4][I], however a yellow
powder was created as opposed to crystals. This yellow powder was then dissolved in

MeCN, which granted crystals for X-Ray Diffraction.

A different preparative method was used for [PH(n-butyl)s] [Pbls]. Since HI was used to
make the reactant phosphonium and elevated temperatures had previously caused these
protonated phosphoniums to decompose, the reactants were dissolved in acetonitrile and
allowed to react. A yellow solution was produced immediately upon combination of the

two reactants and after 24h of stirring a yellow precipitate in yellow solution was present.

86



The solution was separated from the precipitate and set up for slow recrystallization.

Yellow crystals suitable for X-Ray diffraction were obtained.

NMR data revealed that the phosphonium cations, whose spectra were previously
elucidated in Chapter 2, persisted in the product mixture. Interestingly, the single-crystal
X-Ray diffraction data of the monophosphonium-lead iodide reactions did not yield
traditional perovskites of the form ABI3 but provided instead an extended 1-D network of
Pbls™ fragments in which each lead atom is coordinated octahedrally and the resultant
octahedra are linked to each other in a face-sharing fashion. The anionic fragments were
charged-balanced with the monophosphonium cation. The 1-D [Pbls7] . network is pictured
in Figure 3.2. Figure 3.3 shows the face-sharing octahedra demonstrated by the lead-iodide

fragments.

Figure 3.2: The [Pbls] - chain of [PMe4][Pbls]. The iodine atoms labelled with a prime
symbol indicate the symmetry-generated iodine atoms.
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[PMe,][Pbl,]

[PH(n-butyl),][Pbl,] [PPh;Me][Pbl,]

Figure 3.3: Diagrams of the Monophosphonium-Templated lodoplumbates highlighting
the face-sharing octahedra of the [Pbls].. chains.

A CSD search indicated that the P-C bond lengths and angles in the cations are
typical of those reported in other phosphoniums, ranging from 1.781-1.793A and
108.97°(10)-109.5°(2), respectively. The bond lengths of the Pbls™ fragments in the 1-D
network range from 3.1379(4)A to 3.398(3)A, which is similar to the iodoplumbate
networks that have been previously examined.*>!114161721 |nterestingly, the bond angles
in this network deviate from those normally observed in an octahedral network. One would
expect the average trans I-Pb-I bond angles to be 180°, however this 1-D network had an
average bond angle of 175.37(4) °. By the same token, the bond angle of cis iodine atoms
in the molecule should be 90° in an ideal octahedral network, but this network had an
average of 90.96(3)° with the minimum at 81.93(3)° and the maximum at 96.90(2)". It is
not surprising that the bond angles are slightly off the ideal, since [Pbls]. networks

observed in the past have cross-molecule and adjacent bond angles of less than 180° and
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greater or less than 90°, respectively.#>141721-23 The crystal packing of each of the

monophosphonium-iodoplumbates is depicted in Figure 3.4.

[PMe,][Pbl;] [PH(n-butyl),][Pbl,] [PPh;Me][Pbl,]

f

%' ?L« Y-t N 1 XX
j i‘% k%
c . B

Figure 3.4: The crystal packing of the Monophosphonium-Templated lodoplumbates.

3.2.2 Diphosphonium-Templated lodoplumbates

Given that the monophosphonium cations did not generate the 3-D corner-sharing
octahedra structure characteristic of a perovskite but instead produced interesting 1-D
networks, a diphosphonium cation was reacted with lead (1) iodide to observe the effect
of a dication in templating the lead iodide. Bis(trimethylphosphonio)ethane iodide was
dissolved in DMSO with lead iodide, producing a yellow solution, and evaporation of the
DMSO vyielded pale yellow crystals ([P.CgH22] [Pb2ls]). NMR spectroscopy revealed that
the phosphonium persisted in the product and single crystal X-Ray diffraction showed an
extended 1-D face-sharing network of octahedral Pbls™ fragments charge-balanced with the

diphosphonium in the same manner as the monophosphonium-templated iodoplumbates.

The average P-C bond length is 1.792(12)A, which is typical of other P-C bond

lengths in phosphoniums in the CSD. Furthermore, the C-P-C bond angles average at
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109.6(9) °, indicating a tetrahedral coordination environment around the phosphorus atoms.
As for the 1-D iodoplumbate network, the average Pb-1 bond length is 3.219(4)A, which is
in agreement with our monophosphonium iodoplumbate networks as well as those that
have been previously reported.*>141721-25 The |-Pb-1 bond angles are close to that of the
ideal for an octahedral network, with the angle between cis iodides averaging at 90.0(10)°,
the minimum angle being 83.644(12)°, and the maximum angle being 96.356(12)°. The
angles between trans iodides were all 180.0(0) °. Figure 3.5 shows the face-sharing
octahedra of the 1-D iodoplumbate network in [P2CgH22] [Pbzle], whereas Figure 3.6

depicts its crystal packing.

Figure 3.5: Face-sharing octahedra of the [Pbls] » chain in [P2CgH22][Pb:ls].
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Figure 3.6: The crystal packing of [P2CgH22][Pb2ls].

3.2.3 Absorption Spectra

Absorption spectra of all phosphonium-templated iodoplumbates except for the one
containing trimethylphosphonium were obtained. UV-Vis spectroscopy showed that all
compounds have a strong absorbance in the 370nm region which corresponds to band gaps
ranging from 2.4eV to 2.7eV. These bandgaps are slightly greater than that of bulk Pbly,
which has a bandgap of 2.3eV.” The organic moiety of the phosphonium-templated
iodoplumbates appear to have an effect on the bandgap of the compound, with [PH(n-
butyl)s][Pbls] having the smallest bandgap (2.4eV) and [PMes][Pbls] having the largest
bandgap. Although these bandgaps are much greater than the 1.54eV bandgap of the
methylammonium-Pbls™ perovskite reported by Stoumpos et al.3, these results indicate that

phosphonium-templated iodoplumbates could have material applications as wide-bandgap
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semiconductors in the solution state. Further UV-Vis studies in the solid state need to be
conducted in order to relate the bandgaps of the phosphonium-templated iodoplumbates to

those of the perovskites.

UV-Vis
0.7
0.6
0.5
3
E} 0.4 ——— [PH(n-butyl)3][PblI3]
§ 03 [PMe4][Pbl3]
2 0.
< ——[PPh3Me][PbI3]
0.2 — [P2C8H22][Pb216]
0.1

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9
Band Gap (eV)

Figure 3.7: UV-Vis Spectra of the Phosphonium-Templated lodoplumbates.

3.2.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to assess the thermal stability
of the phosphonium iodoplumbates, excluding the one containing trimethylphosphonium.
The TGA curves are outlined in Figure 3.8. We observed that the monophosphoniums and
the diphosphonium with methyl substituents afforded the best stability at higher
temperatures, with [PMes4][Pbls] having no significant mass loss up to 400°C and

[P2CsH22][Pb2ls] having lost approximately 8% of its original mass. Conversely, the
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phosphoniums with longer alkyl and aryl substituents showed decomposition and
significant mass loss at much lower temperatures. The TGA curves for [PH(n-butyl)s]
[Pbls] and [PPhsMe][Pbls] display two events with the first occurring at approximately
129°C, which can be attributed to evaporation of toluene used to make the starting material.
The second event at approximately 300°C for [PH(n-butyl)s] [PbI3] and 325°C for
[PPhsMe][Pbls] represents a significant mass loss due to decomposition of the product,
with [PH(n-butyl)z][Pbls] losing approximately 25% of its original mass and

[PPhsMe][Pbls] losing 34% of its original mass.

110
—— [PPh3Me][Pbi3]
100 \ \
90 PH(n-butyl)3][PbI3]
S
n 80
cE‘@ ——— [P2C8H22][Pb216]
70
60 —— [PMed4][PbI3]
50
100 150 200 250 300 350 400

Temperature (°C)

Figure 3.8: The TGA Curves of Phosphonium-Templated lodoplumbates

The TGA curves of these phosphonium-templated iodoplumbates show increased
thermal stability in comparison to the previously reported amide-templated iodoplumbates,
which show complete decomposition between 120-130°C*, which is significantly lower
than the decomposition temperature of any phosphonium-templated compounds.

Conversely, the transition metal-templated iodoplumbates decompose at approximately
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270°C’, which is just below the decomposition temperature of our compounds. Most
notably, the phosphonium-templated iodoplumbates’ decomposition pattern resembles that
of the methylammonium-Pbls™ perovskite, which initiates decomposition after 300°C3,
Both the phosphonium-templated iodoplumbates and the methylammonium-Pbls
perovskite display a one-step decomposition which likely corresponds to the loss of the
organic cation and iodide content. These similarities between perovskites and our
compounds with respect to thermal stability point towards a potential for making functional

organic-inorganic hybrid materials from phosphonium-templated iodoplumbates.

3.2.5 Chapter Conclusions

This chapter investigated the reaction of phosphonium cations with lead(lIl) iodide
with the target of synthesizing a phosphonium-based perovskite. Although a perfect
perovskite structure was not observed, this work has demonstrated that phosphonium-
templated iodoplumbates may be synthesized via direct addition of a phosphonium salt to
lead(Il) iodide in solution. Four phosphonium-templated iodoplumbate materials have
been crystallographically characterized, revealing an extended network of anionic lead
iodide fragments charge-balanced with a phosphonium cation. Through UV-Visible
spectroscopy and thermogravimetric analysis we have shown that these compounds are
wide-bandgap semiconductors that exhibit remarkable thermal stability. Therefore, it is
evident that phosphonium-templated iodoplumbates have potential applications as

semiconducting materials.
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3.3  Experimental
General Procedures

All manipulations were carried out using standard inert atmosphere techniques. All
chemicals and reagents were purchased from Sigma-Aldrich and used without further
purification. Deuterated solvents were dried according to literature procedure when
necessary, and all other solvents were dried over a series of Grubbs’-type columns and
degassed prior to use. NMR spectra were recorded at room temperature on a Bruker
Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz or Bruker Avance DPX 300
MHz spectrometers. Chemical shifts are reported in ppm relative to internal standards for
'H and "*C (the given deuterated solvent) and the external standard for *'P (85% H3POs).
Coupling constants |J| are given in Hz. Elemental Analysis was performed by the University
of Windsor Mass Spectrometry Service Laboratory using Perkin Elmer 2400 combustion
CHN analyzer. UV-Vis absorption spectra were recorded on a Varian Cary 50 Conc UV-
Vis spectrophotometer. All samples were run in a quartz cuvette with path length of 1cm.
Thermogravimetric analysis was conducted on a Mettler Toledo TGA SDTA 851e. Helium
(99.99%) was used to purge the system at a flow rate of 60mL/min. Samples were held at
25°C for 30min before heated to 400°C at a rate of 5°C/min. All samples were run in

aluminum crucibles.

X-Ray Crystallography

Crystals for investigation were covered in Paratone®, mounted into a goniometer head,
and then rapidly cooled under a stream of cold N2 of the low-temperature apparatus
(Oxford Cryostream) attached to the diffractometer. The data were then collected using the

APEXII software suite?® on a Bruker Photon 100 CMOS diffractometer using a graphite
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monochromator with MoKa (A =0.71073 A) or CuKa (A = 1.54178 A) radiation. For each
sample, data were collected at low temperature. APEXII software was used for data
reductions and SADABS?” was used for absorption corrections (multi-scan; semi-empirical
from equivalents). XPREP was used to determine the space group and the structures were
solved and refined using the SHELX?® software suite as implemented in the WinGX?° or

OLEX2% program suites. Validation of the structures was conducted using PLATON.3!

3.3.1 Trimethylphosphonium lead triiodide

Trimethylphosphonium iodide (67mg, 0.33mmol) and lead (1) iodide (151mg, 0.33mmol)
were combined in a 20mL scintillation vial. The contents of the vial were ball-milled for
1h at 30Hz milling frequency. A golden yellow powder was observed after 1h of milling.
Yield: 46% (75 mg, 0.12 mmol). 3P{*H} NMR (DMSO-ds, 121.5MHz) §: -0.27 (s). 'H
NMR (DMSO-ds, 300 MHz); &: 1.63 (PCHs, dd, 9H, 2Jpw = 119Hz, ), 6.33 (HP, dm,
1)pn=516Hz, 3Jur= unresolved coupling). EA calculated for CzH1oPPbls: C, 5.42; H, 1.52;

N 0.00%; found: C, 4.98; H 0.94; N, -0.05%.

3.3.2 Tetramethylphosphonium lead triiodide

A 20 mL scintillation vial was charged with tetramethylphosphonium iodide (50
mg, 0.23 mmol) and (106 mg, 0.23 mmol) of Pbl. and then dissolved in DMSO (ca. 5 mL).
The vial was placed in an oil bath set at 120°C and the solvent was left to evaporate from
the vial with the cap off. After 48 h mustard-yellow crystals suitable for X-ray diffraction
formed at the bottom of the vial. Yield: 76% (118 mg, 0.17 mmol). *:P{*H} NMR (DMSO-
ds, 121.5MHz) &: 22.88 (s). *H NMR (DMSO-ds, 300 MHz); &: 1.82 (PCHs, d, 12H, 2Jp
= 15.3Hz). BC{*H} NMR (DMSO-ds, 75.5MHz); &: 9.70 (PCHs, d,"Jec = 55Hz). EA
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calculated for C4H12PPbls: C, 7.08; H, 1.78; N 0.00%; found: C, 7.08; H 1.19; N, -0.05%.

UV-Vis Absorption Peak: 364.9 nm.

3.3.3 Tri(n-butyl)phosphonium lead triiodide

To 50mg (0.151mmol) of tri-n-butylphosphonium iodide was added 70mg of Pbl>
in a 20mL scintillation vial with approximately 10mL of acetonitrile, creating a yellow
solution. The mixture was left to stir for 24h, after which time a yellow solution with a pale
yellow precipitate was observed. The yellow solution was separated and left for
recrystallization by slow evaporation. Yellow crystals suitable for X-Ray diffraction were
collected. Yield: 55% (33 mg, 41.7 mmol). 3P{'H} NMR (CDsCN, 202.5MHz); &: 12.72
(s). 'H NMR (CD3CN, 500MHz); &: 0.95 (PCCCCHs, t, 9H, 3Jun = 7Hz), 1.48 (PCCCH.C,
m, 6H, unresolved coupling), 1.62 (PCCH.CC, m, 6H, unresolved coupling), 2.23
(PCH2CCC, m, 6H, unresolved coupling) . BC{*H} NMR (CDsCN, 125.8MHz); &: 12.65
(PCCCCHg, s), 8: 16.10 (PCH,CCC, d,}Jpc = 47Hz), &: 12.65 (PCCH.CC, d,2Jpc = 16Hz),
5: 12.65 (PCCCH2C, d,3Jpc = 4.5Hz). EA calculated for [HP(n-bu)s]*[Pbls]~0.5 toluene:
C, 22.23; H, 3.85; N 0.00%; found: C, 21.99; H 3.88; N, -0.06%. UV-Vis Absorption Peak:

364.9nm.

3.3.4 Methyltriphenylphosphonium lead triiodide

Methyltriphenyl phosphonium iodide (50 mg, 0.12 mmol) and lead (Il) iodide (57
mg, 0.12 mmol) were combined in a 20 mL scintillation vial and dissolved in ca. 5 mL of
DMSO, forming a yellow solution. The vial was placed in an oil bath and the solvent was
left to evaporate. After 24h a pale yellow solid was found at the bottom of the vial and

collected. The solid product was dissolved in acetonitrile and yellow crystals suitable for
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X-Ray diffraction were collected upon evaporation of the MeCN. Yield: 70% (74 mg,
0.085 mmol). *P{*H} NMR (DMSO-ds, 121.5MHz); &: 22.590 (s). *H NMR (DMSO-ds,
300 MHz) §: 3.12 (PCHs, d, 3H, 2Jpn = 14.4Hz), 7.71-7.86 (aromatic protons, m, 15H).
BC{*H} NMR (DMSO-ds, 75.5MHz) &: 7.89 (PCHs, d, 1C, Jpc = 58Hz), 120.43 (Cipso, d,
3C, Ypc = 88.3Hz), 133.77 (Cortho, d, 6C, 2Jpc = 10.8Hz), 130.66 (Cmeta, d, 6C, 3Jpc =
12.7Hz), 135.34(Cpara, S, 3C). EA calculated for [PMePhs]*[Pbls]-MeCN: C, 25.95; H,

2.06; N 1.59%; found: C, 25.94; H 1.99; N, 1.58%. UV-Vis Absorption Peak: 364.9 nm.

3.3.5 Bis(trimethylphosphonio)ethane lead triiodide

To a 20mL scintillation vial was added 50mg (0.12mmol) of bis-
(trimethylphosphonio-) ethane iodide and two equivalents of lead (I1) iodide (106mg,
0.23mmol) in ca. 5SmL of DMSO, which generated a pale-yellow solution. The vial was
placed in an oil bath and the solvent was allowed to evaporate. After 24h a pale-yellow
crystals were found at the bottom of the vial and collected for X-Ray diffraction. Yield:
86.5% (135 mg, 85 pmol). 3'P{*H} NMR (DMSO-ds, 121.5MHz) &: 32.86 (s). H NMR
(DMSO-ds, 500MHz); &: 1.89 (P(CH3)s, d, 18H, 2Jpu= 15Hz), 2.55 (P(CHa)2, d, 4H,
2)pn=6.5Hz). *C{*H} NMR (DMSO-ds, 125.8MHz); &: 7.13 (PCHs, t,XJpc = 26.7Hz),
15.42 (PCHz, t,YJpc =25.0Hz). EA calculated for CsH22P2Pbzls: C, 7.09; H, 1.64; N 0.00%;

found: C, 6.78; H 1.13; N, -0.06%. UV-Vis Absorption Peak: 364.9nm.
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CHAPTER 4: Synthesis of a Novel lodotin Trianion

4.1 Introduction

Main group halometallate perovskites, especially those consisting of group 14
halides, have exploded onto the scene in recent years due to their fascinating properties and
broad range of applications ranging from photovoltaics to dielectric materials.! Perovskites
of the form ABXs where B = Pb and X = | have been proven to possess light-harvesting
properties, however the inherent toxicity and carcinogenic nature of lead(ll) iodide poses
a risk to the environment.? Therefore, in order for PSCs to be used on a widespread basis,
it is necessary to explore lead-free perovskitic materials. Since tin is a group 14 metal and
has a comparable ionic radius to lead, it was the first metal considered in the quest to
replace lead in PSCs.® The substitution of lead for tin in PSCs was initiated by the synthesis
of CH3sNH3Sn«Pbi«ls.* This perovskite demonstrated a reduced bandgap with a higher
concentration of tin, which showed promise for tin’s presence in PSCs. The first completely
lead-free perovskite, CsSnls, was reported in 2012 and was classified as a semiconductor.®
In 2014, the first lead-free perovskite with an organic ‘A’ cation was synthesized:
CH3sNH3Snls.%7 Like the analogous lead perovskite, this perovskite demonstrated a high
PCE and a low bandgap,® which was proven to be ideal for semiconducting applications.
Unfortunately, Sn(lIl) is readily oxidized to Sn(IV) in ambient air in these materials, which
calls for further investigation of these systems.® Given that the methylammonium tin
perovskite has shown similar properties to the lead perovskites in terms of photovoltaic
applications, this chapter of this thesis seeks to elucidate whether alkyl- and
arylphosphonium-based perovskites are accessible. The reactions of various phosphonium

salts with tin(11) and tin(IV) halides are presented, along with three novel crystal structures.
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4.2 Results & Discussion

4.2.1 Reactions of Phosphonium Salts with Tin(11) Halides

A Novel lodotin Trianion

Trimethylphosphonium iodide served as a reactant with tin(11) iodide in an attempt to make
a perovskite structure similar to those reported by Kanatzidis.>®® The predicted structure
would consist of Snlz™ anions occupying the corners of the unit cell, with the
trimethylphosphonium cation occupying the centre of the cell, making for a charge-
balanced compound. If the product had this structure, it could be considered a perovskite

since it would theoretically adopt the ABXz structural formula characteristic of perovskites.

The reaction of trimethylphosphonium iodide with tin(ll) iodide was done by
dissolving both in MeCN and adding trimethylphosphonium iodide to the tin(ll) iodide
with stirring and in a dropwise manner to ensure complete reaction. Upon addition of the
colourless trimethylyphosphonium iodide solution, the orange tin(I1) iodide solution turned
deep red. This colour change is good evidence that a reaction occurred. Interestingly, this
deep red colour changed to orange as the reaction progressed, and after 72h of stirring the
solution was pale yellow. Some of the acetonitrile solvent was pumped off at this point and
the solution was placed in the freezer for slow recrystallization. After two weeks of
recrystallization, some garnet red crystals were formed. Though these were taken for X-
ray analysis, but no structure was obtained because of severe twinning of the crystals. The
mother liquor was left to slowly evaporate at room temperate, which remarkably yielded a
batch of dark yellow/orange crystals, which were harvested for NMR and crystallographic

study.
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Scheme 4.1: Reaction Scheme of the Synthesis of [HPMe3]a[Snls][1]

31P{*H} NMR was run to compare the phosphorus environment of the product to
the phosphorus environment of the starting material, trimethylphosphonium iodide. A
singlet was observed at -0.71 ppm, which is slightly different than the shift for
trimethylphosphonium iodide found by Bellachioma et al. (-0.44 ppm)*° and the one found
in this thesis (2.09 ppm). In addition to this, the *H NMR and **C{*H} NMR were also
typical of trimethylphosphonium iodide as reported by Bellachioma et al.'® and in Chapter
2 of this thesis. NMR spectroscopy points towards the creation of a charge-balanced

compound with a phosphonium ion.

While the NMR experiments confirmed the assignment of the phosphonium ion in
solution, the crystal structure showed a much more interesting result. Instead of adopting a
corner-sharing octahedron crystal structure that is characteristic of perovskites, the unit cell
contained three ions; eight trimethyl phosphonium ions, two iodide anions, as well as a
previously unreported Snls species. The species has a square-pyramidal geometry
suggesting an anion with a -3 charge, as would be expected if the oxidation state of tin
were +2. Two of these anions were observed in the unit cell, which is depicted in Figure

4.1. This assignment is further confirmed by the charge balanced unit cell.
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Figure 4.1: Unit cell contents of [HPMes]4[I][Snls] normal to (001). The orange balls
represent phosphorus, the black balls represent carbon, the silver balls represent tin, and
the purple balls represent iodine. Hydrogen atoms are omitted for clarity.

The 1(1)-Sn-1(2) bond angle of 93.62° is characteristic of a square pyramidal
geometry. Although there is precedence for this geometry in some vertex linked networks
of Snxlx,1*713 this trianion has never been observed as a discrete species. Examination of
the bond lengths of the trianion, show that they are in close agreement with those reported
for tin(11) iodide,** but not for tin(1V) iodide.® The Sn-1(1) bond distance was found to be
2.949A and the Sn-1(2) distance was found to be 3.211A. The long Sn-1(2) bond distance
could be due to tin(Il) being less positively charged than tin(I1V), rendering the iodide atoms

less attracted to the tin center.
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Figure 4.2: Crystal structure (ball and stick) of [HPMes]s[I][Snls] with selected bond
lengths (A) and angles (°): Sn-11, 2.9487(8); Sn-12, 3.2111(3); P-C2, 1.770(4); P-C1,
1.779(4); P-H, 1.33(5); 11-Sn-12, 93.619(11); 12-Sn-I12(adjacent), 89.772(1); 12-Sn-
I2(across), 172.76(2); C2-P-C1, 109.01(18); C2-P-C2, 111.1(3); C1-P-H, 106(2); C2-P-H,
110.6(11). Hydrogen atoms not bound to phosphorus are omitted for clarity.

Other Reactions with Tin(1l) Halides

Given the interesting results displayed by the reaction of trimethylphosphonium
iodide with tin(Il) iodide, a similar reaction with tetraphenylphosphonium iodide was
carried out. The goal of this reaction was to see if the larger tetraphenylphosphonium cation
would behave similarly to the smaller trimethylphosphonium cation in its reaction with
tin(ll) iodide. The white tetraphenylphosphonium iodide powder was dissolved in
acetonitrile and added dropwise to a solution of tin(l1) iodide in acetonitrile. Upon addition
of tetraphenylphosphonium iodide, the tin(I1) iodide solution changed colour from orange
to deep red. This colour change is similar to the one observed when trimethylphosphonium
iodide was added to tin(ll) iodide, suggesting that a similar reaction may be taking place.
However, in contrast to the reaction with trimethylphosphonium iodide, the
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tetraphenylphosphonium iodide reaction solution with tin(Il) iodide remained red after two
days of stirring. When the acetonitrile was pumped off, a purple-brown solid was left. This

was dissolved in acetonitrile and left for recrystallization.

A 3P{'H} NMR sample was made approximately 30 minutes after all the
tetraphenylphosphonium iodide had been added to the tin(ll) iodide. The spectrum
observed displayed a single resonance at 24.3 2 ppm. The previously reported spectrum for
tetraphenylphosphonium iodide exhibits a singlet at 24.0 ppm.® The close correspondence
between the reaction mixture and the literature value could indicate that the phosphorus
environment of the product is very similar to the phosphorus environment of

tetraphenylphosphonium iodide.

'H and *C{*H} NMR spectra were also collected and further pointed towards the
presence of the tetraphenylphosphonium ion in solution. All proton resonances, except for
that of the solvent, appear in the aromatic region of the spectrum ranging from 7.67-7.94
ppm. There are three distinct proton environments arising from the protons attached to the
ortho-, meta-, and para- carbons, and they are pictured in Figure 4.3. Environment A, the
ortho- protons, appeared as a doublet of triplets due to coupling to the phosphorus atom as
well as the protons of Environment B. It resonated at 7.69 ppm and had a three-bond
coupling constant to phosphorus valued at 7Hz. The three-bond coupling constant to the
meta- protons of Environment B was quantified at 1.5Hz. Environment B resonated at 7.75
ppm as a triplet of doublets, which is expected due to coupling to the ortho- and para-
protons. The coupling to the two protons in Environment A (8.2Hz) is observed to be larger

than the coupling to the proton of Environment C (3.5Hz). The para- proton of
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Environment C has a chemical shift of 7.93 ppm. It is displayed as a triplet due to coupling

to the meta- protons of Environment B and has a three-bond coupling constant of 7.5Hz.
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Figure 4.3: 'H and *C Environments in Tetraphenylphosphonium lodide.

Four different carbon-13 environments were observed in the 3C{*H} spectrum,
corresponding to the ipso-, ortho-, meta-, and para- carbons on the phenyl rings as depicted
in Figure 4.3. Each of these environments appeared as doublets due to coupling to
phosphorus. The ipso-carbon’s (Environment A) chemical shift was the furthest upfield at
118.89 ppm. The one-bond coupling to phosphorus, which was found to be 88.2Hz, agreed
well with the literature values for this type of coupling.t’'® The meta-carbon of
Environment C, which shows coupling to phosphorus three bonds away, resonates at
131.27 ppm. The three-bond coupling constant was found to be 13Hz. Environment B,
which is two bonds away from phosphorus, has a chemical shift of 132.66 ppm and a two-
bond coupling constant equal to 10.6Hz. Finally, the para-carbon of Environment D has a
chemical shift of 136.33 ppm and a four-bond coupling constant of 2.8Hz. This is

consistent with other four-bond phosphorus to carbon coupling constants reported in the
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literature.?® The NMR spectra show that the tetraphenylphosphonium ion persists in
solution, giving insight into the potential product. Attempts to produce crystals suitable for

X-Ray diffraction so that the structure of the product may be elucidated are ongoing.

In light of the recent discovery in perovskite research, trimethylsulfonium lead
triiodide described in the last chapter,® it seemed appropriate to react
tetramethylphosphonium iodide with tin (I1) iodide to investigate whether or not it would
produce similar results. Thus, [PMes][1] was reacted with tin(ll) iodide in the same manner
as [HPMes][1] and [PPh4][l], producing a dark red solution upon combination of the two
reactants. This solution was set up for recrystallization by slow evaporation, however no
crystals suitable for X-Ray diffraction were formed. Rather, a flaky black solid was

isolated.

31p{H}, *H, and *C{*H} NMR studies of this solid showed persistence of the
tetramethylphosphonim ion in solution. The 3:P{*H} NMR showed a singlet at 24.51 ppm,
which is very comparable to the shifts reported by Herrmann et al.?? and Kornath et al.'’
for the tetramethylphosphonium ion. Furthermore, a doublet at 9.98 ppm in the BC{*H}
NMR spectrum provided evidence for tetramethylphosphonium since the four methyl
carbons couple to the phosphorus atom. This shift is in the expected range for methyl
groups? and the two-bond coupling constant is very close to that observed by Herrmann
et al.?2 (56.3Hz cf. 56Hz). Finally, the 'H NMR of this reaction mixture showed that
tetramethylphosphonium was in solution due to a doublet at 1.82 ppm. Once again, this
shift matches that of the literature for this ion,?? and the two-bond coupling constant is also

close to that of the literature (14.5Hz cf. 15Hz).
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Although the crystal structure of this compound could not be obtained,
recrystallizations by slow evaporation of the product in DCM and acetonitrile are currently
underway. The very dark colour of this compound is promising for potential applications
as a light-harvesting material since it would be able to absorb most wavelengths of light.
In addition to this, the material can withstand prolonged exposure to ambient air, which is
a necessary quality in any material used in a solar cell. Interestingly, another reaction

including a diphosphonium iodide salt with tin(Il) iodide appeared as a black solid.

The reaction of bis(trimethylphosphonio)ethane iodide with tin(ll) iodide was
carried out in the same manner as the previous three reactions. Upon dissolution in
acetonitrile, a black precipitate was formed. After overnight stirring, the reaction mixture
appeared as an orange solution with a black precipitate. The orange solution was set up for
recrystallization by slow evaporation, however it did not yield any crystals. The black
precipitate was analyzed via NMR spectroscopy. The compound was only sparingly
soluble in acetonitrile, however solution-NMR spectra were still able to be collected. The
31P{*H} NMR showed a singlet at 32.4 3 ppm, suggesting that the phosphorus environment
in the precipitate is similar to that of bis(trimethylphosphonio)ethane iodide. The *H NMR
spectrum showed further encouragement that the parent phosphonium was part of the
product mixture. A doublet due to the coupling of the eighteen methyl protons to
phosphorus was observed at 1.92 ppm, which is within the range of expected shifts for this
type of proton environment.?® The two-bond coupling constant between these protons and
phosphorus was found to be 36 Hz, which is also within the literature range for this
coupling.?® A doublet representing the protons of the ethane bridge was observed at 2.53

ppm. The coupling of these protons to phosphorus is weaker than the coupling of the methyl
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protons to phosphorus, but it is similar to the coupling found in the diphosphonium starting
material, which was discussed in Chapter 2 of this thesis (6.5Hz cf. 6Hz). Unfortunately,

given the low solubility of the product in MeCN, no *C{*H} NMR spectrum was obtained.

Like the product created from the reaction of [PMes][1] and Snl», this product is
remarkably stable in air. After prolonged exposure to air there was no considerable change
in the chemical shift in the 3'P{*H} NMR (32.17 cf. 32.43 ppm), which bodes well for a
potential light-harvesting material. However, the product is soluble in water, which is not
ideal for the light-harvesting portion of a solar cell since solar cells must withstand
exposure to water. Nevertheless, the dark colour of the solid means that it could have useful
applications in photovoltaics and it is a material that deserves further study, particularly in
UV-Visible spectroscopy. Crystal structure elucidation of this solid would be the next step

in its characterization, and a recrystallization from acetonitrile is currently underway.

Thus far, all the reactions with phosphoniums and group 14 halides have been with
phosphonium iodides and group 14 iodides. Since there have been perovskites created with
group 14 bromides,?*28 it seemed pertinent to investigate whether or not a phosphonium-
templated perovskite could be created with tin(ll) bromide. Tetramethylphosphonium
bromide and tin(Il) bromide were combined in DCM, and after 20h of stirring a milky
white suspension was observed. The reaction mixture was centrifuged, and the colourless
supernatant was placed in a vial for recrystallization by slow evaporation. The white pellet
was dried and kept for analysis. No material was present in the vial containing the
supernatant after the solvent had evaporated, suggesting that the product must be in the

pellet. Although both reactants as well as the product are colourless solids, it is reasonable
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to conclude that the pellet consists of a separate material than the two reactants since it is

insoluble in DCM.

As with the previous reactions, NMR spectroscopy was useful in determining
whether the phosphonium ion is present in the product mixture. Although the halide
counterion in this tetramethylphosphonium salt is different than the previous
tetramethylphosphonium salt discussed in this chapter, there should be no appreciable
difference in chemical shift between the cations. The 3P{*H}NMR showed a singlet at
25.60 ppm, which is similar to the tetramethylphosphonium shifts found in the
literature!’-?2 and previously in this thesis. Both the 3C{*H} and *H spectra showed a
doublet for the methyl group within the expected range.? The methyl carbons resonated at
8.88 ppm in the *C{*H} NMR and the one-bond coupling to phosphorus was found to be
55.3Hz (cf. 56Hz?2). The methyl protons resonated at the same frequency as the analogous
reaction with tin(Il) iodide (1.82 ppm), and the two-bond coupling constant between the
protons and phosphorus was calculated to be 15.5Hz. Although NMR provides good
evidence for the phosphonium cation in the pellet, it cannot give insight as to what the
anion is in the product. X-Ray crystallography studies would be able to elucidate exactly
what the anion might be. Attempts to recover crystals for this product are currently

underway.

4.2.2 Reactions of Phosphonium Salts with Tin(1V) lodides

Synthesis of [O=PMesSnls][Snle]

As mentioned in the Oxidation State section of Chapter 1 of this thesis, the group

14 elements can occur in a variety of oxidation states. In particular, tin is found in nature
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as having a +2 or +4 oxidation state.?® Given the interesting results of the reaction of
phosphoniums with tin(I1) halides, it seemed necessary to investigate how these species
interacted with the tin(IV) halides. Thus, two reactions with two different phosphoniums
and tin(IV) iodide were carried out to investigate the reactivity of these compounds with

each other.

The first phosphonium to be reacted with tin (IV) iodide was
trimethylphosphonium iodide. The two reactants were dissolved in acetonitrile in separate
vials and the Snls was added to the phosphonium in a dropwise manner. The solution
quickly changed colour to dark red when the reactants were added together, indicating that
a reaction took place. The dark red solution persisted after 24h of stirring and was set up
for recrystallization via slow evaporation, granting black crystals suitable for X-Ray
diffraction. 3'P{*H} NMR of an aliquot of the product mixture showed two singlets; one at
-1.02 ppm and another at 86.56 ppm. The peak at -1.02 ppm is reminiscent of the chemical
shift reported by Bellachioma et al.° for trimethylphosphonium iodide, indicating that this
cation must be present in solution. The peculiar peak at 86.56 ppm did not resemble any
phosphonium environments and had a much lower intensity than the peak at -1.02 ppm,
suggesting that the phosphorus environment it represents is less abundant in solution than
the phosphonium environment. Figure 4.4 shows the 3P{*H} spectrum of the reaction of
trimethylphosphonium iodide with Snls to highlight the differences in intensity between

the two peaks mentioned above.
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Figure 4.4: 3P{'H} NMR Spectrum of the Product Mixture in the Reaction of
Trimethylphosphonium iodide with Snls. The peak at -1.0157 ppm represents the
trimethylphosphonium ion, while the peak at 86.5557 ppm represents trimethylphosphine
oxide.

The mysterious peak at 86.56 ppm was able to be identified on the basis of the
results of a crystal structure elucidated by X-Ray crystallography. The crystal did not
include a phosphonium ion with a BX3™ anion as expected in a traditional perovskite,>>°
but rather it consisted of a tin(I\VV) species surrounded by three phosphine oxide ligands and
three iodides along with a [Snlg]?” anion. The crystal structure is presented in Figure 4.5.
The phosphine oxide ligands coordinated to the tin(IV) metal centre was an unexpected
result, as the reaction took place in inert atmosphere conditions. It is possible that some
unreacted trimethylphosphine in the starting material was exposed to air when
trimethylphosphonium iodide was analyzed by NMR and Elemental Analysis, causing the

trimethylphosphine oxide ligands to be in the reaction mixture.
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Figure 4.5: Crystal structure (ball and stick) of [(O=PMez)3Snlz]> [Snle] with selected bond
lengths (A) and angles (°): Sn-13, 2.8431(7); Sn2-14, 2.7912(9); Sn2-01, 2.064(7); P5-01,
1.521(7); 14-Sn2-14, 94.26(3); 13-Snl-13(adjacent), 90.0(3); 13-Sn1-13(across), 180.0; O1-
Sn2-01, 82.9(3). Hydrogen atoms are omitted for clarity.

Although this crystal does not represent the bulk material, it is still worthy of
discussion as a novel complex. There are two [(O=PMes)sSnls] cations for every [Snle]
dianion. A CSD search revealed that there have been no previously reported species
consisting of both aforementioned ions, however there are compounds in the literature with
a [Snlg] anion as well as complexes in which a phosphine oxide coordinates to a tin atom.
It is valuable to compare bond lengths and angles of these previously reported compounds
to the one synthesized in order to understand the geometry of the molecule made. The
[Snls] moiety has been isolated before as a dianion in tropylium tin iodide*® and as an
attempt to make an adduct of PhoPH and Snls.3! The labels in Figure 4.5 will be used to
compare the [Snls] ion synthesized in this thesis to the other [Snlg] ions found in the

literature.
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On average, the Sn1-13 bonds in the literature are slightly larger than the analogous
bonds in this structure. We report a bond length of 2.8431(7)A for all Sn1-13 bonds in this
structure since it is a symmetry-generated octahedron. In contrast, the average Sn-1 bond
in this moiety in tropylium tin iodide® and [Ph,PH,]2[Snls]®* is 2.88(1)A and 2.858(1)A,
respectively, which renders them crystallographically distinct from the [Snlg] ion in this
thesis. The bond angles in [Snls] match those of the same ion in [PhoPH2]2[Snlg].3* The
bond angle between adjacent iodine atoms was found to average at 90.0(3)°, while the
symmetry-generated 1-Sn-I bond angles were 180.0°. This is consistent with the ideal

octahedral VSEPR geometry around the tin(IV) atom.

Since the [(O=PMes)sSnls] cation has never been observed before, the Sn-1, Sn-O,
and P-O bond angles were compared to the crystal structure of [Snlz] elucidated by Lode
et al.®2 and a bidentate phosphine oxide ligand that coordinated to tin reported by Wirth et
al.® Once again, the labels in Figure 4.5 will identify which bonds are being compared. In
comparison to the [Snls] anion,3 the Sn2-14 bonds in [(O=PMes)sSnls] are much shorter
(2.7912(9) cf. 2.898(8)A). This can be explained by the additional coordination of the
phosphine oxide ligands to the tin(IV) centre in [(O=PMe3)3Snls]. The 14-Sn2-14 angle in
[(O=PMe3)sSnls] was found to be 94.26(3)°, whereas this angle in [Snls] is 96.69(3)".%2
Once again, this could be attributed to the phosphine oxide ligands also being present in
[(O=PMe3)sSnlz], which causes the iodide X-ligands to come closer together. In terms of
Sn-O bond lengths, the Sn2-O1 distance is also much shorter than the one reported in the
chelating diphosphine oxide ligand®3 (2.064(7)A cf. 2.2057(13)A). Unsurprisingly, the O1-
Sn2-01 angle in [(O=PMe3)3Snlz], which was found to be 82.9(3)°, is less than that of the

literature, which reports an average of 90.0(6)° for these angles.>® This suggests that the
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geometry around the Sn(IV) centre in the cation is not perfectly octahedral. Lastly, the P5-
01 bond distance in the cation closely resembles that of the literature, suggesting that the
oxygen and phosphorus are indeed connected by a double bond. [(O=PMes)sSnls] has a
P=0 distance of 1.521(7)A and the phosphine oxide ligand coordinating to tin in the
literature has a similar bond length of 1.512(9)A.3® A summary of the key metrical
parameters discussed for this crystal structure can be found in Table 4.1 and a diagram of

the crystal packing can be found in Figure 4.6.

Table 4.1: Summary of the Key Metrical Parameters in [(O=PMez)3Snlz]2[Shls]

Parameter Value (A/) Literature Value (A/°)
Snl-13 2.8431(7) 2.88(1)%
2.858(1)%
Sn2-14 2.7912(9) 2.898(8)%
Sn2-01 2.064(7) 2.2057(13)%
P5-01 1.521(7) 1.512(9)
13-Sn1-13 90.0(3), 180.0 90.5(3), 175.0(5)*°
90.0, 180.0%
14-Sn2-14 94.26(3) 96.69(3)%?
01-Sn2-01 82.9(3) 90.0(6), 180.0%
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Figure 4.6: Crystal Packing of [(O=PMes)sSnls]2[Snls] normal to (001) in the form of
thermal ellipsoids. The orange ellipsoids represent phosphorus, the black represent carbon,
the red represent oxygen, the grey represent tin, and the purple represent iodine.

The unprecedented coordination of trimethylphosphine oxide (TMPO) to the
Sn(IV) centre was further investigated by exploring its Lewis acidity via the Gutmann-
Beckett method.®*3® By comparing the 3!P{*H} NMR chemical shift of the coordinated
phosphine to the chemical shift of the free phosphine, this method can assess the Lewis
Acidity of a particular species. Using the literature shift of TMPO®’ (-48 ppm), the equation
in Figure 4.7 was employed to make an estimate of the Acceptor Number (AN) of the Snlz
centre for Lewis acidity. The higher the AN, the stronger the Lewis acidity of a species.
Also, the change in chemical shift in the 3'P{*H} NMR between free TMPO and
coordinated TMPO was calculated. Once again, the greater the AS3!P{*H}, the better the
Lewis acid. The AN for the Snlz cation reported in this thesis was found to be 85.2, while

the AS3P{*H} was found to be 38.6 ppm.
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AN = 2.21 X (8sqmpie — 48)
Figure 4.7: The Equation for the Gutmann-Beckett Method.34-3

Although the Gutmann-Beckett acceptor number is dependent on the solvent used,
it is beneficial to provide some literature examples of the AN and AS*'P{1H} of well-
known Lewis acids for comparison. The boron trihalides are some of the best Lewis-acidic
compounds on record. Bls boasts the highest AN of 114.9, with BBrzand BCls having ANs
of 109 and 106, respectively.3*3® Another well-studied Lewis acid, B(CsFs)s, has an AN of
82 and a AS*'P{*H}= 26.6 ppm-394° More recently, silylium*! and iodonium* cations have
been investigated as Lewis acids, having AS*P{*H} ranges of 39-45 and 22.6-57.6,
respectively. Given these literature values the Snls cation falls right in the mix of having
good Lewis acidity, exceeding the A§3P{*H} of B(CsFs)3>°*? and similar to the AS3P{*H}

range of silylium* and iodonium®2 cations.

It is not a surprise that the Sn(1V) species in the [(O=PMes)3Snls] moiety displays
Lewis acidity. There have been multiple instances of tin (IV)** as well as tin(11)*° Lewis
acid catalysts in the literature. For example, Yamanaka et al.*> have shown that another
tin(1V) halide, SnCls, demonstrates Lewis acid activity in a carbonyl-ene reaction. The
discovery of the Lewis acidity of the Snls cation in [(O=PMesz)3Snls] and the application
for tin(1V) species in catalysis shows that tin(IV) iodide deserves further investigation as a

potential Lewis acid catalyst.
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Synthesis of [PMePhs][Snls]

Although the Lewis acidity of the tin(IV) centre is fascinating, this thesis is still
focused on creating phosphonium-templated perovskite materials.
Methyltriphenylphosphonium iodide was the next phosphonium reacted with tin(IV)
iodide. Equimolar amounts of the two solids were combined in a vial. After a few minutes
a reaction was observed in the solid state, since a red solid appeared at the interface of the
white and orange solids. Acetonitrile was used to dissolve the solids, making a dark red
solution, and the reaction was left to stir for 48h. After this time, the solution was set up
for recrystallization and a small aliquot was taken for 3'P{*H} NMR analysis. Eventually,

dark red crystals grew from acetonitrile.

Scheme 4.2: The Reaction of Methyltriphenylphosphonium iodide with Snl4

The phosphorus NMR showed a singlet at 21.86 ppm, which is indicative of asingle
phosphorus environment in solution. This chemical shift is similar to that of the starting
material [PMePhs][1], which resonates at 21.5 ppm,*’ suggesting that the phosphorus
environment in the product mixture is like that of methyltriphenylphosphonium iodide. To
further confirm the presence of this ion in solution, *H and *C{*H} NMR spectra were
collected of the dark red crystals of this material. The *H NMR showed evidence of
methyltriphenylphosphonium in solution since four distinct proton environments were

observed. A doublet at 2.79 ppm was representative of the three methyl protons. The two-
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bond coupling constant from this environment’s coupling to phosphorus was calculated to
be 14Hz, which is similar to the literature value of this coupling at 14.6Hz.*” The aromatic
ortho-, meta-, and para- proton environments had chemical shifts of 7.66, 7.71, and 7.86
ppm, respectively. The six ortho- protons appeared as a doublet of triplets due to coupling
to phosphorus and the meta- protons. The meta- proton environment couples to both the
ortho- and para- proton environments and therefore appears as a triplet of doublets. Lastly,
the para- protons appear as a triplet due to coupling to the meta- protons. The chemical
shifts of these aromatic protons, as well as their coupling constants match closely with the

literature*” and are outlined in Table 4.2.

Table 4.2: Summary of the *H NMR Spectrum of [PMePhs][I] + Snla

Environment Chemical Multiplicity Integration Coulping
Shift (ppm) Constant
(H2)
Methyl 2.79 D 3H 2Jpn =14
Ortho-H(Ph) 7.66 Dt 6H 3JpH =7
Jnn =15
Meta-H(Ph) 7.71 Td 6H 3JHH-ortho= 8
3JHh-
para=3.5
Para-H(Ph) 7.86 T 3H 3JHH=6.5

The BC{*H} NMR of methyltriphenylphosphonium iodide reported in the literature
also closely matched that of the material left after slow evaporation. Five distinct carbon
environments were observed in the spectrum, each of them appearing as a doublet because
of coupling to phosphorus. The carbon representing the methyl group appeared the furthest
upfield at 9.39 ppm, with a one-bond coupling to phosphorus of 58.5Hz. This value is very

similar to that of the literature, which is reported at 57.3Hz.*® The ipso-carbon, which is

123



directly bound to the phosphorus, resonated at 120.33 ppm and had a one-bond coupling
constant of 89Hz. This is at the higher end of the literature range for one-bond phosphorus
to carbon coupling.}’*® The meta-, ortho-, and para- carbons displayed chemical shifts of
131.16, 134.23, and 136.10 ppm respectively. Chemical shifts in this range are common in
aromatic carbons?® and closely matched the chemical shifts reported in the literature*®
which solidifies the presence of the methyltriphenylphosphonium ion in solution. A full
summary of the *C{*H} NMR spectrum of the reaction of methyltriphenylphosphonium

iodide with tin(IV) iodide, including coupling constants, is given in Table 4.3.

Table 4.3: Summary of the *C{*H} NMR Spectrum of [PMePhs][I] + Snls

Environment Chemical Shift Multiplicity Coupling Constant
(Hz)
Methyl 9.39 D 1Jpc=58.5
Ipso-C(Ph) 12.33 D 1Jpc =89
Meta-C(Ph) 131.16 D 3Jpc =13
Ortho-C(Ph) 134.23 D 2Jpc = 10.7
Para-C(Ph) 136.10 D “Jpc=2.8

Single-crystal X-Ray diffraction determined the identity of the anion in this
product. It was discovered that the product consisted of [PMePhs] as the cation and [Snls]
as the anion, making a charge-balanced compound. The asymmetric unit of this compound,
as well as the atom labels that will be used in the following discussion of the structure, can
be found in Figure 4.8. A [PMePhs] ion found in the literature as the counter-ion to [Cdl4]*
was used to crystallographically compare the two ions in terms of their metrical parameters.
An average of the P1-C2 bond lengths in both the literature structure and the structure
reported in this thesis was calculated. In [PMePhs][Snls], the average P1-C2 bond is

1.791(4)A, while in [PMePhs][Cdl4] this value is 1.77(2)A.*° The average C-P-C in both
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structures indicates a tetrahedral geometry around the phosphonium ion, with the average
in [PMePhs][Snls] being 109.48(18)° and the average in [PMePhs][Cdl4] at 109.45(5)°.4°
The ESDs of the metrical parameters in both structures overlap, which suggests that they

are crystallographically indistinguishable within statistical error.
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Figure 4.8: Crystal structure (ball and stick) of [PMePhs][Snls] with selected bond lengths
(A) and angles (°): Snl-11, 2.8378(4); Snl-12, 2.8617(4); Sn1-13, 2.7267(4); Sni-14,
2.7255(4); Sn1-15, 2.7391(4); P1-C2, 1.791(4); P1-C1, 1.791(4); 11-Sn1-12, 175.869(11);
13-Sn1-11, 90.519(11); 13-Snl-12, 90.989(11); I13-Snl-15, 128.017(14); 14-Sni1-I1,
90.973(14); 14-Sn1-12, 92.030(14); 14-Sn1-13, 111.931(14); 14-Sn1-15, 120.052(14); 15-
Snl-11, 88.670(11); 15-Snl-12, 87.372(11); C-P1-C, 109.48(18). Hydrogen atoms are
omitted for clarity.

The [Snls] anion was compared to a similar anion in the compound [IPCy3][Snls],
which was reported by Apostolico et al.3! This compound was made in a similar fashion to
that of [PMePhs][Snls] in that it was synthesized from Snls. At first glance, both anions

appear to adopt a trigonal bipyramidal structure, which would constitute a 120° angle
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between the equatorial iodines, a 90° angle between the axial and equatorial iodines, and a
180° angle between the two axial iodines. Geometrically, this is much different than the
[Snls]* ion discussed earlier in this chapter and this difference can be due to the difference
in oxidation state of the tin centre. A closer examination of the present species reveals that
the equatorial 1-Sn-1 angles deviate from trigonal bipyramidal geometry, with the lowest
angle being between I3 and 14 at 111.931(14)° and the largest angle being between 13 and
I5 at 128.017(14)°. The average of the equatorial I-Sn-I angles in [PMePhz][Snls] is
120.00(14)°, which matches the ideal geometry and that of the [Snls] ion reported by
Apostolico et al.3! The angles between the axial and equatorial iodine atoms in
[PMePhs][Snls] are also close to that of a trigonal bipyramid, with the smallest angle being
87.372(11)° and the largest angle being 92.030(14)°. A similar range for these angles was
observed in [IPCys][Snls], with the smallest angle being 87.92(2)° and the largest being
91.70(3)°.3! Finally, the 11-Sn-12 angle was compared in both [PMePhs][Snls] and
[IPCys][Snls]. Both structures demonstrate an angle close to the ideal 180°, with
[PMePhz][Snls] having an angle of 175.869(11)° and [IPCys][Snls] having an angle of
177.43(3)°.3t Thus, it is conclusive that the [Snls] component in [PMePhs][Snls] adopts a

trigonal bipyramidal geometry similar to that of [Snls] anion in [IPCys][Snls].

The bond lengths in the [Snls] anion in this structure are very similar to the [Snls]
anion in [IPCyz][Snls]. In general, the equatorial Sn-1 bonds are shorter than the axial Sn-
| bonds due to repulsion from the atoms in the equatorial position. The average of the axial
Sn-1 bonds in [IPCys][Snls] is 2.8507(7)A,t whereas in [PMePhs][Snls] this average is
2.8498(4)A. The overlapping ESDs between the two parameters shows that the Sn-1 axial

bonds in both structures are the same within the estimated error. The ESDs of the average
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equatorial Sn-1 bond length, however, do not overlap since this average in [PMePhz][Snls]
is 2.7304(4)A and the analogous average bond in [IPCys][Snls] is 2.7345(8)A.3! This
means that the equatorial Sn-1 bond lengths in [IPCys][Snls] are slightly longer than those

of [PMePhs][Snls], however the overall geometry of the anions are still the same.

4.2.3 Chapter Conclusions

This chapter explored the reactivity of various phosphonium cations with both
tin(1) and tin(IV) halides via direct addition of the starting materials to each other in
solution. Although the goal of creating a phosphonium-templated perovskite was not
achieved, three new crystal structures of phosphonium-templated iodostannates were
characterized. The crystal structure of the reaction between trimethylphosphonium iodide
and tin(11) iodide produced a novel iodotin trianion, [Snls]*". Two tin trianion species exist
in the unit cell with eight phosphonium cations and two iodides to make a novel charge-
balanced compound. Furthermore, an unprecedented oxidation of some of the phosphine
starting material in [HPMes][1] in its reaction with Snls produced a crystal structure of the
new salt [(O=PMes)sSnlz]2[Snle], which exhibits Lewis acidic properties. Lastly, a
stoichiometric reaction of [PMePhs] with Snls produced a novel charged-balanced
compound, [PMePhs][Snls], whose anion has a trigonal bipyramidal structure with
precedence in the literature. Five other reactions with phosphoniums and tin(Il) or tin(1V)
halides were carried out and NMR spectroscopy showed persistence of the phosphonium
cation in solution. The dark colour of the product of the reactions with tin(Il) and tin(1V)
iodide show that these compounds deserve further investigation as potential light-

harvesting materials.
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4.3  Experimental

General Procedures
All manipulations were carried out using standard inert atmosphere techniques. All

chemicals and reagents were purchased from Sigma-Aldrich and used without further
purification. Deuterated solvents were dried according to literature procedure when
necessary, and all other solvents were dried over a series of Grubbs’-type columns and
degassed prior to use. NMR spectra were recorded at room temperature on a Bruker
Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz or Bruker Avance DPX 300
MHz spectrometers. Chemical shifts are reported in ppm relative to internal standards for
'H and "*C (the given deuterated solvent) and the external standard for *'P (85% H3POs).
Coupling constants |J| are given in Hz. Elemental Analysis was performed by the University
of Windsor Mass Spectrometry Service Laboratory using Perkin Elmer 2400 combustion

CHN analyzer.

X-Ray Crystallography

Crystals for investigation were covered in Paratone®, mounted into a goniometer head,
and then rapidly cooled under a stream of cold N2 of the low-temperature apparatus
(Oxford Cryostream) attached to the diffractometer. The data were then collected using the
APEXI|I software suite®* on a Bruker Photon 100 CMOS diffractometer using a graphite
monochromator with MoKa (A = 0.71073 A) or CuKo. (A = 1.54178 A) radiation. For each
sample, data were collected at low temperature. APEXII software was used for data
reductions and SADABS®® was used for absorption corrections (multi-scan; semi-empirical
from equivalents). XPREP was used to determine the space group and the structures were
solved and refined using the SHEL X3 software suite as implemented in the WinGX*’ or
OLEX23® program suites. Validation of the structures was conducted using PLATON.%®
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4.3.1 Synthesis of [HPMes]4[I][Snls]

0.327g of [HPMe3]*[1]- and 0.600g of Snl, were dissolved in acetonitrile in separate
vials. Under stirring, the [HPMes]*[I]" solution was transferred dropwise to the Snl>
solution. The solution turned deep red immediately upon addition of the phosphonium
iodide with this colour turning to orange 20 minutes after addition was complete. After 72
hours, the solution was pale yellow. Some of the acetonitrile solvent was pumped off at
this point and the solution was placed in the freezer for slow recrystallization. After two
weeks of recrystallization in a freezer, garnet red crystals were formed and the mother
liquor was decanted, and allowed to slowly evaporate at room temperature, yielding orange
crystals of [HPMes][1][Snls]. 3*P{*H} NMR (CDsCN, 121.5MHz) &: -0.711 (s). *C{*H}
NMR (CD:CN) &: 5.696 (d, PCHs, Wcp = 55.3Hz). 'H NMR (CD3CN) &: 1.841 (dd, 9H,
PCHs, 2Jup= 15.9Hz. , 3Jun=5.4Hz.), 6.360 (ddec, 1H, PH, Jup=510Hz, 3J4n=5.4Hz).
Elemental analysis: calc. for PC12H40Snle*1 tol: C, 11.09; H, 3.10; N, 0.00, found: C, 12.13;

H, 3.39; N, 0.03.

4.3.2 Reaction of [PPh4][I] with Snl>

0.195¢g of [PPh4]*[I]" and 0.196g of Snl, were dissolved in acetonitrile in separate vials.
Under stirring, the [PPh4]*[I]" solution was transferred dropwise to the Snl. solution. The
solution turned deep red immediately upon addition of the phosphonium. After 72 hours,
the solution was red with a mustard yellow precipitate. The solution was centrifuged and
the red supernatant was cannula transferred to a Schlenk flask. The solvent was pumped
off, and a purple-brown solid was left behind. This was redissolved in acetonitrile and left

for slow recrystallization. *P{*H} NMR (CDsCN) &: 24.322 (s). *H NMR (CDsCN, 500

129



MH2): 5: 7.69 (Hortno-Ph, dt, 8H, 3Jpr = 7HZ, 0 = 1.5Hz), 7.75 (Humeta- Ph, td, 8H, 3Jaht.
ortho = 8.2HZ, 3\]HH-para = 35HZ), 7.93(Hpara — Ph, t, 4H, 3\]HH = 75HZ) 13C{1H} NMR
(CD:Clz, 125.7MHz): 5: 118.89 (Cipso, d, Jpc=88.2Hz), 131.27 (Crmeta, d, 3Jpc = 13H2),

135.66 (Cortho, d, 2Jpc = 10.6Hz), 136.33 (Cpara, d, “Jpc = 2.8H2).

4.3.3 Reaction of [PMe4][I] with Snl;

Tetramethylphosphonium iodide (50mg, 0.23mmol) was placed in a 20mL scintillation vial
along with an equivalent of tin (IlI) iodide (85mg, 0.23mmol). The two solids were
dissolved in ca. 10mL of acetonitrile, producing a deep red solution. The reaction was left
to stir for 20h, after which time the deep red solution was left for recrystallization via slow
evaporation. 3:P{*H} NMR (CDsCN, 202.5MHz) &: 24.51 (s). *C{*H} NMR (CDsCN,
125.8MHz) : 9.98 (d, PCH3, 1Jcp = 56.3Hz). 'H NMR (CDsCN, 500MHz) §: 1.82 (d, 12H,

PCHs, 2Jup= 14.5H2).

4.3.4 Reaction of [Me3PC2HsPMes] 2[1] with Snl

50mg (0.12mmol) of bis(trimethylphosphonio)ethane iodide was placed in a 20mL
scintillation vial along with 86mg (0.23mmol) of tin (11) iodide. Acetonitrile was added to
the vial slowly under stirring. Upon addition of the solvent, a black precipitate started to
form. The reaction mixture was left to stir for 20h after which time an orange solution with
a black precipitate was observed. The precipitate was separated from the solution. The
orange solution was set up for recrystallization via slow evaporation, however no crystals
were isolated. The black precipitate was analyzed. 3'P{*H} NMR (CDsCN, 202.5MHz) &:

32.43 (s). *'P{*H} NMR (DMSO-ds, 202.5MHz) &: 32.17(s). *H NMR (CD3CN, 500MHz)
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5: 1.93 (d, 18H, PCHs, 2Jup= 36Hz), 2.53 (d, 4H, p-(CH2)2, 2Jnup=6.5Hz). Elemental

analysis: calc. for P,CgH2216Sn2: C, 8.15; H, 1.88; N, 0.00, found: C, 8.73; H, 1.81; N, 0.04.

4.3.5 Reaction of [PMe4][Br] with SnBr»

A 20mL scintillation vial was charged with 50mg (0.29mmol) tetramethylphosphonium
bromide and 81mg (0.29mmol) tin (1I) bromide. The solids were dissolved in approx.
10mL DCM and produced an opaque white suspension that was left to stir for 20h. After
this time, the white suspension persisted. The suspension was centrifuged for 5mins and a
colourless solution with a white pellet was observed. The clear solution was set up for
recrystallization via slow evaporation, but it did not produce any crystals or other solid
upon complete evaporation of the solvent. The pellet was analyzed. 3'P{*H} NMR
(CD:CN, 202.5MHz) &: 25.60(s). *C{*H} NMR (CDsCN, 125.8MHz) &: 8.88 (d, PCHs,

Lcp = 55.3Hz). 'H NMR (CDsCN, 500MHz) &: 1.82 (d, 12H, PCH3, Zkp= 15.5Hz).

4.3.6 Synthesis of [(O=PMe3)3Snls]2[Snle]

Trimethylphosphonium iodide (50mg, 0.25mmol) and tin (1V) iodide (154mg, 0.25mmol)
were dissolved separately in two 20mL scintillation vials in approx. 10mL acetonitrile. The
Snls was added to the phosphonium salt under stirring in a dropwise manner. Upon
introduction of the Snls, the colour of the solution went from colourless/orange to very
dark red. The reaction was left to stir for 24h, after which time the dark red solution
persisted. The solution was set up for recrystallization via slow evaporation and afforded
black crystals suitable for X-Ray diffraction. *'P{*H} NMR (CDsCN, 121.5MHz) §: -1.02

(s, HPMe3), 86.56 (s, O=PMe3).
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4.3.7 Synthesis of [PMePhs][Snls]

Methyltriphenylphosphonium iodide (50mg, 0.12mmol) was placed in a 20mL scintillation
vial with an equimolar amount of Snls (77mg). After a few minutes of the white and orange
solids being in the vial a red solid started to form, indicating reaction in the solid state. Ca.
10mL of acetonitrile was added to the vial containing the two reactants and the solution
was dark red. The reaction was left to stir for 48h. Dark red crystals suitable for X-Ray
diffraction were grown from acetonitrile. 3'P{*H} NMR (CD3CN, 202.5MHz) &: 21.86(s).
'H NMR (CD3CN, 500 MHz); &: 2.79 (PCHs, d, 3H, 2Jpr = 14Hz), 7.66 (Hortho-Ph, dt, 6H,
8Jpn = THz, 3Jun= 1.5Hz), 7.71(Hmeta- Ph, td, 6H, 3Jur-ortho = 8HZ, 3Jnh-para= 3.5Hz), 7.86
(Hpara-Ph, t, 3H, 3Jun= 6.5Hz). *C{*H} NMR (CDsCN, 125.8MHz): 5: 9.39 (P-CHjs, d,
L3pc = 58.5Hz), 120.33 (Cipso, d, Wpc=89Hz), 131.16 (Crmeta, d, 3Jpc = 13Hz), 134.23 (Cortno,

d, 2Jpc = 10.7Hz), 136.10 (Cpara, d, *Jec = 2.8Hz).
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CHAPTER 5: Phosphonium-Templated Halogermanates

5.1 Introduction

The discovery of lead- and tin-based perovskites prompted the investigation of
germanium-based perovskites. CsGeXs perovskites, where X = Cl, Br, or I, demonstrated
nonlinear optical properties as well as the capacity to be photovoltaic absorbers.!?
Furthermore, these perovskites have similar bandgaps to their lead counterparts.® The
advent of germanium-containing inorganic/organic hybrid perovskites came when
Stoumpos et al.* synthesized a family in which the ‘A’ cation consisted of alkylammonium
cations of various sizes. The properties of these species showed a dependence on cation
size. Smaller alkylammonium cations produced a 3D perovskite framework, while larger
cations produced infinite 1D chains.* Furthermore, the smaller cations showed direct
bandgaps and larger cations showed indirect bandgaps.* Given these interesting properties
exhibited by the alkylammonium germanium perovskites, this chapter investigates the
species created when germanium(ll) and germanium(1V) halides are combined with alkyl-
and arylphosphonium halide salts. Kociok-Kahn et al.® have reported a distorted perovskite
structure of the formula [HPMe3][GeC1s], which serves as encouragement that the
germanium halides could form perovskitic structures with a phosphonium as the central
‘A’ cation. This chapter presents the reactions of six phosphoniums with germanium(Il)
halides and the crystal structures of two of the products. It also discusses the reactions of

four phosphoniums with germanium(1V) iodide and three of their crystal structures.
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5.2 Results & Discussion

5.2.1 Reactions with Germanium(11) Halides
Trimethylphosphonium Triiodogermanate

Since germanium(11) iodide was used to synthesize cesium® and alkylammonium-
based perovskites* with important optical properties, it follows that it was the first
germanium halide reacted with phosphonium salts for this thesis. Furthermore, given that
Kociok-Kohn inadvertently created a perovskite containing trimethylphosphonium as the
central ‘A’ cation,” it seemed prudent to react trimethylphosphonium iodide with
germanium(Il) iodide first. The two starting materials were combined in acetonitrile,
producing a bright orange solution. After 12h stirring the reaction solution turned pale
yellow, indicating that a new product had been formed. The pale-yellow solution was set
up for recrystallization and orange crystals suitable for X-Ray diffraction grew from

acetonitrile.
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Scheme 5.1: Reaction of [HPMez][I] with Gelo.

To examine the product in solution, *'P{*H}, H, and **C{*H} NMR spectroscopy
on the orange crystals was carried out. The **P{*H} NMR showed a singlet at -0.98 ppm,
which is in good agreement with the starting material made in this thesis (2.09 ppm) and
the literature shift reported by Bellachioma et al.® This preliminary spectrum suggests that

the trimethylphosphonium ion persists in the product. The *H NMR spectrum displays a
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doublet of doublets at 1.80 ppm and a doublet of decets at 6.15 ppm, which is also similar
to the shifts observed in the starting material. The doublet of doublets is due to the methyl
protons coupling to phosphorus and the lone proton, while the doublet of decets is a result
of the lone proton coupling to phosphorus and the nine methyl protons. The values of the
coupling constants are close to those reported for trimethylphosphonium iodide, similarly
suggesting that the phosphonium ion is present in the product mixture. *C{*H} provided
further evidence for the phosphonium in solution, as the spectrum showed only one
environment; a doublet due to the methyl carbons coupling to phosphorus. Once again, the
chemical shift (4.64 cf. 5.75 ppm) and one-bond coupling constant (55.4 cf. 55.6Hz) agree

well with the chemical shifts reported for the starting material.

Single crystal X-Ray diffraction of the orange crystals obtained from the reaction
mixture confirmed that the phosphonium ion does indeed persist in the final product. It also
revealed the formation of a [Gels] anion, which is charge-balanced with the phosphonium
cation. Thus, this compound was characterized as trimethylphosphonium
trilodogermanate. The asymmetric unit is depicted in Figure 5.1, and the atomic labels in
this figure will be used in the following discussion. The bond lengths and angles of the
trimethylphosphonium cation were compared to the same species in Kociok-Kohn’s work.®
It was found that the average P-C bond length in this structure was within the estimated
standard deviation of Kociok-Kohn’s trimethylphosphonium cation (1.759(13) cf.
1.769(3)A).5> Furthermore, the P5-H5 bond length was found to be 1.4(1)A, which is
crystallographically similar to the value reported by Kociok-Kohn® of 1.28(3)A. The
average C-P-C bond angles of trimethylphosphonium triiodogermanate, 111.5(8)° are

slightly larger than those of the trichlorogermanate analogue,® which average at
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110.55(16)°. The ESDs of this metrical parameter in both compounds barely overlap each
other, suggesting that the C-P-C angle in trimethylphosphonium trilodogermanate is indeed

larger.
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Figure 5.1: Crystal structure (ball and stick) of [HPMez][Gelz]. The orange balls represent
phosphorus, the black balls represent carbon, the pink balls represent germanium, and the
purple balls represent iodine. Hydrogen atoms not bound to phosphorus are omitted for
clarity.

The [Gels] anion was compared to two different literature sources, one being a
perovskite reported by Stoumpos et al.,* whose asymmetric unit contained
trimethylammonium and the same anion. The other instance of this anion in the literature
occurred in the reaction of germanium(ll) iodide with an imidazolium salt, which was
reported by Bartlett et al.” The average Ge-l bond length in [HPMes][Gels] was found to
be 2.8345(10)A, which is larger than that reported by Stoumpos et al.* (2.7526(8)A) and
Bartlett et al.” (2.775(5)A). The average of the I-Ge-l angles for the compound reported in
this thesis is 95.37(3), which is less than that of the perovskite reported by Stoumpos et al.*

at 96.60(5)°. These differences in bond lengths and angles between trimethylphosphonium
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trilodogermanate and the perovskite could be due to the difference in crystal packing
between the two compounds. Although the asymmetric unit of the species reported in this
thesis matches the ABXs general formula, it does not adopt the corner-sharing octahedra
and twelve-fold coordination sphere characteristic of a perovskite.® Rather, it forms
columns of trimethylphosphonium charge-balanced with an adjacent trilodogermanate.
The [Gels] ions alternate their orientation in the crystal in the direction perpendicular to
(100) as shown in Figure 5.2. Interestingly [HPMes][Gelz] crystallizes in the P2:2:2;
orthorhombic space group, which is the same as that of [EMIM][Gels] reported by Bartlett

et al.,” where EMIM = 1-ethyl-3-methylimidazolium.

ﬁﬂ
Figure 5.2: Unit cell contents of [HPMes][Gels] normal to (100). The orange balls

represent phosphorus, the black balls represent carbon, the white balls represent hydrogen,
the silver balls represent germanium, and the purple balls represent iodine.

Although [HPMes][Gelzs] does not have a perovskitic structure, its crystallographic
similarity to [EMIM][Gels] suggests that it could possess interesting properties. Cyclic
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voltammetry experiments performed by Bartlett et al.” showed that germanium(ll)
compounds that contained iodide as a co-ligand with a non-coordinating cation are good
candidates for electrodeposition. Trimethylphosphonium triiodogermanate fits these
criteria, suggesting a possible electrochemical application for this material. Furthermore,
the colour of this compound suggests that it could be a wide-bandgap semiconductor like
the inorganic/organic hybrid materials reported by Stoumpos et al.* Therefore, UV-Visible

studies on this material are necessary to evaluate its potential semiconducting properties.

Other Reactions with Gel;

The results of the reaction between trimethylphosphonium iodide prompted the
reaction of other phosphonium iodides with Gel,. Tetramethylphosphonium iodide and
Gel, were combined in a vial and dissolved in MeCN. The solution turned bright orange
upon dissolution in MeCN, suggesting that a reaction had taken place in solution. After
two days of stirring, the solution appeared darker orange and was set up for recrystallization
via slow evaporation. The material recovered from this attempted recrystallization did not
yield any crystals suitable for X-Ray diffraction, thus it was analyzed by NMR
spectroscopy to observe the phosphorus, proton, and carbon environments in solution. The
NMR spectra of the various nuclei showed a large resemblance to that of [PMe4][I], which
suggests that the phosphonium ion endures in the product. The 3P{*H} NMR shows a
singlet at 25.51 ppm, showing that there is only one phosphorus environment in solution.
The similarity of this shift to the shift for [PMea] reported by Herrmann et al.® (25.51 cf.

22.8 ppm) suggests that the [PMeg] cation is present in the product.

The 'H and BC{*H} NMR spectra of this product also closely resemble that of

[PMe4][1]. The *H NMR shows that the methyl protons resonate as a doublet at 1.81 ppm
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due to coupling to phosphorus, with the two-bond coupling constant being 14.7Hz. In
comparison, the same doublet in the [PMea4][I] spectrum reported by Herrmann et al.’
resonated at 1.93 ppm with a coupling constant of 15Hz. Lastly, a doublet in the *C{‘*H}
NMR spectrum that represents the methyl carbons resonated at 9.33 ppm with a calculated
carbon-phosphorus one-bond coupling constant of 72.6Hz. The [PMe4][I] BC{*H} shift
reported by Herrmann et al.® was similar (9.2 ppm), however the one-bond coupling
constant was slightly less at 56Hz. This could be due to a difference in solvent since
CD3CN was used in this thesis instead of D20, which was used as the NMR solvent in the
starting material. It is not uncommon to see a Jpc as large as 72.6Hz, however, as there
have been P-C couplings reported upwards of 88Hz.%° Since the other shifts and coupling
constants matched closely with the literature, it is reasonable to conclude that the cation in
the product is [PMes]. Further studies of this compound are necessary, and recrystallization

attempts from both acetonitrile and DCM are currently underway.

Germanium(ll) iodide was also reacted with an aryl-monophosphonium,
[PMePhs][I]. NMR studies similar to the one discussed above were carried out since no
crystals suitable for X-Ray diffraction were obtained for this reaction. For the reaction of
[PMePhs][I] with Gely, the reactants were combined in a vial and a solid-state reaction was
observed upon their combination. The pale yellow Gel, and white phosphonium solids
turned garnet red at their interfaces. When acetonitrile was added to the vial, an orange
solution was formed. After 3h of stirring the orange colour persisted and the solution was
set up for recrystallization. The solid orange material left in the vial after all the acetonitrile
had evaporated was analyzed via NMR spectroscopy, which showed that the phosphonium

environment in the product solution is similar to that of methyltriphenylphosphonium
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iodide. The 3P{*H}, *H, and *C{*H} NMR spectra were very similar to that of the
literature, 12 which suggests that the phosphonium ion persists in solution. The different
13C NMR environments are depicted in Figure 5.3, and the results of the NMR spectrum

are summarized in Table 5.1.
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Figure 5.3: 3C NMR Environments in [PMePhs][1].

Table 5.1 Summary of the 3C{*H} NMR Spectrum of the Reaction of [PMePhs][I] with
Gel;

O e e a 0, Oup 0
e O a

A 119.04 D LJpc= 89

B 133.54 D 2Jpc=10.8

C 130.75 D 8Jpc=12.9

D 135.64 D 4Jpc=2.9

E 11.36 D 1Jpc= 58

Tetramethylphosphonium Tribromogermanate
Given that perovskites have been obtained from the group 14 bromides,>*3" the
next reaction included germanium(I1) bromide and tetramethylphosphonium bromide. The

reactants were combined in a vial and dissolved in DCM, producing a pale pink solution.
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After 16h of stirring, the solution was colourless and was set up for recrystallization via
slow evaporation. Colourless crystals were obtained when all of the DCM had evaporated

and these were analyzed by NMR spectroscopy.
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Scheme 5.2: Reaction of [PMes][I] with GeBrs.

As previously stated in this thesis, NMR spectroscopy only offers a glimpse into
the structure of a compound in solution. The three different nuclei used, 3P, *H, and *3C,
only occur in the phosphonium salt, therefore the only conclusions that can be drawn are
whether or not the phosphonium cation is present in the product mixture. A 3*P{*H} NMR
experiment of the colourless crystals obtained from this reaction revealed that the [PMe4]
cation is in the product due to a lone singlet in the spectrum at 24.6 3 ppm. This is much
like the shift for [PMea] reported by Herrmann et al.® and Kornath et al.!8, suggesting that
this cation persists in the product. *H NMR and “C{*H} NMR provide similar evidence
for the phosphonium in the product solution. These results give good insight as to what the
phosphonium environment is in the product, however they do not give a clue about the

structure of the anion.

As shown previously, single crystal X-Ray crystallography is an excellent tool for
chemists to determine exactly what the structure of a product is in the solid state. As
mentioned before, the metrical parameters of bond length and bond angles and their

comparison to other similar structures in the literature can give insight into the geometry
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of the synthesized compound. In this particular reaction, X-Ray crystallography showed
that the product created was tetramethylphosphonium triboromogermanante,
[PMe4][GeBrs], whose asymmetric unit is depicted in Figure 5.4. This compound, like
[HPMes][Gels], has the ABXs formula like other perovskites, however it does not adopt a
corner-sharing octahedral crystal structure characteristic of the other germanium
perovskites. Rather, the ions pack in columns in an alternating fashion, as shown in Figure

5.5 and Figure 5.6.
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P1

Ge
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Figure 5.4: Crystal structure (ball and stick) of [PMes][GeBrz]. The orange balls represent
phosphorus, the black balls represent carbon, the pink balls represent germanium, and the
brown balls represent bromine. Hydrogen atoms are omitted for clarity.

The bond lengths and angles of [PMes][GeBrs] were compared to literature
structures. The [PMes] cation, which has been previously reported multiple times, was
related to the [PMeg] cation in [PMes][F],*8 and the values were found to match closely
with that of the literature. The ESDs of the literature and thesis metrical parameters overlap,

suggesting that the [PMes] cation adopts a tetrahedral geometry like that of [PMe4][F].
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The [GeBrs] anion was compared to literature structures containing the same
species. Ruthe et al.'°® worked with bromotrialkylphosphonium tribromogermanates, while
Bandyopadhyay et al.?° synthesized a crown ether complex of germanium(ll) bromide. The
Ge-Br bond lengths in these two structures were averaged and compared with the Ge-Br
bond length in [PMe4][GeBrs]. Since the [GeBrs] ion is symmetry-generated, there is only
one Ge-Br bond length present in this structure, 2.4681(8)A. This bond distance is shorter
than the bond distances reported for the triboromogermanate made by Ruthe et al.'°
(2.506(1)A) and Bandyopadhyay et al.?® (2.472A). The Br-Ge-Br bond angle in
[PMe4][GeBr3] is also greater than the averages of the comparable literature structures
(96.10(3)° cf. 95.10°, 95.69(4)°).1%% Although the bond lengths and angles of these
structures are similar, they cannot be classified as crystallographically indistinguishable.
The difference in the metrical parameters between the [GeBrs] species could be due to the

corresponding cation since each of the cations vary in the compounds discussed.

X%

Figure 5.5: Unit cell contents of [PMes][GeBrs] normal to (001). The orange balls
represent phosphorus, the black balls represent carbon, the white balls represent hydrogen,
the silver balls represent germanium, and the red balls represent bromine.
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This new compound adds to the understanding of how phosphonium salts and
germanium(Il) halides interact with each other. In contrast to [HPMes][Gels], this
compound is colourless and packs with the anions all facing the same way. This difference
in packing could be due to the size of the phosphonium cation used or, more likely, due to
the different halide. The colour of the final product may also be due to the difference in
halogen used. Further studies are required on this material to discover potential applications
for [PMe4][GeBrs]. Although it is unlikely that this compound can behave as a light
absorber since it is colourless, UV-Vis experiments should be conducted to see if any
electronic transitions occur. In addition to this, cyclic voltammetry (CV) analysis
conducted by Bartlett et al.” found that materials containing [GeBrs] could have
electrochemical applications. Thus, it would be useful to perform CV on [PMe4][GeBr3] as

well.
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Figure 5.6: Unit cell contents of [PMes][GeBrs] normal to (001). The orange balls
represent phosphorus, the black balls represent carbon, the white balls represent hydrogen,
the silver balls represent germanium, and the red balls represent bromine.

150



Other Reactions with GeBr>

Germanium(ll) bromide was also reacted with tetraphenylphosphonium bromide to
see how the difference in cation might impact the structure of the product. The reactants
were combined in DCM according to Scheme 5.3, producing a colourless solution with a
white precipitate. The mixture was left to stir for 16h, after which time it was centrifuged
to separate the precipitate from the solution. The mother liquor was set up for
recrystallization via slow evaporation, granting a white crystalline solid that was analyzed

by NMR.

Ge DCM

— [Br] * B Br

SR

Scheme 5.3: The reaction of [PPh4][Br] with GeBra.

The 3P{*H}, 'H, and 3C{*H} NMR spectra provided insight on the behaviour of
the phosphonium cation in solution. A singlet at 23.48 ppm in the 3P{*H} NMR supported
the presence of the [PPh4] ion in the mother liquor, as the literature shift for this ion is 24
ppm.?t The *H and BC{*H} NMR are also indicative of this ion, as the spectra match
closely to that of the literature.?? Three proton environments, representing the ortho-, meta,
and para- protons, were observed in the aromatic region of the NMR spectrum? and their
shifts, multiplicities and coupling constants are summarized in Table 5.2. Similarly, the

BC{*H} NMR spectrum was close to that of the literature in both chemical shift and
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coupling constants. A summary of the carbon-13 environments observed can be found in

Table 5.3.

Table 5.2: A Summary of the 'H NMR Spectrum of [PPhs][Br] + GeBr-

H Chemical Multiplicity Integration Coupling
Environment Shift (ppm) Constants
Ortho 7.69 Dt 8H $Jpr= 8Hz
3Jun= 1.5Hz
Meta 7.75 Td 8H 8 JHH-ortho= 8HZ
3JHH-para: 4Hz
Para 7.92 T 4H $Jnn= 7.5Hz

Table 5.3: A Summary of the 3C{*H} NMR Spectrum of [PPh4][Br] + GeBr:

13C Environment Chemical Shift Multiplicity Coupling Constants
(ppm)
Ipso 118.78 D Lpc= 89.8Hz
Meta 131.18 D 3Jpc= 12.9Hz
Ortho 135.56 D 2Jpc=10.2Hz
Para 136.24 D 4Jpc= 2.8Hz

NMR spectroscopy of the product showed that the phosphonium cation was
present, however it cannot tell what the anion is in solution. It is possible that the solid
isolated is recrystallized starting material, and further studies are required to determine
whether or not this is the case. X-Ray crystallography, bromine-NMR, and elemental

analysis would provide absolute information on the structure of the material obtained.

5.2.2 Reactions with Germanium(1V) lodide

Tetramethylphosphonium iodide
The reactions of phosphonium salts with germanium(Il) iodide prompted the

analogous reactions with germanium(1V) iodide. The first phosphonium up for reaction
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with Ge(1V) was tetramethylphosphonium iodide, which was used previously in reaction
with lead and tin halides. The phosphonium salt was combined in a vial with Gels and
dissolved in acetonitrile. The white and orange solids formed a deep red solution when
combined, suggesting that a reaction had taken place. This solution paled in colour after
16h of stirring and was set up for recrystallization. Although no crystals suitable for XRD

were obtained, a dark red solid left after the evaporation of MeCN was analyzed via NMR.

| I MeCN |
m o+ G,
- |

/P"\ll/ | ‘l /P':\,,I

Scheme 5.4: Reaction of [PMe4][I] with Gels.

As stated previously, for the reactions for which no crystals are obtained, NMR can
only determine whether or not the phosphonium ion is present in the product mixture; it
cannot give any insight into the structure of the anion. The spectra obtained were compared
to the literature spectra for [PMea4][1] reported by Herrmann et al.® The 3P{*H} showed a
single peak in the spectrum at 24.22 ppm, which is a characteristic peak for the [PMes]
cation. Also, the absence of other peaks in the spectrum and the colour change upon
addition of MeCN suggests that the reaction went to completion and no side products were
obtained. *H NMR offered further confirmation that tetramethylphosphonium is in the
product due to a doublet appearing in the methyl proton region of the spectrum at 2.07
ppm. The doublet splitting pattern for this proton environment is observed due to coupling
to phosphorus. The calculated two-bond coupling constant was 14Hz, which closely
matches the literature coupling constant of 15Hz.° The final clue that the [PMe4] ion

persisted in the product solution came in the *C{*H} NMR spectrum. A doublet at 11.62
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ppm falls within the expected range of shifts for methyl carbons. The splitting of the
resonance into a doublet is due to the four methyl environments coupling to phosphorus
which is one bond away. The one bond phosphorus-to-carbon coupling constant was found

to be 56.2Hz, which is very similar to the literature value of 56Hz.°

The dark colour of the solid product material obtained is promising for its potential
applications. UV-Vis experiments could shed light on its abilities as a light absorber and
possible semiconductor. Also, to completely understand the structure of this material, XRD
studies must be performed. Alternative methods of recrystallization such as using a

different solvent and putting the solution in a freezer are currently underway.

Tetraphenylphosphonium iodide

Since arylphosphoniums produced different structural motifs in reactions with both
lead(Il) iodide and tin(1V) iodide, it was of interest to react an arylphosphonium with Gels
as well. Tetraphenylphosphonium iodide was added to a vial with germanium(1V) iodide
and, interestingly, the white and orange solids starting materials produced a dark red solid
at their interfaces, indicating that a reaction occurred in the solid state. The solids were
dissolved in acetonitrile and the deep red solution was left to stir for 16h. After this time,
arecrystallization of the red solution was prepared, eventually granting red crystals suitable

for X-Ray diffraction.
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Scheme 5.5: Reaction of [PPh4][I] with Gela.

NMR studies on the red crystals revealed that the tetraphenylphosphonium ion
persisted in the product solution. As a result, the 3!P{*H}, *H, and *C{*H} spectra were
very similar to that of the reaction of [PPh4][Br] with GeBr.. The 3'P{*H} NMR showed a
singlet at 24.22 ppm, which is close to the literature value for [PPhs] at 24 ppm.?
Resonances in the *H NMR spectrum of the product were also typical of the [PPha] cation.
A summary of the chemical shifts and coupling constants of the various proton
environments for this compound can be found in Table 5.4. The *C{*H} NMR was also
similar to the spectrum obtained for the [PPhs] ion in the previous reactions. Each of the
four different carbon environments, which are outlined in Table 5.5, appear as a doublet
due to coupling to the phosphorus atom. All of the carbon-phosphorus coupling constants
reported in Table 5.5 are within the acceptable literature range for this type of

COUpI i ng.10,18,21,22,24,25

Table 5.4: A Summary of the *H NMR Spectrum of [PPh4][1](Gels)

H Chemical Multiplicity Integration Coupling
Environment Shift (ppm) Constants
Ortho 7.63 Dt 8H $JpH= 6.5Hz
3Jun= 5Hz
Meta 7.76 Td 8H 3JuH-ortho= 5HZ
3\]HH-para= 4Hz
Para 7.93 T 4H 3JuH= 5Hz
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Table 5.5: A Summary of the 3C{*H} NMR Spectrum of [PPh4][I](Gels)

O e e a 0 Oup 0 O a
D
Ipso 117.89 D 1Jpc= 89.7Hz
Meta 131.06 D 8)pc= 12.8Hz
Ortho 134.87 D 2Jpc= 10.2Hz
Para 136.14 D 4Jpc= 2.9Hz

Single-Crystal XRD of the red crystals indicated that [PPh4][I] and Gelscrystallized
together, forming a cocrystal. A cocrystal is defined as two or more crystalline, solid, non-
solvated compounds that occupy the same crystalline lattice.?® The unit cell is depicted in
Figure 5.7. The metrical parameters of the [PPhs]* ion in tetraphenylphosphonium
hexachlorogermanate bis(dichloromethane) solvate?’ are compared to the [PPhs]* ion
reported in this thesis. A co-crystallization of a similar nature with Gels and
tetraethylammonium iodide has been previously reported®® and is used to draw a
comparison between the two Gels molecules. A summary of the key metrical parameters
and their analogous literature values can be found in Table 5.6. All bond lengths and angles

are named according to Figure 5.7.
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Figure 5.7: Crystal structure (ball and stick) of [PPha][1](Gels). Hydrogen atoms are
omitted for clarity.

The X-Ray Data showed that the [PPhs] ion persisted in the product in the solid
state, as indicated by the solution NMR spectra. The bond distances and angles for [PPhs]
in this product suggest that the cation adopts a tetrahedral geometry similar to that reported
in the literature for this ion.2” Moreover, the Gels moiety in this crystal structure matches
well with that of the literature, confirming a tetrahedral structure around the
germanium(IV) centre. Similarly, average Ge-l bond distances and I-Ge-l angles for
[PPh4][1](Gels) were calculated and compared to those of the Gels molecule in a cocrystal
with tetraethylammonium iodide.?® The average Ge-1 bond distance is 2.523(12)A in the
co-crystal with [PPhs][1] and 2.518(2)A in the [NEt4][I] co-crystal. Furthermore, the
average I-Ge-I angle in the structure reported in this thesis was found to be109.46(4) °,
which indicates that the geometry of the Gels molecule is tetrahedral in this co-crystal. The
[NEt4][1](Gels) co-crystal shows the same geometry, as the average 1-Ge-1 bond is reported
at 109.5(1)°. Once again, the overlapping ESDs indicate the crystallographic similarity

between the Gels moieties in these two different systems.
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Table 5.6: A Summary of the Key Metrical Parameters in [PPh4][1](Gels)

Metrical Parameter Value (A/°) Literature Value(A/°) |

P1-C 1.795(10) 1.794(3)%'

C-P-C 109.5(4) 109.5(1)%"

Ge-1 2.523(12) 2.518(2)%

I-Ge-l 109.46(4) 109.5(1)%

1112 3.564 3.660(2)%
Ge-12-I1 176.96 177.42%
174.4%8

The nature of the crystal packing suggests a potential c-hole interaction between
the Gels molecules and the iodide anions. Sigma-hole interactions typically occur between
an atom from Group IV-VII that is covalently bonded and a site of negative charge.3! This
site of negative charge can be either be a Lewis base or an anion. Halogen bonds are a
specific subset of 6-hole interactions that occur in halogenated systems. More specifically,
a halogen bond is defined by IUPAC as “a net attractive interaction between an
electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic

region in another, or the same, molecular entity”.32

Halogen bonds are similar to the more well-known hydrogen bonds in that there
exists an electron donor/acceptor relationship, however there is a difference in which
species acts as the donor or acceptor.®® In hydrogen bonding (H-bonds), the H-atom accepts
electron density from an electron-rich species, whereas in halogen bonding (X-bonds) a
halogen atom accepts electron density. This shortens the covalent bond between the X-
bond donor and the halogen atom to within the sum of the Van der Waals radii and creates
a region of electropositivity.31333* Halogen bonds also tend to be stronger than H-bonds
and form at 180° angles.33334 A simplified halogen bonding interaction is depicted in

Figure 5.8. ‘A’ represents the X-bond acceptor, which donates electron density, ‘X’
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denotes the halogen associated with the molecule in question, and ‘D’ represents the donor

of the X-bond that accepts electron density from ‘A’ 3!
Figure 5.8: A Halogen Bond Interaction.®!

In [PPh4][1](Gels), a halogen bond between Ge-l fragments of the Gels molecule
and the iodide anion is observed. Referring to Figure 5.7, the I1---12 distance is 3.564A,
which is shorter than the sum of the Van der Waals radii for iodine, 3.96A.% The 1112
distance in this structure is also shorter than the 3.660(2)A distance reported for
[NEt][1](Gels),?® suggesting that the X-bond in [PPh4][I](Gels) is stronger. The Ge-12-+11
angle in the structure reported in this thesis is close to the ideal X-bond angle of 180°at
176.96°.31:3334 To compare, a structure reported by Ruthe et al.*® as a CSD Private
Communication that contained a similar X-bond interaction has a Ge-1---T angle of 177.42°.
This same angle in [NEtJ][I](Gels) is 174.4°.28 Figure 5.9 shows the X-bonding in
[PPh4][1](Gelas). It is worthwhile to note that the Ge-I distance associated with the halogen
bond is in good agreement with the average value, and this was also observed in

[NEt][1](Gels).?8
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Figure 5.9: Halogen Bonding Interaction in [PPhs][l](Gels). The purple ellipsoids
represent iodine and the pink ellipsoids represent germanium. The [PPhs4] ions have been
omitted for clarity.

Methyltriphenylphosphonium iodide

A similar structure to that of [PPh4][I](Gels) was isolated when an analogous
reaction was carried out between methyltriphenylphosphonium iodide and germanium(IV)
iodide. This reaction also began in the solid state, with the white phosphonium and orange
Gels forming a dark red species at the interface of the two reactants. This mixture was then
dissolved in acetonitrile and left to stir for 16h, after which time a red solution persisted.
The solution was set up for recrystallization via slow evaporation, yielding red crystals
suitable for X-Ray diffraction after the MeCN had evaporated. NMR studies show that the
methyltriphenylphosphonium ion persists in the product, as is the case for all of the

previous germanium(Il) and germanium(1V) halide reactions reported in this thesis.

Single-crystal XRD revealed that a co-crystal similar to the one formed with
[PPh4][1] and Gels was formed in this reaction as well. One key difference in this structure

is that the asymmetric unit consists of two Gels molecules as opposed to one as seen in
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[PPh4][1](Gels). As a result, the chemical formula becomes [PMePhs][1](Gels)2. The bond
lengths and angles of the [PMePhs] ion are compared to those of the same ion in
bis(methyltriphenylphosphonium) tetraiodocadmate®® and [MePhsP][BF4].>" The Gels
moieties are compared to the same species in [NEts][1](Gels),?® which was also used in the
discussion of [PPhs][1](Gels). The atomic labels in Figure 5.10, which shows the
asymmetric unit of [PMePhs][1](Gels)2, are used to refer to particular bond lengths and

angles in the following discussion.

Figure 5.10: Crystal structure (ball and stick) of [PMePhs][1](Gels)2. The orange balls
represent phosphorus, the black balls represent carbon, the pink balls represent germanium,
and the purple balls represent iodine. Hydrogen atoms are omitted for clarity.

The P-C bonds and C-P-C bond angles indicate that [PMePhs] in this structure is
similar to the [PMePhg] ions that have been previously reported.***” The P1-C1 bond
length was found to be 1.798(6)A in this structure. Similar bond distances were observed
in [PMePhs]2[Cdls]*® and [PMePhs][BF4],%" their values being 1.83(3) and 1.791(4)A,

respectively. The P1-C2 distance, which is reported as an average of the phosphorus to
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phenyl carbon bond distances, was found to be 1.792(6)A. In [PMePhs][BF.] this distance
was found to be 1.780(5)A,*” whereas in the [Cdl4] analogue the average distance was
1.77(2)A 28 Since the ESDs of [PMePhs][1](Gels)2 overlap with the ESDs reported for the
same bond lengths in the literature, it is reasonable to conclude that the bond distances are
crystallographically indistinguishable from each other. The average of the P-C angles in
the phosphonium ion suggest a tetrahedral geometry around the phosphorus atom since the
average (109.5(3)") meets the standard angle for a tetrahedral system according to VSEPR
theory.?® The two literature compounds®®2” also meet this standard angle when ESDs are

taken into account, suggesting that the [PMePhs] cation adopts tetrahedral geometry.

The Gels molecule in this co-crystal adopts a nearly tetrahedral geometry, as the
average 11-Ge-11 angle was found to be 109.45(3)°. As discussed previously, the literature
value from [NEt4][1](Gels) for the average Ge-1 bond is 109.5(1)°. The overlap in estimated
standard deviations suggest that both Gels moieties have tetrahedral geometry around the
germanium centre. The average of all of the Ge-I1 bonds in [PMePhs][1](Gels): is
2.5179(8)A, which matches closely to the literature value of 2.518(2)A.28 Thus, the Gels
component of this co-crystal is much like that of the Gels component in the [NEt4][1](Gels)
co-crystal. Once again, the Ge-I distance associated with the o-hole interaction is very

similar to that of the average.

A closer look at the asymmetric unit of the [PMePhs][1](Gels)2 co-crystal suggests
that a similar c-hole type interaction could be occurring between the Gels molecule and
the iodide anion. This was observed in the [PPha][I](Gels) crystal discussed above, as well
as in the [NEts][11(Gels)?® and [HP(t-bu)s][Gezls].*® The I1--12 distance was measured to

be 3.537(2)A, which is within the sum of the Van der Waals radii*®® for iodine and thus fits
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the criteria for a halogen bond.333* The Ge-I1--12 angle is significantly less than the
ideal 180° for a halogen bond at 173.23(2)°. There have been X-bonds less than 180°
reported in the past with some being as low as 169°.3! This can be attributed to other non-
covalent interactions present in the compound as it is difficult to separate the effects of

each individual type of interaction.3!

Bis(trimethylphosphonio)ethane iodide

Given that crystals for the reaction of monophosphonium iodide salts with Gels
generated co-crystals, it was of interest to see what would occur if a diphosphonium salt
were used. Bis(trimethylphosphonio)ethane iodide was combined with Gels in a 1:2 molar
ratio, producing a red solid before the solvent was introduced in a similar fashion to the
previous reactions with Gels. When acetonitrile was added to the vial, a dark red solution
was formed. This was left to stir for 16h before the product solution was set up for
recrystallization by slow evaporation. Red crystals suitable for X-Ray diffraction were

grown from this solution and these were examined by NMR spectroscopy.

| -~ | MeCN | -~ i

\P/\/P\ 2[1] + Ge.,yy — > \P/\/P\ 2[1] Ge.//,
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Scheme 5.6: Reaction of bis(trimethylphosphonio)ethane iodide with Gela.

The 3P{*H} NMR showed a singlet at 32.28 ppm, which is very similar to the
chemical shift of the starting material. This shows that there is only one phosphorus
environment in solution and it is representative of the bis(trimethylphosphonio)ethane ion.

'H NMR further confirmed this assignment of the phosphorus peak to the phosphonium
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ion. Two proton environments, one at 1.94 ppm that represents the methyl protons, and
another at 2.58 ppm that represents the ethane bridge protons, were observed in the
spectrum. Both environments resonated as doublets due to coupling to the phosphorus atom
two bonds away. The coupling constants were calculated to be 18.3Hz for the methyl
protons and 6.6 Hz for the ethane bridge protons. *C{*H} NMR studies have yet to be
done, however the *H and *P{*H} NMR spectra give conclusive evidence that the

diphosphonium cation exists in the product mixture.

Crystallographic examination of the product revealed that another co-crystal of a
phosphonium with germanium(lV) iodide was indeed synthesized. The asymmetric unit
consists of one diphosphonium cation, two iodide anions, and one Gels molecule. As a
result, the chemical formula of this co-crystal is [CgH22P2][1]2(Gels). A diagram of the
asymmetric unit is shown in Figure 5.11. It should be noted that the diphosphonium is
shown as two monophosphonium fragments since the other half of the cation is symmetry-
generated. To gain an understanding of the geometry of the diphosphonium ion in this
crystal, acomparison will be drawn between it and a bis(dimethylphosphonio)ethane cation
([CsH1sP2]) reported by Davis et al.*® The [NEt:][1](Gels) co-crystal that was previously
used to relate to the Gels moiety in this thesis will be used again to compare bond lengths

and angles.
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Figure 5.11: Crystal structure (ball and stick) of [CsH22P2][1]2(Gels). The orange balls
represent phosphorus, the black balls represent carbon, the white balls represent
hydrogen, the pink balls represent germanium, and the purple balls represent iodine. The
other half of each diphosphonium cation is symmetry-generated.

The diphosphonium in [CgH22P2][1]2(Gels) contains similar bond lengths and
angles to that of the diphosphonium in the literature,®® which suggests that the substituents
arrange tetrahedrally around the phosphonium centre in the [CsH22P2][1]2(Gels) co-crystal.
The Gels moieties of [CgH22P2][1]2(Gels) show great structural similarity to the same
species in the [NEts][1](Gels) co-crystal. The ESDs of the average Ge-I bond distances
overlap almost completely (2.526(12)A cf. 2.523(12)A),?® suggesting that this parameter
in Gels molecule of this co-crystal is crystallographically equal to that of the literature
within statistical error. Upon examination of the individual Ge-I distances, it can be seen
that the three Ge-1 bonds within the Gels molecule that are associated with the c-hole are
shorter than the Ge-I distance that is not associated with an X-bond interaction (2.5263(12),

2.5166(12), 2.5275(12)A cf. 2.5366(12)A).

In a comparison of the average I-Ge-l bond angles in [CsH22P2][1]2(Gels) and

[NEt][1](Gels) it was found that the ESDs do not overlap, which indicates that the
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geometry around Gely is slightly different in both co-crystals. In [CgH22P2][1]2(Gels), the
average 1-Ge-I angle is 109.24(4)°, which is less than the standard angle for a tetrahedral
geometry based on VSEPR theory.?® To contrast, the same angle in the [NEt4][I](Gels) co-
crystal is 109.5(1)°, suggesting that the literature system adopts a tetrahedral geometry.?®
It is possible that the way in which the Gels packs with the larger diphosphonium cation

prevents it from having tetrahedral geometry or that the nature of the sigma hole donor-

acceptor interactions has a marked effect on the geometry.

Figure 5.12: The Halogen Bonding Interaction in [CgH22P2][1]2(Gels).

Despite the difference in I-Ge-l bond angle between the Gels molecules in the
structure reported here and the literature, the I1----12 distances are very similar. In the
[CsH22P2][1]2(Gels), this distance was found to be 3.657(12)A, whereas in the literature it
was found to be 3.660(2)A.28 Both of these distances are within the sum of the Van der
Waals radii for iodine,® suggesting a possible halogen bonding interaction. The Ge-I1--12
angle for the [CsH22P2][1]2(Gels) co-crystal, 171.61(3)°, is less than the typical 180° for this
type of interaction, however there have been halogen bonds reported that have had angles

less than this.31:33:34
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Figure 5.13: Unit cell contents of [CgH22P2][1]2(Gels) normal to (001). The orange balls
represent phosphorus, the black balls represent carbon, the pink balls represent
germanium, and the purple balls represent iodine. Hydrogen atoms are omitted for clarity.

The three co-crystals synthesized by reaction of phosphonium salts with Gels are
compounds that certainly deserve further study. There are numerous techniques that have
been used in the past to affirm the presence of halogen bonding. Microwave spectroscopy,
IR spectroscopy, NQR, SSNMR, and UV-Vis have been used in the past to confirm a
halogen bond interaction in different materials.®* It would certainly be worthwhile to
employ these techniques on the co-crystals of phosphoniums and Gels to confirm that a
halogen bond exists. In addition to this, computational studies can calculate an electrostatic
potential map of this interaction. An area of electropositivity along the halogen bond would

be a definitive indication of a o-hole interaction.3! Furthermore, since the crystalline
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material appeared dark red, it would be beneficial to conduct UV-Vis studies to assess the

band-gap of these materials and examine whether they could behave as semiconductors.

5.2.3 Chapter Conclusions

Multiple phosphonium iodide salts were reacted with germanium(ll) and
germanium(IV) halides, producing the phosphonium-templated halogermanate family.
Although none of the synthesized compounds possess a perovskitic structure, their
synthesis has increased the understanding of the reactivity between germanium halides and
phosphonium salts. The phosphonium ion persists in the product for each of the reactions
reported. For the reactions of germanium(ll) iodide with [HPMez][I] and germanium(ll)
bromide with [PMes][Br], novel charge-balanced compounds of the general formula
[PR4][GeXa3] were created. In the reactions of [PPh4][1], [PMePhz][I], and [CsH22P-][1] with
Gels, a series of co-crystals that exhibit potential halogen bonding behaviour were
synthesized. This family of compounds could act as semiconducting materials, however
more studies are required to investigate this.

5.3  Experimental
General Procedures

All manipulations were carried out using standard inert atmosphere techniques. All
chemicals and reagents were purchased from Sigma-Aldrich and used without further
purification. Deuterated solvents were dried according to literature procedure when
necessary, and all other solvents were dried over a series of Grubbs’-type columns and
degassed prior to use. NMR spectra were recorded at room temperature on a Bruker

Avance III 500 MHz, Bruker Avance Ultrashield 300 MHz or Bruker Avance DPX 300
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MHz spectrometers. Chemical shifts are reported in ppm relative to internal standards for
'H and 3C (the given deuterated solvent) and the external standard for *'P (85% H3POs4).
Coupling constants |J| are given in Hz. Elemental Analysis was performed by the University
of Windsor Mass Spectrometry Service Laboratory using Perkin Elmer 2400 combustion

CHN analyzer.

X-Ray Crystallography

Crystals for investigation were covered in Paratone®, mounted into a goniometer
head, and then rapidly cooled under a stream of cold N of the low-temperature apparatus
(Oxford Cryostream) attached to the diffractometer. The data were then collected using the
APEXI|I software suite®® on a Bruker Photon 100 CMOS diffractometer using a graphite
monochromator with MoKo (A =0.71073 A) or CuKa (A = 1.54178 A) radiation. For each
sample, data were collected at low temperature. APEXII software was used for data
reductions and SADABS*® was used for absorption corrections (multi-scan; semi-empirical
from equivalents). XPREP was used to determine the space group and the structures were
solved and refined using the SHELX*! software suite as implemented in the WinGX*2 or

OLEX2* program suites. Validation of the structures was conducted using PLATON.*
5.3.1 Trimethylphosphonium triiodogermanate

50mg (0.25mmol) of trimethylphosphonium iodide was dissolved in acetonitrile as
was 80mg (0.25mmol) of germanium (1) iodide in a separate vial. Under stirring, the Gel»
was added to the phosphonium solution, which changed in colour from colourless to bright
orange upon introduction of Gel,. The mixture was left to stir for 12h, after which the

solution had turned pale yellow. The solution was set up for recrystallization by slow
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evaporation, granting orange crystals suitable for X-Ray diffraction. 3P{*H} NMR
(CD:CN, 121.5MHz) &: -0.98 (s). 'H NMR (CD3CN, 300 MHz); &: 1.80 (PCHs, dd, 9H,
2Jpn = 15.9Hz, 3w = 5.7Hz), 6.15(HP, ddec, YJpn=509Hz, 3Juv= 5.4Hz). BC{'H}
NMR(CDsCN, 75.5MHz): &: 4.64 (PCHs, d, Jpc=55.4Hz). EA calculated for
C3H10PGelz0.1 MeCN-0.1 tol: C, 8.61; H, 2.06; N 0.26%; found: C, 8.78; H 2.12; N,

0.17%.

5.3.2 Tetramethylphosphonium iodide + Gel;

Tetramethylphosphonium iodide (50mg, 0.23mmol) and germanium (I1) iodide
(75mg, 0.23mmol) were placed in a 20mL scintillation vial and dissolved in MeCN under
stirring. The reaction mixture immediately turned bright orange and the solution was left
to stir for 48h. After this time, the solution turned a darker orange. 3P{*H} NMR (CDsCN,
121.5MHz) &: 25.51 (s). *H NMR (CD3sCN, 300 MHz); &: 1.81 (PCHs, d, 12H, 2Jpy =
14.7Hz). BC{'*H} NMR (CDsCN, 75.5MHz): &: 9.33 (PCHs, d, Jpc=72.6Hz). EA
calculated for C4H12PGels¢0.5 MeCN: C, 10.63; H, 2.41; N 1.24%; found: C, 10.30; H

2.40; N, 0.04%.

5.3.3 Methyltriphenylphosphonium iodide + Gel:

[PMePhgz][I] (50mg, 0.12mmol) and germanium (I1) iodide (40mg, 0.12mmol) were
placed in a 20mL scintillation vial and dissolved in acetonitrile. Prior to dissolution in
acetonitrile, the white phosphonium powder and the pale yellow germanium iodide reacted
in the solid state, showing a garnet colour. When the acetonitrile was added to the reactants
under stirring, the solution turned orange. After 3h of stirring the colour of the solution
persisted. 3'P{*H} NMR (CD:Cl,, 202.46MHz) &: 21.83(s). *H NMR (CD2Clz, 500 MHz);

§: 3.03 (PCHs, d, 3H, 2Jpn = 13Hz), 7.67-7.86(H-Ph, m, 15H, unresolved coupling).
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BC{*H} NMR (CD,Cly, 125.8MHz): &: 11.36 (PCHa, d, 1Jpc=58Hz), 119.04(Cipso, d, }pr=
89Hz), 130.75(Cmeta, d, 3Jpc= 12.9Hz), 133.54(Cortho, d, 2Jpc= 10.8Hz), 135.64(Cpara, d,

4Jpc= 2.9H2).

5.3.4 Tetramethylphosphonium tribromogermanate

50mg (0.29mmol) of tetramethylphosphonium bromide and germanium (l1)
bromide (68mg, 0.29mmol) were combined in a 20mL scintillation vial and dissolved in
approx. 10mL of DCM. This produced a pale salmon-coloured solution. The mixture was
left to stir for 16h, after which time the solution turned colourless. Colourless crystals
suitable for X-Ray diffraction were harvested from this solution. 3!P{*H} NMR (CDsCN,
202.5MHz) &: 24.63 (s). *H NMR (CD3CN, 500 MHz); &: 1.78 (PCHs, d, 12H, 2Jpy =

14.5Hz). 3C{*H} NMR (CDsCN, 125.8MHz): &: 9.88 (PCHs, d, 1pc=54.4Hz).

5.3.5 Tetraphenylphosphonium bromide + GeBr»

Tetraphenylphosphonium bromide (50mg, 0.12mmol) and germanium (11) bromide
(28mg, 0.12mmol) were placed in a 20mL scintillation vial and dissolved in ca. 10mL of
MeCN. This produced a colourless solution with a white precipitate. The mixture was left
to stir for 16h and then centrifuged to separate the precipitate from the solution. The
colourless mother liquor was analyzed. 3P{*H} NMR (CDsCN, 202.5MHz) §: 23.48 (s).
'H NMR (CD3sCN, 500 MHz); &: 7.69 (Hortho-Ph, dt, 8H, 3Jpr = 8Hz, 3Jun = 1.5Hz), 7.75
(Hmeta- P, td, 8H, 3Ju-ortho = 8.5HZ, 3JuH-para = 4HZz), 7.92(Hpara — Ph, t, 4H, 3Jun = 7.5Hz).
BC{'H} NMR (CD3CN, 125.8MHz): &: 118.78 (Cipso, d, 1Jpc=89.8Hz), 131.18 (Cmeta, d,

3Jpc = 12.9Hz), 135.56(Cortho, d, 2Jpc = 10.2Hz), 136.24 (Cpara, d, “Jec = 2.8H2).
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5.3.6 Tetramethylphosphonium iodide + Gels

Tetramethylphosphonium iodide (50mg, 0.23mmol) was added to a 20mL
scintillation vial containing 133mg (0.23mmol) germanium (1V) iodide and both reactants
were dissolved in ca. 10mL of acetonitrile. Upon the addition of MeCN, the solution turned
dark red and was left to stir for 16h. After this time, a lighter red solution was observed in
the flask. 3'P{*H} NMR (CD:Cl,, 202.5MHz) &: 23.65(s). *H NMR (CD:Cl,, 500 MHz);
5:2.07 (PCHa, d, 12H, 2Jpyy = 14Hz). *)C{*H} NMR (CD2Clz, 75.5MHz): &: 11.62 (PCHs,

d, Lpc=56.2Hz).

5.3.7 Tetraphenylphosphonium iodide + Gels

Tetraphenylphosphonium iodide (50mg, 0.11mmol) and germanium (1V) iodide
(62mg, 0.11mmol) were combined in a 20mL scintillation vial. Prior to dissolving these
two species in ca. 10mL MeCN, the white and orange solids reacted in the solid state to
form a red species. When the MeCN was added, a dark red solution formed. The reaction
was left to stir for 16h, after which time the red solution was set up for recrystallization via
slow evaporation. This granted red crystals suitable for X-Ray diffraction. 3*P{*H} NMR
(CD2Cl, 202.5MHz) &: 24.22 (s). *H NMR (CD:Clz, 500 MHz); &: 7.63 (Hortho-Ph, dt, 8H,
8Jpn = 6.5Hz, 3Jun = 1.5Hz), 7.76 (Hmeta- Ph, td, 8H, 3Jun-ortho = 5HZ, 3Jur-para = 4HZ),
7.93(Hpara — Ph, t, 4H, 3Jun = 5Hz). BC{*H} NMR (CDCl>, 125.7MHz): &: 117.89 (Cipso,
d, Ypc=89.7Hz), 131.06 (Crmeta, d, *Jpc = 12.8Hz), 134.87 (Cortho, d, 2Jpc = 10.2Hz), 136.14

(Cpara, d, 4JPC = 29HZ)

5.3.8 Methyltriphenylphosphonium iodide + Gels
Methyltriphenylphosphonium iodide (50mg, 0.12mmol) and Gels (71mg,

0.12mmol) wetre combined in a 20mL scintillation vial. The white and orange solids
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showed reaction in the solid state, as a red substance was observed shortly after combining
the reactants. The species were dissolved in ca. 10mL of MeCN, producing a dark red
solution. The reaction was left to stir for 16h, and the solution was set up for
recrystallization by slow evaporation. Red crystals suitable for X-Ray diffraction were
collected. 3'P{*H} NMR (CD.Clz, 202.5MHz) &: 21.85(s). *H NMR (CD.Cl, 500 MHz);
8: 2.99 (PCHs, d, 3H, 2Jpn = 13Hz), 7.66-7.73 (Hortho & Hmeta- Ph, m, 12H, unresolved
coupling), 7.86 (Hpara-Ph, t, 3H, 5Hz). ¥C{*H} NMR (CD:Cl,, 125.7MHz): §: 11.37 (P-
CHs, d, Ypc = 58.1Hz), 118.99 (Cipso, d, 1Jpc=88.9Hz), 130.85 (Cmeta, d, 3Jpc = 13Hz),
133.55 (Cortho, d, 2Jpc = 10.8Hz), 135.74 (Cpara, d, “Jc = 2.9Hz). EA calculated for

PC1oH1sloGe2: C, 14.58; H, 1.16; N 0.00%); found: C, 15.05; H 1.19; N, 0.00%.

5.3.9 Bis(trimethylphosphonio)ethane iodide + Gels

Bis(trimethylphosphonio)ethane iodide (50mg, 0.12mmol) and germanium (1V)
iodide (139mg, 0.24mmol) were placed in a 20mL scintillation vial. The white and orange
powders showed some reaction in the solid state before solvent was introduced, producing
a red solid. The reactants were dissolved in ca. 10mL of MeCN and left to react for 16h
under stirring. After this time, a red solution was observed and set up for recrystallization
via slow evaporation. Dark red crystals suitable for X-Ray diffraction were collected.
31pLIHY NMR (CD:Cly, 202.5MHz) &: 32.28(s). 'H NMR (CD3sCN, 300 MHz); &: 1.94

(PCHs, d, 18H, 2Jpr = 18.3Hz), 2.58( p-(CH2)2, d, 4H, 2Jpn = 6.6H2).
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CHAPTER 6: Conclusions & Future Work

6.1 Conclusions

This thesis has outlined and discussed the findings of research into the reactivity of
phosphonium salts with group 14 halides towards synthesizing phosphonium-templated
inorganic-organic hybrid perovskites. Inorganic-organic hybrid perovskite materials have
lately been of great interest due to their semiconducting and light-harvesting abilities.*
Since only one phosphonium-containing perovskite had been synthesized thus far,® this

research sought to add to the library of these type perovskite materials.

Ten new phosphonium iodide salts were synthesized with the intention of using
them as precursors for the phosphonium-containing perovskites. Although some of the
phosphonium salts have been accessed before,” ! the phosphonium salts made in this work
were synthesized in a novel manner via protonation and methylation of various organic
mono- and diphosphines in toluene. Their structures were confirmed by NMR
spectroscopy. Trimethylphosphonium iodide, tetramethylphosphonium iodide, and
[(Diphenylphosphino)methyl]methyldiphenylphosphonium iodide were
crystallographically characterized. The new mono- and diphosphonium salts were

synthesized in good yield.

The novel phosphonium salts were first reacted with lead (I1) iodide, targeting a
phosphonium-based lead perovskite. Although a perovskite structure was not observed,
this work has demonstrated that phosphonium-templated iodoplumbates may be

synthesized via direct addition of a phosphonium salt to lead(ll) iodide in solution. Four
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phosphonium-templated iodoplumbate materials have been crystallographically
characterized, revealing an extended face-sharing octahedral network of anionic lead
iodide fragments charge-balanced with a phosphonium cation. Through UV-Visible
spectroscopy and thermogravimetric analysis it was shown that these compounds are wide-

bandgap semiconductors that exhibit remarkable thermal stability.

Reactions of tin(Il) and tin(IV) halides with phosphonium salts do not produce
perovskitic structures, however three novel crystal structures of phosphonium-templated
iodostannates were characterized. The reaction between trimethylphosphonium iodide and
tin(11) iodide produced an iodotin trianion of the chemical formula [Snls]*, which adopts
a trigonal pyramidal geometry. An unplanned oxidation of the phosphine starting material
in the reaction of [HPMes][1] with Snl4 created a new salt, [(O=PMes)3Snls]2[Snls], whose
cation displays Lewis acidic properties. Furthermore, a reaction of [PMePhs][I] with
tin(1V) iodide produced a salt with the phosphonium cation and a [Snls]™ anion. The three
anions elucidated by X-Ray crystallography have precedence in previous structures,'?-’
however the cation-anion combination in each of these species has not been reported

before.

Germanium(ll) and germanium(1V) halides were the last of the group 14 halides
reacted with phosphonium salts as part of this research. For the reactions of germanium(ll)
iodide with [HPMes][l] and germanium(ll) bromide with [PMes][Br], novel charge-
balanced compounds of the general formula [A][GeXs] were created and
crystallographically characterized. The trihalogermanate anions in both of these species

have precedence in perovskite materials* and in other organic-inorganic hybrid
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materials.®® In the reactions of [PPh4][I], [PMePhs][l], and [CsH2P2][I] with Gels, a

series of co-crystals that exhibit potential halogen bonding behaviour were synthesized.

6.2 Future Work

The research presented in this dissertation strengthens the understanding of the
behaviour of phosphonium salts with group 14 halides, however it is far from complete.
Most of the products discussed need further characterization to fully understand their
potential applications. Many of the reactions done in this thesis only show persistence of
the phosphonium ion in the NMR spectrum of the product and there is no elucidation of
the anion without crystallographic data. Other methods such as 2°’Pb, 19Sn, and *Ge NMR
could be used to determine the oxidation state and coordination geometry of the anion.
Furthermore, mass spectrometry and infrared spectroscopy could be used. UV-Visible
spectroscopy and TGA studies were carried out for the iodoplumbate species but not for
the iodostannates or iodogermanates. These experiments are key in understanding the
potential semiconducting abilities of a material. Furthermore, the electronic structure of all
the materials presented in this thesis can be determined via synchrotron radiation.
Patwardhan et al.?! have demonstrated that a solar cell can be fabricated and the
photovoltage of the cell can be measured quite easily. This would be the next test for the
phosphonium-templated iodoplumbate materials and an eventual test for the iodostannates
and iodogermanates if they are classified as semiconductors by UV-Vis. Lastly, even
though ten new phosphonium salts were made for reactions with group 14 halides, not all
of them had the opportunity to be reacted as part of the research presented in this thesis. It
would be worthwhile to perform these reactions to discover what kind of compounds they
may make.
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The perovskite materials have generated a lot of interest due to their tunability.??
The general formula for perovskites (ABX3)? has three different components that can be
changed up. Choosing different ‘A’ site cations could prove useful to creating novel
perovskitic materials. The recent discovery of (CHz)3SPbls as an alternative to ammonium
cations! has opened the door for chalcogen-templated semiconducting materials. This
perovskite does not undergo hydrolysis in ambient air like ammonium cations do and its
bandgap is similar to that of the phosphonium-templated iodoplumbates reported in this
dissertation. The sulfonium-based perovskite suggests that oxonium, selenonium, or

telluronium-based perovskites should be considered.

To continue to build the phosphonium-templated materials family towards making
perovskites, the ‘B’ and ‘X’ components of this formula can be tuned. The ‘B’ site cation
can be substituted as demonstrated by the Kanatzidis group?*2* and the research presented
in this thesis. Bismuth-based perovskites where group | metals such as rubidium and
cesium have acted as the ‘A’ site cations have shown similar optoelectronic performance
to the lead-halide perovskites.® It would be beneficial to explore whether or not a
phosphonium-templated bismuth perovskite could be synthesized, as it would be the first
perovskite in which both the ‘A’ and ‘B’ cations contain group 15 elements. Finally, the
‘X’ component of the perovskite structure can be tuned to created novel phosphonium-
based perovskites using different phosphonium halide salts. Following Kociok-Kohn’s®
discovery of trimethylphosphonium tricholorgermanate(ll), which demonstrated a
distorted perovskite structure, it would make most sense to explore the reaction of
phosphonium chlorides with group 14 chlorides in future studies. Furthermore, Noh et al.?®

demonstrated that the bandgap of the MAPbIs was lowered with gradual incorporation of
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bromine at the ‘X’ site. Given this result, it would be useful to investigate the effect on the

electronic properties of these materials if a mix of halogens were used in the phosphonium-

based hybrids.
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APPENDICES

Appendix A: Crystallographic Data and Refinement Parameters from Chapter 2

Al: Tetramethylphosphonium lodide
Table Al: Crystal data and structure refinement for [PMes][l].

Identification code mo_EO36 _0m
Empirical formula C4H12IP
Formula weight 218.01
Temperature/K 170.0

Crystal system tetragonal

Space group P4/nmm

alA 8.1978(10)

b/A 8.1978(10)

c/A 6.0037(8)

a/° 90

/e 90

v/° 90

Volume/A3 403.47(11)

z 2

peatcg/cm® 1.794

w/mm? 4.061

F(000) 208.0

Crystal size/mm? 0.2 x 0.1 x 0.015
Radiation MoKa (A =10.71073)
20 range for data collection/° 6.786 to 65.036
Index ranges -12<h<10,-12<k<12,-9<1<9
Reflections collected 7940

Independent reflections 448 [Rint = 0.0702, Rsigma = 0.0253]
Data/restraints/parameters ~ 448/0/13

Goodness-of-fit on F? 1.232

Final R indexes [[>=2c (I)] R1=0.0423, wR2 =0.0914

Final R indexes [all data] R1 =0.0501, wR2 = 0.0962

Largest diff. peak/hole / e A 2.90/-1.04
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A2: Trimethylphosphonium lodide
Table A2: Crystal data and structure refinement for [HPMes][I].

Identification code EO24

Empirical formula CsHiolP

Formula weight 203.98
Temperature/K 100.01

Crystal system monoclinic

Space group P21/m

alA 5.9233(3)

b/A 8.3560(4)

c/A 7.0360(4)

a/° 90

p/e 100.9631(17)

v/° 90

Volume/A3 341.89(3)

Z 4

pcalcg/Cm3 3.963

w/mm?t 9.571

F(000) 384.0

Crystal size/mm? 0.254 x 0.239 x 0.171
Radiation MoKa (A =10.71073)
20 range for data collection/®5.898 to 125.772
Index ranges -14<h<14,-20<k<20,-17<1<15
Reflections collected 58355

Independent reflections 5780 [Rint = 0.0288, Rsigma = 0.0134]
Data/restraints/parameters ~ 5780/0/33

Goodness-of-fit on F? 1.303

Final R indexes [[>=2c (I)] R1=0.0171, wR> =0.0362

Final R indexes [all data] R1=0.0199, wR> = 0.0369

Largest diff. peak/hole / e A< 0.80/-2.67
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A3: [(Diphenylphosphino)methyl]methyldiphenylphosphonium iodide
Table A3: Crystal data and structure refinement for [C2sH2sP2][1].

Identification code mo_EO98 Om
Empirical formula CasH2s1P2

Formula weight 526.30
Temperature/K 149.99

Crystal system triclinic

Space group P-1

alA 8.8787(5)

b/A 10.7167(6)

c/A 13.5092(7)

a/° 74.5892(18)

/e 73.6728(18)

v/° 79.5436(19)
Volume/A3 1181.27(11)

z 2

pcalcg/Cm3 1.480

w/mm?t 1.501

F(000) 528.0

Crystal size/mm? 0.242 x 0.147 x 0.07
Radiation MoKa (A =10.71076)
20 range for data collection/® 5.61 to 66.45

Index ranges -13<h<13,-16<k<16,-20<1<20
Reflections collected 102260

Independent reflections 9066 [Rint = 0.0409, Rsigma = 0.0223]
Data/restraints/parameters 9066/0/263
Goodness-of-fit on F? 1.037

Final R indexes [[>=2c (I)] R1=0.0229, wR2 = 0.0461
Final R indexes [all data] R1=0.0334, wR> = 0.0498
Largest diff. peak/hole / e A® 0.44/-0.58
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Appendix B: Crystallographic Data and Refinement Parameters from Chapter 3

B1: Tetramethylphosphonium Lead Triiodide
Table B1: Crystal data and structure refinement for [PMe4][Pbls].

Identification code [PMe4][Pbl3]
Empirical formula C4Ha213PPb

Formula weight 679.00
Temperature/K 170(2)

Crystal system hexagonal

Space group P6s

alA 10.0382(8)

b/A 10.0382(8)

c/A 23.738(2)

a/° 90

/e 90

v/° 120

Volume/A3 2071.5(4)

z 6

peatcg/cm® 3.266

wmm? 18.987

F(000) 1752.0

Crystal size/mm? 0.600 x 0.280 x 0.150
Radiation MoKa (A =10.71073)
20 range for data collection/° 5.808 to 61.136

Index ranges -14<h<13,-14<k<14,-33<1<33
Reflections collected 36416

Independent reflections 4194 [Rint = 0.0620, Rsigma = 0.0314]
Data/restraints/parameters 4194/1/88
Goodness-of-fit on F? 1.108

Final R indexes [[>=25 (I)] R1=0.0471, wR> =0.1125
Final R indexes [all data] R1=0.0489, wR, =0.1144
Largest diff. peak/hole / e A 4.45/-4.16
Flack parameter 0.491(10)
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B2: Tri(n-butyl)phosphonium Lead Triiodide
Table B2: Crystal data and structure refinement for [PHBus][Pblz].

Identification code [PHBuU3][PbI3]
Empirical formula Ci12H2sl3PPb

Formula weight 791.20
Temperature/K 170(2)

Crystal system monoclinic

Space group P2;

alA 16.0770(7)

b/A 16.3313(9)

c/A 16.9952(9)

a/° 90

/e 107.066(2)

v/° 90

Volume/A3 4265.7(4)

z 8

pcalcg/Cm3 2.464

w/mm?t 12.313

F(000) 2848.0

Crystal size/mm? 0.420 x 0.200 x 0.200
Radiation MoKa (A =10.71073)
20 range for data collection/° 5.728 to 61.136

Index ranges -22<h<21,-23<k<23,-24<1<24
Reflections collected 208613

Independent reflections 25712 [Rint = 0.0807, Rsigma = 0.0565]
Data/restraints/parameters 25712/105/608
Goodness-of-fit on F? 1.113

Final R indexes [[>=25 (I)]  R1=0.0552, wR2 = 0.1097
Final R indexes [all data] R1=0.1017, wR2 = 0.1364
Largest diff. peak/hole / e A® 3.76/-4.03

Flack parameter 0.260(7)

194



B3: Methyltriphenylphosphonium Lead Triiodide

Table B3: Crystal data and structure refinement for [PMePhs][Pblz].

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

[PHPh3][PbI3]
CaoH39lsNP2Pb,

1771.44

170(2)

monoclinic

C2/c

24.560(2)

13.0686(11)

16.1499(14)

90

110.037(2)

90

4869.8(7)

4

2.416

10.802

3192.0

0.530 x 0.500 x 0.470
MoKa (A =0.71073)

5.932 to 66.52
-37<h<37,-20<k<20,-24<1<24
76614

9334 [Rint = 0.0564, Rsigma = 0.0331]
9334/0/254

1.154

R1=0.0371, wR, = 0.0783
R1 =0.0522, wR2 = 0.0854
2.50/-4.19
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B4: Bis(trimethylphosphonio)ethane Lead Triiodide
Table B4: Crystal data and structure refinement for [MesPC2H4PMez][Pbl3]2.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

[Me3PC2H4PMe3][Pbl3]2
CgH22l6P2Ph>

1355.97

170(2)

monoclinic

C2/m

15.3593(6)

11.1506(4)

7.9441(3)

90

100.8890(10)

90

1336.05(9)

2

3.371

19.626

1164.0

05%x04x0.3

MoKa (A =0.71073)

6.526 to 66.356
-22<h<23,-17<k<15,-12<1<12
33343

2676 [Rint = 0.0498, Rsigma = 0.0228]
2676/18/71

1.062

R1 =0.0296, wR2 = 0.0661
R1 =0.0409, wR> = 0.0718
3.19/-3.02
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Appendix C: Crystallographic Data and Refinement Parameters from Chapter 4

C1: [HPMes]a[1][Snls]

Table C1: Crystal data and structure refinement for [HPMez]4[I][Snls].

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pre

y/°

Volume/A3

Z

pcalcglcm3

wmm?

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

mo_EO20 _ye
C12Ha0l6P4Sn

1188.41

173.2

tetragonal

P4/nmm

15.7178(6)

15.7178(6)

6.8796(2)

90

90

90

1699.60(14)

2

2.322

6.389

1080.0

0.33x0.216 x 0.16

MoKa (A =0.71073)
5.922t0 72.676
-26<h<26,-26<k<26,-11<1<10
36211

2266 [Rint = 0.0341, Rsigma = 0.0125]
2266/0/41

1.221

R1=0.0313, wR2 = 0.0724
R1=0.0368, wR2 = 0.0755
0.92/-2.68
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C2: [(O=PMez)sSnls]2[Snle]

Table C2: Crystal data and structure refinement for [(O=PMes)3Snls]2[Snlg].

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

EO33

C18H5411206P6Sn3

2431.41

170.2

trigonal

P-3

14.6186(9)

14.6186(9)

8.0358(5)

90

90

120

1487.21(16)

1.00002

2.7146

7.664

1080.3

N/A x N/A x N/A

Mo Ka (A = 0.71073)
6to72.78
24<h<24,-24<k<24,-13<1<13
41240

4706 [Rint = 0.0456, Rsigma = 0.0303]
4706/0/72

1.010

R1=0.0742, wR2 = 0.1905
R1=0.0886, wR2 = 0.1990
6.73/-5.20
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C3: [PMePhs][Snls]

Table C3: Crystal data and structure refinement for [PMePhs][Snls].

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

EO88 P-1

C19H1slsPSn

1030.49

169.9

triclinic

P-1

8.7605(6)

11.4468(8)

14.5308(10)

108.587(2)

90.102(2)

108.424(2)

1301.80(16)

2

2.629

6.975

924.0

0.26 x 0.24 x 0.09

MoKa (A =0.71073)
5.721061.184
-12<h<12,-16<k<16,-20<1<20
115514

7958 [Rint = 0.0615, Rsigma = 0.0223]
7958/0/236

1.063

R1 =0.0300, wR> = 0.0667
R1 =0.0398, wR> = 0.0730
1.24/-1.81
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Appendix D: Crystallographic Data and Refinement Parameters from Chapter 5

D1: Trimethylphosphonium Triiodogermanate
Table D1: Crystal data and structure refinement for [HPMez][Gels].

Identification code mo_EO31 Om
Empirical formula CsHi0GelsP
Formula weight 530.37
Temperature/K 170.0

Crystal system orthorhombic

Space group P212:2;

alA 7.6701(3)

b/A 9.9946(5)

c/A 15.7148(7)

a/° 90

/e 90

v/° 90

Volume/A3 1204.69(9)

Z 4

peatcg/cm® 2.924

wmm? 10.300

F(000) 936.0

Crystal size/mm? 0.24 x 0.222 x 0.18
Radiation MoKa (A =10.71073)
20 range for data collection/° 5.91 to 63.048

Index ranges -11<h<11,-14<k<14,-23<1<23
Reflections collected 21820

Independent reflections 4031 [Rint = 0.0334, Rsigma = 0.0258]
Data/restraints/parameters 4031/0/80
Goodness-of-fit on F? 1.213

Final R indexes [[>=2c (I)] R1=0.0298, wR> = 0.0752
Final R indexes [all data] R1=0.0320, wR2 = 0.0759
Largest diff. peak/hole / e A® 1.25/-1.51

Flack parameter 0.056(9)
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D2: Tetramethylphosphonium Tribromogermanate
Table D2: Crystal data and structure refinement for [PMes][GeBrs].

Identification code EO116 R3

Empirical formula C4H12Br3GePo 33
Formula weight 382.78
Temperature/K 170.0

Crystal system trigonal

Space group R3

alA 9.7407(6)

b/A 9.7407(6)

c/A 10.8858(8)

a/° 90

/e 90

v/° 120

Volume/A3 894.48(13)

z 3

pcalcg/Cm3 2.132

w/mm?t 12.601

F(000) 534.0

Crystal size/mm? 0.308 x 0.122 x 0.118
Radiation MoKa (A =10.71073)
20 range for data collection/° 6.11 to 58.292

Index ranges -13<h<13,-13<k<13,-14<1< 14
Reflections collected 7301

Independent reflections 1078 [Rint = 0.0447, Rsigma = 0.0319]
Data/restraints/parameters 1078/1/30
Goodness-of-fit on F? 1.069

Final R indexes [[>=2c (I)] = R1=0.0239, wR> = 0.0503
Final R indexes [all data] R1=0.0302, wR> = 0.0522
Largest diff. peak/hole / e A® 0.52/-0.62
Flack parameter 0.030(11)
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D3: [PPh4][1](Gels)

Table D3: Crystal data and structure refinement for [PPh4][1](Gela)-.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

EO128 P21n_a
CosHsoGeal20P4

4185.3

170.0

monoclinic

P21/n

9.6682(5)

15.2669(7)

20.8344(10)

90

101.009

90

3018.6

1

2.303

6.192

1904.0

0.33x0.22x0.11

MoKa (A =0.71073)

5.696 to 66.502
-14<h<14,-23<k<23,-32<1<32
95509

11582 [Rint = 0.0402, Rsigma = 0.0274]
11582/0/125

2.424

R1 =0.0966, wR2 = 0.3019
R1=0.1248, wR, = 0.3244
11.69/-11.76
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D4: [PMePhs][1](Gels):

Table D4: Crystal data and structure refinement for [PMePhs][1](Gel4)2.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

mo_EO79 _Om
Ci9H18GezloP

1564.58

150.0

triclinic

P-1

10.5704(11)

13.4412(12)

14.2976(14)

110.046(3)

95.418(3)

105.634(3)

1798.1(3)

2

2.890

9.451

1376.0

0.333 x 0.207 x 0.074
MoKa (A =0.71076)

5.418 to 69.056
-16<h<16,-21 <k<21,-22<1<22
153104

15146 [Rint = 0.0659, Rsigma = 0.0355]
15146/0/281

1.135

R1 =0.0481, wR2 = 0.0981
R1 =0.0799, wR> = 0.1188
2.83/-3.37
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D5: [CsH22P2][1]2(Gels)

Table D5: Crystal data and structure refinement for [CsH22P2][1]2(Gel4).

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pr°

y/°

Volume/A3

Z

pcalcglcm3

w/mm?t

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

mo_EO65 0m
CsH22GelgP2

1014.18

170.0

orthorhombic

Pnn2

18.6739(9)

18.674

6.7970(4)

90

90

90

2370.21(18)

4

2.842

9.229

1800.0

?x?x?

MoKa (A =10.71073)

6.17 to 72.884
-29<h<31,-30<k<30,-11<1<10
50964

11232 [Rint = 0.1521, Rsigma = 0.0786]
11232/1/160

1.035

R1 =0.0635, wR2 = 0.1482
R1 =0.0799, wR> = 0.1570
2.81/-6.12

0.03(3)
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