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Abstract

In the last decade, there has been a progressive increase in the performance of solution-processed
hybrid lead halide perovskite solar cells (PSCs), which has been enabled by means of
compositional tailoring and interfacial engineering of the perovskite absorber layer and the
charge transport layers. However, the long-term operational stability of these materials, including
state-of-the-art perovskite formulations, is a major bottleneck in commercializing these
materials. In this context, the main objective of this thesis is to understand the different
degradation reactions and kinetics aspects of these reactions in hybrid perovskite layers and
charge transport layers, especially in the presence of moisture. The degradation reactions in
methylammonium (MA) and formamidinium (FA)-based perovskite formulation, in particular,
MAPbDI3, FAPDbI3 and CsMAFAPDIxBrsx, which are among the high-performing perovskite
formulations in PSCs, are studied, analyzed, and compared. In doing so, these materials in
crystalline and thin film forms are exposed to low (40% relative humidity, RH) and high (85%
RH) water-vapor concentrations. However, the coexistence of the different organic/inorganic and
hybrid byproducts and dilute concentrations of different phases formed during the degradation
reactions raise challenges in terms of structural characterization. A multi-technique approach
involving XRD, microscopy, and solid-state (sS)NMR spectroscopy has been employed to
characterize the different degradation products. As a quantitative local characterization
technique, ssSNMR spectroscopy has notably the ability to probe dilute concentrations of organic
byproducts formed upon degradation, which are challenging to detect using other structure-
determining techniques. In particular, insights into the moisture-induced phase transformation
reactions of FAPbIs as a function of water vapor concentration, particle size, and light
illumination have been obtained by this multi-technique approach. This concept has been later
extended to investigate the cascading degradation reactions in MAPbIsz-based perovskites with
and without surface passivating agents. Our studies indicate that the stability of the perovskite
can be adjusted from a few days to several months, depending on the moisture-exposure
conditions. Finally, a combination of ssNMR, ssEPR, and computational modelling (NMR
crystallography) has been employed to gain insight into the structure-stability-property
relationship in a hole-transporting layer spiro-OMeTAD. A detailed study of degradation
reactions using multiscale characterization techniques described in this thesis has wider
implications for the molecular-level understanding of structure-processing-stability-property
relationships in hybrid perovskites and charge transport layers.






Résume

Les performances des cellules solaires a base de pérovskites hybrides contenant des halogénures
de plomb (PSC) ont éte fortement améliorées depuis dix ans. Ces améliorations ont été rendues
possibles en ajustant les compositions et en jouant sur la nature des interfaces des couches de
pérovskite et de transport de charge. Cependant, la stabilité opérationnelle a long terme de ces
matériaux reste un probleme majeur dans I’optique d’une commercialisation de ces matériaux.
Dans ce contexte, I'objectif principal de cette these est de comprendre les différentes réactions de
dégradation et les aspects cinétiques de ces réactions dans les couches de pérovskites hybrides et
les couches de transport de charge, notamment en atmosphére humide. Nous avons notamment
analysé les réactions de dégradation des pérovskites a base de méthylammonium (MA) et de
formamidinium (FA), en particulier MAPDbIs, FAPblz et CSMAFAPDIBrs-x. Ces matériaux sous
forme de cristaux et de couches minces ont été exposés a des concentrations faibles (40%) et
élevées (85%) de vapeur d'eau. Cependant, la coexistence des différents sous-produits
organiques/inorganiques et hybrides ainsi que les concentrations diluées des différentes phases
formées lors des réactions de dégradation posent des difficultés en terme de caractérisation
structurale. Une approche multi-technique combinant la diffraction des rayons, la microscopie et
la spectroscopie RMN a I'état solide a été utilisée pour caractériser les différents produits de
dégradation. En particulier, la spectroscopie RMN des solides, en tant que méthode de
caractérisation locale quantitative, permet de mesurer des concentrations diluées de sous-produits
organiques formés lors de la dégradation, qui sont difficiles a détecter a I'aide d'autres techniques
de caractérisation. En particulier, cette approche multi-technique a permis d’obtenir des
informations uniques sur les transformations de phase du FAPbI3 en fonction du taux d’humidité,
de la taille des particules et de I’irradiation lumineuse. Cette approche a ensuite été étendue pour
étudier les réactions de dégradation en cascade des pérovskites a base de MAPbI; avec et sans
agent passivant de surface. Enfin, des mesures RMN et RPE sur les solides ont été combinées
avec des calculs de chimie théorique, selon une approche de cristallographie RMN, afin de
mieux comprendre la relation structure-stabilité-propriété dans un matériau de transport de trous,
spiro-OMeTAD. Une étude détaillée des réactions de dégradation a l'aide de techniques de
caractérisation multi-échelles décrites dans cette étude a des implications plus larges pour la
compréhension au niveau moléculaire des relations structure-traitement-stabilité-propriété dans
les pérovskites hybrides et les semi-conducteurs organiques.
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Preface

The progressive increase in the performance of solution-processed hybrid lead halide
perovskite solar cells (PSCs) has been enabled by means of compositional tailoring and
interfacial modification of/between the perovskite absorber layer and the charge transport layers.
However, the long-term operational stability of the state-of-the-art compositional tailored
perovskites is a major hurdle in commercializing these materials. In this context, the main
objective of this thesis is to understand the ambient stability and degradation reactions in hybrid
perovskite layers and contact layers, especially in the presence of moisture. To begin with,
chapter 1 describes the basic aspects of hybrid perovskites and the recent developments in
compositional engineering and the dimensional tailoring of perovskites in photovoltaic
applications. In addition, the instability associated with these materials and the synthetic
approaches to enhance perovskite stability are explained, and the characterization challenges of
these materials are outlined. In particular, the degradation reactions in MAPbIs, FAPbIs, and
CsMAFAPDIxBrs.x and grain boundary passivated MAPDIs (using Lewis acid) are discussed. The
existence of the different organic/inorganic and hybrid byproducts and dilute concentrations of
different phases formed during the degradation reactions raise challenges in terms of structural
characterization. In this regard, the multi-technique approach is best suited to characterize the
different degradation products. In particular, solid-state NMR spectroscopy is a powerful
technique to probe atomic-scale structures and structural dynamics associated with these
materials. In the later parts of the chapter, an overview of theoretical aspects of sSSNMR relevant

to this thesis is presented.

Chapter 2 presents a detailed analysis of the transformative and reconstructive reactions in
FAPDIs. Understanding such reaction pathways is crucial in developing environmentally more
stable perovskite-based devices. The ambient stability of the a-FAPbIlz depends on external
stimuli, such as light and moisture. Specifically, the kinetics of a—d FAPDIs reaction as
functions of water vapor concentration, particle size, and light illumination are investigated,
along with the chemical nature of the kinetically trapped o|d6-FAPDbI3 phase. The a—d FAPDI3

phase transformation kinetics is different at the grain and sub-grain boundaries. This enables a
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variation of the transformation time from days to several months depending upon the external
environmental conditions. The transformation involves surface-initiated local dissolution and
precipitation process, as revealed by the on-the-fly deuteration technique. Robustness towards
moisture elucidated by the bromide counterpart indicates a thermodynamically stable FAPbBr3
phase in comparison to the kinetically stable a-FAPDbIs phase. Building upon the understanding
of the stability of FA-based perovskites, the moisture stability of FA-rich compositional
engineered Cso.05(MA0.17FA0.83)0.95Pb(Bro.17lo.g3)s (CSMAFA) was investigated. CSMAFA was
systematically exposed to different concentrations of water vapor to realize partial elimination of
Cs" cation but retention of organic cations in the perovskite framework even after aging the
material for up to one year. Results of this chapter are presented in Raval et al., ACS Energy Lett.
2022, 7, 1534-1543. The results presented here are the outcome of collaborations with Prof.
Mercouri Kanatzidis at Northwestern University and Prof. Michael Chabinyc at the University of
California, Santa Barbara. The results described in Section 2.5 are the outcome of collaboration
with Dr. Frederic Sauvage at Université de Picardie Jules Verne. | performed the ssNMR
spectroscopic characterizations of pristine samples and subjected the materials to moisture to

analyze the moisture stability of these materials using SSNMR spectroscopy.

Chapter 3 extends the concept of understanding the cascading degradation reactions in
methyl ammonium-based hybrid perovskites. Here a systematic long-term moisture-stability of
methylammonium lead iodide perovskites (MAPbI3) is presented. MAPDIs is subjected to low
(40%) and high (85%) relative humidity to identify the formation of different degraded products.
The advantage of employing sSNMR spectroscopy lies in determining dilute concentrations of
organic byproducts formed that are challenging to detect using other structure-determining
techniques. X-ray diffraction is employed to determine the inorganic byproducts formed,
complimenting the results and analysis from ssNMR spectroscopy. Interestingly, the degradation
reaction depends on the concentration of water molecules as at high relative humidity, the
material irreversibly transforms into byproducts, but at low relative humidity, MAPDbI3 is
observed to be in equilibrium with its hydrate for up to one year. In addition, the role of surface
defect passivation in enhancing moisture stability is presented in this chapter. A dilute
concentration (4 wt.%) of tetra propyl ammonium cation (TPA™) is utilized to passivate the grain
boundaries in MAPbI3 thin film. At low relative humidity, the TPA™ cations inhibit the water

molecules from entering the perovskite lattice, enabling the one-year-long stability of this
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material. On the other hand, upon exposure to high relative humidity, the TPA* cation partially
segregates from the grain boundary, allowing the water molecules to irreversibly transform the
MAPDI3 material. However, the extent of byproduct formation in the case of passivated MAPbI3
is much lower in comparison with control MAPDbIz material. These results indicate the direct
correlation of grain boundary passivation with sluggish irreversible transformation. Results of
this chapter are submitted to, Raval et al., Chem. Mater., in revision. The results presented here
are the outcome of collaborations with Dr. Frederic Sauvage at Université de Picardie Jules
Verne. | performed the sSNMR spectroscopic characterizations of pristine samples and subjected
the materials to moisture to analyze the moisture stability of these materials using ssSNMR

spectroscopy.

In a conventional perovskite solar cell, the perovskite active layer is sandwiched between
the charge-extracting layers. Chapter 4 presents an approach to performing structural-
characterization of the hole-transporting material (HTM), which usually lacks long-range order.
Specifically, NMR crystallography, a concept of combining experimental solid-state NMR
results and computational calculations, has been implemented on spiro-OMeTAD.
Tris(pentafluoro phenyl) borane (BCF), a Lewis acid, is utilized to p-dope spiro-OMeTAD. The
local structures and interactions between the dopant (BCF) and host organic semiconductor
(spiro-OMeTAD) are elucidated using magnetic resonance spectroscopy and crystallography
modeling techniques. These techniques reveal the miscibility of the dopant and the host and
indicate the formation of different paramagnetic species. NMR crystallography analysis
presented here rationalizes the structural changes in the spiro-OMeTAD films before and after
doping with BCF molecules. The results of this chapter are presented in Electrochim. Acta 2022,
424, 140602. The results presented here are the outcome of collaborations with Prof. Thuc-
Quyen Nguyen at the University of California Santa Barbara, U. S. A., Dr. Tomasz Pawlak,
Polish Academy of Sciences, and Hervé Vezin and Pascal Roussel at the University of Lille,
CNRS, France. | synthesized the material and carried out UV-Vis, FT-IR, and ssNMR
spectroscopic characterizations of pristine and doped spiro-OMeTAD samples.
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Chapter 1- Introduction

1.1. Emerging photovoltaic materials based on metal halide perovskites

1.1.1. Potential of solar energy

As the global energy demand is rising,! there is a great interest in searching the renewable
energy sources to cope with energy needs. In addition, the growing climate change due to the
emission of greenhouse gases further necessitates the search for low-carbon emissions and
renewable energy sources. Among renewable sources such as wind, geothermal, and biomass,
solar energy has garnered much attention in recent years. If adequately harvested, the collectible
solar energy that strikes the Earth's surface is more than adequate to meet the global energy
demand.? In 1954, Bell Labs created the first photovoltaic (PV) cell, which used silicon as a
light-absorbing layer and achieved solar-to-electrical power conversion efficiency (PCE) of up to
6%. While this initial design has been improved over several years, today, silicon-based solar
cells achieve PCEs of over 26%.3 However, it is difficult to achieve this using the current silicon-
based solar cell technology due to many factors that will influence the production/installation
costs and the number of years it can take to pay off your panels by means of energy savings. The
most common estimate of the average payback period for solar panels is six to ten years.
Meanwhile, the second-generation solar cells, such as cadmium telluride (CdTe), gallium
arsenide (GaAs), and copper indium gallium selenide (CIGS) - based solar cells emerged during
the 1970s, which showed great promise in being widely adopted by the energy market. However,
while they have made great strides in real-world applications, there still remain issues, such as
the scarcity and toxicity of the metals used. To sufficiently harvest solar energy, low-cost and

efficient photovoltaic materials need to be developed.

Metal halide perovskites (MHPs) have shown great promise as emerging low-cost
photovoltaic technologies, with solar cell efficiencies of over 25%. In contrast to the traditional
Si solar cells that require high-temperature synthesis, the MHP-based solar cells use solution
processing with conventional organic solvents, reducing the production costs associated with the
high-quality thin films. In addition, tunable bandgap by compositional and dimensional tailoring
are among the attractive features of MHPs for photovoltaic applications.



1.1.2. Perovskites

The term perovskite refers to any material exhibiting an ABXs-type empirical formula
(where A is a monovalent cation, B is a divalent cation, and X is a monovalent anion). ‘A’ site
cation is surrounded by corner-sharing BXs octahedra, as shown in Figure 1.1. Perovskites were
first discovered in the 1830s when the naturally occurring mineral CaTiO3z was found. In the
1950s, the crystal structure of CaTiOs was elucidated, and the term "perovskite™ was then used to

refer to any material with the same ABX; crystal structure.

Figure 1.1. Perovskite structural scheme. A (black) is a monovalent, and B (blue) is a divalent
cation. X, shown in red, is a monovalent anion.

A wider variety of elements can be used in A, B, and X sites to synthesize perovskites.
However, the perovskite formation and stability are governed by the Goldschmidt tolerance
factor and the octahedral factors, as derived from the oxide perovskite research.’® The

Goldschmidt tolerance factor for a particular set of ions can be calculated using Eq 1.1.

(ra + 1%) Eq1-1

t=——"7-"—"—

V2(rg + 1%)
where r; refers to the ionic radius of each element. The unitless t value can be used to describe
the tolerance factor of the structure, which is in the range between 0.81 and 1.0 for orthorhombic,
tetragonal, and cubic perovskites. Octahedral distortions occur due to the size mismatch of the
ionic species, leading to the formation of these distinct stable and metastable perovskite phases
and interconversions between them. Significant deviations of the tolerance factor from the

abovementioned range lead to the non-perovskite phase formation. In order for the tolerance
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factor to fall in this region, only certain combinations of ions can be used together, severely

limiting the possible elements that can be used to obtain perovskites.

Additionally, the octahedral factor describes the stability of the BXs octahedra in the
perovskite and is described by the ratio of ionic radii of the B and X ions, as seen in Eq 1-2. The
octahedral factor lies between 0.44 and 0.9 for most stable perovskites. Again, this tolerance

factor greatly influences the number of ions that can be used to create a stable perovskite.

T, -
u= ri;( Eq1-2
The overall number of stable perovskite compositions and structures is significantly
reduced with these two parameters taken together. However, new stable compositions can be
achieved by fine-tuning these factors. For instance, stable perovskites do not necessarily have the
desired optical or electronic properties in order to be employed for light-harvesting or emitting
applications. However, one family of perovskites has emerged as the ideal candidate with both

useful optical and electronic properties and can be synthesized stably.

1.1.3. Lead halide perovskite

Lead halide perovskites are a family of perovskites where lead occupies the B site and a
halide, such as iodide, bromide, or chloride, occupies the X site. These perovskites are known to
be one of the ideal candidates for photovoltaics. The Pb 6s and X 5p orbitals hybridize to form a
pair of bonding and antibonding states in the upper valence band, while the Pb 6p orbital
hybridizes with the X 5p orbital to form a bonding state in the upper valence band and an
antibonding state in the conduction band minimum, as described by Even et al. and shown in
Figure 1.2.5° As a result, the original atomic orbitals are close to the band edges rather than
inside the bandgap. As an approximation, one can consider that the defect states form close to the
original atomic orbitals, and the electronic structure of lead halide perovskite makes it more
likely that these defect states are resonant with the bands or shallow within the bandgap. On the
other hand, in conventional semiconductors such as silicon, the bonding-antibonding states form
across the bandgap as the original atomic orbitals are within the bandgap. The formation of trap
states (localized states within the energy gap of the semiconductor) is more likely in such
scenarios. The presence of heavy elements in lead halide perovskite (especially in APbIs)
facilitates strong spin-orbit coupling, and the high polarizability of Pb?* ion in combination with
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shallowness in the trap energy levels checks the trap-assisted recombination despite high defect
densities. Due to these phenomena, lead halide perovskites are often considered "defect tolerant”.
One important thing to note is that defect tolerance cannot be generalized across the entire lead-
halide perovskite family. Also, the hybridized valence and the conduction band arise solely from

the X and Pb atoms and have a minor contribution from the A-site cation.
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Figure 1.2. Electronic band structure diagram of MAPbIz without considering spin-orbit
coupling interaction. The origin of the energy scale is taken at the top of the valence band.
(Figure adapted from Ref &)

With this configuration, many A site cations can be used to achieve allowable Goldschmidt
tolerance factors. The A-site cation can be occupied by inorganic species, such as cesium, as well
as organic species, such as methylammonium or formamidinium. Regardless of the A site
species, lead halide perovskites (APbX3) have shown the promises of all perovskite species for

utilization in photovoltaic devices.

Lead halide perovskites have been known to have optical tunability and photoconductive
properties. As explained earlier, the valence band maximum and the conduction band minimum
are mainly composed of the Pb and X orbitals; the bandgap tunability mainly arises by halide

substitution. The trend of the bandgap is as the following:

APDCI3 > APbBr3 > APbls



Precise stoichiometric composition of the distinct halide can lead to narrow linewidth
excitonic emission ranging from 390 nm to 790 nm, as shown in Figure 1.4. As a result, lead
halide perovskite is often utilized in highly efficient energy-saving LEDs and lasers. Very
recently, an impressive external quantum efficiency (EQE) of 28.1% was achieved for
perovskite-based LED, where the quasi-2D hybrid organic-inorganic perovskite material is

employed.©
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Figure 1.3. The emission wavelength of CH3NH3PbXnY3., can be tuned from 390 to 790 nm
wavelength. (Figure adapted from reference 1)

Moreover, perovskite materials tend to have a higher absorption coefficient in the visible
light region than other semiconductor materials like silicon, as shown in Figure 1.5. The optical
absorption coefficient determines how deep into the material light of a particular wavelength
penetrates before it is absorbed. A higher absorption coefficient in perovskites ensures more-
readily absorption of the photons, which facilitates the excitation of the electron into the
conduction band.
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Figure 1.4. Optical absorption coefficient of crystalline silicon and MAPDI3z perovskite as a
function of wavelength of the incident light. (Figure adapted from reference *?)



These properties suggest that very little (thin) material is needed to harvest an appreciable

amount of light suitable for photovoltaic applications.

1.2. Perovskite solar cells

In 2009, Miyasaka et al. reported the first perovskite solar cell with an efficiency of
3.8%.1% This device employed a dye-sensitized solar cell architecture but used MAPbBr; and
MAPbDIs as sensitizers, whereby MAPbBr3; and MAPDIs devices achieved meager efficiencies of
3.13% and 3.81%, respectively.'® These devices were photodegraded under ambient conditions.
While the meager efficiencies and stabilities were concerning for the material, this finding was

still enough to intrigue the interest of researchers throughout the solar energy research

community.
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Figure 1.5. Power Conversion Efficiency (PCE) evolution of perovskite solar cells (PSCs) along
with the composition of perovskite photo-absorbing layer.13-2?

One reason that perovskite research has sustained such remarkable growth is due to the
unique properties lead halide perovskites possess, which differentiates them from other

semiconductor light absorbers. Perovskites are reported to have long charge carrier diffusion



lengths (~2.2 um),? the ability to be used in thin-film, flexible architectures, wide tunable
bandgaps across the entire visible region, and ease of deposition methods. Despite such attractive

properties, stability remains a major concern for up-scaling and commercializing these materials.

1.3. Instability associated with lead halide perovskites

In order for perovskite photovoltaics to gain traction in the commercial market, they must
not only have high power conversion efficiencies, but they must also be as stable under operating
conditions as other commercialized cells. This means that perovskite solar cells must maintain
their output for a period of years in order to compete with commercialized silicon solar cells.
Great strides have been made in order to enhance the stability of these materials. The first
perovskite solar cell was only stable for a matter of minutes before degrading. More recently,
however, perovskite solar cell was reported to maintain adequate efficiency for one year.?* This
has been achieved through careful studies that identified the various types of instability that can
occur in a perovskite solar cell. There are several extrinsic parameters that are known to cause
degradation, among which moisture, temperature, light, oxygen, and electrical bias are

particularly important. Some of these aspects are discussed in this thesis.

1.3.1. Moisture-induced degradation

Relative humidity (RH in %) in the air is one of the most prevalent factors impacting
perovskite materials and, subsequently, PSC performance due to its ability to form solvated
phases.>2" However, during the formation of the perovskite film, the water molecule can form
hydrogen bonds with uncoordinated ions on the surface of the perovskite film,?® leading to
improved film quality and larger grain sizes.?>” Furthermore, the water molecules can penetrate
into the perovskite crystal and further form an intermediate hydrated phase.®3° In comparison,
the hydration process is reversible at low relative humidity, and the decomposition of halide
perovskite happens upon prolonged exposure to highly humid conditions.2”4%4 All inorganic
phases, such as CssPbXe, which is non-luminescent when exposed to water, usually induces the
formation of CsPbX3.*? However, prolonged exposure to moisture transforms these phase to
CsPb,Xs and further into CsX and PbX salt.*344

In the case of organic-inorganic hybrid perovskite, the moisture-induced structural changes

are quite different. The photoactive a-FAPbIs undergoes phase transformation (more details in



Chapter 2) to 5-FAPbIs, even under the protection of nitrogen. These transitions can be
accelerated by moisture. **" This affects the photophysical properties significantly as the
bandgap of the material increase to about 2.5 eV.*¢%49 On the other hand, in the case of
MAPbDIs, the moisture-induced degradation pathway involves the formation of an intermediate
hydrate phase. Based on a few reports,?”38°0-52 water molecules can hydrate the perovskite and

form a mono/dihydrate phase as:

CH3NH3Pbls +H20 =CH3NH3Pbls-H20

4[CH3NH3Pbl3-H20] = (CH3NH3)4Pbls-2H20 + 3Pbl; +2H,0

Both of these reactions are reversible. So, if the hydrated perovskites are stored in an inert
environment, they can be dehydrated to form a black-colored MAPDbI3 perovskite phase. The
hydration of the perovskite causes structural deformation of (Pbls)* octahedra which converts
the 3D network of the (Pbls)* octahedra into a 1D chain of octahedra for the monohydrate.
These weaken the chemical bonds between the A-site moiety and the (Pble)*", thus making the
perovskite more vulnerable to other extrinsic factors. Once the perovskite material is saturated by
the moisture, the hydration will become irreversible, and it irreversibly will decompose to

produce CHsNHal and Pbl,. These aspects will be discussed in detail in Chapter 3.

1.3.2. Temperature-induced degradation

Solar modules need to be operated in direct sunlight, and the nominal operating solar
module temperature can go beyond 50 °C.>® Depending on the geographical/environmental
conditions, the module experiences a wide range of extreme temperatures. Thermal stability is an
important aspect of perovskite-based solar cells. MAPDbIz undergoes a phase transformation from
tetragonal phase to cubic phase at about 56 °C,%¢ which lies within the operational range of the
solar cell module. Hence, it is tremendously important for a photoactive perovskite phase to be

thermally stable within the range of operational temperature conditions.

Misra et al. compared the MAPbX3 (X= 1, Br) based device stability and observed that just
after 60 min of concentrated sunlight (100 sun equivalent) exposure and within the temperature
range of 44-55 °C, MAPbI; based device experienced degradation.®” On the other hand, the
MAPbBrs-based device did not degrade in the abovementioned conditions.>” This was reasoned
to be the shorter and stronger Pb-Br bond compared to the Pb-I bond.>® Thermogravimetric
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analysis (TGA) shows that MAPbIs undergoes mass loss above 200 °C due to loss of HI and
methylamine gas.>® Further investigations by Nenon et al. and Bakbo et al. supported the
evidence based on the results from complementary structural determining techniques.®%®!

Temperature-induced decomposition of MAPDbI3 can be summarized as follows:
MAPDI3(s)—HI(g)+CHsNH2(g)+Pblz(s)
MAPDbI3(s)—CHzl(g)+NHz(g)+Pbl2(s)

where the first reaction is kinetically favored as the reaction is proceeded by breaking of N-H
and Pb-1 bonds. On the other hand, the second reaction is thermodynamically favored but is

much slower, as it requires the breaking of a less labile C-N bond.5%:62-64

Comparing the influence of the A-site cation, a few studies reported that the FA-based
devices show superior thermal stability compared to the MA-based devices.®>% However, by
using thermogravimetric differential thermal analysis (TG-DTA) coupled with mass
spectrometry (MS), FAPbX3 is identified to decompose into sym-triazine, HCN, formamidine,
and NH3.%’

Replacing the organic cations like MA and FA with inorganic cations such as Cs was
therefore implemented to improve the thermal stability of the perovskite. Zhang et al. showed
that CsPbBrz nanocrystals were stable up to 417 °C under vacuum, beyond which the
nanocrystals sublimed.®® In another study, a combination of in situ pXRD and in situ Raman
spectroscopy revealed that the thermal stability of Cs-based lead halide perovskite depends on
the choice of the anion.®® It followed the following order: CsPbls (stable up to 250 °C) < CsPbBr3
(stable up to 450°C) < CsPbCls (stable above 500 °C).

1.3.3. Light-induced degradation

One of the key environmental stressors of importance to PSCs is light. Although there are
numerous reports demonstrating the stability of PSCs over hundreds of hours of illumination,
there are substantial studies describing photoinduced changes to the perovskite structure and

hence the PSC performance.!>70-80

The photoinduced changes are mainly caused by light-activated trap states,382

photoinduced ion migration/segregation®?®, and photodecomposition.”>®® In addition,



photodecomposition occurs more rapidly in the air than in a vacuum or in an inert

atmosphere 8687

Specifically, MAPDbI3 has been extensively studied for the photoinduced decomposition
process. In situ X-ray diffraction, X-ray photoelectron spectroscopy (XPS) have been mainly
utilized to find that MAPbIs decomposes into Pblz, which further decomposes into metallic Pb.
8891 The formation of Pbl, and metallic Pb was also observed while photodegradation of
MAPD(l0.83Bro.17)3, FA0.83MA0.17Pb(lo.83Bro.17)s, and Cso.1(FA0.83MA017)09Pb(lo.s3Bro17)s.”® PbO,
PbCOs3, and Pb(OH); have also been observed as photodegraded byproducts of MAPDI3.889192
Methylamine, and HI gas were observed as primary products during the photoinduced
decomposition of MAPbIs, when analyzed using mass spectrometry, along with traces of

hydrogen, ammonia, and iodine gas.*®

1.4. Approaches for stability enhancements

1.4.1. Compositional engineering of lead halide perovskites

The chemical composition of perovskite materials is often modified through the partial
substitution of A, B, and X ions by organic or inorganic elements. This technique can be used to
enhance device efficiency and long-term stability.®* It has been found that perovskite stability
problems can be associated with intrinsic structural properties, which affect the Goldschmidt
tolerance factor. As described above, an ideal perovskite material has a tolerance factor that
approaches the range of 0.8-1.0, with deviations from this value indicating possible structural
instability.% The tolerance factor can be modulated by changing or mixing ions of different sizes,

providing a promising pathway to stability enhancement.

A-site engineering

Since MAPbI3z was the first developed absorber in perovskite PV technology, the primary
goal of A-site engineering was to find a suitable cation that enhances performance as well as
stability. The more suitable bandgap of FAPbIs led to the tailoring of the A-site using a
combination of FA and MA cations.®>%-% pellet et al. explored the combination of FA (larger
size cation) and MA (smaller size cation) to create the perovskite (MA)x(FA)1-xPbls (x = 0-1)
(MAFA). This composition was shown to drive a significant improvement in the optical,

structural and electrical properties of the resultant, leading to a PCE value of 14.9%.%” MAFA
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system exhibited mediocre operational stability as it lost over 50% of PCE within 100 h of 1 sun

illumination under a nitrogen atmosphere at room temperature. %

Stoichiometric addition of cesium cation to the MAFA system was first reported by Saliba
et al.1% Cesium cation being smaller in size (ionic radii = 1.81 A) than MA (2.70 A) and FA
(2.79 A), serves as phase-stabilizer to the black phase of FA-based perovskites.®”101192 A small
concentration of Cs (5%) cation was sufficient to inhibit yellow non-perovskite phase formation,
along with the increase in grain size. Due to grain size enhancement and phase stabilization,
unencapsulated CsSMAFA PSC exhibited notable operational stability by retaining 90% of the

original PCE after 250 h in a nitrogen atmosphere and at room temperature.®

The stoichiometric addition of Cs cation is not limited to the MAFA system, but it is also
implemented for FAPbI; perovskites!®-1% In addition, a small concentration of Rb(5%)
incorporation in the perovskite framework induced larger grain sizes compared to CSMAFA 1%
RbCsMAFA-based PSCs (unencapsulated) using poly(triaryl amine) (PTAA) as the hole
transporting material retained 95% of initial PCE after 500 h of 1-sun illumination at 85 °C
under a nitrogen atmosphere.'® Since the HTM and stability-test conditions are not identical, it is
not conclusive that Rb incorporation enhances the stability in the CSMAFA system.

B-site engineering

The Pb?* ions tend to convert into Pb atoms during device fabrication or operational
conditions, causing abundant deep defect states and, thus, severe degradation.°®% Tin (Sn) is a
good alternative to Pb due to its identical electronic configuration. Complete/partial substitution
of Pb with Sn can narrow the bandgap of the perovskite (1.3 eV MASnI3z, 1.41 eV FASnI3),
which is better for absorption of the solar spectrum.%-11% Although Sn-based PSCs lose their
PCE within a few minutes due to the tendency of oxidation of Sn?* to Sn** in the air, Sn-Pb alloy
partially inhibits the oxidation of Sn2* 101107111112 For example, a MAPboeSno1ls PSC device
was produced by partially replacing Pb with Sn, which retained 90% of the original PCE of
18.3% after 500 h under light illumination.*® Although the operational stability of Pb-Sn-based
PSCs is still lower than that of the Pb-based PSCs, mainly due to the tendency of Sn?* oxidation,
the small bandgap of Pb-Sn alloy is valuable in developing perovskite-perovskite tandem

photovoltaic device.
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X-site engineering

Introducing Br in iodide-based perovskite could not only tune the bandgap of the
perovskite but also enhances the materials' robustness towards moisture. Noh et al. reasoned the
enhanced moisture-stability of MAPbIBrsx to compact and stable structure.!* The substitution
of a large 1= anion with a smaller Br~ anion led to the reduction of the lattice-constant, which
meant stronger non-covalent interactions between the cation and inorganic framework. However,
some studies have reported that the phase segregation in mixed halide systems occurs depending
upon the operating conditions®11°116 and calls for a more systematic and robust design of the

structure and composition of the material.

Besides Br-, Cl~ is also utilized for tuning the photophysical and structural properties.
Since the Cl-based perovskites have a large bandgap (~3.0 V), they are not an ideal material
for light-harvesting as a single junction solar cell. However, small CI~ containing molecules,
such as MACI, and MDACI, (methylene diammonium chloride), serve as additives to enhance
the grain size and/or stabilize (in terms of structural constraints) the phase.!!8-1# In addition, ClI
incorporation is responsible for the suppression of vacancy defect by lattice strain (due to size
mismatch between A-site cation and lead halide cage, leading to BXs octahedral tilting)

relaxation.1®

1.4.2. Low-dimensional perovskites

The size constraints imposzed by the tolerance factor for the 3D dimensional perovskite
can be relaxed by tailoring the dimensionality of the material. A 2D perovskite can be thought of
as layers obtained by slicing the 3D perovskite structure.'?6-12% As a result, the layered perovskite
structure can accommodate larger/complex cations (spacer cation, R). This provides a large
scope for material exploration through the choice of spacer cation. However, there are two
factors that one needs to account for while designing the cation; (i) molecule must have a
one/two-terminal polar functional group such that it can interact with an inorganic framework
(generally by means of hydrogen bonding), and (ii) width of the molecule is regulated by space
defined by adjacent corner-sharing BXs octahedra.*****® These low dimensional perovskite show

remarkable moisture resistance due to the hydrophobic nature of R cation,28134
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Ruddlesden-Popper (RP) phase perovskites

The Ruddlesden—Popper (RP) homologous series is a two-dimensional (2D) perovskite
with a chemical structure of R2An-1BnXan+1, Where R is the spacer cation.®® The n value defines
the number of layers of BXs octahedra sandwiched between the spacer cation along the pseudo-
perovskite <100> direction.!?®13¢ Linear alkyl monoamine spacers-based 2D perovskites were
first reported by Mitzi et al., who synthesized and analyzed a series of butylammonium cation-
based 2D (Sn) perovskite with different n-values.**” When butylammonium (BA)-based 2D
perovskite was first employed as a light-absorber in PSCs, 4.02% PCE was observed.!?® The
efficiency of PSCs has then been greatly improved as the PCE of BA-based PSCs crossed over
15%.%%  Alkyl monoamine with different chain lengths has been explored by the scientific
community.?3¥133139 The variation in chain length induces distortion of the Pbls octahedra
(generally explained in terms of Pb-1-Pb bond angle) due to their interactions with the inorganic
layer, further influencing the band gap of the material.12®1%0  Aromatic spacer cation, such as
phenylethylammonium (PEA) cation, is one of the widely used bulky R cations in 2D
perovskites.**142  Exploiting the high performance of 3D perovskites and superior stability of
2D perovskites, quasi-2D perovskite can be designed.'**1% PEA* and MA* cations are one such
pair of cations to form a quasi-2D perovskite structure (PEA2MA,-1Pbnlsn+1). The thickness of
the inorganic sheet can be increased by the increasing MA® stoichiometric ratio, which
eventually decreases the bandgap and exciton-binding energy.}#'42 The original power
conversion efficiency of 15.3% was reduced to 11.3% when the device was operated for 60 days
at a 55% RH atmosphere. Butylammonium/methylammonium-based quasi-2D (n=3) perovskite
(BA)2(MA)2Pbslio perovskite are reported to have 12% PCE, however, their performances drop
by 30% after running for 2,250h in ambient conditions.!*> Grancini et al. reported one-year
stable perovskite devices by utilizing aminovaleric acid iodide (HOOC(CH2)sNHz3)2Pbls) based
2D and MAPDIs-based 3D perovskite. This 2D/3D multidimensional perovskite yielded 14.6%
PCE and showed extraordinary long-term stability of >10000 h (> 1 year).?*

Dion-Jacobson (DJ) phase perovskites

The major difference between the RP phase and DJ phase is that in an RP phase, the
interdigitating monovalent cation is employed as a spacer, which enforces the inorganic layer to
be staggered by half a unit cell. On the other hand, in a DJ phase, compact divalent cations are

employed to form an eclipsed stacking of the inorganic layer (inorganic layer exactly on top of
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each other)."*° Kanatzidis and co-workers reported the first examples of hybrid DJ lead iodide
perovskites (n = 1 — 4) with aminomethyl piperidinium (AMP) derivatives as spacer cation along
with methylammonium cation (for n = 2 - 4).24°  Propyl- and butyl-diammonium spacer cation
along with methylammonium cation is reported to have 14.16% and 16.38% PCE.* Ahmad et
al. reported that the van der Waals gaps (present in RP phase) can be eliminated by incorporating
diammonium cations into 3D perovskites, such as MAPDbIs.**” The unencapsulated devices from
propyl diammonium/methyl ammonium-based DJ phase retained over 95% PCE upon exposure
to ambient humidity (40-70% RH) for 4000 h.!*’ This electrically insulating aliphatic
diammonium could hamper effective charge transport due to its low dielectric constant.*® On the
other hand, delocalized - electrons enable better conductivity and a larger dielectric constant in
the case of the aromatic spacer. Extensive m-electron delocalization along the conjugated
backbone could augment the charge transport and reduce the dielectric mismatch between the
inorganic layer and the organic spacer layer.*8%° In this regard, Xu et al. developed a fused
thiophene-based organic spacer, which demonstrated 18.82% PCE for n = 4 2D DJ perovskite
phase.’®! More interestingly, the unencapsulated device retained 99% of initial PCE under the

nitrogen atmosphere for 4400 h (> 6 months).*%

(@)

Figure 1.6. Crystal structure of (a) BA2Pbls (RP-phase) and (b) (4AMP)Pbl4 (DJ-phase)
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B-site deficient perovskites

Perovskite structure with sub-stoichiometric B-site (lead/tin deficient) can be synthesized
by incorporating the organic cations that are much larger in size, deviating significantly from the
Goldschmidt tolerance factor rules. These larger "A-site" cations are accommodated in the
cuboctahedral cage by replacing the regular A-site cation such as MA", and FA", along with
partial removal of B and X atoms from the ABXjs crystal structure of perovskite,!>2153
Hydroxyethylammonium (HEA), ethylenediammonium (en), and 1,2,4-triazolium (TzH) are
some of the "larger A-site" cations utilized to host in the perovskite lattice by randomly
generating B and X-site vacancy, yet conserving its isotropic 3D structure.®>1%° Stoichiometric
addition of en to FAI and Snl, forms "hollow" (en) FASnl3 with significantly improved stability.
The PSC devices fabricated using this material retained 96% of their initial PCE after aging over

1000 h with encapsulation.!*3

(a) (b) € N

NH + NHe N
OH ™S8 HN" 0 \=N"

H

Figure 1.7. "Larger A-site" cations used to form deficient/ hollow perovskite

1.4.3. Defect passivation

Defect passivation, as the name suggests, involves passivating the defects with additives.
The additives often introduce a chemical interaction. For instance, manipulating the redox
reactions to eliminate 1°/Ph° defects by redox pairs. There are a variety of passivators utilized.
This section mainly focuses on some of the Lewis acid/base-based defect passivating agents.

Passivation by Lewis acids.

Introducing a Lewis acid that has the capability of accepting a pair of electrons is generally
utilized to passivate the electron-rich defects. The undercoordinated 1= and antisite Pblz~ may
generally contribute to deep traps at the surface and grain boundaries of the perovskite thin films,
causing non-radiative recombination. The Lewis acid passivator forms a Lewis adduct,
eliminating the corresponding trap and reducing the undesired recombination, and enhancing the

solar cell performance.
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Pbl; is a typical Lewis acid-based passivator, forming the Pbl2.DMSO or MAI.Pbl2.DMSO
complexes when reacting with the solvent (DMSO) in MAPDbI3 precursor solution. These
complexes retard crystallization, which subsequently leads to the formation of a highly uniform
perovskite film.61-13 Moreover, a small amount of Pbl, could improve the electronic property of
the electron transport layer (ETL)/perovskite interface as self-induced passivation boosts the

PSC device performance. 64166

Alkali metal ion incorporation has also garnered much attention for defect passivation in
high-performing PSCs. Li*, Na*, and K* have been utilized to effectively passivate the trap states
and defects at the grain boundaries, along with improved film morphology.'®"-1"2 Doping
perovskite layer or at the interface between ETL and perovskite, Na* cation has been utilized to

obtain prolonged stability. 1217

Fluorine-containing aromatic molecules are also used as Lewis acid passivator.
lodopentafluorobenzene (IPFB) consists of strong electronegative fluorine atoms that can
inductively withdraw electron density out of the aromatic ring, leaving a local positive
charge.”>17" Defect passivation using such agents is mediated by non-covalent interactions.!’
Tris(pentafluorophenyl) phosphine (TPFP) with a strong positive charge centered at the
phosphorus atom has been used for surface halide defect passivation to achieve a maximum PCE
of about 22%.17

Fullerene (Ceo) and its derivative, such as [6,6]-phenyl-Csi-butyric acid methyl ester
(PCBM), can be employed as Lewis acid for its unique ability to accept electrons that is not due
to chemical reactivity but is attributed to the strain resulting from its spherical shape,!43179-182
The perovskite-PCBM hybrid film has been reported to have suppressed hysteresis and enhanced
photovoltage for planar PSCs.83-18

Passivation by Lewis bases

Organic molecules containing electron lone pair donors such as nitrogen,8¢-188

sulphur, 8818 or oxygen®®-1%2 have been shown to effectively passivate the defect induced due to
cation and undercoordinated cation sites in perovskites.*®® Nitrogen-based Lewis-base generally
bears —NH> tails or —CN chain molecules such that lone pair of electrons on the N atom can
passivate the undercoordinated Pb?* ion defects in perovskites.!®1% The hydrophobic carbon

chains consisting of —NH: tails can resist moisture-induced degradations, hence maintaining

16



operational stability for more extended periods.® Pyridine and its derivatives, such as bipyridine
(BPy), Poly-vinylpyridine (PVP), and terpyridine (Tpy), have been applied to passivate the
cation defects hampering the trap-assisted recombination and efficient electron-hole
separation.%®1% In chapter 3, the influence of quaternary ammonium salt on impeding moisture-

induced degradation of perovskite material has been widely discussed.

Oxygen-containing Lewis-base has been employed to passivate the Pb antisite, mediated
through the adduct formation with the carbonyl functional group.?®® Intermolecular interactions
due to the conjugated structure of small molecules such as theophylline, caffeine, and
theobromine have been reported to fabricate high-performing PSC devices (PCE > 20%).1%
Snaith et al. reported that thiophene (S-donor) passivation effectively suppresses non-radiative
carrier recombination.'® Thiourea, as a Lewis base defect passivating agent, has been utilized to
have large perovskite grain size and performance of the PSC devices.?01:202

o g Ol
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Figure 1.8. Chemical structures of (a) nitrogen-based, (b) oxygen-based, and (c) sulphur-based

defect passivating agents (Lewis base).

1.5. Characterization of metal halide perovskites

Highly crystalline 3D perovskite materials can be investigated using a variety of
techniques. Structure-determining techniques such as X-ray, electron, or neutron scattering
techniques have been widely used to elucidate the atomic structure of such crystalline materials
with high precision. However, these techniques require long-range order (over 0.1 um).

Although long-range techniques can study the change in phase and crystal lattice parameters
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upon composition engineering, information about small organic cations utilized as A-site cations,
additives, or spacer cations is difficult to obtain. In this regard, solid-state NMR (ssNMR)
spectroscopy can probe short-range interactions and structures at the sub-nanometer length scale.
sSNMR spectroscopy provides structural insights such as the doping, nanoscale mixing of the
passivator with perovskite, phase segregation, decomposition/transformation pathways, and
cation dynamics.3203-214 ssNIMR can access the timescales of the picosecond to seconds which
covers a broad range of physical processes from cation tumbling to phase transformations.?%3
NMR active nuclei that are relevant to PSCs are: *H, "Li, B, °C, “N, BN, ¥*F, ¥s, %Cl, 3Cl,
39K, 41K, 49Ti, 55Mn, 63CU, 65CU, 672”, 7368, 798[‘, 8lBr, 85Rb, 87Rb, 1°7Ag, 109Ag, 113Cd, 1198“,
121gp, 123gp, 123Te, 125Te, 127] 13Cg 207ph and 2°°Bi. In the following section, some basic

concepts and techniques relevant to perovskite characterization using sSNMR spectroscopy are
highlighted.
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Figure 1.9. Comparison of length and timescales: the range of timescales of physical processes
in MHPs is presented alongside the fundamental time and length scales that several
characterization techniques can probe in MHPs. Figure reproduced from reference 2%,
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1.6. Solid-state NMR spectroscopy

1.6.1. Interactions in NMR spectroscopy

Atomic nuclei with an odd number of protons and/or neutrons often possess nuclear spin
quantum number, I. NMR spectroscopy is a powerful technique that can probe the chemical
environment of specific nuclei that have spin greater than or equal to half. Most of the elements
in the periodic table have at least one NMR active isotope. A nucleus with nonzero nuclear spin
() is associated with nuclear spin magnetic moment (i), which can be written as u =y x I, where
v IS a gyromagnetic ratio, an intrinsic property. In the presence of a constant external magnetic
field (Bo), the nuclear spin ensemble begins to precess about the applied field. There are
numerous interactions/perturbations, a nuclear spin experience, which can be written in terms of
external interactions (i.e., large static magnetic field) and internal interactions (i.e., interactions
among spins).?* The cumulative effect of these perturbations can be described in terms of total

Hamiltonian as,

ﬁtotal =ﬁz+ﬁC5+ HDD+ ﬁ]+ ﬁQ Eq 1'3
where H,, Hes, Hpp , Hyand H, describe the Zeeman, chemical shielding, dipolar coupling,
scalar (J) spin-spin coupling, and quadrupolar coupling, respectively. The quadrupolar coupling

is nonzero only for a spin | > 1. Figure 1.11 compares the typical magnitudes of all the nuclear

spin interactions in solids.

Quadrupole Coupling Chemical Shift

(MHz) (kHz)
Zeeman Interaction Dipole Coupling  J-Coupling
(GHz) (kHz) (Hz)

Figure 1.10. Schematic representation of the magnitude of the spin interactions in solid-state
NMR spectroscopy for a quadrupolar nucleus with 1 > 1.
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Zeeman Interaction

For a nucleus with a spin I, there are 21+1 possible energy levels. Each energy level is
labeled in terms of magnetic nuclear spin quantum number, m;, where m; =+I, +1 -1, +1 -2, ...,
— I. Upon the application of an external magnetic field, the spin-states, m; and — m;, become non-
degenerate as different nuclear spin-state precess about the applied magnetic field. The
frequency of the precession (Larmor frequency, wo) for a given nucleus is given by the negative
product of gyromagnetic ratio (y) and applied external magnetic field strength (Bo), wo = — vy XBo.
The splitting between the different nuclear spin levels is called Zeeman splitting. Therefore, the

energy difference between subsequent spin states is given by:
AE - hvo - h(l)o == hyBo Eq 1'4

where A = h/(2m) = 1.054x107* J.s is the reduced Planck's constant. Figure 1.12 shows the

Zeeman interaction for a spin-1/2 and spin-3/2 nucleus.
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Figure 1.11. Schematic diagram of the energy levels of (a) spin | = 1/2 and (b)spin | = 3/2
nucleus in an external magnetic field Bo due to Zeeman interaction in the absence of quadrupolar

coupling.

As the energy difference between the nuclear spin states increases, the population
difference between energy levels also increases. The Boltzmann distribution determines the ratio

of population difference between energy states by:
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Ny - (Eachy) Eq 1-5

where Ni and E; are the population and energy of the i"" spin-state, ks = 1.38x1072 J.K! is the
Boltzmann constant, and T is the temperature in K. Hence, temperature and magnetic field
strength influence the population distribution significantly. The magnitude of the population

difference dictates the detection sensitivity of an NMR experiment.

Chemical shielding interaction

The electrons near the nucleus interact with the external magnetic field to produce a
secondary field.?'® This secondary field influences the total magnetic field experienced by the
nucleus and hence has the potential to change the resonating frequency of the nucleus. This
interaction of the secondary field generated by the electrons is called the chemical shielding
interaction. The frequency shift caused by this interaction is called the chemical shift. The

chemical shielding Hamiltonian acting on a spin, I, is magnetic field-dependent and is given by:
ﬁcs - y] 6B0 Eq 1'6

where 6 is a second-rank tensor, called chemical shielding tensor. This chemical shielding tensor
can be diagonalized in a different axis frame {X, Y, Z}, referred to as the principal axis system
(PAS).

Sex  Oxy O e 5ERS 0 0
lagonalize
6= 6yx 5yy Syz —>g 6PAS = 0 5PAS 0
Ozx  Ozy Oz 0 0 &84S

The distribution of the electrons in the molecule determines the orientation of the principal

axis system. The isotropic chemical shift diso iS defined as:

Bigo = (5XAs + GBS 4 SEAF) Eq1-7
and by the Haeberlen convention
|PAS — §,00| > [SEAS — 6,0 | > [684S — 5,
The chemical shift anisotropy, daniso, 1S defined as:
Saniso = 037> — Biso Eq 1-8
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whereas the asymmetry parameters of the chemical shift tensor, ncs, is defined as:

_ o - o £q 19

Nes =
6aniso

In solution, molecules are rapidly re-orienting, which averages out the anisotropic effects
of the CS tensor, leading to the observation of sharp peaks. However, in the microcrystalline
powder (solid-state), the molecules are oriented randomly in numerous possible orientations with
respect to the magnetic field. This generates a "powder pattern™ as each crystallite gives rise to a

distinct frequency.

Dipole-dipole interactions

The direct dipolar interaction is the interaction between the nuclear spin through space.
The Hamiltonian of dipolar coupling between spin J and K has the form:

Hfc = bk (3(I; - ey )(Ix - €)x) — 1, - 1) Eq 1-10
where ejk is a unit vector parallel to the line joining the nuclei J and K, and the dipolar
coupling constant byk in rad.s™! is given by:

_ Mo hyYx Eq 1-11

3

by =—
K
4m 21 U7

where o is the permeability constant, v;, yk are the gyromagnetic ratios of nuclei J and K,
and rik is the distance between nuclei J and K. Expanding the dipolar Hamiltonian in spherical

polar coordinates and expanding the scalar products, one obtains:
H =Rpp[A+B+C+D+E+F] Eq1-12

from which terms A and B have (3cos?fp. — 1) dependence, where Bp. is the angle between the
internuclear vector and Bo. The terms A and B are secular parts of the dipolar Hamiltonian,
whereas the terms C to F are the non-secular part, meaning they do not commute with the
Zeeman Hamiltonian, and hence, their contribution to the energy level is negligible. In solution-
state NMR spectroscopy, the spatial dependence of the dipolar Hamiltonian (3cos? e — 1) is
canceled due to rapid molecular motions, which averages out this term to zero. On the other

hand, in solid-state, molecular motions are rather constrained, and therefore the dipolar
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interactions are not usually averaged to zero. Strong dipolar couplings give rise to line
broadening, which can severely limit the spectral resolution. Later in this chapter, we will see
how one can improve the resolution in solid-state NMR spectroscopy using a technique called
magic angle spinning (MAS).

J-coupling

Indirect spin-spin interaction (or J-coupling) is the interaction mediated by the electrons in
the molecular orbitals that are involved in the chemical bonding.?!” For two directly bonded
spins, | and S, the splitting in the peaks of 1 and S NMR spectra are observed as 2S + 1 and 21 +1,
respectively. Thus, J-coupling provides information about the connectivity between different
nuclei, and its magnitude is field-independent. Although being a very sensitive probe to
molecular structure changes, since the magnitude of interaction is very small, it is often not
considered significant in solid-state NMR spectroscopy. The J-coupling is an anisotropic
interaction. Nevertheless, when | and S nuclei are both isotopes of the first rows of the periodic
table, the J anisotropy is usually much smaller than the dipolar coupling and can usually be

neglected.

Quadrupolar interaction

More than 74% of NMR active nuclei have a spin | > 1 and are termed quadrupolar nuclei.
218218 The quadrupolar interaction is the interaction between the electric nuclear quadrupole
moment (Q) and the local electric field gradient (EFG) at the nucleus. Unlike spin-%2 nuclei,
where the charge distribution is symmetric, the quadrupolar nucleus (I > 1) exhibits asymmetric
charge distribution in the nucleus. The strength of the interaction depends upon the magnitude of
the nuclear quadrupole moment and the EFG. The interaction between the EFG and quadrupolar
nucleus gives rise to a quadrupolar coupling constant, Co; this term and the nuclear quadrupolar

frequency, v, are given by:

c e?qQ Eq 1-12
Q= h
3G Eq 1-13
Ve T o12r= 1

where e = 1.602x10""? C is the elementary charge, eq = Vzz is the largest of the three components
{Vxx, Vvv, Vzz} of the EFG in PAS since, by convention
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[Vzzl = [Vyy| = [Vixl

h = 6.626x1073* J.s is Planck's constant, and | is the nuclear spin quantum number. The traceless
EFG tensor can be described by Vzz, and the asymmetry parameter of the EFG tensor,

Vex — Vyy Eq 1-14

Te="y,

When Cq = 0, it means that the environment of the nucleus is in an environment with spherical
symmetry (for instance, tetrahedral, octahedral, and cubic). The asymmetry parameter,
No (ranges from 0 < no < 1), describes the axial symmetry of the EFG tensor. ng = 0 means that

the EFG tensor is axially symmetric.

It should be noted that quadrupolar interactions, like chemical shielding, are field-
dependent. Broadening due to the chemical shift anisotropy generally scales proportionally with
the magnetic field, whereas the quadrupolar interaction is inversely proportional to the magnetic

field strength.

1.6.2. Resolution and sensitivity enhancement in solid-state NMR

In solutions, rapid molecular tumbling leads to averaging of chemical shielding anisotropy,
dipolar and first-order quadrupolar interactions, leading to narrow resonances. On the other hand,
in solids, molecules lack isotropic reorientation. The solid-state NMR spectrum has broader
resonances due to chemical shielding anisotropy, dipolar, and first-order quadrupolar
interactions. There are several ways to increase the resolution in solid-state NMR spectra. These
techniques are particularly beneficial when the difference between the resonating frequency of

the two chemically inequivalent nuclei is not significant.

Magic-Angle Spinning (MAS)

In order to narrow these broad resonances, Magic-Angle Spinning (MAS) is one of the
techniques used to narrow the broad resonances caused due to abovementioned reasons. As
mentioned earlier, a number of NMR interactions have essentially the same spatial orientations
dependence of the factor (3cos?BrL — 1), where Bro is the angle between the rotor axis and the
magnetic field, Bo. When this spatial orientation dependence factor of (3cos?prL — 1) is equated
to zero, the spatial dependences are averaged out to zero, resulting in a significant narrowing.

This factor is equal to zero when the angle mentioned above is equal to 54.736°. Therefore, MAS
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involves spinning the sample, with a frequency of the order of several kHz, along the rotation
axis aligned at an angle of 54.736° with respect to the external magnetic field, as shown in
Figure 1.13. The spinning frequency must be greater than the magnitude of anisotropic
interactions to average the anisotropic interactions completely. Upon spinning (at a frequency
less than the magnitude of anisotropic interactions), sample rotation modulates these interactions,
creating rotational spin echoes and giving rise to spinning sidebands in the frequency domain
spectrum. Spectral acquisition at variable spinning speeds can easily distinguish between the
spinning sidebands and the signals.

Figure 1.12. Magic angle spinning. The sample is spun in a cylindrical rotor about a spinning

axis (BrL = 54.736°) with respect to the applied magnetic field Bo.

Although MAS enables averaging out (partly or wholly) CSA, dipolar interactions, and
first-order quadrupolar interactions, second-order quadrupolar interactions involve a different
angular dependence term along with (3cos?Br. — 1). Therefore, spinning the sample at a single

angle cannot completely average the 2"-order quadrupolar interactions.

Decoupling by radio frequency pulses

Radiofrequency (RF) decoupling aims at the removal of unwanted interactions by applying
RF irradiation. One can utilize multi-pulse decoupling or continuous irradiation decoupling. RF
decoupling can be further classified into the hetero- and homonuclear dipolar coupling. As the
name suggests, homonuclear decoupling occurs when the nuclei observed and irradiated with rf
are the same. On the other hand, during heteronuclear decoupling, nuclei observed and rf

irradiated are different. Figure 1.14 sketches the *H decoupling during the *3C detection in a
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cross-polarization experiment, discussed later. There are various decoupling techniques have
been proposed, such as TPPM, SPINAL-64, XiX, etc.??

90°

T

cpr  decoupling

Figure 1.13. Continuous-wave decoupling on I nuclei during S nuclei detection

Besides increasing the resolution, one can obtain a better NMR spectrum by increasing its
detection sensitivity. One of the ways through which sensitivity enhancement can be achieved is

by increasing the magnetic field strength.

High magnetic field

For spin-1/2 isotopes for which their linewidth is governed by relaxation and hence, is
barely independent of Bo, the resolution only depends on the difference in resonance frequencies
due to distinct isotropic chemical shifts and hence, is proportional to Bo. The equilibrium
magnetization is proportional to Bo, the induced electromotive force is proportional to the
Larmor frequency and hence Bo, whereas the electronic noise is inversely proportional to Bo**,
when taking into account the skin effect. As a result, the sensitivity for the detection of spin-1/2
nuclei is proportional to Bo”4??' Furthermore, for quadrupolar nuclei, the second-order
quadrupolar broadening is inversely proportional to Bo, and hence, the resolution and the

sensitivity are proportional to Bo and Bo***, respectively. 222

1.6.3. 1D NMR experiments

Several 1D and multidimensional experiments are designed to gain structural information
and enhance the nuclei's resolution or sensitivity. Here are a few experiments described that were

utilized in this thesis.
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Detecting NMR signal

To observe a signal in an NMR spectrum, the net magnetization (bulk magnetization
vector) needs to be arranged parallel with the magnetic field; this is a process known as
longitudinal relaxation. In the most straightforward NMR experiment, a "single pulse,” a radio
frequency (RF) pulse, is applied to tilt this magnetization vector from the z-axis into the
transverse plane, as shown in Figure 1.15 below. A ©t/2 pulse rotates the magnetization vector by

90° to the transverse plane.

90°

A1 TV
"

Figure 1.14. Pulse sequence of the single-pulse experiment

~

When in the transverse plane, the precession of the nuclei induces a current at the
resonating frequency of the nucleus. As the magnetization vector relaxes, less signal is detected
on the x-axis. This current is recorded over time and forms the free induction decay (FID). The

FID can be Fourier transformed to a frequency domain NMR spectrum.

Spin-echo experiment

Like the single pulse experiment, the transverse magnetization is first generated by a 90°
pulse in the spin-echo experiment. Followed by this, the spin system is allowed to evolve over
time 1. Due to local field inhomogeneities, the spin starts dephasing. After the evolution period T,
a 180° pulse is applied, inverting the effect and refocusing all the spins after time, t. This pulse

sequence (Figure 1.16) can be utilized to measure spin-spin relaxation by varying the t intervals.
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Figure 1.15. Pulse sequence of the spin-echo experiment

Saturation recovery experiment

The idea of the saturation recovery experiment is to saturate the bulk magnetization to zero
and then allow the relaxation for time, t, on the z-axis, followed by the 90° pulse to tilt the
magnetization to the transverse plane and to acquire the signal, as shown in Figure 1.17. This
method results in a build-up curve of magnetization, eventually recovering all magnetization
resulting in a plateau. From this, Ty (spin-lattice relaxation) can be determined, and it is this

experiment that has been used throughout the thesis to estimate the T values.

T 90° ©

, b |
N v T

Figure 1.16. Saturation recovery pulse sequence along with a schematic of the build-up of signal

intensity as the time t is varied.

Cross-polarization experiment

The Cross-polarization (CP) experiment is one possibility to overcome the issue of low
sensitivity for nuclei with low abundance. In the CP experiment, the reintroduction of dipolar

interaction enables the magnetization transfer from abundant nuclei, I, such as *H and *°F, to
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other nuclei, S, typically of low natural abundances, such as **C and *N.?2®> For CP to be

effective, the Hartman-Hahn match condition must be met when CP is performed with MAS:
vi(*H) =v1(**C) + nvr

where n =0, +1 or +2, vi(*H) and v1(*3C) denote the nutation frequencies around the RF fields
on 'H and *C channels during the CP transfer, and vr is the MAS frequency. The nuclei with
longitudinal relaxation, such as **C at natural abundance, for example, require long recycle
intervals between each transient, resulting in long experimental times. Through CP, they can
receive magnetization from an I nucleus with faster relaxation, i.e., tH in the present case. This
leads to faster spectral acquisition as the recycle delay depends on the longitudinal relaxation of
the excited isotope, 1. The combined effect of magnetization transfer and shorter recycle delay

leads to signal enhancement compared to the direct excitation of nuclei S.

The pulse sequence for the CP experiment is shown in Figure 1.13. It begins with a 90°
pulse on the I nucleus. The resulting magnetization is then transferred to the S nucleus during the
contact time (tcp), during which both nuclei are irradiated. The contact time can be varied in
order to allow for magnetization transfer to nuclei that are more distant in space. Then the FID of
nuclei, S, is recorded along with an irradiated decoupling pulse on nuclei, I, to improve the

spectral resolution.

1.6.4. Two-dimensional NMR experiments

Two-dimensional (2D) NMR techniques can probe selective NMR interactions and are
often insightful in structural determination. In a 2D NMR experiment, signals are recorded as a
function of two time variables, and then Fourier transformed with respect to these two variables
yielding two frequency axes. A typical 2D NMR experiment is performed with the scheme
shown in Figure 1.18, which consists of preparation, evolution, mixing, and detection. The
indirect evolution period At: is incremented to build up a time-domain dataset which can be

Fourier transformed to yield a 2D frequency-domain spectrum.
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Figure 1.17. Basic 2D pulse scheme. The evolution period, t;, between the preparation and

mixing time elements incremented, followed by another period that allows for mixing before

detection in the to period.

Double-Quantum- Single-Quantum experiment

For dipolar-coupled nuclei, fast MAS with 2D Double Quantum (DQ) - Single Quantum
(SQ) NMR spectroscopy achieves high resolution while allowing access to the dipolar coupling
inherent to the structure. Specifically, the homonuclear 'H-'H double-quantum (DQ) MAS
experiment can be applied to proton-proton proximities.?* 2D DQ-SQ NMR spectrum is
acquired by using a rotor-synchronized Back to Back (BaBa) recoupling sequence for excitation
(4 steps) and reconversion (4 steps) of DQ coherence.??® Double quantum coherence is excited,
which evolves during the incremented time ti, which eventually is converted back to SQ

coherence, and detected during the acquisition time, t2, as shown in Figure 1.109.

W rw W H\ ‘ﬂvf{;“v
[ 1] [0

|
[ Jn L Jn

+2

+1

p=0

-1

-2
Figure 1.18. Pulse sequence and coherence transfer pathway diagram for a 'H DQ-SQ MAS
experiment using the BaBa recoupling sequence for the excitation and reconversion of DQ

coherence.
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In a DQ-SQ NMR spectrum, the DQ signal is observed at a cumulative sum of SQ
frequencies of the dipolar coupled nuclei. If the nuclei are chemically equivalent, their
correlation appears on the diagonal (auto-correlation peak), whereas if the nuclei are chemically
inequivalent, their correlation appears as an off-diagonal (cross-correlation) peak.??* The DQ-SQ
homonuclear correlation allows the detection of proximities between the nearest neighbors since
the large homonuclear recoupled dipolar interactions between nearby nuclei in the first-order
Hamiltonian attenuates the coherence transfer between distant nuclei. This phenomenon is called

dipolar truncation.??

Spin-diffusion experiment

Spin-diffusion experiment is less susceptible to dipolar truncation than DQ-SQ
homonuclear recoupling since they rely on cross-terms between distinct homonuclear dipolar
interactions or homo- and hetero-nuclear dipolar interactions in the second-order Hamiltonian.
As a result, they allow probing longer-range distances.??* The spin-diffusion experiment follows
a typical NOESY (Nuclear Overhauser Effect SpectroscopY) type experiment,?” in which two
periods of single-quantum coherence evolution are separated by a mixing time, as shown in
Figure 1.20.

H n
S

Figure 1.19. The pulse sequence and coherence transfer pathway diagram for a NOESY -type

spin diffusion experiment

The dipolar network among the proton is most substantial in organic molecules due to the
large gyromagnetic ratio and high density of protons. *H spin diffusion has been widely
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exploited in solid-state NMR to probe internuclear proximities over a range of distances from

about 0.1 nm up to distances of 200.0 nm in the polymeric material.

Cross Polarization HETeronuclear CORrelation (CP HETCOR) experiment

The pulse sequence of a CP HETCOR experiment can be considered a derivative of a
conventional CP experiment, which was discussed earlier. The experiment begins with the
creation of 1 spin SQ coherences which evolve during ti. The magnetization is then transferred
from I to S using a CP step, and subsequent signal acquisition occurs during t2. In this thesis, the
!H-BC CP HETCOR experiment is mainly utilized. The primary motivation for recording a *H-
13C HETCOR experiment is to determine and identify the *H chemical shifts of the protons
bound to particular carbons. It mainly facilitates assigning proton signals through fairly resolved

13C signals.

1.7. Outline of the thesis

This thesis describes the application of solid-state NMR spectroscopy along with a
combination of other analytical techniques at complimentary lengths and timescales in the

characterization of hybrid lead halide perovskites and organic hole-transporting material.

Chapter 2 presents a detailed analysis of the transformative and reconstructive reactions in
FAPDI3. The ambient stability of the a-FAPbIs depends on external stimuli such as light and
moisture. Specifically, the kinetics of a—d& FAPDIs reaction as functions of water vapor
concentration, particle size, and light illumination are investigated, along with the chemical

nature of the kinetically trapped o|3-FAPbI3 phase.

Chapter 3 extends the concept of understanding the cascading degradation reactions in
methyl ammonium-based hybrid perovskites. Here a systematic long-term moisture-stability of
methylammonium lead iodide perovskites (MAPDI3) is presented. MAPbI3 is subjected to low
(40%) and high (85%) relative humidity to identify the formation of different degraded products.
The advantage of employing ssSNMR spectroscopy is highlighted in determining dilute
concentrations of organic byproducts formed that are challenging to detect using other structure-
determining techniques. In addition, the role of surface defect passivation in enhancing moisture

stability is presented in this chapter.
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Chapter 4 present an approach to performing structural- characterization of the hole-
transporting material (HTM), which usually lacks long-range order. Specifically, NMR
crystallography, a concept of combining experimental solid-state NMR results and
computational calculations, has been implemented on spiro-OMeTAD material. Tris(pentafluoro
phenyl) borane (BCF), a Lewis acid, is utilized to p-dope spiro-OMeTAD. The local structures
and interactions between the dopant (BCF) and host organic semiconductor (spiro-OMeTAD)

are elucidated using magnetic resonance spectroscopy and crystallography modeling techniques.
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Chapter 2- Instability in formamidinium-based
lead halide perovskites

2.1. Formamidinium-based perovskites for high-performance photovoltaics

FAPDI; crystal structure was first reported by Kanatzidis et al. in 2013.! Perovskite
formulations containing formamidinium (FA) cation exhibit enhanced thermal stability, paving
the way towards stable and efficient formulations that are also among the highest performing
perovskite solar cells today.>" FAPbIs benefits from the most appropriate bandgap in terms of
the theoretical Shockley-Queisser limit, leading to the highest PCE (calculated).? In this interest,
research on hybrid perovskites is focused on addressing the long-term stability with regard to the
stringent standards of damp heat test (International Electrotechnical Commission IEC-61215
stability assessment at 85 °C and 85% relative humidity in the air for over 1000 h).>!° These
experiments have so far been conducted on the FA-based alloy compositions ((Cs, FA)Pb(Br, 1)3
and (Cs, MA, FA)Pbls) that are utilized in solar cells.'**® Recent years have seen a lot of effort
spent on stabilizing the black(a)-FAPbIz phase using additive and interfacial engineering
techniques that result in stable and efficient solar cells.?*4?! The transformational reactions and
degradation of the reference compound with single-cation/single-anion compositions such as
FAPDI3 and FAPbBrs must first be understood in order to comprehend how to further enhance
the stability of multi-cation/anion compositions. Therefore, much attention was given to these
two compositions, with a particular interest in FAPbIs, as this composition is known to be less

stable at near ambient temperatures.?%?3

The instability in perovskites is thought to be influenced by the dynamic interface between
organic cations and corner-sharing lead halide octahedra. This is further dependent on
compositions and other external stimuli that cause structural degradation and point defects. At
room temperature, the metastable black-colored cubic FAPbIz phase (o) transforms into the
yellow-colored hexagonal phase (5).24?° A free energy barrier of the order of hundreds of meV
separates the various intermediate stages of a—d6 FAPDIs transition. This barrier causes a
significant thermal hysteresis between the 6—a transition at 350 K and the a—d transition at

290 K, which suggest, at least in part, how the a-FAPbIs can be kinetically trapped at ambient
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temperature.? It has been suggested that water intrusion at the susceptible grain boundaries can
cause phase transformation.?® However, a precise understanding of how water molecules induce
a “catalysis-like” transformative reaction, i.e., how water reacts without directly integrating into
the initial perovskite (o) or the final non-perovskite (5) FAPDbI3 structures, and insight into the
nature of the intermediate phase(s) is lacking, which necessitates further investigation. In
addition, this reaction is reported to endure between hours to months to complete, as different
studies report different synthetic, fabrication, and aging conditions.?”?® Because this reaction
contributes to the FAPbIs instability that rigorously affects the performance of solar cells, it is
crucially important to understand the molecular origins of the phase transition, and kinetic and
thermodynamic factors, which influence the degradation of hybrid perovskites.®® Phase stability
in FA-based and FA-rich perovskites has been investigated using a variety of in-situ and ex-situ
characterization approaches.?>31:32 Notably, photo thermal-induced resonance (PTIR with a
spatial resolution of ~100 nm) and time-of-flight secondary ion mass spectrometry (TOF-SIMS)
techniques have been employed to characterize the humidity-induced phase transformations and

to probe surface and sub-surface compositions in FA-rich perovskites.

As explained in Chapter 1, solid-state NMR (ssNMR) spectroscopy is a local probe that
provides information on the structures and dynamics in hybrid perovskites with site-specificity:
for example, sSNMR techniques have been used to gain insight into chemical doping, cation-
ordering and dynamics, interfacial engineering, phase stability, and degradation products.®*#° In
this Chapter, the a—3& FAPDI3 transformative reaction triggered by water vapor is examined. The
role of particle size, water vapor, and light in a—3& FAPbIs phase transformation is investigated.
The transformative reactions are characterized at different length scales ranging from um to sub-
nm using multiple analytical techniques. Specifically, a—& FAPDbIz phase transformation
reaction is characterized using photoluminescence (PL), X-ray diffraction (XRD), and 1D *H and
207Pp MAS NMR spectroscopy techniques.
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Figure 2.1. Photoluminescence spectra of FAPbI3 as a function of moisture (85% RH) exposure

time.

Figure 2.1 presents the PL spectra of FAPbls. The PL studies of fresh FAPblz material
show a strong PL intensity peak at 790 nm, which is reduced after 15 h, suggesting the formation
of an intermediate (a|6— FAPDbIz) phase (85% RH, 15 h of exposure). The lack of PL intensity
after 45 h of exposure to moisture indicates the formation of a non-perovskite phase. To obtain
structural insights into variation in the bulk emission response, XRD was implemented. XRD is a
powerful technique to identify different phases present in a crystalline material. XRD patterns of
the FAPDIs crystals were acquired at regular intervals of time to observe structural changes upon

exposure to moisture (85% RH).
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Figure 2.2. Powder XRD patterns of FAPDI3 particles acquired before and after exposure to
moisture at 85% RH for different durations as indicated, along with the simulated powder XRD

patterns of o- and 5-FAPbI3 of published crystal structures**! using Mercury software.*?

Figure 2.2 shows the cubic (o) to hexagonal (3) phase transition in bulk crystals as
observed by powder X-Ray Diffraction (XRD). For XRD, the close match in peak locations and

intensities between the simulated (using Mercury software)*? and experimental XRD patterns
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indicates that the powders of the o and § phases are phase-pure in bulk.:! Interestingly, even
after exposure to water vapor (85% RH) for more than 2 days, a-FAPDIs is not fully transformed

to 5-FAPDI3, as suggested by (100) reflection.

To examine the cubic (o) to hexagonal (8) phase transition more closely, high-field 2°’Pb
and 'H ssNMR spectroscopy were employed. 2°/Pb is a spin, 1 = % nuclei with a natural
abundance of 22%, which allows facile detection in bulk perovskite samples. Faster longitudinal
relaxation times, T1 associated with 2°/Pb enables shorter experimental times. Specifically, the
207ph chemical shift is sensitive to Pb-1 distances, apical Pb-I-Pb bond angles, and distortions in
lead iodide octahedra.®®*4 1D 29Ph magic-angle spinning (MAS) spectra of black,
intermediate, and yellow FAPbDI3 crystals exhibit different signals, whereby the signal centered at
~1556 ppm in the fresh FAPbI3 corresponds to Pb atoms in cubic phase (a-FAPbI3), as shown in
Figure 2.3. The same material, upon exposure to moisture (85£5% RH, 20h), exhibited two well-
resolved 2’Pb signals at ~1556 and ~1164 ppm, which are attributable to two distinct 2°’Pb local
environments in the cubic and hexagonal phases. After exposure to 85£5% humidity for 45 h,
only the peak near ~1164 ppm is present, which confirms that this peak corresponds to the
hexagonal phase. The low-frequency shift of 2°’Pb peak near 1164 ppm indicates octahedral

tilting, consistently with previous 2°’Pb signal assignments.*>4°

H is spin, 1= % nuclei with >99.9% of natural abundance and inherently high sensitivity.
Limited resolution due to the small span of chemical shift (~20 ppm) and longer relaxation
delays yielding prolonged experimental times are a few of the challenges associated with 'H
NMR. Yet, 'H NMR is an ideal probe to analyze organic cations in perovskite. While the *H
MAS NMR spectrum (Figure 2.3 (b)) of the black phase displays signals associated with —CH
(8.1 ppm) and —(NH>)2 groups (7.4 ppm) of FA™ cations, additional signals corresponding to —
CH (8.5 ppm) and —(NH2)2 groups (7.6 ppm) of FA* cations in the yellow phase have emerged
after 5 h of exposure to moisture and complete conversion into the yellow phase occurs after 45
h (~2 days). Trace amounts of surface-preabsorbed chemical species, such as trapped water,
dioxygen, or precursors used in the synthesis process, may also contribute to the degradation
process.*® However, the species were not detected either in NMR or XRD experiments,

suggesting that any such chemical residues are at minuscule concentrations if present.
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Figure 2.3. 1D (a) ®’Pb and (b) 'H MAS NMR spectra of fresh (a-FAPbIs) and aged (o/5-

FAPDI3, 6-FAPDI3) materials upon exposure to moisture (85% RH). Signals associated with o

and & polymorphs are indicated and color-coded as depicted in the schematic structure in (b). All

'H (900.2 MHz) and 2°"Pb (167.6 MHz) spectra were acquired with 50 kHz MAS.

Amongst the techniques mentioned so far, SSNMR spectroscopy enables one to provide

quantitative insights into the distribution of organic cations in distinct phases. Notably, high-field

H MAS NMR (21 T, 900 MHz) improves the resolution abilities to examine reaction kinetics of

the a—6 phase transformation, as discussed in the later section.
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2.2. Understanding the kinetics of phase-transformation

To examine reaction kinetics, various models are reported in the literature: for solids,
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model is often used to analyze phase
transformation Kinetics, which is described by the equation as: y = 1 — exp(—Bt™"), where y is
the fraction of the transformed phase, pre-factor B depends on the nucleation rate of the
homogeneously distributed particles, and n is the Avrami exponent that depends on the
dimensionality of the growth.*-°2 More sophisticated solid-state kinetic models have been
reported.>®** It has also been shown that the Jander equation can model the kinetics of reactions
in a powder form, which can be described as k/R? =[1-(1-a)¥*]? where K is a rate constant, t is
time, R is the initial radius of a solid particle, and a is the fractional degree of reaction.®>* Some
of these models postulate that the particles are spheres of the same size, which does not represent
the FAPbIs particles used in this study. Although the defect concentration plays a crucial role in
the a—d FAPDI3 transformation, disentangling surface and bulk defects (sizes and shapes,
stacking faults) and expressing defect concentrations in terms of Kroger-Vink notation is also
relatively less straightforward. To this end, the kinetic behavior of the a—& FAPbIs phase
transformations was analyzed by plotting normalized H signal intensity of -CH (FA") as a
function of moisture exposure time. Different orders of reaction Kinetics were compared: (i)
Normalized *H signal intensities (for zeroth order), (ii) the natural logarithm of normalized ‘H
signal intensity (for first/ pseudo-first-order), and (iii) the inverse of normalized H signal
intensity (for second-order) were plotted against time as shown in Figure 2.4. A better
agreement of experimental integral values (dots) with the fitted data (red line) was observed for
the first-order kinetics with the coefficient of determination R2=0.995. Significant deviations are
observed for both zeroth and second-order kinetics equations, as indicated by R? in the range of
0.851-0.901. Although the surface area limited solid-state reactions are expected to follow the
zeroth-order rate law, this analysis suggests that the o—3& FAPDI3 transformation reaction can be
faithfully modelled to the (pseudo)first-order reaction kinetics. The (pseudo)first-order reaction
kinetics suggests that the phase transformation is mediated by “liquid-like” transient species
(described in later section). It can be hypothesized that the reaction rate depends on the surface
wettability (water vapor concentration) and/or the particle exposure area, indicating the surface-

induced dissolution of the black phase followed by precipitation of the yellow phase.
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Figure 2.4. Normalized *H (-CH) signal intensity of FA cations in a-FAPbIz plotted as a

function of moisture (85% RH in the air) exposure time.

It is important to disentangle the distinct external stimuli to comprehensively understand
the impact of each of them. In this section, the role of different external stimuli that influence the
o—0 FAPDI3 phase transformation is discussed, namely, the influence of particle size, the extent

of relative humidity, and light.

2.2.1. Influence of the particle size on moisture-induced phase transformation

To examine how different particle sizes react with water vapor, a-FAPbIs with different
particle sizes was synthesized following the synthetic protocol of the previous report.>” The SEM
images acquired for larger and smaller particle sizes are shown in Figure 2.5, respectively. The
acquired SEM images were then utilized to analyze particle size distribution for these particles.
ImageJ software was used to estimate the particle sizes observed in the SEM images. Based on
this analysis, a histogram (particle size vs. count) was generated and fitted with a Gaussian
distribution function to extract the mean particle size and the standard deviation related to the
particle size. The particle size distributions for small and large grains were found to be =32+11

um and ~74+41 um, respectively.
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Figure 2.5. SEM images and particle-size distribution analyses of (a,b) large particles and (c,d)

small particles, respectively.

For different distributions of particle sizes, the kinetics of a—d& FAPbIs in the presence of
water vapor (85% RH and laboratory illumination) are presented in Figure 2.6. As mentioned
earlier, increased resolution of *H NMR enabled by high field and fast MAS allows one to
measure and distinguish -CH sites in o- and 8- FAPbIs phases. By plotting the -CH peak
integrals for these phases as a function of moisture exposure time, Kkinetic plots can be
constructed. The kinetics plots enabled by *H MAS analysis are particularly useful for estimating
the half-life times for different particle sizes. For large particles (40-100 um), water vapor
accelerates a—d FAPbDI3 transformation during the early state of hydration, having one-half of
the material converted to 5-FAPDbIz phase within 14 h, which increases to over 90% in less than
two days; however, the rest of the transformation takes much longer exposure time. Therefore, a
complete a—3 FAPbDIs transformation is expected to take up to a week or longer. The sluggish
transformation after prolonged exposure to moisture can be reasoned to sparse contact of water

molecules with a-phase as they are encapsulated by 5-FAPDbIz phase.
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Table 2.1. Half-life decay times of black FAPbIs crystals upon exposure to moisture at 85% RH.

Particle size Half-life time (tw, h)
Large (=74 um) 13.3
Small (=32 pm) 114
(a) (b)
10 o~ FAPDI, 10| SFAPDL v =1 exp(_0.061°t)
O Large O Large R?=0.982 ~
. O Small 1@ Small o 0
208+ 208
Q o = _ . *.
£ 06 g 06 3F/{2:10:;<1p( 0.052*)
- . o b '
] 8
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Figure 2.6. Comparison of (a) a— and (b) 3-FAPbI3z phase transformation kinetics by means of
H signal intensity decay and build-up of -CH sites for small (20-40 um, squares) and large (40-

100 pm, dots) particles.

In contrast to the large particles, the small particles (20-40 um) exposed to moisture (85%
RH) shows an identical trend, but the rate and half-life decay are different. These results suggest
that the phase transformation follows the same pathway, but the kinetic rate depends on grain
sizes. This is due to the large surface area associated with the corner-shared lead octahedra in the
black phase being available to interact with molecules. For different distributions of particle
sizes, the estimated half-lives are given in Table 2.1, and their kinetic plots are shown in Figure
2.6. Subtilities in the half-lives Aty, ~2 h and rate constants Ak ~0.01 h-! are observed due to the
partial overlap in the particle size distributions (Figure 2.5). To accurately calculate the half-lives
of different particle sizes, kinetics studies of particles with uniform size and shape are required.
One needs to take into account that the mere extrapolation of these kinetics plots to estimate the
stability of FAPDbIz thin films used in solar cells and other optoelectronic devices is less

straightforward because the thin film stability depends on the surface and interfacial passivation
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techniques and encapsulation strategies,*®®" which requires further analysis at different humidity
levels and different grain sizes with and without passivating agents. However, large grains

benefit from enhanced stability.

2.2.2. The role of water vapor concentration on FAPbIs instability

The small particles (20-40 um) of FAPbIs were used to study the role of humidity on
a—0 FAPDI3 phase transformation. These particles were spread on a glass substrate and exposed
to two different concentrations of water molecules in the air, i.e., 40% RH and 85% RH. The
reaction kinetics of a—5& FAPDI3 transformation can be obtained by analyzing kinetic plots of
FAPDI; obtained from 'H MAS NMR spectroscopy. Although continuous exposure to water
vapor at 85% RH leads to a a—6 FAPDI3 phase transformation in a few days with a rate constant
of 0.042 h~! (Figure 2.7), the same material upon exposure to 40% RH leads to relatively slow
transformation with a half-life decay time of 3327 h (~133 days), and the complete
transformation is estimated to take up to a year by extrapolating the kinetics plots (Table 2.2).
This is likely due to the much lower water vapor concentration as well as low ingression through
the particle boundaries that are surface-covered by the yellow phase, thus leading to a sluggish
phase transformation of black particles trapped in the sub-surfaces or reactive intra-grain

interfaces in FAPbI3 particles.

Table 2.2 Half-life decay time associated with a—d phase FAPDbI3 transformation in the dark

with varying relative humidity. The particle size distribution is 20-40 pm.

Relative humidity Half-life decay

(RH, %) time (ty, h)
85 16.5
40 3327
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Figure 2.7. Kinetics plots of H signal intensity build-up of -CH sites of FA" cations in
5—FAPbI3 and the simultaneous ‘H signal intensity decay for the same sites in a—FAPbI; as a
function of exposure time to moisture in the dark at relative humidity levels of (a) 85% and (b)
40%.

2.2.3. Influence of light on a—& FAPbIs phase transformation

Light illumination is another factor that could contribute to the a—& FAPbIs phase
transformation. To test this, the moisture-induced (85% RH) degradation Kkinetics of small
particles (20-40 um) under dark and laboratory light illumination was studied. The presence of
light illumination (500-750 Lux) accelerates a—& FAPDI3z phase transformation, further reducing
the half-lives from 16.5 h to 11.4 h (Figure 2.8). Interestingly, despite the excellent thermal
stability of the FAPDbIs black phase,®® the large variation in the kinetics of a—& FAPDIs
transformation is due to the deleterious effect of water molecules and light illumination

combined.
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Figure 2.8. Kinetics plots of *H signal intensity build-up of -CH sites associated with 3-FAPbI3
and the simultaneous H signal intensity loss of the same sites in a-FAPDbIs as a function of
exposure time at 85% RH (a) in the absence and (b) presence of laboratory illumination. The
phase transformation kinetics can be modeled to first-order rate kinetics, leading to the

estimation of rate constants. For kinetic studies, smaller particles a-FAPbI3 =32 mm were used.

The most important takeaway from this study is that the impact of the concentration of
water vapor and light illumination on the kinetics of transformative reactions can be disentangled
and compared, among which relative humidity in the air seems to play a vital role in governing
the environmental stability of optoelectronic devices. For example, it has been shown the FAPDI-
3-based solar cell efficiency reduces to one-half of its initial value within a few hours upon
exposure to moisture (40 °C, 70% RH, 5 h, AM 1.5G UV-light illumination), consistently with
this study.®® However, the stability of FAPbls and FA-rich thin films depends on various factors,
such as deposition and annealing conditions, and the encapsulation and passivation strategies
further exacerbate the situation. Therefore, an extrapolation of the kinetics plots of the crystals to

the thin films in solar cells and other optoelectronic devices is less straightforward.

2.3. Insight into local interfacial structures of a-| 3-FAPDI3

The fundamental pertinent question is how the phase transformation occurs at the particle
boundaries, and how to resolve the interfacial structure of a|d6-FAPDbI3z phase. It is important to

investigate if there is significant mixing of cubic and hexagonal phases during the transformation
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and any amorphous phases, as XRD shows only the reflections corresponding to o and & phases.
A schematic of a—9 transformation with plausible intermediate products is shown in Figure 2.9.
Much similar to the results presented in this Chapter, previous studies suggested that the
temperature-induced transformations in lead halide perovskites occur through liquid-like
interfaces.”® The liquid-like behavior indeed facilitates surface reactions in order to modulate
hybrid perovskite structures and properties.”* Understanding the chemical nature of o-| 5-FAPbI3
interface at short-length scales (< 1 nm) is expected to cast light on the surface/sub-surface
reactions that cause perovskite degradation.

a—FAPDI, a|6—-FAPbI, 6—-FAPbDI,
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Figure 2.9. Schematic of a—d FAPDI3 transformation upon exposure to moisture.

High-field NMR is suitable to resolve the local interfacial structures, for example, by
analyzing the 2D 2°’Pb-!H cross-polarization heteronuclear correlation (CP-HETCOR) spectrum
of the o|3-FAPbI; phase (Figure 2.10) through-space sub-nanometer 2°’Pb-H proximities
between FA™ and Pbls octahedra at the organic-inorganic interface are distinguished and
identified. Fast relaxation time associated with 2°’Pb is advantageous as it is directly excited for
207ph—1H CP transfer, followed by detection of the *H spins. 2D peaks at 1556 ppm (*°’Pb) and
7.4 and 8.1 ppm (*H) correspond to the organic-inorganic interface in o—FAPbIs and low-
intensity signals between 2“Pb (1556 ppm) and *H (7.6 and 8.5 ppm) sites indicate that the
through-space proximities between a— and 8-FAPbIz moieties. It can be hypothesized that the
minuscule concentrations of [Pblg]*, [Pb(H20)6]>*, [Pbl2.4H20] [Pbls.3H20] [Pbls.2H.0]*
complexes may exist at the interface during the phase transformation, although undetected in
both XRD and ssNMR experiments. In addition, these species are expected to have short

lifetimes.

Insight into the organic-organic interface can be obtained by analyzing *H-'H correlation
spectra. As mentioned in Chapter 1, the 2D H-'H DQ-SQ correlation NMR experiment
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provides information on through-space and dipolar coupled H-'H spin pairs within sub-
nanometer (5 A) distances. In a 2D DQ-SQ correlation spectrum, the DQ frequencies are
detected at the cumulative sum of the participating SQ frequencies of the dipolar coupled *H-'H
spin pairs. The enhanced resolution in the DQ dimension enables distinguishing and identifying
the —NH; and —CH sites in o.- and 8-FAPbI3 phases.

|
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Figure 2.10. 2D 'H-2"Ph CP-HETCOR spectra of o|5-FAPbIs phase obtained after exposure to
moisture (24 h, 85% RH), acquired with 6 ms of cross-polarization contact time, at room
temperature, 18.8 T, 50 kHz MAS frequency.

Figure 2.11 shows the 2D H-'H DQ-SQ correlation NMR spectra of o-FAPbIs, oS-
FAPDI3, and 5-FAPDIs. For the fresh FAPbIs (Figure 2.11a), the on-diagonal signal at 7.4 + 7.4 =
14.8 ppm corresponds to *H-tH interactions in NH2 groups of a.-FAPbIs and off-diagonal *H DQ
signal at 8.2 + 7.4 = 15.6 ppm is attributed to intramolecular CH<—NH. dipole-dipole interactions
in the same material. The intermolecular and intramolecular CH—NH> distances in the refined
a-FAPDI; crystal structure are ~4.54 A and =2.28 A, such that both inter-and intramolecular *H-
'H dipole-dipole interactions are expected to contribute to the off-diagonal signal.** However,
the on-diagonal DQ signal associated with —CH sites at 8.2 + 8.2 = 16.4 ppm is too weak to be

detected due to the fast reorientational dynamics of FA™ cations in the cubic phase.
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For an intermediate a6-FAPDIs phase (Figure 2.11b), two sets of DQ-SQ correlation peaks
are detected. In addition to the above-discussed 2D correlation peaks associated with the cubic
phase, a partially resolved *H DQ peak at 7.6 + 7.6 = 15.2 ppm and an additional DQ signal at
7.6 + 8.6 = 16.2 ppm corresponding to the intramolecular proximity between —NH> and —-CH
proton sites in the hexagonal FAPDbI3 phase are observed. It is noteworthy that there is no *H DQ
peak corresponding to the through-space proximity between the 'H sites in the cubic and
hexagonal phases. These results suggest that the FA* cations in o and 6—FAPbI3; materials are
spatially phase segregated into different regions. In addition, the cations exhibit different
dynamics and reorientational motions in the cubic and hexagonal phases that may partially or
completely average out the dipole-dipole couplings between the FA* cations in these two phases,
thus contributing to the loss of *H DQ signal intensity.

Upon further exposure to moisture (85% RH, 45 h), only the *H DQ signals corresponding
to the yellow phase are observed (Figure 2.11c), whereby the on-diagonal signal at 7.6 + 7.6 =
15.2 ppm and 8.6 + 8.6 = 17.2 ppm arises due to proximate —NH> and —CH protons, respectively.
In addition, an off-diagonal DQ signal at 7.6 + 8.6 = 16.2 ppm corresponding to the

intramolecular CH—NH: dipolar interactions in 8-FAPDbI3 is observed.
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Figure 2.11. Solid-state 2D *H-H DQ-SQ correlation NMR spectra of (a) cubic a—FAPDbIs, (b)
partially transformed o|3—FAPbIs, and (c) —FAPbIl; materials acquired at 21 T (*H, 900.2 MHz)
and at 50 kHz MAS frequency. Signals corresponding to —CH and —NH> are color-coded as

depicted in the figure inset of (a).
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Analysis of 2D 'H-'H spin-diffusion NMR provides further insight into the spatial
distribution of a— and 8—-FAPbls phases. In a 2D 'H spin diffusion experiment, the 'H
magnetization is allowed to exchange between dipole-dipole coupled H-'H sites. At a shorter
mixing time, the magnetization exchange occurs between closely proximate protons, whereas
longer mixing times enable the magnetization exchange to occur between the distant proton sites
mediated through a network of dipolar coupled protons. It is noteworthy that these experiments
extend the ssNMR length scales from sub-nanometer to up to a few hundreds of nanometers in
rigid systems. Figure 2.12 shows the 2D 'H-'H spin-diffusion NMR spectra of a-FAPbIs, oS
FAPDIs, and §-FAPbI3 with 1 ms and 200 ms. In a 2D *H-H spin-diffusion spectra acquired with
mix = 1 ms (Figure 2.12a-c), only diagonal peaks are observed that are identical to the signals in
the 1D *H NMR spectrum, meaning this mixing time is not sufficient to allow magnetization
exchange between the different proton sites to occur in FAPbIs. In the 2D spectra acquired with
tmix = 200 ms, off-diagonal peaks have emerged, which evidence the exchange of magnetization
between different proton sites. The off-diagonal peaks in Figure 2.12d-f are attributable to spin
magnetization exchange between —CH and —(NH>). sites in FA* cations within the a—FAPbIz and
within the 6—FAPbI3 phase. However, the off-diagonal peaks between —CH (a-FAPbI3) and —-CH
(6-FAPDI3) are not detected even at longer mixing times (Figure 2.12e, tmix = 200 ms), indicating
that there is no H spin magnetization exchange between FA* cations in the black and yellow
phases. These results corroborate the *H DQ-SQ measurements that showed heterogeneous
interfaces between the black and yellow regions of FAPbIz upon exposure to moisture. These
results further suggest that the plausible flexible, heterogenous, liquid-like interface between the
black and yellow phase at the grain or sub-grain boundaries caused by surface wetting leads to a
(pseudo)first-order reaction kinetics rather than a solid-to-solid transformation.”? This calls for

the need for investigation of the dynamic behavior of organic cations in the o|6-FAPbI3 phase.

Site-specific dynamics of organic cations have been previously studied by ssNMR and
other complementary techniques.*3737" This study employs ?H NMR spectroscopy lineshape
analysis and quadrupolar splitting to gain insight into the dynamics aspects of the FA™ cations,
such as fast and slow reorientational motions, which occur at much faster timescales (fs-ps)
compared to the *H«2H isotopic exchange process that occurs at much slower time scales

seconds to several hours.”®"
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Figure 2.12. Solid-state 2D *H-!H spin-diffusion NMR spectra of (a,d) fresh and aged (b,c,e,f)
FAPDbI; materials acquired at 21 T (*H 900.2 MHz) with 50 kHz MAS. Signals corresponding to
—CH and —NHz sites are color-coded as depicted in the figure inset of (a). (a-c) are acquired with

1 ms of mixing time, and (d-f) are acquired with 200 ms of spin diffusion time.

An in situ deuteration strategy was employed that enabled deuteration of FA™ cations
during the phase transformation. The deuteration of FA* cations in a-FAPbI; was achieved by
placing it in a dark humidity chamber at ambient temperature along with a saturated solution of
KCI in D20. Labile hydrogen atoms of NH2 groups in FA cations exchange with deuterium sites
in partially transformed a-FAPbIs. Insight into the dynamics of FA™ cations in perovskite and
non-perovskite phases was then obtained by analyzing ?H NMR spectra of fresh and aged
FAPDbI; materials (Figure 2.13), whereby ?H lineshape is sensitive to the local mobility and
dynamic nature of the local ND> groups in black and yellow phases, and surface adsorbed D,O

molecules.80-82
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Figure 2.13. Solid-state static 1D ?H NMR spectra of FAPbls acquired at room temperature as a
function of exposure time to DO vapor (85% RH) together with the 1D ?H NMR spectrum of
liquid D20 acquired under the same conditions. A static 2H NMR spectrum of control —FAPbls
material obtained after exposure to D2O for 48h is acquired and compared. All spectra were

acquired at 18.8 T (?H = 122.8 MHz) and at room temperature.

The 1D 2H spectrum of FAPbI3 treated with D20 (6 h, 85% RH) shows a peak at ~7.4 ppm
corresponding to ND: sites in the black phase of FA* cations as well as a minuscule
concentration of D-O molecules ingress at the grain boundaries, both of these undergo fast re-
orientational motions at the NMR time scales leading to a narrow signal. To test this, a 2H
spectrum of liquid D,O was acquired and compared, which showed a narrow signal at ~4.8 ppm
due to the fast reorientational motion of D.O molecules. A particularly interesting feature is that

the same material after exposure to DO for 20 h displays different quadrupolar splittings
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(detected at much higher intensities for the FAPDbIz after 68h exposure to D»O), which are
simulated to obtain the quadrupolar constants (Cgq) of 53 and 81 kHz. This is in accord with the
2H NMR spectra of the control sample: a neat 3-FAPDbI; material after exposure to D20 displays
identical lineshape and quadrupolar splitting. It can be reasoned that these two different
quadrupolar splittings correspond to relatively slow re-orientational motion of ND; sites of FA*
cations in the yellow phase; one that corresponds to ND: sites facing toward the face-shared lead
octahedra at the organic-inorganic interfaces, and the other corresponds to the ND; sites at the
organic-organic (FA"/FA™) interface in between the chain-like lead octahedra.This suggests that
the phase transformation occurs at the grain boundaries of the black phase triggered by the D,O
ingression that transforms into the yellow phase, whereby the trapped water molecules (if any)
and FA™ cations in the black FAPbIs particles at sub-surface layers undergo relatively fast
reorientational motion than the NMR timescales and are likely to exhibit a flexible “liquid-like”

interface. This is also consistent with the first-order reaction kinetics.

The degree of deuteration in the converted 6—FAPDbI3 phase can be estimated based on the
quantitative 1D H NMR analysis. Upon exposure to D0, the «|5—FAPbIz phase forms as
shown in 1D 'H NMR spectra (Figure 2.14). Starting from the fresh a-FAPDbI3, a 20 h of
exposure to moisture (D20) yields nearly 39 % of deuterated FA™ cations, and prolonged
exposure of about 68 h leads to 69 % of the FA" cations deuterated, and the signals
corresponding to S—FAPbI; are well-resolved. Signal deconvolution of the 1D H NMR
spectrum can provide insights into the level of deuteration. Knowing the chemical shift from 1D
!H and 2D 'H-'H NMR experiments corresponding to distinct sites in a— and —FAPbIs, signal
deconvolution is more reliable. Each of the spectra in Figure 2.14 was deconvoluted to estimate

the extent of deuteration as a function of moisture exposure (D20) time.
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Figure 2.14. 1D 'H MAS NMR spectra indicate the o~ FAPbIs transformation upon exposure
to D.O at 85% RH. Signal intensity loss associated with NH: sites (7-8 ppm) indicates the on-
the-fly deuteration of NH; sites of FA™ cations.

2.4. The role of halide ions in the stability of FAPbX3

In contrast to FAPbIs, FAPbBr3 exhibits enhanced moisture stability for several weeks, as
revealed by combined XRD and ssNMR analysis. The experimental and simulated XRD powder
patterns, shown in Figure 2.15, indicate the phase purity in bulk. The formability and stability of
hybrid perovskites depend on the Goldschmidt tolerance factor (t), with t values between 0.80
and 1.00 favoring the formation of cubic perovskite structures: FAPbIs and FAPbBr3 exhibited t
values of ~0.88 and ~0.90, leading to different phase stabilities.385 A theoretical study
corroborates that the FAPbBrs shows a greater extent of hydrogen bonding interactions than
FAPDI3.%
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Figure 2.15. Powder X-ray diffraction patterns of experimental and simulated FAPbBrs.

The high field 'H MAS NMR data of FAPblz and FAPbBr; confirms this trend: for
FAPbBr3, the H peaks are observed at higher frequencies (Figure 2.16 NH, and CH peaks at 7.7
and 8.3 ppm), indicating stronger hydrogen bonding interactions than the a-FAPbI;3 that displays
peaks at lower frequencies (NH, and CH peaks at 7.4 and 8.1 ppm). 1D 2°Pb MAS spectrum
(Figure 2.16a) of fresh FAPbBr3 shows a 2%’Pb signal centered at ~551 ppm, corresponding to Pb
atoms in a cubic phase,®” and this signal after exposure to moisture (85% RH, 7 days) retained its
position, suggesting that the moisture has little impact on the local structures of lead octahedra.
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Figure 2.16. 1D (a) 2°’Pb and (b) *H NMR spectra of fresh and aged (7 days, 85% RH) FAPbBr3
acquired at 21.1 T, 50 kHz MAS

Figure 2.17 shows the 2D !H-'H DQ-SQ correlation NMR spectra of fresh and
aged FAPbBrs. For the fresh FAPbBrs, the on-diagonal signal at 7.6 + 7.6 = 15.2 ppm
corresponds to *H-!H interactions in NH, groups of FAPbBr3 and off-diagonal *H DQ signal at
8.3 + 7.6 = 15.9 ppm is attributed to intramolecular CH<—NH. dipole-dipole interactions in the
same material. Moreover, the on-diagonal DQ signal associated with —CH sites at 8.3 + 8.3 =
16.6 ppm is observed, unlike in the case of FAPbIs, where the same signal was too weak to be
detected due to fast reorientational dynamics of FA™ cations in the cubic phase. Upon exposing
this material to moisture (85% RH, 7 days), there are no significant changes observed in the 2D
'H-'H DQ-SQ correlation NMR spectrum of FAPbBrs, as shown in Figure 2.17b. Identical 2D
'H-'H DQ-SQ spectral patterns of fresh and aged (85% RH, 7 days) powders further confirmed
the enhanced environmental stability of FAPbBrs material.

70



—_—
()]
S’

[+
o
., M;o
g
T

—14.0 —14.0 __

fresh - C g_

—14.5 —1452

C15.0 C 1505

: S

:—155 :—15.5'§

: .-

—16.0 - 16.0 G

C - 8

:—16.5 :—16.5;
"IllII|III|III|III|III|III|III_ ’;'llllllllllllllllllII|III|III_
8482807876747270 8482807876 747270
'H SQ chemical shift (ppm) 'H SQ chemical shift (ppm)

Figure 2.17. (a) Solid-state 2D H-'H DQ-SQ NMR correlation spectrum of fresh and aged (85
+ 5% RH, 7 days) FAPbBr3; acquired at 21 T (*H 900 MHz) and at 50 kHz MAS frequency. The
corresponding skyline projections are shown along the top *H SQ horizontal and *H DQ vertical
axes, respectively. Correlated signal intensities originating from dipolar-coupled *H-H pairs are

depicted by colored circles.

Figure 2.18a compares the static 1D ?°H NMR, and *H MAS NMR spectra of FAPbBr3
acquired after exposing the material to D2O vapor for a period of 48 h. The 1D static 2H NMR
spectrum (Figure 2.18a) shows a signal centered at 7.7 ppm attributed to the -ND: sites in
FAPbBrs, while the 2H MAS NMR spectrum displays a narrow signal as the anisotropic
contributions are averaged out, leading to an accurate measurement of the isotropic ?H NMR
chemical shift. Deconvolution analysis of the 1D *H MAS NMR spectrum (Figure 2.18b) has
been used to determine the extent of deuteration. The extent of deuteration was examined by
measuring and comparing the peak integral values for NH. and CH sites of FA" cations. Based
on this analysis, it is estimated that 33% of -NH: sites of FAPbBrz are deuterated upon exposure
to D20 for 48h.
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Figure 2.18. Solid-state 1D (a) ?H NMR spectra recorded under static (bottom) and MAS (top)
conditions, and (b) *H MAS NMR spectra of FAPbBr3 acquired after exposure to DO for 48 h
(top) and its line shape deconvolution analysis (bottom), suggesting 33% of deuteration of NH»

sites.

2.5. Instability in FA-rich formulations

Compositional engineering with regards to molecular /atomic size (hence, the tolerance
factor) and their physical properties. It is of particular interest to understand the moisture
stability of extensively explored FA-rich formulations such as Cspos5(MAo.17FA0.83)0.95
Pb(Bro.1710.83)3 (CSMAFA), which is among the most efficient formulation for high-performing
single-junction PSCs® as well as tandem architecture with silicon with certified PCE of over
29%.%° The introduction of Cs* and MA" cations is expected to bring the tolerance factor value to

a favorable range to form a corner-sharing structure.
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Figure 2.19. Solid-state 1D MAS NMR spectra of CsSMAFA acquired at 18.8 T, room
temperature: (a) *3Cs (b) 'H MAS NMR spectra before and after exposure to moisture at 85%
RH. The black and magenta vertical bands indicate the Cs ions associated with perovskite and

non-perovskite phases.

A handful of studies have investigated the A-site cation distribution in this formulation, in
particular Cs* ions. NMR spectroscopy is a suitable probe to investigate the moisture stability
and the different distributions of Cs* ions. Due to high sensitivity (100% natural abundance),
spin | = 7/2 that exhibits quadrupolar interactions and sufficiently large chemical shift dispersion,
133Cs is an excellent probe to understand local structures in the Cs-based perovskites. Here, *3Cs
and !H sites are examined to unravel the role of moisture on the morphology and stability of
CsMAFA thin film before and after exposure to moisture. For the pristine CSMAFA, the *3Cs
signal at ~30 ppm is ascribed to the Cs* in the CsMAFA perovskite framework, as shown in
Figure 2.19a. The signal is displaced from the shifts reported in the literature due to variations in
the local chemical environment in terms of neighboring halide and organic cation.®® For
moisture-exposed CSMAFA (85% RH for ~7 days), *3Cs MAS NMR spectrum exhibits a
distribution of peaks centered at 286 ppm, which can be attributed to the extra framework Cs*

cations due to the formation of Cs-based inorganic salts as plausible byproducts.®
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Figure 2.20. *3Cs NMR spectrum of CsPb,Brxls—x acquired at 18.8 T and room temperature.

To confirm this, the **3Cs spectra for CsPb2Br«ls.«x (X = 1-5) were acquired and compared,
which exhibit peaks in the range of 200-300 ppm (Figure 2.20). This suggests that the Cs cations
migrate, at least in part, from the perovskite framework to form non-perovskite phases. The
precise chemical nature of these byproducts is difficult to establish due to dilute concertation and
the compositional and structural heterogeneity, as evidenced by the broad distribution of *3Cs
chemical shifts. It is of particular interest to understand the chemical nature of MA™ and FA*
cations in CSMAFA before and after exposure to moisture. 1D *H NMR was utilized to
investigate the local environment of organic cations. For the pristine CSMAFA (Figure 2.19b),
the methyl and ammonium proton of MA* is observed at 3.4 and 6.3 ppm, respectively, while the
ammonium and methylene protons of FA* are observed at 7.4 and 8.2 ppm, respectively. Upon
aging at 85% RH, 1D 'H NMR exhibited identical signals for MA* and FA" cations, but line
narrowing is observed, which can be reasoned to the local ordering of organic cations as some of

the Cs™ cations leave the perovskite framework.

Similar to the moisture-induced degradation of single cation/anion perovskite thin films,

the water vapor concentration played a significant role in the stability of the CsSMAFA thin film.
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Upon exposing the CSMAFA material at 40% RH for one year, an additional ***Cs signal is
observed at 278 ppm (Figure 2.21a), which is attributable to the formation of non-perovskite
inorganic Cs salts — identical to those observed in the case of aged CSMAFA at 85% RH but at a
much slower rate. Likewise, the 1D *H NMR experiments of CSMAFA (aged at 40% RH for up
to a year) showed identical results (Figure 2.21b). These results conclude that some of the Cs*
cations remain in the perovskite framework, and the other tends to migrate out to form the non-

perovskite structure even in the presence of a low concentration of water molecules.

(a) (b)  a A
NHzl
® 12 months
®8 months
» Fresh
||||||||||||||||||||IIII|II ||I||II|III|III|III|III cl)

400 300 200 100 O -10012 10 8 6 4 2 0
133Cs shift (ppm) 'H chemical shift (ppm)

Figure 2.21. Solid-state 1D MAS NMR spectra of CsMAFA acquired at 18.8 T, room
temperature: (a) *3Cs (b) 'H MAS NMR spectra before and after exposure to moisture at 40%
RH. The black and magenta vertical bands indicate the Cs ions associated with perovskite and

non-perovskite phases.
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Figure 2.22. Solid-state 2D *H-'H SD NMR spectrum of CSMAFA acquired with 500 ms mixing
time for (a) pristine and after exposure to moisture for (b) 167 h at 85% RH and (c) 1 year at

40% RH. Peaks correspond to MA*, and FA" cations are color-coded as depicted in the boxes.

To probe the interactions between the A-site organic cations such as MA* and FA™ in the
fresh and moisture-exposed CsSMAFA, 2D H-H SD spectra acquired at 500 ms of mixing time
(Figure 2.22) were analyzed. The 2D peaks depicted in the blue-shaded rectangle (3.4-6.6 ppm)
correspond to MA" cations, and the 2D peaks in the green-shaded rectangle (7.4-8.6 ppm)
correspond to the FA™ moieties, respectively. Specifically, the 2D peaks highlighted in the
orange-shaded rectangle indicate the intermolecular dipolar interactions between the MA* and
FA* protons. For the aged CSMAFA, the 2D *H-'H SD spectrum (Figure 2.22b) showed identical
cross-peaks but with less intensity suggesting the subtle structure rearrangement and
reorganization of MA™ and FA™ cations after exposure to moisture (for 167h (~7 days) at 85%
RH). It has been shown that the driving force for such structural reorganization or local
clustering of organic cations leads to its increased dynamical freedom lowering the free energy
of the mixed-cation system.*® However, the 2D SD spectrum acquired after exposure to moisture
for 1 year aged at 40% RH leads to the relatively high-intensity cross-peaks (Figure 2.22c),
further corroborating that the water molecules play important in the degradation kinetics of
CsMAFA thin films. Interestingly, the moisture-aged CsMAFA thin film did not show the
signatures corresponding to MAI or 3-FAPbIs, irrespective of the aging conditions. This result is

intriguing and calls for further investigation of organic cation stability in CSMAFA formulation.
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2.6. Instability in formamidinium-based lead halide perovskite: Key learnings from ssNMR

Understanding transformative and reconstructive reactions of hybrid perovskites is a
crucially important factor in developing environmentally stable perovskite-based optoelectronic
devices. Multiscale characterization using sSNMR in conjunction with XRD and PL allows one
to examine the perovskite degradation/transformation at different length scales. In particular, the
kinetics of a—d FAPDI3 reaction as functions of water vapor concentration, pafrticle size, and
light illumination is presented, along with the chemical nature of the a|6-FAPDbI3 phase is studied
using high-field NMR. These results indicate that the cubic phase of FAPDIs is kinetically stable,
whilst the cubic phase of FAPbBr3 is thermodynamically stable at ambient temperatures with a
wide range of humidity levels and exposure times. The half-lives of a-FAPbIs, intra-grain
morphology, and chemical nature of intermediate species characterized at different length scales
provide rich mechanistic insights. The key takeaway from this study is that the ambient stability
of the black FAPbIs phase strongly depends on the external stimuli and kinetics of degradation
reactions at the grain and sub-grain boundaries; a combination of these effects leads to a
variation of the transformation time from days to several months or even a year. The reaction
process that enables the transformation from the black phase to the yellow phase involves the
surface-initiated local dissolution and precipitation mechanism, with water being the solvent.
The synergy of multiscale characterization techniques that are complementary with respect to
each other and on-the-fly deuteration of organic cations demonstrated in this study is likely to be
an essential feature of the strategies to understand the transformative reactions in hybrid halide
perovskites and develop interfacial engineering strategies in the future. The long-term moisture
stability of FA-rich CSMAFA thin film was also examined to realize that exposure to moisture
leads to partial elimination of Cs™ cations, but organic cations tend to preserve the perovskite
structure even after exposure to moisture for over a year. This study also suggests that the single
crystal FAPblz and FA-rich materials provide a path forward for stable and efficient

optoelectronics.
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Chapter 3- Probing moisture-induced degradation
reactions in methylammonium-based perovskites

3.1. Methylammonium lead iodide (MAPbI3) for photovoltaic applications

As mentioned in Chapter 1, the application of MAPbDI3 perovskites for photovoltaic devices
has begun in 2009 by Miyasaka et al., who incorporated this material in the dye-sensitized solar
cell (DSSC) as visible light sensitizer.> Having the tolerance factor, t = 0.91 and an octahedral
factor, u = 0.47 (see equations 1.1 and 1.2), the cubic structure of MAPDI3 is expected to be
stable.?3 Favorable bandgap and high charge carrier mobility associated with this material make
it suitable for the development of high-performing solar cells.*® Today, MA is among the key
components of the complex solid formulations used in high-performing perovskite solar cells.” 3
The phase stability of MAPDI3 has been investigated in greater detail.!*!> The cubic MAPbI3
phase is stable at high temperatures (T > 327 K), and there exist two phases that are stable at
lower temperatures, namely the orthorhombic phase (T < 165 K) and the tetragonal phase (165
K< T < 327 K). Thermal phase transitions induce Pble octahedral tilting (Figure 3.1), resulting in

these tetragonal and orthorhombic phases.

The soft ionic lattice of MAPDIs is sensitive to external stimuli such as moisture,
temperature, and light, leading to swift degradation of the perovskites.®-!8 Efforts to address the
environmental stability of these materials are at the forefront today.’® Among the other external
factors that influence stability, exposure to moisture drastically reduces solar cell performance by
catalyzing water vapor-assisted transformative reactions. In this regard, a few protocols have
been proposed to examine the moisture-induced degradation of hybrid perovskites at (i) low
relative humidity (< 40% RH) and (ii) high relative humidity (>70% RH) in the air, in order to

assess the environmental stability of solar cell modules.?%:2
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Figure 3.1. Orthorhombic, tetragonal, and cubic crystal structures of methylammonium lead

iodide.

In attempting to address the stability issues, studies over the last decade have introduced
several interfacial engineering and passivation techniques.”??3" For example, defect passivation
enabled by the introduction of dilute concentrations of small-molecule additives into the
perovskite precursor solution during the film deposition leads to defect passivation (Section 1.4)
of perovskite grains.?®% Passivation of point defects in MAPbIls and mixed-cation formulations
has been used in conjunction with interfacial engineering of perovskite-contact layers to suppress
non-radiative charge carrier recombination, enabling high stability and PCE of about
24%.7:283%40 A wide variety of supramolecular chemistry approaches and molecular modulators
have been proposed and employed to achieve defect passivation and environmental stability in
perovskite solar cells.?®* For example, tetrapropylammonium cation (TPA") passivated MAPbI3
solar cells (non-encapsulated devices) exhibited a PCE of 18.7% with a Tgo of 250 h (i.e., device
operation time with 80% of original efficiency retained).?® Methylammonium containing mixed-
cation/anion composition passivated with thiophene-based ligands allows PCE values of over
24% with enhanced stability (Tso~ 3570 h).” The outdoor operational stability of perovskite solar
cells has been widely studied by tracking the device physics and optoelectronic properties as
functions of light, temperature, and moisture, however, a detailed analysis of the structural
factors that contribute to the degradation/transformation reactions in different layers and
interfaces between them is lacking. To this end, understanding of the thin-film morphology,

microstructure, and intermolecular interactions between the passivating agents and perovskite
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grains at the atomic-scale resolution is crucially important to develop interfacial engineering

strategies and novel passivation ligands.

Various analytical techniques have been used to probe the instability of
methylammonium and other organic-cation-based perovskites, including X-ray diffraction
(XRD), thermogravimetry, mass spectrometry, optical or electron microscopy, sSNMR
spectroscopy and the associated theoretical calculations.*>*® Only a handful of studies have used
atomic-scale characterization techniques to examine the different degradation products and their
Kinetic pathways, specifically for assessing the long-term stability of several months,1%4548-52
For the ordered regions of these device stacks, XRD studies can provide information on the
crystallinity and morphology, which can be directly assessed by examining the thin film
deposited on a glass substrate. However, the heterogeneous interfaces between crystalline
perovskites and organic passivating agents are difficult probe by long-range techniques. In
particular, examining the degradation pathways by means of organic A-site cations and
passivating ligands is less straightforward by using XRD techniques.®® Additional layer of
complexity appears from the limitations associated with the spatial and temporal resolution of
analytical techniques to probe the accurate chemical nature of intermediates, short-lived species
at minuscule concentrations, and cascade degradation pathways. Nonetheless, the role of
moisture on the thin film morphology, grain size, and long-range structural order can be obtained
by electron microscopy and X-ray diffraction (XRD) techniques.>* Owing to its complementary
length scale and ability to probe atomic-level interactions, sSNMR spectroscopy has been
increasingly used to characterize photo absorbers and contact layers and the interfaces between
them.>*55-"1 Although ssSNMR techniques can be used to study the short-range structures,
relatively low sample masses present in thin films (of the order of milligram) further limit the
application of this technique to characterize the interfaces in device stacks or surface passivated
perovskite thin films.53%° To this end, this Chapter illustrate how ssSNMR techniques facilitates
the changes in local structures and intermolecular interactions in perovskite thin films (obtained

by scratching thin films deposited on glass substrates) to be elucidated and distinguished.

Year-long moisture-induced degradation reactions in MAPbIs and defect-passivated
MAPDI3z thin films were examined at complementary length scales using XRD and ssNMR
techniques. The reaction kinetics of cascade reactions and the associated degradation products

are analyzed and compared. Specifically, the role of water vapor concentration in the air (40%
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RH and 85% RH) on the instability of these materials are accessed. The evolution of metastable
species, interconversions between them, and the formation of different inorganic/organic
byproducts are systematically characterized by XRD and 1D/2D ssNMR spectroscopy
techniques. In addition, an overview of the different degradation reactions in MA, FA, and Cs-
based perovskites and their cation/anion alloys characterized in the study are compared with the

degradation products reported in the literature studies.

3.2. Probing moisture-induced degradation reactions in methylammonium lead iodide

In order to probe the changes in crystallinity and short-range structures before and after
exposure to moisture at 85% RH in the air, a combination of X-ray diffraction techniques and

sSNMR spectroscopy techniques was applied.
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Figure 3.2. XRD patterns of MAPDbIz before and after exposure to moisture (85% RH) for
different durations as indicated. The peaks are labeled corresponding to Bragg planes of MAPbI3
(black), MAPDI3.H20 (green), and Pbl (red), along with the schematic structure of MAPDI3 in

the inset.

First, the changes in the long-range crystallinity to identify the intermediate species and
final byproducts by analyzing the XRD patterns are discussed (Figure 3.2). In the XRD patterns
of the fresh material, peaks at 14.1°, 20.0°, 23.4°, 24.4°, 28.4°, and 31.8° correspond to (110),
(200), (211), (202), (220), and (310) diffraction planes of the tetragonal structure of the MAPDbI3

perovskite (space group: 14/mcm). Upon exposure to moisture for 48 h, reflections at 8.1°, 10.5°,
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and 12.6° corresponding to the (001) and (-101) planes of MAPDbI3.H2O and (001) plane of
Pbl,, respectively, are observed, consistently with the previous observations.*®’2 While these
results confirm the formation of crystalline hydrate and inorganic Pbl,, the organic degradation
products such as methyl ammonium iodide, are not detected in XRD, indicating the limitations of

this technique.
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Figure 3.3. Experimental and simulated 1D *H MAS NMR spectra of MAPbI; before and after
exposure to moisture (85% RH). The spectra were simulated as the sum of the signals of four
species: MAPbIs (black), MAPbI3.H20 (green), MAI (magenta) exhibiting signals of NHs™ and
CHsz groups, and H2O (turquoise). The integrated intensities of the simulated spectra are
indicated in Table 3.1. All spectra were acquired at 18.8 T and room temperature.

Solid-state 1D *H NMR spectrum of the fresh MAPDIs (Figure 3.3) exhibits two signals
at 6.4 and 3.4 ppm attributed to NHs" and CHs groups of methylammonium cation. In agreement
with the degradation pathway determined from XRD, upon exposure to moisture for 17 h, subtle
differences in the line shapes of NHs" and CHj3 signals are observed, which could be attributable
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to MAPbIs.H,O (Figure 3.4).%8 Intriguingly, the observation of low-intensity signals at 3.0 and
7.6 ppm indicate the formation of trace amounts of methyl ammonium iodide (MAI). To
corroborate this analysis, a *H NMR spectrum of pristine MAI is acquired and compared (Figure
3.5). The integrated intensities of simulated 'H spectra enable the relative molar fractions of
pristine MAPDI3, MAPDI3 hydrate, and MAI to be estimated, which are 60%, 32%, and 8%,
respectively after 17 h (Table 3.1). Further exposure to moisture at 85% RH increases MAI
formation, as seen from the higher-intensity peaks at 3.0 and 7.6 ppm. MAI molar fraction has
increased from 8% to 47% after 34 h and 65% after 45 h. Moreover, after 34 h, an additional
broad peak at ~4.0 ppm emerged, which could be hypothesized to originate from MAPDI3
hydrate and/or surface-adsorbed water molecules. These observations are strikingly important to
understand the degradation pathways as well as reaction kinetics catalyzed by water molecules in
the vapor. While the detailed understanding of the kinetic aspects of the cascade degradation of
reactions requires more data to be acquired and analyzed, the XRD and NMR spectra acquired at
different intervals of moisture exposure times enable the half-lives of MAPDI3 particles to be
estimated. Approximately half of the MAPDI3 transformed into MAPbIs hydrates or Pblo/MAI,
as revealed by the combined XRD and NMR study, leading to the half-life decay of the pristine
MAPbI3z films estimated to be in the range of 10-20 h. However, the rest of the degradation
reactions occur at relatively slower rates leading to the complete transformation of MAPbI3 to its
degraded products in a few days. For example, approximately 6% of MAPDI3 still remained after
exposure to moisture for two days. It is consistent with a previous study (Chapter 2), whereby the
kinetics of transformative reactions occurs at different rates in hybrid perovskites with different
half-lives of the photo absorbers. The rate at which the degradation occurs strongly depends on
the concentration of water molecules in the vapor. To test this, the moisture-induced degradation
reaction in the MAPDI; after exposure to 40% RH was studied using *H NMR spectroscopy.
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Table 3.1. The integrated intensities associated with different phases obtained from the line
shape deconvolution of the 1D *H NMR spectrum in Figure 3.3.

Moisture 'H peak integrated intensities of different phases
exposure
time MAPDI3 MAPDI3.H.O MAI H20
Oh 100% - - -
17h 60% 32% 8% -
34h 22% 12% 47% 19%
45h 6% 2% 65% 26%

17 h
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Figure 3.4. (a) 2D *H-'H DQ-SQ and (b) 2D *H-!H spin diffusion spectra of fresh MAPDbI3
(blue) and exposed to moisture (red) during 17 h at 85% RH acquired at 18.8 T.

'H 84, (ppm)

91



III|IIINIIII]II'III'IIIIIII
12 10 8 6 4 2 0 =2
"H chemical shift (ppm)

Figure 3.5. 1D *H MAS NMR spectrum of MAI acquired at 18.8 T, with peaks depicting CHs
and NHs moieties.

Figure 3.6 presents 1D *H MAS NMR spectra of MAPbI3 after exposure to moisture at
40% RH, which showed subtle changes in the resonant frequencies within the linewidth of the
signal. Unlike 85% RH, for which MAI was detected after 34 h, there are no spectral features
corresponding to MAI even after exposure to moisture at 40% RH for up to a year. However,
subtle changes in the peak positions A8 (*H)= 157 Hz (within the *H linewidths) are observed,
which is hypothesized to originate from the equilibrium between the MAPDIz and
MAPbDI3.H20.*® The formation of MAPbIs hydrate has previously been studied using XRD
techniques.*®"® In addition, the 2D 'H-'H correlation spectroscopy resolves the different H
chemical shifts hidden in the line widths, as shown in Figure 3.4, indicating the formation of two
different MAPbDI; phases.*® Based on these experimental results, the 1D *H NMR spectrum is
deconvoluted into two separate signals corresponding to MAPbI3.H>O and MAPDI3 species. It is
noteworthy that accurate kinetics studies of the cascade degradation reactions require the
acquisition of XRD and NMR spectra more frequently (i.e., improving temporal resolution) in
order to construct kinetics plots from which the order of the reactions can be extracted.>? In
addition, the reaction kinetics and the half-lives of the reactants depend on the concentration of

water molecules.
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Figure 3.6. Solid-state 1D *H NMR spectra of MAPbI; after exposure to moisture at 40% RH
during duration indicated on the right side of the spectra. All spectra were acquired at 18.8 T and

room temperature.

To resolve the *H peaks corresponding to the different degradation products, 2D H-H
correlation NMR experiments were carried out. Given the low sample mass (approximately ~5
milligrams of powder obtained by scratching the thin films) and longer spin-lattice relaxation
delays of up to 20 seconds associated with these materials, the 2D correlation experiments
require longer acquisition times of the order several hours, which limits the temporal resolution
of 2D NMR to examine reaction kinetics. Nonetheless, 2D spectra of these materials before and
after moisture exposure were acquired and compared to identify the peaks corresponding to the
different degradation products and their local structures. First, 2D H-H spin-diffusion (SD)
spectra of fresh and aged MAPDbI3 material is discussed. As explained in Chapters 1 and 2, in a
2D SD experiment, spin magnetization exchange occurs between the dipolar coupled protons in
sub-nanometer to nanometer distances, yielding the off-diagonal peaks. In the 2D *H-'H SD
spectrum of fresh MAPbIs (Figure 3.7), the off-diagonal peaks between 3.4 and 6.4 ppm indicate
the magnetization exchange between the methyl and ammonium protons, as highlighted by the

grey rectangle. Upon aging (17 h, 85% RH), the off-diagonal peaks corresponding to the
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MAPbIs hydrate phase is observed, as indicated by the green-shaded rectangle. Upon further
aging MAPbI; material (85% RH, 34 h, 45 h), the *H-'H spin-diffusion spectrum (Figure 3.7¢,d)
displays diagonal and cross peaks corresponding to the MAPDI3z (grey box) and its hydrate(s)
(green box), as well the peaks at 7.5 and 3.0 ppm associated with the ammonium and methyl
groups of MAI (magenta), respectively. The absence of cross-peaks between the MAPbI3; and
MAI moieties (red circles) indicates that these moieties are not distributed in close proximities,
indicating that the byproducts and MAPDI3 exist as different domains, including the formation of
of MAPbDI; hydrate. This is also reflected in the broadening of MA™ peaks.
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Figure 3.7. 2D H-H spin-diffusion spectra of MAPDbIs: (a) fresh and (b-d) exposed to moisture
(85% RH) during (b) 17 h, (c) 34 h and (d) 45 h, acquired at 18.8 T. The signals corresponding to

different phases (i, ii, and iii) are color-coded, as depicted in Figure 3.2.
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Next, 2D H-'H double-quantum-single-quantum (DQ-SQ) correlation experiments are
described. As explained in Chapters 1 and 2, the DQ peaks can be excited for *H-'H spin pairs (<
5 A) and are detected at the sum of SQ frequencies along the indirect (vertical) dimension of the
2D DQ-SQ correlation spectrum. In the 2D 'H-H DQ-SQ spectrum of fresh MAPDbIs (Figure
3.8), the on-diagonal DQ peak at 3.4 + 3.4 = 6.8 ppm and 6.4 + 6.4 = 12.8 ppm corresponds to
'H sites in the methyl and ammonium groups of MA" cations, respectively. The off-diagonal DQ
peak at 3.4 + 6.4 = 9.8 ppm along the indirect dimension is due to intramolecular *H-*H dipolar

interactions between methyl protons and ammonium protons.
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Figure 3.8. 2D H-'H DQ-SQ correlation NMR spectra of MAPbIs thin film acquired (a) before
and (b) after exposure to 45 h moisture (85% RH).Gray arrow indicating distortions in the CH3
peak corresponding to the formation of MAPbI3 hydrate.

The DQ-SQ spectrum (Figure 3.8b) of the aged (45 h, 85% RH) MAPbIz material shows
peaks that are akin to what is observed in MAPbIs, though subtle distortions in the CHs peak
(gray arrow) indicate the formation of MAPbIs hydrate. Interestingly, 2D peaks for MAI are
undetected, which could be reasoned to the microscopically distant distribution of MAI. This
analysis further indicates that the water vapor concentration has a detrimental role on the
degradation kinetics as well the types and concentrations of the different byproducts. To confirm
this, similar experiments and analyses were carried out after exposure to MAPbI3 for over a year

at a relatively low water vapor concentration (40% RH).
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The 2D 'H-'H SD and DQ-SQ spectra of aged (40% RH, 1 year) MAPbIs (Figure 3.9) do
not display the peaks corresponding to MAI, consistently with the analysis of 1D 'H NMR
spectra presented above (Figure 3.6). However, a broadening of the diagonal and cross peaks is
observed, which can be reasoned to the formation of MAPbI; hydrate phase.”? Key learning from
this study is that the combination of XRD and ssNMR study allows the moisture-induced
degradation of organic cations and inorganic species to be identified and distinguished. Based on
these findings, it can be reasoned that at relatively high concentrations of water vapor (85% RH),
the equilibrium shifts towards the formation of byproducts, but at the low concentration of water
molecules, the equilibrium is retained between MAPDbIz and MAPDI3.H20O, inhibiting the
formation of MAI, enabling the materials to be stable for several months. The observed long-
term stability of MAPDI3 at a low concentration of water vapor (RH <40%) is consistent with
the study by Wang et al., which showed the performance of the PSC device (with Ag/spiro-
OMeTAD/MAPDI3/TiO2/FTO/glass architecture) is not significantly affected even after storing
the material at 40% RH for 100 days.”
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Figure 3.9. Solid-state 2D H-H (a) spin-diffusion and (b) DQ-SQ MAS NMR spectra of aged
(1 year, 40% RH) MAPbDIs acquired at 18.8 T, room temperature. The signals corresponding to

different phases (i and ii) are color-coded, as depicted in Figure 3.2.
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3.3. Defect-passivated methylammonium lead iodide and its moisture stability

The longevity of MAPDIs thin films can be enhanced, at least in part, by passivating grain
boundaries using organic cations. For example, the addition of a Lewis base
tetrapropylammonium iodide (TPAI) (*H spectrum in Figure 3.10) at a minuscule concentration
(2-4 mol%) in conjunction with an excess of Pbl> (9 mol%) enhances the stability of MAPDI3-
based solar cells as well as reduces non-radiative energy losses by passivation of the surface
defects through TPA™ and the formation of low-dimensional TPAPbsly within the grain
boundaries.? It is of particular interest to understand how the passivating agents impact the
kinetics of degradation reactions in MAPDbIz thin films. To examine the role of surface
passivation on MAPbI; degradation, the X-ray diffractograms and 1D/2D *H NMR spectra of
MAPDI3 treated with 4 mol.% of TPA passivating agent before and after the exposure to
moisture at 85% RH were acquired and compared. In the XRD plot (Figure 3.11), the fresh
material exhibits peaks at 14.1°, 20.0°, 23.4°, 24.4°, 28.4°, and 31.8° which can be attributed to
the (110), (200), (211), (202), (220), and (310) diffraction planes of the modified MAPbI3
perovskite. The lattice cell parameters are similar to MAPDbIz: a = 9.002(2) A, ¢ = 12.937(2) A,
and a cell volume V = 1048.4(2) A3, suggesting that the addition of TPA* does not lead to

MAPDI; lattice expansion/contraction.?
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Figure 3.10. 1D *H NMR spectrum of TPAI acquired at 18.8 T, with MAS frequency of 58 kHz

along with its structure.

To examine the influence of defect passivation on the moisture stability of MAPDbIs

perovskite, TPA*-passivated MAPbI3 thin films were exposed to 85% RH. Upon exposure to
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moisture at 85% RH for over 2 days, new diffraction peaks at 10.5° and 12.6° corresponding to
(-101) and (001) planes of MAPbI3.H20 and Pblz have emerged, respectively. In addition, traces
of the TPAPbslg phase may exist, which are formed only when excess of Pbl; is added during the
synthesis of MAPDbI3. TPA.2° This peak intensity increases as a function of moisture-exposure
time. Interestingly, the intensity corresponds to the (—101) plane of MAPbI3.H20 in aged (72h,
85% RH) MAPDI3.TPA (4 mol.% TPA) is less-intense compared to the same reflection in aged
(72h, 85% RH) MAPDI3, as depicted in Figures 3.2 and 3.11.
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Figure 3.11. XRD patterns of MAPbIs. TPA (4 mol%) before and after exposure to moisture
(85% RH) with Bragg reflections labeled for MAPbIs (black), MAPDbI3.H>O (green), and Pbl,
(red) along with the schematic of MAPDI3. TPA(4 mol.%) in the inset.

The moisture-induced degradation reactions in MAPbI3. TPA (4 mol%) probed by 1D H
MAS NMR provides complementary information on the reaction Kinetics. In the 1D *H NMR
spectrum (Figure 3.12) of fresh MAPbI3. TPA(4%), the strong intensity *H peaks at 3.5 and 6.5
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ppm are due to MA* cation in MAPbIs, and the weak intensity signals at 4.9, 1.3, and 0.9 ppm
due to the NC®H,, CPH, and CHs protons of TPA*, respectively. After exposure to moisture (85%
RH, 15h), the intensity of the *H signals associated with TPA* cation decreases, and a new peak
at 4.0 ppm emerges upon prolonged exposure. More importantly, a very weak intensity peak
centered at 7.3 ppm appeared in the *H spectrum (Figure 3.12, magnified inset) acquired after
exposure to moisture for 48 h, which can be ascribed to the -NH3" peak of MAI, akin to what is
observed in the pristine MAPDI3. Even after 72 h exposure to 85% RH, these TPA signals are
visible, and the key degradation product (MAI) is only present in a minuscule concentration
(estimated ~5% based on the weak intensity peaks). It suggests that only a small amount of
MAPbDI; is converted into MAI, conforming that the introduction of TPA* cation enhances

moisture stability and decelerates the kinetics of moisture-induced degradation reactions.
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Figure 3.12. Solid-state 1D *H MAS NMR spectra of MAPbI3. TPA (4 mol%) before and after
exposure to moisture at 85% RH acquired at 18.8 T. Grey band indicates the region (7-9 ppm,
inset) corresponding to the NHjs signal of MALL.

Much similar to pristine MAPDI3, the extent of water vapor concentration plays a crucial
role in driving the degradation pathway forward for the same MAPDbIs. TPA (4mol.%) material.
To access this, we exposed the defected passivated MAPDbIs. TPA (4mol.%) material to 40% RH
and *H NMR spectra were acquired at different time periods (Figure 3.13). While these spectra
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show no particular signatures of the peaks corresponding to the degradation products, however, a
broadening of the proton peaks for the -NCHz site of TPA™ cation is observed after 9 months of
exposure to 40% RH. More importantly, the peaks corresponding to MAI are undetected
(magnified inset) even after 1 year of exposure to 40% RH, indicating that the defect passivation
significantly improves the longevity of MAPDI3 thin films.
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Figure 3.13. Solid-state 1D 'H MAS NMR spectra of MAPDbI3. TPA (4 mol%) before and after
exposure to moisture at 40% RH during duration indicated on the right side of the spectra
acquired at 18.8 T. The inset on the left shows the expanded region (7-9 ppm) of the NH3 signal
of MAL.

Insight into the through-space proximities and intermolecular interactions between TPA™*
cations and MAPDIs in fresh and aged thin films can be obtained by analyzing 2D NMR spectra.
For fresh MAPbI3. TPA (4 mol.%), the 2D *H-'H SD spectrum acquired with 500 ms mixing time
(Figure 3.14a) displays off-diagonal peaks due to intramolecular *H-'H dipolar interactions
between methyl and ammonium proton of MA™ cations (black shaded rectangle) as well as
intermolecular *H-H dipolar interactions between MA* protons and TPA" protons (blue shaded
rectangle), corroborating the molecular-level mixing of the TPA* and MAPbI3. The cross-peaks
between CPH, and NC*H. groups of TPA" are not detected owing to the low concentration of
these cations and the distribution of TPA* cations on the MAPDbI; particles. In 2D *H-'H DQ-SQ
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NMR spectrum of fresh MAPbIs. TPA (4 mol.%) presented in Figure 3.14b, the autocorrelation
peaks at 0.9 + 0.9 = 1.8 ppm, 1.3+ 1.3 = 2.6 ppm and 4.9 + 4.9 = 9.8 ppm, stems from the short-
range proximities between protons within methyl, CPH, and -NC*H. groups of TPA",
respectively. No cross-peak between CPH, and -NC®H groups is detected owing to the low
concentration of TPA™ as well as the weaker dipolar interactions between vicinal protons
compared to those between geminal ones. Furthermore, the BaBa recoupling is affected by
dipolar truncation (the recoupling of a small dipolar coupling is severely diminished in the
presence of a third spin that is strongly coupled to one of the first two spins), and the intensity of
cross-peaks between remote protons is attenuated by the dipolar coupling with the nearest
protons.” The autocorrelation peaks at 3.5 + 3.5 = 7.0 ppm and 6.5 + 6.5 = 13.0 ppm stem from
proximities within the methyl and ammonium groups of MA™ cations. Cross-peaks between

protons of these groups are also observed.
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Figure 3.14. Solid-state 2D (a) *H-'H SD and (b) *H-'H DQ-SQ correlation NMR spectra of
pristine MAPbI3. TPA (4mol.%).

After exposure to MAPDI3. TPA (4 mol.%) to moisture for 72 h at 85% RH, the 2D 'H-H
SD spectrum (Figure 3.15a) corroborates the decreased intensity of TPA™ cations since the
diagonal peaks of NC“H groups as well as the cross-peaks between the TPA*, and MA" signals
are also not detected. The magenta rectangle in Figure 3.15a highlights the emergence of MAI as

it marks the cross-peaks between the methyl and ammonium protons of MAI. However, the 2D
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'H-'H DQ-SQ NMR spectrum (Figure 3.15b) shows the 2D peaks identical to those observed in
the fresh sample, except the on-diagonal peak of the NC*H. group (as shown in the red arrow).
The absence of this signal is consistent with the reduced intensity of TPA™ cations in the 1D
spectra owing to subtle cationic rearrangement in the presence of moisture.
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Figure 3.15. Solid-state 2D *H-'H (a) spin-diffusion and (b) DQ-SQ MAS NMR spectra of aged
(72 h, 85% RH) MAPbI3. TPA (4mol.%).

After a year of exposure of MAPDI3. TPA (4 mol.%) to low water vapor concentration
(40% RH), 2D H-'H SD and DQ-SQ correlation NMR spectra were acquired and compared. In
the 2D H-'H SD NMR spectrum of this material (Figure 3.16a), the diagonal peaks of the
NC*H2 group of the TPA™ group are also not detected but a diagonal peak at 4.0 ppm is detected
and is hypothesized to be originating from the adsorbed water. In addition, cross-peak between
CPH; protons of TPA* and methyl protons of MA* cations is detected. This observation indicates
that some TPA™ cations remain in close proximity to MA™, however, the intensity of these cross-
peaks is reduced when compared to the fresh sample. In addition, the signals corresponding to
the MAI phase are undetected. The 2D DQ-SQ correlation spectrum of the same sample (Figure
3.16b) exhibits on-diagonal peaks that are similar to the fresh material, but the intensities of the
peaks associated with NC*H; groups of TPA™ are decreased, and a peak broadening is observed,
indicating the disorder in the local chemical environments of TPA* cations.
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Figure 3.16. Solid-state 2D H-H (a) spin-diffusion and (b) DQ-SQ MAS NMR spectra of aged
(1 year, 40% RH) MAPDIs. TPA (4mol.%).

Together, a systematic XRD and ssSNMR study confirms that the concentration of water
molecules plays an important role in governing the instability of defect-passivated hybrid
perovskite thin films. Take home message from this study is that the defect passivation reduces
the degree penetration of water molecules into the perovskite slabs in the presence of low
concentration of water molecules (40% RH or lower), however, exposure to high water
concentration (85% RH) may lead to surface wettability of TPA™ species and allows the water
molecules to enter into the MAPDIs lattice and leads to the formation of MAPbIs hydrate, as
detected from XRD, and correspondingly MAI that can be detected by 1D/2D 'H ssNMR
techniques. The identification of degradation products by examining organic cations is a key
outcome, as the detection is less straightforward from long-range techniques such as XRD and

electron microscopy.

3.4. Moisture-catalyzed transformative reactions and degradation products: Summary

Figure 3.17 summarizes the different reaction pathways and the intermediate species
produced by the exposure of perovskite thin films/crystals to moisture at different vapor
concentrations, as characterized by XRD and ssNMR techniques, in Chapters 2 and 3. These
results indicate that the MAPDI3 transforms into MAPDI3 hydrate, Pblz, and MAI in the presence
of a relatively high concentration of water vapor (85% RH), but the same material in the
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presence of low water vapor content (40% RH) leads to interconversion between MAPbI3 and its
hydrate MAPbIs.H20, which are in an equilibrium, inhibiting the degradation reactions to
complete. In contrast to this, the defect passivated MAPbIs. TPA(4mol.%) tends to undergo
transformative reactions at a much slower rate than pristine MAPDI3z even at high concentration
of water vapor (Figure 3.17b), leading to enhanced moisture stability, although a minuscule
concentration of MAI (~5%) is formed after exposure to moisture for over 3 days. The longevity
of this material is further enhanced in the presence of low water vapor concentration in the air
(40% RH). As discussed in Chapter 2, the FA-rich CSMAFA appears to be the most stable
against moisture among the hybrid perovskite thin films studied here. However, some of the Cs*
ions appear to migrate from the perovskite framework to form non-perovskite inorganic salts,
whereby the concentration of water molecules in the vapor determines the rate of the degradation
reaction. The organic cations (MA™, FA") tend to be part of the perovskite structure even after
exposure to moisture for a prolonged duration of up to one year. This is particularly intriguing
because the pristine o-FAPDbI3, o-CsPbls as well as MAPbIs; are unstable with respect to
moisture, 1485276 put their mixed cation alloy CSMAFA is stable. A detailed understanding of
cation mapping in this formulation using XRD and ssNMR techniques is less straightforward and
necessitates further investigation.”” It is noteworthy that the degradation caused by the other
stimuli, such as light and temperature, were not subjected to the MAPbIs-based and CSMAFA-
based perovskites, thus disentangling the impact of these factors on material degradation.
However, an accurate understanding of perovskite degradation in the presence of moisture, light,
and temperature is much more complex and strongly depends on the compositions and structures
as well as exposure conditions. The role played by each of these factors needs to be studied and

compared in an independent manner.
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Figure 3.17. Proposed reaction degradation pathways of (a) MAPbIs, (b) MAPDbI:.TPA (4
mol.%), (c) FAPDbIs, and (d) CsMAFA materials after exposure to different water vapor
concentration (85%/ 40% RH).
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Table 3.2. Moisture-induced degradation products in hybrid perovskites as analyzed by different
characterization techniques.

Exposure to

Material . Byproducts Characterization technigue Ref.
moisture
MAPDL: - —(thin 404 RH MAPbIz.H,0 ssNMR This
film) Chapter
MAPDL: (thin oo ri MAPbIs.H;0, MAI XRD, ssNMR This
film) Chapter
MAPDI;. TPA This
c e 40% RH - NMR
(thin film) 0% 38 Chapter
MAPDI;. TPA 0 This
(thin film) 85% RH TPAPb4ls, MAI XRD, ssNMR Chapter
CSMAﬁFI'rAn) thin 4006 RH CsPb:Bryls ssNMR Chapter 2
CSMAﬁFIfn) (thin g0 R CsPbzBrds. ssSNMR Chapter 2
MAPbI; (crystal) 80% RH MAPbIs.H,0 ssNMR 4
MAPbI; (crystal) ~ /\dueous MAPbIs.H,0, Pbl, ssSNMR 4
solution
A
MAPbIs (crystal) queous MAPbIs.H,0 XRD 7
solution
MAPbIs (crystal) ~ \queous MAPbls.2H,0 XRD 7
solution
MAP[}'iim) (i 5006 RH MAPbls.2H,0 XRD 79
MAPbI_s (thin Water vapor MAPbls.2H,0 Grazing _|nC|de_nce X-ray 80
film) diffraction
MAPbL: — —(thin 505 i Pbl XRD o1
film)
. CSszBI’s, Cs0.05x
CSMAF.A (thm 85% RH (MAO,17FAO_33)0,95 TEM, XRD, sSNMR 51
film)
Pb(Bro.17-2ylo.s3+2y)3
o FA}::’H':) (thin 85% RH 5-FAPbls FT-IR, AFM, XRD 82
a- FAPDI; 40% RH 5-FAPDI; ssNMR 52 Chapter-2
(crystal)
o- FAPbI, 85% RH 5-FAPDI; XRD, ssNMR 52 Chapter-2
(crystal)
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Different degradation products of MA and FA-based perovskites studied by different
analytical techniques are summarized in Table 3.2. A broad spectrum of analytical techniques,
including XRD and electron microscopy, are suitable for tracking the morphological changes in
the perovskite thin films. Short-range probes, such as ssSNMR spectroscopy, are particularly
important to correlate and complement the results obtained by long-range probes. In addition, in
situ techniques with adequate spatial and temporal resolution need to be applied to gain insight
into the structural changes in order to comprehensively understand the macroscopic physical
performance of the PSCs devices. In addition, extending these understandings to the photoactive
layer degradation in encapsulated PV devices is less straightforward and calls for further
investigation. Nonetheless, these results and analysis are particularly relevant in the context of
unraveling interfacial interactions between passivating agents and perovskite layer, and structural
transformations within the perovskite layers. Therefore, the molecular level analysis has much
wider relevance in the context of developing novel molecular passivators and perovskite

formulations.

3.5. Conclusion

Molecular level understanding of transformative and cascading degradation reactions of
hybrid perovskites is a crucially important factor in developing environmentally stable
perovskite-based optoelectronic devices. This Chapter describes a detailed assessment of long-
term moisture stability and the associated degradation kinetics for up to a year for MAPbI3 and
MAPDI3. TPA (4 mol%) thin films. For MAPbI3, exposure to moisture leads to the formation of
aMAPbDIs hydrate, Pbl., as identified by XRD, and MAI byproduct detected by ssNMR
techniques. sSNMR spectroscopy aids in determining dilute organic degradation products that are
challenging to detect using other structure-determining techniques. In all cases, the kinetics of
the degradation reaction depends on the concentration of water molecules in the vapor. The
higher water concentration (85% RH) shifts the equilibrium towards the formation of
byproducts, and the relatively low water vapor concertation (40% RH) leads to an equilibrium
between MAPbI3z and MAPDbI3.H20. Consequently, the moisture stability of MAPbIs can be
adjusted from a few hours to several months, depending on the concentration of water vapor.
Surface defect passivation by TPA™ cations impedes the moisture-induced degradation processes,

however, prolonged exposure to moisture triggers the degradation process leading to the
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formation of organic and inorganic byproducts as identified by XRD and 1D/2D NMR
techniques. One key feature of this study is that the degradation of the MAPbIs-based material is
solely triggered by moisture, thus disentangling the impact of light and temperature. This
approach can be extended to investigate the structural stability of organic/ hybrid materials

towards different stress factors.
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Chapter 4 - Structural insights into the p-doped
hole transporting materials

4.1 Organic semiconductors as hole-transporting materials in perovskite solar cells

In a perovskite-based photovoltaic cell, the photoactive layer is sandwiched between the
hole and electron transport layers. The role of these layers is that they extract the positive and
negative charges towards the top (cathode) and bottom (anode) electrodes. Organic, inorganic,
and hybrid semiconductors have been used as charge transporters in perovskite solar cells
(PSCs). Specifically, organic semiconductors (OSCs) have been used as hole-transporting layers

(HTLs).
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Figure 4.1. (a) Schematic of n-i-p perovskite solar cell device with different layers stacked on

top of each other as indicated. (b) Energy level diagram adapted from reference *

The main function of the hole-transporting materials (HTMs) in solar cell devices (Figure
4.1a) is to extract and transport holes from the photoactive absorber while blocking the passage
of electrons. This facilitates an effective separation of electrons and holes, which is an essential
part of solar cells. For a high-performing perovskite solar cell (PSC), the HTM must have a
suitable highest occupied molecular orbital (HOMO) energy level close to that of the valence
band of perovskite material while the lowest unoccupied molecular orbital (LUMO) higher than

the conduction band of the perovskite material (Figure 4.1b). In addition, it should possess
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adequately high hole mobility (hence high conductivity) and have great photochemical, thermal,
and moisture stability with suitable light absorption in the visible and near-IR regions of the solar
spectrum. 27 Ideally, the thin film deposition conditions of HTLs should be compatible with the
manufacturing and processing conditions of solution-processed photovoltaic cells in a cost-

effective manner.

Numerous organic hole-transporting materials have been used as HTLs in perovskite solar
cells. For example, 2,2',7,7'-tetrakis(N, N-di-p-methoxyphenyl-amine) 9,9'-spirobifluorene (also
referred to as spiro-OMeTAD) is the most commonly used HTL in PSCs. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), poly(3,4-ethylene dioxythiophene)-poly(styrene-
sulfonate) (PEDOT:PSS) and poly(3-hexylthiophene-2,5-diyl) (P3HT) are amongst other organic
hole transporting material developed (Table 4.1).8° Structures of these molecules are presented
in Figure 4.2. In particular, spiro-OMeTAD and its derivatives are suitable HTLs due to high
glass transition temperature (Tg, 125 °C) and melting point (Tm, 248 °C), which leads to
morphological stability during the thin film processing while maintaining good electronic
properties. Therefore, spiro-linked molecules have been widely used in PSCs as well as in solid-
state dye-sensitized solar cells (ssDSSC), and organic light-emitting diodes (OLED).*%!!

Table 4.1. Hole mobility (cm?.V-1.s71) of a few common organic hole transporting materials.

Hole mobility
HTM Dopant Reference
(cm?.V-1s?)
_ - 1.6 x 104
Spiro-OMeTAD 12
Li-TFSI 1.6 x 1073
- 7.5% 107
PTAA 13
Li-TFSI/t-BP 43 x 10
- 5.6 x 10
PEDOT:PSS 14
GO 1.6 x 104
P3HT - ~1.0 x 10°5 1
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The popularity of spiro-OMeTAD as HTM in PSCs can be principally attributed to its ease
of processing and favorable HOMO-valence band match with conventional perovskites light
absorbers. However, pristine spiro-OMeTAD exhibits mediocre hole mobility, and hence, the
mobility of holes must be enhanced using chemical doping of HTMs by additives such as
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (FATCNQ), bis(trifluoromethane)
sulfonamide lithium salt (LiTFSI), benzoyl peroxide, and 4-tert-butyl pyridine (tBP).1%° These
additive engineering strategies facilitate better charge transport, suppresses recombination, and
impede the formation of trap states.'®1° Addition of LiTFSI and tBP also improves the thin-film
morphology.? In addition, doping with a considerable amount of additives can have substantial
effects on the overall stability of the PSC.?! These doping strategies lead to undesired chemical
transformation. For example, Li-TFSI dopant oxidizes spiro-OMeTAD in the presence of
moisture, oxygen, light, or thermal excitation,'>?22 |eading to degradation reactions that impart
hysteresis in device reproducibility, stability, and performance.??2" Due to its small size and high
diffusion tendency, Li* ions in the Li-TFSI doped spiro-OMeTAD layer have been shown to
migrate through the device.?®
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Figure 4.2. Chemical structures of (a) common organic hole transporting material and (b) their

dopants
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Molecular ~ doping  strategies based on  small  molecules such as
tris(pentafluorophenyl)borane  (BCF), dimethylsulphoxide (DMSO)/HBr adducts, ionic
modulators, acid additives, and organic metal salts have been used to improve the conductivity,
stability, and performance of spiro-OMeTAD based HTMs.?-*2 Lewis acid BCF is a promising
dopant for organic semiconductors (OSCs) because of its strong electron-accepting ability, high
solubility in common organic solvents, and low cost. It has been shown that the BCF molecules
interact with water molecules to generate Bransted acid BCF-water complexes. A combination
of Lewis-acid BCF and Brgnsted acid BCF-water complexes has been demonstrated to p-dope a
diverse variety of Lewis basic conjugated molecules. The photophysical properties of OSCs can
be effectively tuned by adding BCF molecules to OSCs. 38 In addition, BCF-doped OSCs are
generally used in organic light-emitting diodes (OLEDs), photodetectors, field effect transistors,
and more recently as HTM and molecular passivator in perovskite-based photovoltaic
devices.?%3435:3%40 BCF-doping mechanisms of OSCs have been extensively addressed in the
literature, as backed by experimental and theoretical results.***® These mechanisms either
involve the formation of a charge-transfer supramolecular complex between BCF and OSC or a
partial charge-transfer system where Lewis basic OSC shares its lone pair with the B atom of
BCF to form an acid-base complex.*>43% A molecular-level understanding of these different
doping mechanisms demands a precise characterization of intermolecular interactions between
dopant and OSC.

Compositional and structural heterogeneity associated with such doped organic materials
makes it challenging to obtain molecular-level insight into intermolecular interactions between
OSC and dopant. The addition of a dopant induces changes in the self-assembly and morphology
of these molecules that are difficult to resolve by X-ray scattering and microscopy techniques
due to the lack of long-range structural order. Although macroscopic changes in the
optoelectronic properties, such as a change in absorption, bandgap, and upon chemical doping,
can be investigated by electroanalytical and optical spectroscopy (e.g., UV-visible) techniques,
insights related to dopant/OSC miscibility, mechanistic details of the doping process, and
relevant intermolecular interactions are difficult to obtain and compare. As illustrated in a recent
study by Dixon et al., a combination of solid-state EPR and NMR techniques is expected to

provide insight into the local structures and hyperfine interactions between the dopants and
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OSCs.*" This chapter extends this approach to provide local structural understandings of doped
spiro-OMeTAD.

In this chapter, optical and morphological changes associated with BCF doping of spiro-
OMEeTAD are presented. To identify the morphological and local structural changes in BCF-
doped spiro-OMeTAD, it is important to interpret various packing interactions in pristine spiro-
OMEeTAD. First, packing interactions in neat spiro-OMeTAD thin films are discussed using an
NMR crystallography approach. In a broader context, the term “NMR crystallography” implies
the combined use of experiment (NMR, X-ray/neutron diffraction) and calculations (DFT, first
principles approach, structure prediction methods, NMR shielding calculations using gauge
including projector augmented wave (GIPAW) method) in order gain insight into packing
interactions, polymorphism and 3D structures of molecular entities. Over the last decade, this
approach has been implemented to address complex structural chemistry problems.*®>8 This
approach has also been used to refine XRD-derived structures by correcting atom positions and
rationalizing the packing interactions. While the whole procedure involves an intricate structure
determination process and requires enormous computational input, a large number of literature
examples use XRD and ssNMR characterization with input from DFT-based modeling studies to
elucidate structures and predict the properties.*®°55°° For instance, crystal structure prediction
without a priori knowledge of XRD data and building structural models, or using sSNMR
structural constraints and XRD patterns to identify energy minimized geometry and validate

structural models.

4.2 NMR crystallography of spiro-OMeTAD

Here, the main objective of using the NMR crystallography study is to compare the
structural changes in spiro-OMeTAD thin film and crystals. To prepare a film of pristine spiro-
OMeTAD, a 10 mg/mL solution of spiro-OMeTAD in chlorobenzene was drop-casted on
indium-doped tin oxide (ITO) -coated glass substrate, followed by annealing at 70 °C for 20 min.
The film formed was scratched from the glass substrate and packed in the 1.3 mm NMR rotor.
Figure 4.3a shows the *H NMR spectrum of pristine spiro-OMeTAD. Methoxy groups are
responsible for the partially resolved signals at 2-5 ppm, while phenyl and fluorene protons are

responsible for the peaks at 5-8 ppm.
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Figure 4.3. Solid-state 1D (a) *H MAS and (b) *H— *C CP-MAS NMR spectra of neat spiro-
OMeTAD (CP contact time of 2 ms — top and 60 us — bottom). The peaks are color-coded, as
depicted in the schematic structure in (b). All the spectra were acquired at 18.8 T, room

temperature, and 50 kHz MAS frequency.

The directly bonded C-H moieties and longer-range 'H-3C proximities can be
distinguished by examining H—C cross-polarization (CP)-MAS NMR spectra of spiro-
OMeTAD obtained with different CP contact times (Figure 4.3b). A high level of structural order
in the pristine spiro-OMeTAD material can be deduced from well-resolved *C signals. The
signal at 53-56 ppm is assigned to the methoxy *C sites (orange dots), and the signal at 66 ppm
is attributed to the quaternary carbon atom at the bridging position (pink dot) of central
bifluorene moiety. The 3C signals in the range of 107-133 ppm are assigned to the directly
bonded C-H groups in the phenyl and bifluorene moiety as indicated by blue, teal, black, and
raisin-colored dots and black squares in Figure 4.3b. The signals at 135-160 ppm are assigned to
the quaternary carbon atoms (green, purple, red, and brown dots), which are further supported by
periodic DFT calculated NMR chemical shifts of spiro-OMeTAD using the GIPAW approach. In
order to examine inter- and intramolecular packing interactions, 2D H-3C heteronuclear
correlation NMR spectroscopy experiments were employed. The through-space and dipolar
coupled *H-13C pairs within sub-nanometer distances manifest 2D peaks in these experiments.
Notably, calculated *H and *C chemical shifts using the GIPAW DFT-D (Dispersion corrected
DFT) approach facilitate the analysis of 2D NMR spectra of pristine spiro-OMeTAD
molecules.’ This further helps in deducing the information on molecular self-assembly and

packing interactions between spiro-OMeTAD molecules in a crystal versus a thin film.
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Figure 4.4 shows the 2D *H-'3C Cross Polarization (CP) HETCOR spectra of pristine
spiro-OMeTAD acquired with different CP contact times. Figure 4.4a highlights a few packing
interactions that lead to the observation of the 2D peaks. The experimental spectra are
superimposed with the GIPAW DFT-D predicted H and 3C chemical shifts for dipolar
coupled *H-13C pairs (C-H cut-off distance 1.3 A for Figure 4.4a and 2.6 A for Figure 4.4b).
The 2D correlation peaks associated with the directly bonded *3C-'H spin pairs are observed in
the spectrum acquired with a short CP contact time (100 us, Figure 4.4b). Although there are
slight variations in the experimental *H chemical shifts (9-10 ppm), there is good agreement
between experimental and DFT-calculated 2D peaks for directly bonded H-1*C pairs. These
subtle discrepancies can be attributed to changes in the local packing interactions due to a high
degree of conformational flexibility associated with phenyl rings and methoxy groups. The C-
H pairs of the methoxy group (orange dots) of spiro-OMeTAD are observed at 2.8-4.1 ppm
(*H) and 53-56 ppm (*3C). The directly bonded phenyl C-H moieties (black dots and squares)
arise the 2D peak at *H (5.6-6.4 ppm) and *3C (113-119 ppm) signals and at *H (6.6 ppm) and
13C (133-135 ppm). On the other hand, the 2D peaks associated with the fluorene group (blue,
teal, and raisin dots) at the core of spiro-OMeTAD appeared at *H (5.4-7.5 ppm) and *C (122-
130 ppm).
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Figure 4.4. (a) GIPAW DFT-D geometry optimized crystal structure of spiro-OMeTAD with
specific inter- and intramolecular packing interactions that contribute to 2D peaks in the *H-13C
HETCOR NMR spectra. Solid-state 2D *H-*C HETCOR NMR spectra of spiro-OMeTAD with
CP contact time of (b) 100 ps (c) 3 ms along with the skyline projections of *H and **C spectra in
the top and left, respectively. DFT calculated NMR chemical shifts of spiro-OMeTAD are
overlaid on their spectra. All 2D spectra were acquired at 18.8 T, room temperature, and 50 kHz
MAS frequency. For the crystal structures of spiro-OMeTAD, the DFT calculated *H and 3C
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chemical shifts for all *H-3C pairs within (a) 1.3 A and (b) 2.6 A is depicted by the overlaid

Crosses.

On the other hand, the correlation peaks in the 2D HETCOR spectrum of pristine spiro-
OMEeTAD acquired with longer CP contact time (3 ms) arise from a combination of intra- and
inter-molecular *H-'3C dipolar coupled spin pairs. The calculated *H and *3C chemical shifts
using the GIPAW DFT-D method for all the *3C-'H spin pairs within 2.8 A are overlaid on the
experimental spectrum. The inter- and intramolecularly dipolar coupled methoxy *C (yellow
dots) and phenyl 'H sites (grey dot and square) lead to a 2D peak at ‘H (6.2-6.6 ppm) and 3C
(53-56 ppm) chemical shifts as indicated by the red arrow. The 2D peak at *3C (~55 ppm, pink
dot) and the *H (6-7 ppm, blue dots) is due to the intramolecular through-space interactions
between quaternary carbon atom at the bridged position of bifluorene moieties and bifluorene
protons. Furthermore, a 2D peak between 3C (135-139 ppm) and 'H (6.5-6.9 ppm) originates
from the inter-, and intramolecularly proximate bifluorene quaternary carbon atoms (brown dots)
and bifluorene protons, with the closest inter- and intramodular distances, are 3.3 A and 2.2 A in
the GIPAW DFT-D optimized crystal structure of spiro-OMeTAD. Subsequently, the 2D
correlation corresponding to the closest inter- and intramolecular C-H distances of 3.4 and 2.2 A
for the quaternary phenyl Co (141-144 ppm, red dots) and fluorene protons (5.1-7.4 ppm) is
observed. The 2D peaks in the range of 146-150 ppm (*3C) and 5.4-7.6 ppm (*H) occur from the
fluorene and phenyl protons being in close proximity to the same quaternary fluorene C (red
dot). The fluorene carbon sites (purple dots) and the fluorene protons are intra- and
intermolecularly dipolar coupled, leading to the 2D peaks at **C (153-155 ppm) and H (5.6-7.2
ppm) signals. The quaternary phenyl carbon atoms (denoted by green dots that are adjacent to
methoxy groups) are inter- and intramolecularly dipolar coupled to phenyl protons within 3.4 A
distance, leading to the 2D peaks between **C (158-163 ppm) and *H (5.5- 7.1 ppm) signals. The
2D peaks between C (150-160 ppm) and *H (2-4 ppm) depicted in the box suggest the close
proximity between quaternary phenyl carbons and the methoxy protons; however, a substantial
deviation between the experimental and calculated 2D *H-13C peaks are observed. Furthermore,
only calculated 2D *H-'3C peaks for the *C chemical shifts (100-140 ppm) and the methoxy 'H
chemical shifts (2-4 ppm) are observed denoted in dashed rectangles suggesting the changes in

local structures and packing interactions occur as a result of varied conformational degrees of
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freedom associated with the methoxy groups. A detailed NMR crystallography analysis of spiro-
OMEeTAD crystals and the thin film is expected to help to analyze the local structures and
intermolecular interactions in the spiro-OMeTAD:BCF blends, as demonstrated in the following

section.

4.3 Chemically doped spiro-OMeTAD by BCF

To understand the impact of the addition of BCF on the optical properties of the host spiro-
OMeTAD, UV-Vis absorption spectroscopy measurements were performed. Dilute solutions
(0.0Immol/L) of spiro-OMeTAD:BCF blends in chlorobenzene with different doping
concentrations were prepared. Figure 4.5 compares the absorption spectra of undoped and doped

spiro-OMeTAD as a function of the BCF concentration.
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Figure 4.5. UV-Vis spectra of undoped and BCF-doped spiro-OMeTAD as a function of dopant

concentration in chlorobenzene.

When BCF solution is added to a pristine spiro-OMeTAD solution, absorption peaks in the
range of 490-530 nm are observed, the intensity of which rises upon the increase in BCF
concentration from 0.1 to 1 molar equivalent. These optical absorption features are characteristic
of the oxidized spiro-OMeTAD" molecules. This is in line with earlier research that
demonstrated how the p-dopant addition altered the optical absorbance of HTMs.?%62

Furthermore, for the spiro-OMeTAD:BCF (1:4 molar ratio) blend, broad and weak intensity
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peaks appeared at 650 and 750 nm. These features can be attributed to BCF anion and spiro-
OMeTAD" cation species. Formation of Lewis acid-base adduct would normally lead to the red-
shift in the optical absorption peak.*® This was not observed in the case of spiro-OMeTAD:BCF
blends, indicating that the BCF molecules are closely associated with spiro-OMeTAD backbone
moieties rather than forming the adduct. As mentioned in Section 4.1, the hygroscopic nature of
BCF material leads to the formation of BCF-water complex is expected to accept an electron
from the ground state of spiro-OMeTAD, as suggested by the increased intensity of the peak at
~530 nm.*® Although the optical properties of pristine spiro-OMeTAD are altered upon the
addition of BCF, it is challenging to determine solely from UV-Vis spectroscopy the molecular
level origins that contribute to the changes in absorption characteristics, requiring structural

characterization.
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Figure 4.6. Powder XRD patterns of pristine undoped and doped spiro-OMeTAD thin films drop

cast on ITO-coated glass substrates.

Understanding the morphological aspects at various length scales is anticipated to provide
insights into the dopant and OSC interactions. However, these materials pose a characterization
challenge due to the presence of minuscule concentrations of dopant molecules and the naturally
heterogeneous nature of OSCs-dopant blends, and difficulties associated with locating dopant
molecules in the OSCs network. Although some dopant molecules are involved in the doping

process, the majority of them are expected to distribute into the OSC network as local
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aggregates. Structural characterization studies of blends by varying the dopant concentrations
were carried out. Figure 4.6 presents the powder XRD patterns of the neat spiro-OMeTAD and
spiro-OMeTAD:BCF blends (1:1 and 1:4 molar ratios) drop cast on the ITO-coated glass
substrate. A strong background signal is observed in the powder XRD pattern of the drop-cast
spiro-OMeTAD film, indicating its amorphous nature. This background signal has appeared in
conjunction with reflections that correspond to the (200), (222), and (400) plane of the ITO glass
substrate. A subtle change in the long-range order detected by XRD suggests that the presence of
BCF molecules alters the morphology of the spiro-OMeTAD thin film. The spiro-
OMeTAD:BCF (1:1 and 1:4 molar ratios) blends exhibited a broad distribution of scattered
intensities centered at ~18°. This 26 value corresponds to the d-spacing value of 0.45 nm, which
is anticipated to result from very weak n—mn stacking interactions between BCF and spiro-
OMeTAD molecules. It is difficult to gain a deeper knowledge of these doped spiro-OMeTAD
blends at the molecular level due to their amorphous nature using long-range probes like X-ray
diffraction. This demands the need for atomic-level probes, which offer details on the changes in
local structures upon the addition of BCF molecules to the spiro-OMeTAD.

The influence of p-doping on spiro-OMeTAD molecules was further investigated by
employing Fourier transform infrared (FTIR) spectroscopy. FTIR helps in identifying the
changes in the nature of chemical bonds. Figure 4.7 presents solid-state FTIR spectra of drop-
cast films of pristine and doped spiro-OMeTAD. The presence of BCF molecules in the spiro-
OMeTAD:BCF blend films can be inferred from the observation of the vibrational bands
corresponding to B-C stretching in the range of 900-1000 cm~1.%3 Stretching frequencies in the
range of 1000-1400 cm are attributable to C-O and C-N bonds in spiro-OMeTAD and C-F
bonds in BCF molecules.®*%¢ The stretching frequencies of aromatic C=C bonds, phenyl and
bifluorene moieties of spiro-OMeTAD, and fluorinated phenyl rings in BCF molecules are
observed in the range of 1400-1600 cm~.5" The vibrational band at 1562 cm is associated with
B-O stretching, that is arising from the BCF-OH~ anions. This is further corroborated by the
strong and broad vibrational band centered at ~3200 cm™, corresponding to O-H stretching.® In
addition, the vibrational band at ~3200 cm can also be ascribed to N-H stretching frequency,
which corroborates the presence of spiro-OMeTAD-H" cations. The alterations in the local C-H

bonding environments of spiro-OMeTAD upon the addition of BCF molecules are observed via
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subtle changes in the vibrational bands in the range of 2800-3100 cm~. Analysis of FT-IR
spectra indicates the presence of different dopant species, which corroborates the optical

spectroscopy measurements and analysis.
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Figure 4.7. Solid-state attenuated total reflection FT-IR spectra of undoped and doped spiro-

OMEeTAD thin films acquired at room temperature.

To understand the local compositions, structures, and intermolecular interactions in BCF-
doped spiro-OMeTAD films, multinuclear (*H, 3C, 1B, and °F) solid-state (ss)NMR spectra of
blends were acquired and compared. Multinuclear sSNMR spectroscopy has been extensively
employed to understand the local structures in organic semiconductors and their blends.>>®%7"* As
described in Section 4.2, 2D NMR correlation spectra acquired at high fields with fast magic-
angle spinning (MAS) techniques provide enhanced resolution to probe inter- and intramolecular
interactions, as reported for a wide range of organic materials consisting of ordered/disordered

regions.%72-77

Tri-coordinated boron atoms in pristine BCF and tetra-coordinated boron atoms in BCF-
water complexes produce two distinct peaks in the 1D !B spectrum. Tetrahedral boron atoms in
the BCF anions contribute to the narrow !B NMR signal centered at -5 ppm for the spiro-
OMeTAD:BCF blend (1:1 molar ratio). The weak intensity signals centered at 17 and 23 ppm

are attributable to distinct BCF-water complexes. These signals in the range of 17-23 ppm
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appeared at a much higher intensity in the 1'B MAS NMR spectrum of the spiro-OMeTAD:BCF
blend (1:4 molar ratio), suggesting that the BCF-water complexes (BCF-H.O and BCF-
H20.2H,0) are formed when a higher concentration of BCF (> 1 molar equivalents) is added to
spiro-OMeTAD."87°
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Figure 4.8. Solid-state (a) !B and (b) °F MAS NMR spectra of neat BCF and spiro-
OMeTAD:BCF blends of the relative molar concentration of 1:1 and 1:4.

1D *®F MAS NMR experiments allow one to examine and compare the structural changes
in the pentafluorophenyl groups in pristine BCF and spiro-OMeTAD:BCF blends (Figures 4.8b).
For pristine BCF, ortho-fluorine sites are observed in the range of —134 and —141 ppm, and the
peaks between —160 and —171 ppm are due to meta and para fluorine sites of pentafluorophenyl
rings.*® Most importantly, the narrow °F signals indicate the well-ordered pentafluorophenyl
rings in BCF molecules. By comparison, the spiro-OMeTAD:BCF blends with a 1:1 molar ratio
exhibit broad signals that indicate the different local chemical environments of fluorinated
phenyl groups. This could be due to the heterogeneity in local chemical environments of spiro-

OMeTAD and BCF molecules. Upon further increasing the BCF concentration, the °F signals
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corresponding to ortho-para- and meta-fluorine sites are observed at —138, —155, and —162 ppm
in the spiro-OMeTAD:BCF blend (1:4 molar ratio) material. These signals, in comparison to the
1:1 molar ratio blend, are narrower, indicating a more locally ordered environment, which can be

attributed to the clusters of BCF-water complexes.
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Figure 4.9. Solid-state 1D (a) *H and (b) H—¥C CPMAS NMR spectra of spiro-
OMeTAD:BCF blends of relative molar concentration indicated in the inset. 1D *H and 3C

MAS NMR spectra of pristine spiro-OMeTAD are presented as well for comparison.

1D 'H MAS NMR experiments were implemented to observe the structural changes in
the spiro-OMeTAD upon doping with BCF. Compared to the 1D *H MAS NMR spectrum of
pristine spiro-OMeTAD, the addition of BCF to spiro-OMeTAD causes signal broadening and
intensity losses. For example, the peak integrals associated with aromatic protons reduce to 52%
(spiro-OMeTAD:BCF, 1:1) and 31% (spiro-OMeTAD:BCF, 1:4). On the other hand, the
methoxy H signals exhibited 37% and 70% intensity losses for spiro-OMeTAD: BCF blends
(1:1 and 1:4 molar ratios). The loss in the signal intensity and the signal broadening indicates the

presence of paramagnetic species in the form of radical cations in the doped material, as will be
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confirmed by the EPR analysis described later. It is worth recalling that similar signal
broadening was also observed in 1D *F MAS spectra of doped spiro-OMeTAD, and hence in
conjunction with the local structural heterogeneity, the presence of paramagnetic species would
cause the signal broadening as well.

Moving to 1D H—C CP-MAS NMR analyses, the 3C spectrum of the spiro-
OMeTAD: BCF (1:4) blend exhibited relatively broad signals for both methoxy and aromatic
regions, consistently with the *H and '°F NMR peak broadening due to the interpenetration of
BCF molecules that disrupt the self-assembly and packing interactions in spiro-OMeTAD
molecules as well as the formation active radical species. Although a systematic analysis of
2D 'H-'3C HETCOR NMR spectra (as presented for neat spiro-OMeTAD in Section 4.2) can
also be extended to spiro-OMeTAD:BCF blends in order to identify key interactions in distinct
species formed upon doping, the extensive peak broadening and signal intensity losses make it
difficult to acquire 2D *H-3C HETCOR spectra for these blends. Instead, 2D *H-'H correlation
experiments were applied to examine the morphological changes in the BCF-doped spiro-
OMeTAD material, as these experiments benefit from inherently high sensitivity associated
with protons.

Figure 4.10 presents 2D 'H-'H DQ-SQ correlation spectra of undoped and BCF-doped
spiro-OMeTAD blends. The GIPAW DFT-D calculated chemical shifts for all *H-'H pairs
within 2.5 A are superimposed on the 2D *H-'H DQ-SQ spectrum of pristine spiro-OMeTAD. A
broad distribution of *H DQ peaks centered at ~3 ppm at the diagonal corresponds to dipolar
coupled *H-'H pairs in methoxy groups, and the distribution of DQ signals at 10-16 ppm is due
to the close *H-'H proximities in aromatic groups. Specifically, the off-diagonal DQ signals at
7.5 and 10.5 ppm (blue arrows) are attributed to the inter- and intramolecular dipolar interactions
between methoxy and aromatic groups with the closest *H-'H distances of 2.5 A and 2.3 A,
respectively. Broader DQ-SQ features are observed in BCF-doped spiro-OMeTAD compared to
pristine spiro-OMeTAD, suggesting that the addition of BCF molecules induces variation in the
local order and intermolecular interactions between spiro-OMeTAD molecules. Furthermore,
these variations in the local structures and proximities due to BCF doping cause the deshielding
of the off-diagonal DQ peaks at 9.0-11.0 ppm (compared to 7.5 -10.5 ppm) along the indirect F1

dimension. In addition, the 2D peaks between methoxy and aromatic protons (blue arrows) were

130



not detected in the DQ-SQ spectrum of the spiro-OMeTAD:BCF blend due to the changes in the
packing interactions of spiro-OMeTAD molecules. Intriguingly, upon examining and comparing
the horizontal line-cut spectra of 2D *H DQ spectra of pristine and doped spiro-OMeTAD, one
can clearly observe that the degree of signal intensity loss in the aromatic regions is higher than
the methoxy groups. This suggests, to a certain extent, that the paramagnetic species are closer to
the aromatic rings than the methoxy groups. Overall, this analysis suggests that the addition of
dopant molecules perturbs the local structures and packing interactions due to the OSC-dopant

miscibility and intermolecular interactions.

The key learnings from multinuclear (*H, *B, 3C, and °F) ssNMR analyses of undoped
and doped spiro-OMeTAD can be summarized in the following points: (i) distinct BCF and
BCF-water complexes are identified using 1D B NMR analyses; (ii) molecular self-assembly
and packing interactions in spiro-OMeTAD are perturbed upon the addition of BCF molecules as
observed by the changes in H, *°F and **C NMR chemical shifts and *H-'H dipolar interactions,
and (iii) significant reduction of signal intensity is observed upon addition of BCF dopant
(predominantly for aromatic spiro-OMeTAD moieties) suggesting the formation of paramagnetic
species in doped material.
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Figure 4.10. Solid-state *H-'H DQ-SQ correlation MAS NMR spectra of (a) undoped and (b)
spiro-OMeTAD:BCF (1:4) blend acquired at 18.8 T (*H 800 MHz), 50 kHz MAS and at room
temperature. For the undoped spiro-OMeTAD shown in (a), the GIPAW DFT-D calculated
chemical shifts for all *H-H pairs within 2.5 A are overlaid on top of the experimental spectrum
(blue crosses). The horizontal line-cut spectra of (c) undoped spiro-OMeTAD and (d) spiro-
OMeTAD:BCF blend are extracted and compared for specific *H DQ peaks (~7.0, 9.7, and 12.9
ppm) as indicated by the horizontal dashed lines in (a) and (b).
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To further confirm the presence of paramagnetic species and hyperfine interactions in
doped OSCs, 1D, and 2D solid-state EPR spectroscopy has been employed.*"#-%2 Figure 4.11
compares the X-band continuous-wave length (CW) EPR spectra of pristine and doped spiro-
OMeTAD material. The undoped spiro-OMeTAD exhibits a weak intensity signal with a g-
factor of 2.0042, corresponding to a free-electron g-factor, at a magnetic field centered at 3494
Gauss (G). This signal is attributed to the presence of a small concentration of spiro-OMeTAD*
cation species produced upon exposure to oxygen.!9%8 A linewidth of 4.5 G and broad
distribution of signals near 3493 G for the spiro-OMeTAD:BCF (1:1 molar ratio) indicate the
presence of different paramagnetic species, most notably spiro-OMeTAD" and spiro-OMeTAD-
NHe. For example, it has been reported that an electron transfer process can occur from the
adjacent neutral OSC molecules to the protonated OSC molecules to lead to radical
species.*+ 78808385 The optical absorption spectra suggest the formation of spiro-OMeTAD-NHe
(peak at ~620 nm). However, such species are expected to react with each other to release
hydrogen gas and regenerate neutral spiro-OMeTAD.® For spiro-OMeTAD:BCF molar ratio
1:4, we observed a further increase in the EPR signal intensity at ~3495 G with a decrease of
EPR linewidth to 1.6 G and a g factor of 2.0024 close to the free-electron value. Additionally,
longitudinal (Tie) and transverse (Tze) relaxation times of electron spins were measured and
compared for the doped materials with 1 and 4 BCF molar equivalents. For the spiro-
OMeTAD:BCF (1:1), inhomogeneous Tie and T2 values of electrons were found to be 1.2 us
and 60 ns, respectively, as measured by the inversion recovery and Hahn-echo experiments. For
the same sample, heterogeneity in the EPR lineshape (broader) is in accord with the presence of
different radical species along with spiro-OMeTAD*. For the spiro-OMeTAD:BCF (1:4 molar
ratio), the 1D EPR lineshape is homogenous, and a free induction decay (25 ns) has been
acquired with T1e of 500 ns. The different electron spin relaxation times (T1e and Tze) corroborate
that the different paramagnetic (or active radical) species co-exist in p-type doped spiro-
OMeTAD:BCF blends, indicating that the different doping mechanisms, depending on the
concentrations of the dopant molecules, consistently with the different doping mechanism

suggested in the previous studies.?83
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Figure 4.11. Solid-state CW EPR spectrum for the neat spiro-OMeTAD and spiro-OMeTAD:
BCF blends at 1:1 and 1:4 molar ratios.

The hyperfine sub-level correlation spectroscopy (HYSCORE) technique is particularly
suitable to characterize the hyperfine interactions between electron and nuclear spins in doped
OSCs. The HYSCORE spectrum exhibits 2D peaks due to the hyperfine couplings that originate
from (i) anisotropic dipole-dipole interaction, which depends on the relative orientation of spin
magnetic moments, and (ii) isotropic fermi-contact interaction that arises when there is a finite
spin density of the electron spin at the nucleus. While insight into the local hyperfine interactions
in the doped systems can be obtained from pulse 2D EPR techniques, the very fast relaxation
times, even at 10 K, makes it difficult to carry out such experiments. Nevertheless, it has been
feasible to acquire the 2D HYSCORE spectrum of spiro-OMeTAD:BCF (1:1) blend (Figure
4.11), whereby the hyperfine coupling associated with *H (~15 MHz) is detected in the (+,+)
quadrant of the HYSCORE spectrum.®”88 A well-resolved °F peak at v=12.5 MHz indicates that
the fluorine atoms are spin-polarized by the electrons. The H signal at v=15 MHz indicates a
strong electron-proton hyperfine coupling dominated by the dipolar interaction, with a vertical
shift of 1.8 MHz indicating an electron-'H distance of ~0.35 nm, suggesting that the bulky
aromatic BCF molecules are located in the vicinity of spiro-OMeTAD, as estimated based on the

dipole single-point approximation. The same HYSCORE spectrum exhibits weak hyperfine
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couplings with the two isotopes of boron B (v = 1.6 MHz) and B (v = 4.8 MHz) on the
diagonal (red arrows) but does not show an anti-diagonal signal, indicating that these hyperfine
interactions arise purely from the dipolar interaction. The broad distributions of signals in the
(-,%) quadrant of the same spectrum are expected to originate from the single-quantum and
double-quantum signals associated with **N sites and weak hyperfine couplings associated with
13C and with N sites, which are difficult to resolve and distinguish.
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Figure 4.12. Solid-state 2D HYSCORE spectrum of spiro-OMeTAD: BCF (1:1 molar ratio)
acquired at 10 K.

Overall, detailed 2D ssNMR and EPR spectroscopy analyses corroborate that the BCF molecules
exhibit different intermolecular interactions with spiro-OMeTAD due to the different ionic
species and radicals that are formed during the p-type doping process. The addition of a dilute
concentration of BCF molecules leads to p-doping of spiro-OMeTAD, which is hypothesized to
occur via a doping process induced by Lewis acid BCF molecules.?® (See Equation 4.2) The
doping process is expected to occur by transferring the electron from spiro-OMeTAD to BCF
molecules, leading to a spiro-OMeTAD radical cation species. The positively charged spiro-
OMEeTAD is hypothesized to be stabilized by the electron transfer from a neighboring neutral
spiro-OMeTAD molecule leading to a cation and radical species. In addition, BCF-water
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complexes serve as Brgnsted acid sites to transfer a proton to spiro-OMeTAD molecules, which
are hypothesized to trigger p-type doping particularly at higher concentrations of BCF (greater
than 1 molar equivalent),® leading to the formation of small amounts of spiro-OMeTAD-H*
species as indicated by changes in the optical absorption (UV-vis spectroscopy) and vibrational
spectra (FT-IR spectroscopy).®®  (See Equation 4.2) Doped spiro-OMeTAD, or organic
semiconductors in general, are challenging to characterize due to the presence of dia- and
paramagnetic regions, which lead to homogenous and inhomogeneous signal broadening in
sSNMR spectra as a consequence of anisotropic bulk magnetic susceptibility (ABMS) induced
shifts. However, the presented NMR crystallography approach offers key advantages of
identifying various packing interactions that play a crucial role in determining the properties of

the material and can be extended to other types of organic materials.
Spiro-OMeTAD + BCF — Spiro-OMeTAD™ + BCF- Eq4-1

Spiro-OMeTAD + BCF.H20 — Spiro-OMeTAD-H*+ BCF.OH~- Eq 4-2

4.4 Moisture stability of chemically doped spiro-OMeTAD:BCF blends

As described in the previous two chapters, moisture has been a notorious factor causing the
structural transformation of the perovskite phase to deteriorate the performance of the material.
The instability issues also persist in HTLs, though its characterization at the molecular level is
seldomly carried out. The different degradation reactions associated HTLs can be studied by
ssSNMR spectroscopy techniques. The hygroscopicity of Li-TFSI is a well-known stability
concern for PSCs with doped spiro-OMeTAD. Hence it is important to evaluate the moisture
stability of BCF-doped spiro-OMeTAD material. Akin to what is presented in previous chapters,
the spiro-OMeTAD:BCF (1:1 molar ratio) blend were systematically exposed to low water
vapour concentration condition (40% RH) and high water vapour concentration (85% RH) in

accordance with the protocol proposed to evaluate the stability of PSCs.%°
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Figure 4.13. 1D (a) !B and (b) *H MAS NMR spectra of spiro-OMeTAD: BCF (1:1 molar ratio)
blend as a function of moisture exposure at 40% RH (top) and 85% RH (bottom) for the time
indicated on the right side of the spectra. All the spectra were acquired at 18.8 T, room

temperature, and 50 kHz MAS frequency.

Figure 4.13 shows 1D !B and *H MAS NMR spectra of spiro-OMeTAD:BCF blends
before and after exposure to moisture. Upon aging the material at 40% RH for 100 days (> 3
months), there is no significant change for the narrow signal at -5 ppm, corresponding to BCF
anion species. There is a subtle decrease in the intensity of signal corresponding to BCF-water
complexes. Similar results were observed upon exposing the material at 85% RH for 160 hours
(~ 7 days). Much like 1D B NMR spectra, 1D *H MAS spectra for the aged spiro-
OMeTAD:BCF blends did not show dramatic changes in the alkoxy and aromatic sites. The 'H
signal broadening and intensity were invariant regardless of the extent of water vapour

concentration and time of exposure, suggesting the subtle (or no) change in the spatial
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arrangement of paramagnetic species. The spatial proximity of spiro-OMeTAD and BCF in
spiro-OMeTAD:BCF (1:1 molar ratio) was further confirmed by the 2D 'H-!'B CP-HETCOR

experiment.
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Figure 4.14. Solid-state 2D 'H-'!B CP-HETCOR NMR spectrum of aged (160h, 85% RH)
spiro-OMeTAD:BCF (1:1 molar ratio) blend with CP contact time of 2 ms along with the skyline
projections of 1B and *H spectra in the top and left, respectively. The spectrum was acquired at

18.8 T, room temperature, and 50 kHz MAS frequency.

Figure 4.14 exhibits the 2D'H-''B CP-HETCOR NMR spectrum of spiro-
OMeTAD:BCF (1:1 molar ratio) blend exposed to 85% RH for 160h (~7 days), acquired with
CP contact time of 2 ms. The BCF anions (}'B, -5 ppm) are proximate to methoxy and aromatic
protons of spiro-OMeTAD (3.2 ppm, and 6.2 ppm, respectively). In addition, the BCF-water
complexes (!B, ~1.6 ppm) are also proximate to these different proton sites of spiro-OMeTAD.
These suggest that the nanoscale proximity between the dopant (BCF) and the host OSC (spiro-
OMEeTAD) is not affected upon prolonged exposure to moisture, highlighting the robustness of
this blend.
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45 Conclusion

To summarize, a suite of characterization methods have been used to explore the local
compositions and structures in BCF-doped spiro-OMeTAD thin films. The formation of oxidized
spiro-OMeTAD species is observed employing optical absorption spectroscopy upon doping
with BCF. Intermolecular interactions between spiro-OMeTAD and BCF are characterized by
FTIR and 1D/2D ssNMR spectroscopy. Specifically, !B NMR signals corresponding to pristine
BCF, which is tri-coordinated in nature, and tetracoordinate BCF anions and BCF-water
complexes are observed. The changes associated with 1D *H, 3C, and *°F MAS NMR spectra of
doped versus the pristine spiro-OMeTAD indicate that the local structures and packing
interactions of spiro-OMeTAD are different before and after chemical doping with BCF
molecules. This was further confirmed by 2D !H-'H DQ-SQ spectroscopy. The signal
broadening associated with 1D *H, 3C, and *F MAS NMR spectra of doped spiro-OMeTAD
species collectively indicate the presence of various paramagnetic species. Formation of spiro-
OMeTAD radical cation (during electron transfer process) or spiro-OMeTAD-H" species (BCF-
water complex transferring proton to spiro-OMeTAD) can be hypothesized, which indicates that
the molecular doping occurs by interactions with both Lewis acid and Brgnsted acid sites of
BCF. This is further corroborated by the 1D/2D EPR spectroscopy, which indicated the presence
of paramagnetic species. The blend of spiro-OMeTAD and BCF also exhibited remarkable
moisture stability, as no significant structural changes in aged material were observed. Despite
the structural heterogeneity associated with such organic molecules, molecular-level magnetic
resonance techniques supported by a few macroscopic-level techniques assisted in understanding
the doping mechanism. This approach has some drawbacks as the doped OSCs consist of
diamagnetic and paramagnetic species, leading to homogenous and inhomogeneous signal
broadening in sSNMR spectra. The signal broadening originates from anisotropic bulk magnetic
susceptibility (ABMS)- induced shifts and dipolar contributions from locally disordered regions,

which makes it more challenging to accurately analyze the NMR spectra.
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Chapter 5 - Conclusions and perspectives

5.1 Conclusions

In a broad context, the objectives and results presented in the thesis cover various aspects
of structure-stability-property relationships in perovskite-based photovoltaic materials. A
significant part of the thesis discusses the different degradation reactions and kinetics aspects of
these reactions in hybrid perovskite layers and charge transport layers that are frequently used in
emerging perovskite solar cells (PSCs). The performance of PSCs is reduced due to several
factors that are intrinsic (thermodynamic phase stability) and extrinsic (moisture,
thermochemical, photostability, electrical bias, oxidation, and electrode degradation) in nature,
vide supra (Chapter 1). The power conversion efficiency of encapsulated PSCs dramatically
decreases in about 6 weeks (1000 hours as set by the damp heat test) under stringent operating
conditions. The origins of degradation reactions could be manifold. Figure 5.1 illustrates these
aspects. While the performance decay can be examined by electronic properties, such as changes
in current density and voltage, the molecular-level origins of various organic/inorganic and

hybrid species remain elusive and represents a characterization challenge.

Various analytical techniques have been implemented to understand the underlying
degradation/transformation mechanism. X-ray diffraction has been extensively utilized to
identify crystalline phases formed as a function of aging time. Investigating thin film using this
technique is straightforward to have a direct comparison with the devices.® However, identifying
low- concentrations of organic byproducts can be challenging with this technique. In operando
electron microscopy technique has been employed to provide a live visualization of
morphological changes in the films happening upon aging with cautious use of low electron
dosage.! Probing interface and depth profiling is feasible to explore the compositional changes
using X-ray photoemission spectroscopy (XPS).2 Photoluminescence spectroscopy has also been
widely implemented to examine the bulk emission response of the material.! Fluorescence
lifetime imaging microscopy facilitates determining the distribution of emission intensity and
lifetime on the thin films.®> However, these techniques do not directly provide structural insights

into the thin film/crystalline material.
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Figure 5.1. Stability issues in perovskite material and perovskite solar cells that cause variation
in PCEs during the damp-heat test (85% RH and 85 °C) of encapsulated 3D perovskite devices.
These figures have been adapted from Ref. 4°.

In this regard, sSNMR spectroscopy is a local technique and does not require long-range
order in the material, allowing the interfacial chemistry and different organic byproducts formed
during degradation to be probed.®’ However, intrinsically low sensitivity associated with the
technique makes it less straightforward to study thin films, which are mass-limited samples.
Since early-state studies of MAS NMR spectroscopy for probing local structures and dynamics
in layered perovskites,®° significant progress has been made in understanding the impact of
cation doping, surface passivation, light, temperature, solvent, and moisture on structurally
complex perovskite formulations and their interfaces.®” %12 In addition, characterizing nuclei
such as bromine and chlorine is challenging due to their high quadrupolar interaction; however,
detecting the NQR spectrum for such nuclei as well as iodine is feasible.'*!® Given these

constraints, a multi-technique characterization approach has been employed to probe the
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degradation reactions in methylammonium (MA) and formamidinium (FA)-based perovskite
formulation, including MAPDbI3, FAPbI;, and CsMAFAPbIxBrsx. Beyond the perovskite
photoactive layer, insights into the structure-stability-property relationship in tris(pentafluoro
phenyl) borane (BCF) doped a hole-transporting material, spiro-OMeTAD, is provided.

As illustrated in Chapter 2, high-field multinuclear sSNMR reveals that the a—& FAPDbI3
transformation involves surface-initiated local dissolution and precipitation process with water
being the solvent. Fast MAS and high-field 'H NMR results enable one to distinguish and
measure -CH sites in a- and o- FAPDbIs phases, which can be utilized to construct the kinetic
plots. The a—3d FAPbDI3 phase transformation follows first-order kinetics, facilitating estimation
of the half-life decay time for the a-FAPbIs phase. The sluggish a—& FAPDbI3z transformation
after prolonged exposure to moisture can be reasoned to sparse contact of water molecules with
o-FAPDI3 phase as they are believed to be encapsulated by 3-FAPbIs phase. The kinetics of
o—0 FAPDIs reaction as functions of water vapor concentration, particle size, and light
illumination reveal that exposure of larger particle size to lower water vapor concentration in the
absence of light has a much longer half-life decay time. This suggests that the single crystal
FAPDI3 and FA-rich formulations provide a path forward for stable and efficient optoelectronics.
In addition, FAPbBr3 being thermodynamically stable, does not exhibit any phase transformation
for a wide range of humidity levels and exposure time. As mentioned earlier, thin films of
perovskite material are more comparable to perovskite-based photovoltaic devices, and hence,
stability studies on thin films are expected to provide a more accurate understanding of the
robustness of the devices. Moisture stability of compositionally tailored FA-rich CSMAFA
formulation is examined using sSNMR spectroscopy. Exposure to moisture leads to partial
removal of Cs* cations from the inorganic perovskite framework leading to different CsPb2IxBrs.
x salts, but organic cations tend to preserve the perovskite structure even after exposure to

moisture for over a year.
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Figure 5.2. (a) In situ X-ray diffraction patterns of MAPDbI3z as a function of aging time until
1000 min under 85% RH. (b) corresponding evolution of the peak intensity as a function of time
for the (110) plane of MAPbIs (black), (—101) plane of MAPbI3.H20 (red), and (001) plane of
Pbl, (blue). (c) In situ Transmission Electron Microscopy (TEM) showing the morphology of
MAPbI3, MAPbI3.H20, and Pbl,. (d) *H MAS NMR spectra of fresh (a-FAPbI3) and aged (o-|5-
FAPDIs, 3-FAPbI3) materials upon exposure to moisture (85% RH) (Same as Figure 2.3b). (e)
Line shape deconvolution analyses for tH MAS NMR spectrum of 20 h aged (85% RH) FAPbI3
to estimate the quantity of a- and 8-FAPbls. (f) Kinetics plots of *H signal intensity buildup
of—CH sites (FA* cations) in 8-FAPbIs and the simultaneous *H signal intensity decay for the
same sites in o-FAPbIz as a function of exposure time to moisture (85% RH). (Q)
Photoluminescence spectra of FAPDI3 as a function of moisture (85% RH) exposure time (Same
as Figure 2.1). These figures have been adapted from Ref.114,
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Extending on this multiscale characterization approach, a detailed assessment of the long-
term moisture stability of MA-based perovskite thin films is provided in Chapter 3. A
particularly interesting aspect of this study is that the thin films (milligram masses obtained by
scratching the materials from glass substrates) can be used to study the degradation reactions.
Cascade reactions and associated degradation Kinetics are presented for MAPDIs thin films. The
moisture-induced structural changes are examined via XRD to probe inorganic species (such as
MAPDI3.H20 and Pbl>) in the cascade reaction. SSNMR spectroscopy helps in determining dilute
organic degradation products, such as MAI, that are challenging to detect using other structure-
determining techniques. The kinetics of the degradation reaction is dramatically influenced due
to the concentration of water molecules in the vapor. The higher water concentration (85% RH)
shifts the equilibrium towards the formation of byproducts, and the relatively low water vapor
concentration (40% RH) leads to a long-lasting (one year) equilibrium between MAPDI3 and
MAPbDI; hydrate. Surface defect passivation by TPA* cations impedes the moisture-induced
degradation processes. However, prolonged exposure to moisture triggers the degradation
process leading to the formation of organic and inorganic byproducts as identified by XRD and
1D/2D ssNMR techniques.

Beyond the photoactive layer, charge-transporting layers also influence the performance
and stability of the perovskite solar cells, which brings additional challenges for atomic-scale
characterization. For example, structural characterization of the inherently heterogeneous organic
semiconductor hole-transporting materials (HTMs, spiro-OMeTAD) is challenging. BCF-doped
spiro-OMeTAD is extensively examined with interest in understanding underlying doping
mechanisms. Despite the structural heterogeneity associated with such organic molecules,
magnetic resonance techniques supported by a few macroscopic-level techniques assists in
obtaining crucial insights into the doping mechanism. Specifically, multinuclear NMR (}!B, °F,
'H, and *C) results provide key information on changes in the coordination, chemical
environment, and heterogeneity in the magnetic properties in the blends of spiro-OMeTAD and
BCF. These outcomes also supported BCF/BCF-water complexes acting as Lewis acid/ Brgnsted
acid. 1D/2D EPR techniques confirm the presence of paramagnetic species and further
corroborate the miscibility of the host and dopant. The BCF-doped spiro-OMeTAD blend
demonstrated exceptional moisture stability, with no major structural changes seen in aged

material.
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5.2 Perspectives

The multi-technique approach described in this thesis can be extended to understand
structure-stability-property relationships in emerging photovoltaic materials. In pursuit of more
efficient and durable perovskite-based devices, interfacial, dimensional, compositional, and
additive engineering will be sought. In such a scenario, sSSNMR spectroscopy will continue to
provide unique atomic-level solutions to issues pertaining to processing, performance, and
stability evaluations. The main challenge of intrinsically low sensitivity associated with sSNMR
spectroscopy must be dodged to characterize layer-by-layer or a complete perovskite-based
device. DNP-NMR experiments can be further utilized to enhance the sensitivity of thin films,
perovskite materials with self-assembled molecules (SAM), and 3D/2D perovskite materials for
superior stability.® In operando characterization of the material will be highly beneficial for
thorough stability studies. Development of NMR probes that allow accurate tuning of the light
intensity, temperature, and humidity in conjunction with fast MAS is required for the in-
operando characterization. Characterizing the interfaces using NMR can be more straightforward

if ssNMR experiments’ limitation with sub-nm length scale can be resolved.

In the context of hole-transporting materials, numerous chemically tuned organic
conjugated structures need to be explored for a cost-effective alternative to spiro-OMeTAD. In
addition, a wide range of organic dopants utilized in the context of organic solar cells can be
blended with spiro-OMeTAD for enhanced charge mobility and stability. Naturally available
dyes and pigments with energy levels aligned with an ideal HTM for perovskites can also be
screened for their application as HTMs. These materials might not be as desired as spiro-

OMeTAD/PTAA, but they can be economically and environmentally viable.
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Experimental Section

Chapter 2

Material synthesis. Large crystals (40-100 micrometers) of a-FAPbIls were synthesized
following the synthetic protocol of the previous report by first preparing a solution of 8 mL of
57% wiw aqueous HI and 1.2 mL of 50% w/w aqueous H3PO> and heating it to boiling during
constant magnetic stirring in a fume hood.! 1137 mg (3 mmol) of lead acetate
(Pb[CH3CO2]2.3H20) were dissolved in the solution until it became a clear yellow color. Then,
312 mg (3 mmol) of formamidine acetate (FACH3CO2) were added to the solution, forming
yellow crystals. The reaction mixture was heated for an additional 30 minutes until all of the
yellow crystals turned black. Before allowing the solution to cool, the hot yellow solution was
carefully pipetted out of the container. The remaining black crystals in the mixture were quickly
vacuum-filtered and dried in a vacuum oven at 110 °C for 12h. It is noteworthy that the exposure
of the black crystals to the solution at lower temperatures (e.g., allowing the mixture to cool
before drying the crystals) caused the black crystals to partially convert back to the yellow
crystal phase. Small crystals of a-FAPDI3 were synthesized by adjusting the final annealing
step. In this case, 1137 mg (3 mmol) of Pb(CH3CO2).-3H.0 were dissolved in a solution
consisting of 8 mL of 57% w/w aqueous HI and 1.2 mL of 50% aqueous H3PO., by heating to
boiling whilst undergoing constant magnetic stirring. Then 312 mg (3 mmol) of formamidine
acetate were added to the hot yellow solution, leading to the formation of yellow crystals (6-
phase) and black crystals (a-phase). They were collected by suction filtration and dried under
vacuum at 180°C for 14h. This treatment gave rise to a stabilized black o-phase with a narrow
distribution of particle sizes in the range of 20-40 micrometers. Yield: 1044 mg, (55% based on
Pb).

Materials synthesis and processing for CSMAFA thin films and CsPbzBrxlsx. Unless specified,
all chemicals were purchased from Sigma-Aldrich. Mesoporous TiO paste and FK209 were
purchased from GreatCell Solar. Pbl, PbBr,, and Csl were purchased from TCI. CsBr was
purchased from Alfa Aesar. FAlI and MABr were purchased from Dyenamo. Glass substrate

were systematically cleaned with 2 vol.% of hellmanex solution in DI water, isopropanol
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(Sigma-Aldrich), acetone (Sigma-Aldrich) and treated with UV-O3 cleaner for 15 minutes prior
usage. The CsMAFA precursor solution was prepared by dissolving 1.1 mol/L Pbl, (508mg),
0.22 mol/L PbBr2 (80.7mg), 1 mol/L FAI (172 mg), 0.20 mol/L MABTr (22.4 mg) and 0.06 mol/L
Csl (175 mg) in anhydrous N,N-dimethylformamide (Sigma-Aldrich) and anhydrous
dimethylsulfoxide (Sigma-Aldrich) with 4:1 ratio (v/v), respectively. The solution was kept at 70
°C for two hours under stirring and then cooled down to ambient temperature and filtrated
through a 045 pm syringe filter, vyielding a nominal composition of
Cso0.05(FA0.83MA0.17)0.95Pb(lo.s3Bro.17)3. The solution was spin-coated according to a two-step
procedure inside an Ar-filled glovebox (MBraun Unilab Pro SP), first at 2000 rpm for 10 s and
then 4000 rpm for 20 s. During the second step, 100 puL of chlorobenzene as an anti-solvent was
dropped 10 s before the program's end. These films were annealed at 110 °C for 45 minutes

inside the glovebox to crystallize the perovskite structure leading to a mirror-like dark film.

The CsPb2Brs powder was synthesized by crystallization reaction of lead bromide (1.4 mmol)
and cesium bromide (0.7 mmol). They were dissolved in 6 mL of HBr (HBr, 48%, Fisher
chemicals). The mixture was heated at 118 °C and stirred overnight. After that, the reaction
vessel was led to cool down at room temperature, and the precipitates were collected by vacuum
filtration and washed by diethyl ether. The precipitates were dried under vacuum at 60 °C to
obtain the powder. Different cesium lead Br/l stoichiometry powders were prepared by
crystallization method (detailed for the synthesis of CsPb2Brs) of various precursor salts
(Pbl2:PbBr2:CsBr:Csl) in HBr.

X-ray diffraction. X-ray diffraction patterns were acquired using an Empyrean Powder
Diffractometer with a step size of 0.01313°, and a Cu-Ka source, operating with an accelerating
voltage of 45 kV and the beam current of 40 mA, with samples rotated at 4 revolutions/min to
improve signal-to-noise ratios. For high humidity ex-situ XRD experiments, powders of o-
FAPDI3 were placed in a small (4 mL) vial. This vial was placed in a larger (20 mL) vial
containing water, such that the liquid water was not in direct contact with the powder. Then, the
larger vial was capped with a Teflon-lined seal so that the relative humidity in this experiment
was approximately 100%. To keep light out, a large vial made of dark brown glass was selected.
For humidity tests (85% RH) with ex-situ powder XRD experiments, powder composition of

fresh o-FAPbIs was suspended on glue placed on a zero-diffraction silicon substrate. This
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substrate was placed in a hydration chamber maintained at 85£2% RH (relative humidity in the
air) in the presence of laboratory illumination. The substrate was taken out at regular intervals to
acquire powder XRD patterns at a Rigaku MiniFlex powder diffractometer. All XRD

measurements were carried out at room temperature.

Scanning electron microscopy (SEM) experiments were performed using an FEI Nova Nano
650 FEG SEM with beam currents of 0.40-0.80 nA, and at 7-10 keV accelerating voltage. Prior
to SEM measurements, the samples were sputter-coated with gold to prevent charging.

Optical microscopy. All microscopy images were acquired with Leica S9i Digital Stereo
Microscope, with a zoom range of 0.61x - 5.5x for a total magnification of 6.1x - 55x with 10x
eyepieces. The microscope was integrated with a 10 M.P. camera to provide 1080P high-
definition photographs of the perovskite particles. The perovskite particles with varying sizes of
a few 10’s to 100’s micrometers were dispersed on a glass slide, which was then placed in a
hydration chamber with 85% relative humidity in the air at room temperature (~300 K). The
glass slide was taken out from the hydration chamber at regular intervals to acquire micrographs,
whereby the materials were exposed to moisture (45-60% RH) during the image collection.
Photographs were acquired for the fresh black phase, intermediate black/yellow, and yellow
phase at different magnifications for the small and large particles to be identified and

distinguished.

Photoluminescence. For photoluminescence (PL) studies, fresh FAPbIs black phase and
intermediate black/yellow and yellow FAPDbI3z materials (after exposure to moisture at 85% RH)
were considered. All samples were measured using a Horiba LabRam Evolution high-resolution
confocal Raman microscope spectrometer (600 g/mm diffraction grating) equipped with a diode
continuous-wave laser (473 nm, 25 mW) and a Synapse charge-coupled device camera. The

utilized power output of the laser source was filtered to 1% of the maximum power output.

Solid-state NMR spectroscopy for FAPbXs crystals. Fresh and moisture-aged FAPDbIz and
FAPbBrs materials were separately packed into air-tight and opaque 1.3 mm (outer diameter)
zirconia rotors fitted with VESPEL caps to ensure the material stability during NMR data
acquisition. All solid-state MAS NMR experiments were conducted ex-situ either on a 21.1 T
(*H, 900 MHz) Bruker AVANCE-NEO or 18.8 T (*H, 800 MHz) Bruker AVANCE NEO NMR
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spectrometer using a 1.3 mm H-X probehead. Unless specified, the MAS frequency was 50 kHz
in all ssSNMR experiments. 1D *H MAS NMR spectra were acquired by co-addition of 16
transients. The relaxation delays were set to 45 s, as determined from saturation recovery
measurements and analyses, leading to the total experimental time of ~12 minutes each. For
FAPDIs, 1D 2°’Pb experiments were carried out using a spin-echo sequence with 4096 co-added
transients using a relaxation delay of 800 ms, leading to an overall experimental time of ~1h
each, and for FAPbBr3; 2048 co-added transients were acquired under the same experimental
conditions required ~30 minutes to complete. 2D H-'H double-quantum(DQ)-single-
quantum(SQ) NMR spectra were acquired using Back-to-Back (BaBa) sequence under fast
MAS.2* A rotor-synchronized t; increment of 20 ps was applied with a recoupling time of 40 ps,
which corresponds to two rotor periods (2t). The indirect *H DQ dimension was acquired using
128 t; increments, each with 16 co-added transients, leading to an experimental time of ~25h. 2D
IH-'H spin diffusion NMR experiments were acquired using three-pulse noesy-like sequence
with 1, 50, and 200 ms of mixing times.>® A rotor-synchronized increment of 20 us was applied
to detect 400 t; increments, each with 2 scans, leading to an experimental time of ~9h each. The
1H-detected 2D *H-2Pb cross-polarization (CP) heteronuclear correlation (HETCOR) spectra
were acquired with 28 t1 increments, each with 800 co-added transients, using a recycle delay of
300 milliseconds, leading to a total experimental time of ~2h.”® CP contact time was 5 ms. The
'H experimental shift was calibrated with respect to neat TMS using adamantane as an external
reference (*H resonance, 1.82 ppm). The experimental 2’Pb shifts were calibrated using

Pb(NOs): as an external standard according to IUPAC recommendation.®

To understand the impact of particle size on moisture-induced degradation, large and small
FAPDI3 particles are placed in a closely packed desiccator at a controlled humidity (85% RH),
and the water vapor content is examined using a hygrometer placed in a desiccator. To carry out
1D and 2D experiments, these particles are taken out from the desiccator at regular intervals and
packed into air-tight 1.3 mm NMR rotors. For the controlled humidity (40% RH) exposure, the
FAPDI; samples were placed in a desiccator along with silica beads which maintained the
relative humidity of 40+£5%. In all cases, the sample packing time was 3-5 mins at ambient
humidity of ~45t5% RH, so that any material degradation during the packing process is

negligible compared to several hours of exposure to moisture in desiccators.

158



For light illumination experiments, small FAPDbIs particles (20-40 micrometer) are
considered. The samples were placed in separate air-tight glass desiccators, one of which is
exposed to laboratory illumination while the other is stored under dark conditions. These
materials were separately packed into the 1.3 mm NMR rotors, and ex-situ *H MAS NMR

experiments were carried out.

For ?H ssNMR studies, the deuteration of FA" cations in a-FAPbl; was achieved by
placing it in a dark humidity chamber at ambient temperature along with a saturated solution of
KCI in D20. The sample was then packed into a 1.3 mm zirconia rotor for *H and 2H NMR
experiments. The static 1D ?H NMR spectrum was acquired by co-adding 4096 transients. In
FA® cations, only NH sites are expected to be deuterated during the exposure to D20 vapor. The
percentage of isotopic 2H labeling of -NH: sites was measured by integrating the *H signals of
NH: sites and comparing it with the -CH signal of the FA cation. This procedure allows up to
70% of NH; sites in FA* cations to be deuterated. To understand the effect of 'H«2H isotopic
exchange and ?H NMR lineshapes of cubic perovskite (o)) and non-perovskites (8) phases, two
different control experiments were carried out: First, an a-FAPbBrs phase was used as a control
material for cubic phase because it does not undergo a phase transformation in the presence of
moisture. FAPbBrs was stored in a dark humidity chamber with DO vapor for 48h at ambient
temperature. The D>O exposed FAPbBrz material was then packed into a 1.3 mm air-tight
zirconia rotor. The static 1D 2H NMR experiment was acquired by co-adding 8192 transients.
The extent of deuteration was examined by carrying out a 1D *H MAS NMR spectrum for the
same material, acquired by co-adding 4 transients. A deconvolution analysis leads to an
estimation of the degree of deuteration, which was found to be 33% (i.e., ~33% of -NH. sites
were deuterated). Second, a non-perovskite d5-FAPDbIz material (obtained after exposure of -

FAPDbI3 material to 85% RH for over a week) was used as a control sample.

The 3-FAPDI3; material was then placed in the dark humidity chamber with D20 vapor for
48h. A static 1D 2H NMR spectrum of this material was acquired by co-adding 73728 transients.
Deconvolution of 1D *H MAS NMR spectrum, acquired by co-adding 4 transients, suggests
~30% of deuteration. These two different control experiments aid the analysis of 2H NMR line

shapes of fresh and moisture aged target o.-FAPDbI3 materials.
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Solid-state NMR spectroscopy for CSMAFA thin films and CsPb2Brxls«. For solid-state NMR
spectroscopy experiments, Cso.0s(MAo.17FA0.83)0.95Pb(Bro.1710.83)3(CSMAFA) films spin-coated on
glass substrates were scratched to obtain approximately 12 mg of the powder. For aging the
CsMAFA material in moisture, it was stored in the dark in a desiccator where the humidity
(water vapour concentration) was controlled at 40+5% RH in the air. For the exposure at 85+5%
RH in the air, the material was stored for different exposure times in a humidity-controlled
hydration chamber. The sample was packed into a 1.3 mm rotor closed with Vespel® caps. All
1D H and *3Cs NMR experiments of fresh and aged CSMAFA materials were carried out on a
Bruker Avance Neo (18.8 T, *H Larmor frequency = 800.1 MHz) spectrometer using a double-
resonance HX 1.3 mm MAS probe. The MAS frequency was 50 kHz. The nutation frequency of
'H was 192 kHz, corresponding to a 90° pulse duration of 1.3 ps. The *H spin—lattice relaxation
times (T1) were determined to be 24 s for CHs and NHz3 protons in methylammonium cation and
26 s for formamidinium cation in CsMAFA using inversion-recovery measurements and
analyses. 1D *H MAS NMR spectrum was acquired using 16 co-added transients and a recovery
delay trp = 32 s. 2D H-'H spin-diffusion (SD) NMR spectrum of aged CSMAFA (168 h , 85%
RH) was acquired with rotor-synchronized 160 t; increments. The nutation frequency of 33Cs
was 69 kHz, which corresponds to a 90° pulse duration of 3.6 us. 1D 33Cs MAS NMR spectrum
of fresh CSMAFA material was acquired using 192 co-added transients, and a *33Cs MAS NMR
spectra of the same material after exposure to moisture (168 h) was acquired with 3072 co-added
transients. To understand the different distributions of *Cs signals in the aged CsSMAFA
material and identify different by-products, solid-state ***Cs NMR experiments of solid solution
of CsBr: 2PbBr; and Csl:2Pbl, materials were separately carried out. These materials were
packed into a 3.2 mm rotor, and 33Cs spectra were acquired using a double-resonance HX 3.2
mm MAS probe at MAS frequency of 20 kHz. '¥Cs nutation frequency was 125 kHz
corresponding to a 90° pulse duration of 2.0 ps. 1D ¥Cs spectra were acquired using 32 co-
added transients, corresponding to Texp = 34 min. The *H chemical shifts were calibrated with
respect to neat TMS using adamantane as an external reference (*H resonance, 1.8 ppm). The

133Cs shifts were calibrated with respect to 0.1 M CsCl solution.
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Chapter 3

Sample preparation. For MAPblIs thin films, the precursor solution was prepared by dissolving 1
mol/L methylammonium iodide (MAI) (159 mg), 1 mol/L Pbl, (461 mg) in anhydrous N, N-
dimethylformamide (Sigma-Aldrich), and anhydrous dimethylsulfoxide (Sigma-Aldrich) with a
4:1 vlv ratio, respectively. The solution was kept at 70 °C overnight under stirring and then
cooled down to ambient temperature. The solution was spin-coated (MBraun SC210) on a glass
substrate according to a two-step procedure inside an Ar-filled glovebox (MBraun Unilab Pro
SP), first at 1000 rpm for 10 s and 4000 rpm for 20 seconds. During the second step, 1 mL of
toluene as an anti-solvent was dropped 10 s before the end of the program. These films were
annealed at 110 °C for 30 min inside the glovebox to crystallize the perovskite structure leading
to a mirror-like dark film. For TPA" passivated MAPbDI3, stoichiometric 4 mol.% of

tetrapropylammonium iodide (TPAI) was utilized to substitute MAL.

X-ray Diffraction. X-ray diffraction patterns of thin films were acquired in situ by Bruker D8
diffractometer with a Cu-Ka source (Acukar = 1.54056 A and Acukaz = 1.54439 A), equipped with
a LynxEye detector. Each diffraction pattern was acquired from 26 = 7° - 40° with a step size of
0.01°.

Solid-state NMR spectroscopy. Pristine and passivated perovskite material was obtained by
scratching off the spin-coated thin films. The samples were then packed into a 1.3, 1.6, or 2.5
mm rotor. All 1D H MAS and 2D !H-'H correlation NMR experiments on pristine and
moisture-exposed perovskites were carried out on a Bruker Avance Neo (18.8 T, H Larmor
frequency = 800.1 MHz) spectrometer using a 1.3 mm Bruker double-resonance HX probe, 1.6
mm Phoenix triple-resonance HXY probe or 2.5 mm Bruker triple-resonance HXY probe. All
the 1D 'H MAS NMR spectra were acquired using a single pulse experiment. All the 2D 'H-'H
double-quantum (DQ)-single-quantum (SQ) NMR spectrum was acquired using a Back-to-Back
(BaBa) sequence.?1%! The 2D *H-'H spin-diffusion NMR spectrum was acquired using a three-
pulse noesy-like sequence.'? Detailed NMR acquisition parameters are given in Tables (A.1.-
A.4)). The *H chemical shifts were calibrated with respect to neat TMS using the H signal of
adamantane at 1.8 ppm as a secondary external reference.
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Table ES.1. Experimental parameters used for the acquisition of NMR spectra of MAPbI3
exposed to 85% RH.

Probe
Exposure NMR . b
_ ) diameter NS? N1 Timix/ Trec"
time experiment
(mm)
1D H 1.3 8 - -
2D H-H
Oh 1.3 16 128 40 ps
DQ-SQ
2D 'H-'H SD 1.3 4 300 200 ms
1D H 1.3 8 - -
2D *H-H
17h 1.3 16 128 40 pus
DQ-SQ
2D H-'H SD 1.3 1 500 200 ms
1D H 1.3 8 - -
34h
2D H-'H SD 1.3 4 400 500 ms
1D H 1.3 8 - -
2D *H-H
45h 1.3 32 128 57 ps
DQ-SQ
2D 'H-H SD 1.3 4 400 500 ms

2 Number of scans, NS. ® Number of ti-increments, Ni. ¢ Length of mixing time, tmix, for *H-*H SD and recoupling
time, Trec, for H-H DQ-SQ
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Table ES.2. Experimental parameters used for the acquisition of NMR spectra of MAPbI3

exposed to 40% RH.
Probe
Exposure NMR .
_ . diameter NS? N;° Tmind Trec®
time experiment
(mm)
1 month 1D H 1.3 16 - -
3 months 1D H 1.6 32 - -
6 months 1D H 1.3 48 - -
9 months 1D H 1.3 60 - -
1D H 1.6 16 - -
2D 'H-H
12 months 13 16 80 67 ps
DQ-SQ
2D H-'H SD 1.6 1 256 500 ms

2 Number of scans, NS. ® Number of ti-increments, Ni. ¢ Length of mixing time, tmix, for *H-*H SD and recoupling

time, Trecy fOI‘ 1H'1H DQ'SQ

Table ES.3. Experimental parameters used for the acquisition of NMR spectra of
MAPbDI3. TPA(4%) exposed to 85% RH.

Probe
EXxposure NMR .
_ ) diameter NS*? N° Tmix/ Trec®
time experiment
(mm)
1D H 25 8 - -
2D 'H-'H
Oh 25 16 160 40 ps
DQ-SQ
2D 'H-H SD 25 2 400 500 ms
15h 1D H 2.5 32 - -
22h 1D H 25 32 - -
48 h 1D H 2.5 32 - -
1D H 25 16 - -
2D H-H
72h 25 32 102 40 us
DQ-SQ
2D 'H-H SD 25 8 256 500 ms

2 Number of scans, NS. ® Number of ti-increments, Ni. ¢ Length of mixing time, Tmix, for *H-'H SD and recoupling

time, Trec, for *H-H DQ-SQ
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Table ES.4. Experimental

MAPbDI3. TPA(4%) exposed to 40% RH.

parameters used for the

acquisition of NMR spectra of

Probe
Exposure NMR .
_ . diameter NS? N;° Tmind Trec®
time experiment
(mm)
3 months 1D H 1.3 - -
6 months 1D H 1.3 4 - -
9 months 1D H 1.3 64 - -
1D H 1.6 32 - -
2D H-H
12 months 13 32 128 50 ps
DQ-SQ
2D 'H-'H SD 1.6 4 55 500 ms

2 Number of scans, NS. ® Number of ti-increments, Ni. ¢ Length of mixing time, tmix, for *H-*H SD and recoupling
time, Trecy fOI’ 1H‘1H DQ'SQ
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Chapter 4

Materials and methods. The solvents, spiro-OMeTAD, and BCF were purchased from Sigma
Aldrich in a purity greater than 98% and used as received. All solvents were purchased dry, and
molecular sieves were added to the solvents. The BCF was stored and handled in a nitrogen
atmosphere glovebox to prevent water contamination. However, BCF is hygroscopic and
interacts with traces of water molecules (present in solvents during the film deposition, and upon
exposure to ambient moisture during the sample preparation to sSNMR experiments, i.e.,
scratching of thin films from the glass substrates and packing NMR rotors), which leads to the
formation of BCF-water complexes. For solution-state optical spectroscopy measurements,
separate solutions of spiro-OMeTAD and BCF were prepared (0.01 mmol/L) using
chlorobenzene as the solvent. These solutions were placed on a vortex mixer for 10 minutes at
room temperature to ensure the complete dissolution of OSC and dopant molecules.
Stoichiometric amounts of BCF solution were added to the spiro-OMeTAD solution to prepare
spiro-OMeTAD:BCF blends with 1:0.1, 1:0.2, 1:0.5, 1:1, 1:2, and 1:4 molar ratios, and the

resultant solutions were homogenized with a vortex agitator for 10 minutes at room temperature.

UV-visible absorption spectroscopy. UV-visible absorption spectra were measured using Perkin
Elmer Lambda 650 spectrophotometer. All experiments were carried out at room temperature.
The spectra were acquired for the liquid samples (0.01 mmol.L™) prepared as mentioned in the

above section with a resolution of 1 nm.

X-ray diffraction. A Rigaku Smartlab diffractometer equipped with a copper rotated anode
operated at 45kV and 200mA was used to record patterns of pristine, undoped, and doped spiro-
OMEeTAD thin films drop cast on ITO-coated glass substrates. Diffractograms were acquired in
parallel beam configuration between 5 and 50° with a 0.01° step on a Rigaku HyPix3000

detector.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. Perkin
Elmer FTIR Spectrum two UATR spectrometer was used to acquire IR spectra of thin films of
neat and doped spiro-OMeTAD, which were obtained by scratching the drop-casted film. The

spectra were acquired with 20 scans and spectral resolutions of 4 cm=1.
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Solid-state NMR spectroscopy. Samples for the sSNMR experiments were obtained by drop-
casting the solutions (10 mg/mL) containing pristine spiro-OMeTAD, BCF, spiro-OMeTAD:
BCF (1:0.25, 1:0.5,1:1, 1:4 molar ratios) on ITO-coated glass substrates, and annealed at 70 °C
for 20 minutes. These thin films were scratched from the glass substrates to collect enough
material (~10 mg) into a glass vial. The samples were separately packed into either 1.3 mm or
2.5 mm (outer diameter) cylindrical zirconia rotors and fitted with Vespel® caps. All 1D *H, C,
1B, and 2D 'H-'H MAS NMR experiments of pristine spiro-OMeTAD, BCF, and spiro-
OMeTAD:BCF blends (1:1 and 1:4 molar ratio) were carried out on a Bruker AVANCE NEO
(18.8 T, Larmor frequencies of H, *C, and B were 800.1 MHz, 201.2 MHz, and 256.7 MHz,
respectively) spectrometer with 1.3 mm H-X probe head operating at room temperature. Unless
otherwise mentioned, the magic-angle spinning (MAS) frequency was 50 kHz for all
experiments. The *H and 3C chemical shifts were calibrated with respect to neat TMS using
adamantane as an external reference (higher ppm 3C resonance, 38.5 ppm, and the H resonance,
1.85 ppm), and the !B NMR shifts were referenced using an external standard NaBH (!B peak
at —42.06 ppm), which is calibrated to BF3.OEt, (!B, 0 ppm) in CDCls. The °F NMR spectra
were calibrated with respect to *F chemical shifts of neat CFCls (**F, 0 ppm) as an external

reference.®

All 1D 'H MAS NMR experiments were carried out by co-adding 32 transients using a
relaxation delay of 4 seconds. The 1D !B MAS NMR spectrum of neat BCF material was
acquired by co-adding 256 transients, and the spectra of spiro-OMeTAD:BCF blends were
acquired with 2048 co-added transients using a repetition delay of 2 seconds. All the 1D °F
MAS NMR experiments were carried out at 9.4 T (*°F Larmor frequency = 376.5 MHz) with 30
kHz MAS using a 2.5 mm H-X probehead, and each spectrum was acquired by co-adding 32
transients with a relaxation delay of 3 seconds. For undoped and doped Spiro-OMeTAD
materials, the 1D H—C CP-MAS spectra were acquired with 2048 and 5120 co-added
transients and CP contact times of 2 ms and 4 ms, respectively. The 2D *H-'H DQ-SQ spectra of
pristine and doped spiro-OMeTAD were acquired with 96 t; increments, each with 16 co-added
transients, using a Back-to-Back (BaBa) sequence at fast MAS.>! The 'H detected 2D H-'*C
HETCOR spectra of pure spiro-OMeTAD were acquired with 256 t; increments, each with co-
addition of 24 transients, with short (100 us) and long (3 ms) CP contact times.
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Quantum mechanical calculations. Input files for periodic DFT calculations were prepared by
taking molecular coordinates from previously published crystal structures of spiro-OMeTAD
(The Cambridge Crystallography Data Centre (CCDC) code: 1475944),'3, and BCF-water
complexes (CCDC codes: 10429, and 1861707).14° The pristine spiro-OMeTAD molecule is a
1292-electron system, and the BCF-water complex is a 556-electron system. For spiro-
OMeTAD, we first performed a convergence test. In this test, we carried out a series of
calculations by varying cut-off energy and monitored the convergence of the total energy of the
molecular system in its irreducible representation (i.e., an asymmetric unit cell). The geometry
optimization was performed using periodic DFT calculations, and the gauge including the
projected augmented wave (GIPAW) method as described by Pickard and Mauri was used for
the computation of NMR nuclear shieldings.'® All DFT calculations were performed using the
CASTEP 19.11 code.'” Each SCF loop was performed until the energy was converged within
3.67 x 108 Hartrees. For all calculations, the generalized density approximation DFT functional
PBE with the Tkatchenko-Scheffler (TS) dispersion correction scheme (DFT-D method) was
applied, and the maximum plane wave cut-off energy was 29.4 Hartrees using an ultrasoft
pseudopotential.®®2®  In all cases, the optimization algorithm was BFSG' and the
Monkhorst—Pack grid of minimum sample spacing 0.07 x 2rm A™! was used to sample the
Brillouin zone.??2 During the calculations, the positions of the atoms were varied within the unit
cell until the average forces, energies, and displacements were converged to below 3.6749 x 1077
Hartree/A, 0.0011025 Hartrees, and 0.001 A, respectively. The crystallographic information
(CIF) and magnetic resonance shielding (magres) files are visualized using Mercury4.0 and
Magresview tools.?® The 2D spectra of calculated chemical shifts were generated using the

Magresview package (available at www.ccpnc.ac.uk).

Solid-state EPR spectroscopy. All 1D X-band continuous-wave length (CW) EPR spectra were
acquired with a Bruker ELEXY'S E500 operating at cryogenic temperatures. For EPR pulses, the
amplitude modulation and microwave power were 0.5 G and 1 mW, respectively. Relaxation
times were measured on a Bruker ELEXYS E580 at 10 K using a 1D Hahn-echo sequence for T»
(transverse relaxation) and inversion recovery for T1 (longitudinal relaxation) measurements. For
the homogenous EPR spectral lineshape, T> was measured from FID decay as T: was measured

using FID inversion recovery sequence. The n/2 and = pulses were 24 and 50 ns, respectively.
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For pulsed 2D hyperfine sublevel correlation spectroscopy (HYSCORE) experiments, a four-
pulse sequence (n/2)-t—(w/2)- t1—(w)-t>—(w/2)—detection(echo) sequence was used. The pulse
lengths of /2 and = pulses of 28 ns and 52 ns, and the delay t = 300 ns were chosen to remove
the strong FID signal due to the homogenous part of the EPR signal in order to prevent blind spot
effects. The 2D spectra were acquired with 256x256 time-domain (t) data points to build t; and t
dimensions. The unmodulated part of the echo was removed by second-order polynomial
subtraction. Finally, 2D Fourier transformation and a Hamming apodization window function

were applied to obtain the HYSCORE spectra.
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