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Abstract

Abstract

This thesis is a study on hybrid organic inorganic perovskites (HOIP) and
systematically studies the effect of localized structural distortion and disorder in
perovskites, which is indirectly observed in the 3-dimensional (3D) methylammonium
lead iodide (MAPbI3), and directly observed in the reduced dimensional perovskites.
The study then further aims to establish a structure-property relationship in the hybrid

perovskites.

Chapter 1 and 2 outlines the early developments in the field of hybrid perovskite up
until recent times. These chapters lay the background for the work done prior to this
thesis and shows how there are knowledge gap in the field, particularly in the
understanding of the structural — property relationship. Additionally, a better
understanding of the material’s structure — property relationship would be valuable to
the respective material’s application, like photovoltaics or efficient lighting application
which are of increasing importance towards sustainability efforts. This would then
allow scientists to design various aspects of the structure to exploit the respective

desired material property.

Chapter 3 summarizes the various background and theoretical aspects of the
experimental techniques used in this thesis, namely X-ray diffraction, solid state nuclear
magnetic resonance, steady-state and transient optoelectronic characterization
techniques. X-ray diffraction and solid state nuclear magnetic resonance would probe
the structural configuration while the suite of optoelectronic characterization techniques
would investigate the optical and electronic properties of the material at various

timescale.

In Chapter 4, the study focuses on using first principles Density Functional Theory
(DFT) simulations and spectroscopic methods to investigate the well-studied
prototypical MAPDbI3;. DFT simulations provided an indication that charge carriers in
MAPDI; exists as localized polarons, thus, the experimental studies seek spectroscopic

evidence for the existence for these self-trapped polaronic states. Through a



Abstract

combination of steady state photoinduced absorption, transient absorption and transient
photocurrent measurements, this chapter has confirmed the existence of theoretically
predicted polaronic states in MAPbIz which finds its origins in the ‘soft’ lead — iodide
bond.

Chapter 5 primarily revolves around the 2-dimensional (2D) layered <110> cut of
perovskite where this class of hybrid perovskites are known for several remarkable
properties, such as white light emission or sometimes also called broadband emission.
This work starts off re-examining a previously studied N-(3-aminopropyl)imidazole
lead bromide (APIPbBr4), which was reported to exist in the 2-dimensional layered
<110> cut of perovskite. However, detailed X-ray Diffraction (XRD) structural analysis
of the obtained compound was shown to exist as a polymorphic API;Pb3Brio, which
shows no resemblance to the <110> cut of perovskite. Hence, another compound, 2-
(1H-Imidazol-1-yl)ethanammonium lead bromide (IEAPbBr4) was synthesized and
was shown to exist in the <110> cut of perovskite. Detailed cation dynamics of API
and IEA was further studied through Solid State Nuclear Magnetic Resonance (SSNMR)
and it was shown to be considerably different. Given the huge difference between the
APLPbs3Brio and IEAPbBr4, it is therefore unsurprising that the bulk measured

photophysical properties and characteristic are also different.

Chapter 6 then ensued to study the significance of the perovskite A-site cation through
using an imidazolium cation. It was shown to crystallize into three different polymorphs,
IMIPbBr3, IMLPbBrs and IMIzPbBrs (IMI = imidazolium), by varying the ratio of
imidazole to lead concentrations through the precursors. The structures were thoroughly
characterized by XRD and the cation dynamics probed through SSNMR. One of the
polymorphs, IMIPbBr3, undergoes an unusual phase transition while the remaining two
do not show any phase transition. Remarkably, all three polymorphs show distinct
cationic dynamics, even though IMIPbBrs and IMI3PbBrs are structurally very similar.
Furthermore, photophysical measurements of each polymorph showed different
characteristics which indicates the significance of cationic disorder in determining the

bulk properties of HOIP.

il



Lay Summary

Lay Summary

Hybrid Organic Inorganic Perovskites (HOIPs) are a new branch of exciting materials
which contain an organic molecule, and several other inorganic elements, typically
consisting of lead or tin cations and halide anions. The inorganic elements form the
framework, with the organic molecule sitting in the empty spaces of the framework. By
analogy with the relationship of a cage and a ball, the inorganic framework acts as the
cage while the organic molecule is like a rattling ball inside the cage. The prototypical
methylammonium lead iodide is a very strong contender as the active material for the
next generation of solar cells. This material has seen a very rapid growth rate in its
efficiency values and has recently attained above 25% energy conversion efficiency
after less than 5 years of active research; an achievement which has taken silicon based
solar cells more than two decades to achieve. However, much of the underlying reasons
behind the various unusual properties which makes the material such a good candidate
for photovoltaic applications remain a mystery. As such, this thesis utilizes several
techniques to study these HOIPs in greater depth. The main objective would be to
establish the correlation between the structure of HOIP and some of the remarkable

properties observed.

In this thesis, strong evidence is presented to show that the charge carriers exist as a
‘polaron’. A polaron can be imagined as a ball sitting in the mattress, and when the ball
is at rest, it would sit in its localized bump. Similarly, that charge carrier would interact
with the local environment to form such a localized ‘low energy’ state. When the
mattress is tilted in a direction, the ball starts to roll very slowly as compared to a ball
rolling on a hard surface with the same degree of tilt. If the contributions from the
localized environmental are not recognized, then judging by the speed of the rolling
ball and assuming that the surface is a hard surface, it would be inevitable to reach an
erroneous interpretation that the ball is massive. This thesis first utilizes theoretical
predictions, which are then validated through experimental results to show that the
charge transport carriers indeed exists as a ‘polaron’. An accurate understanding of the
material’s charge transport property would further help the optimization of the material

and hopefully, better device efficiencies.

il
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Branching out from this class of hybrid perovskite, the structural flexibility of the
hybrid perovskite is also demonstrated in this work. Again, using the analogy of a ball
in a cage, one can also choose to use a ball with a small tail protruding from it, like a
lollipop. This way, the tail would protrude out from cage while the spherical part would
still be enclosed within the cage. Consequently, the cages would not be able to stack
nicely above and below current cage due to the protruding tail and would only be able
to from a continuous layer of cages instead. In the same way, by changing the organic
cations, the same inorganic framework would also be obtained, thus forming layers of
inorganic framework. These structures are therefore also called 2 — Dimensional (2D)
layered hybrid perovskite structures. By the same logic, when using an appropriate
organic cation, it is also possible to obtain a continuous 1 — Dimensional chain of hybrid
perovskite. An earlier reported 2D layered hybrid perovskite compound is revisited in
this work and is found to take on a different structure. This phenomenon is known as
polymorphism. Studies were also extended to the 1D perovskite and it was shown that
the organic cations are highly dynamic and moving around in the crystal. From several
structures studied in this work, a trend was observed and the microscopic differences
are then established to influence different macroscopic observed properties, such as the

optical properties.

iv
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Figure 2.1  Chart detailing the growth of solar cell efficiencies. [ Taken from NREL,
2020]

Figure 2.2 Illustration showing the Goldschmidt tolerance factor of the various

hybrid perovskite that are well studied in the literature'

Figure 2.3  the plot of 71 relaxation time against the correlation time of the process.
The molecular correlation time is the time the average molecule completes one radian
of rotation. In the very short correlation time, it is suitable for small molecules. At the
moderate to long correlation time regime, it is suitable for large molecules like polymers

or proteins, or to the extreme limit of solids.

Figure 2.4  Schematic comparison of (a) Ruddlesden — Popper (RP), (b) Dion —
Jacobson (DJ) in oxide perovskite against layered hybrid perovskites, and (c) the new
alternating cation (ACI) structure unique to hybrid perovskite system. Notably, in RP
perovskites, there is an offset of (Y2, ¥2), while in DJ and ACI, there is no offset of the
layers® * (d) Oxide perovskite specific Aurivillius phase, with n = 3, BisTi3O12 and

Bi2Sr>NbMnO12-5. In Aurivillius phase, the spacer group is strictly Bi»O,.

Figure 2.5  One scheme of reduced dimensional perovskite in the form of
nanostructured (a) MAPbBr3; — (OA):PbBr4 core-shell structure to exploit absorption
upconversion effects ¢ (b) CsPbBr3 in nanocube structure in LED device 7 (c) MAPbI;
in nanowires for lasing applications and (d) colloidal MAPbBr3 nanocrystal in LED

devices®

Figure 2.6  (a) schematic diagram showing the relation between 3D perovskites (n
= o0) and the <100> oriented 2D halide layers are indicated by »n° (b) <100> oriented
layered hybrid perovskites (BA)2PbBrs '° (¢) schematic showing the layered <110>
oriented perovskite (d) <110> oriented hybrid perovskite APIPbBrs!! (e) schematic

showing the layered <111> oriented perovskite structure (f) <111> oriented metal
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halide perovskite Cs4CuSb,Cl;, perovskite '

Figure 2.7 (a) photoluminescence of 2 —, 3 —, 4 — MOP at room temperature (b)
octahdra tilting of 2 —, 3 —, 4 — MOP samples measured through the dihedral angles'?
(c) absorption and emission spectra of (BA),Pbls and (EDBE)Pbls '* (d) structural
distortion of (BA)2PbBr4 and (HIS)PbBrs and the corresponding variable temperature

photoluminescence emission profile'

Figure 2.8  Various reported 1D and novel type perovskite or perovskitoid structures
(a) one dimensional lead halide perovskite (DMEDA)PbBr4!® (b) 1D bromoplumbate
1-(Ethyl)pyridin-1-ium lead bromide!” (c) one dimensional zigzag edge-sharing
perovskite (AMP)PbBrs'® (d) one dimensional ImPbls!® and (e) one dimensional
nanotube (HMTA);PboBr7?’. [DMEDA = N,N’-dimethylethylenediamine, AMP = 4-

(aminomethyl)pyridinium, Im = imidazolium, HMTA = hexamethylenetetramine]
Figure 2.9 Reported photoluminescence spectra of (a) (DMEDA)PbBrs'¢ (b)
(AMP)PbBr4'® (c) ImPbI3!" and (d) (HMTA)3Pb2Br7°°. All the variants of 1D perovskite
exhibits varying degree of broadband emission.

Figure 3.1  schematic showing the principles behind XRD, and Bragg’s law
Figure 3.2  a schematic of the general flow of work for single crystal XRD studies
Figure 3.3  schematic of a diffractometer in the Bragg-Brentano geometry

Figure 3.4  schematic of a diffractometer in the transmission geometry

Figure 3.5  schematic of energy level. Energy splitting increases with increasing Bo
Figure 3.6  schematic of magnetization vectors (a) at equilibrium when placed in a
magnetic field Bo, (b) when the system is perturbed by the application of B, the

magnetization vector is rotated onto the x-y plane, which can then be detected.

Figure 3.7  (a) peak splitting due to spin-spin coupling in 1,1,2-trichloroethane. Hai
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and Ha» are chemically equivalent hydrogen and does not split each other. H, would be
split into a triplet due to the presence of two Ha. (b) Ha in ethyl acetate is not affected
by coupling more than three bonds away, and hence is a singlet. Hy and H, are triplets

and quartets respectively.

Figure 3.8  (a) schematic of the pulse sequence in a one pulse and (b) saturation

recovery experiment to measure the 7

Figure 3.9  (a) schematic of the pulse sequence in 71, measurements. (b) illustration
showing the various regimes of motion which correlates to the various relaxation

mechanisms and the type of experiments?!

Figure 3.10 (a) schematic of the pulse sequence in CPMAS and (b) a spin echo

experiment

Figure 3.11 (a) schematic of the pulse sequence in a 2D NOESY (b) 2D BABA

experiment

Figure 3.12 (a) schematic of the pulse sequence in a 2D hCH HETCOR and (b) 2D
FSLG HETCOR experiment

Figure 3.13 schematic of a Michelson interferometer, which is the basis of an FTIR.

R1 and R2 are collimating mirrors and M1 and M2 are flat mirrors.

Figure 3.14 schematic of the Bruker V80v FTIR, with laser add-on for cw-PIA

measurement

Figure 3.15 schematic of band diagram and the formation of absorption band due to

photoexcitation

Figure 3.16 schematic of the experimental setup for ultrafast transient absorption

spectroscopy

Figure 3.17 schematic of the band diagram from a nearly-free electron model. The
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photoexcitation would create electron-hole pairs which relaxes to the bottom of the
conduction band and top of the valence band. There, it can recombine radiatively to

emit a photon, which is observed as photoluminescence.

Figure 3.18 schematic of the various quantities which determines the
photoconductivity process in based on Drude model. /o is the illumination intensity, F
is the applied electric field, J is the current density and vq is the charge carrier drift

velocity.

Figure 3.18 schematic of the various quantities which determines the
photoconductivity process in based on Drude model. /o is the illumination intensity, F
is the applied electric field, J is the current density and vq is the charge carrier drift

velocity.

Figure 3.19 schematic of the transient photocurrent setup. The photoelectrons are
generated with an optical excitation source of 400 nm pulsed laser with a beam diameter
of 0.2mm, and is collected by applying a bias across the gold channel and recorded with

an 100 GHz oscilloscope

Figure 4.1.  Electronic and optical properties of MAPbIs. (a, b) calculated electronic
band structures, (c, d) real part (in red) and imaginary part (in blue) of dielectric
function, and (e, f) far-infrared vibrational modes and intensity for tetragonal-phase (up)

and orthorhombic-phase (down) MAPDI.

Figure 4.2.  Far-infrared optical response of MAPDI;. Calculated real part (in red),
imaginary part (in blue) of dielectric function, and imaginary part of the inverse
dielectric function (in black) for (a) tetragonal-phase and (b) orthorhombic-phase
MAPbI;.

Figure 4.3 (a) Experimental steady state absorption and (b) steady state
photocurrent results showing good agreement with the ab initio band structure without
SOC effects, (Fig 4.1a, pink line). Schematic of (c) positive and (d) negative polaron

charge density from DFT simulations
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Figure 4.4  (a) Full PIA spectra at 78 K showing key photoabsorption feature and
are sub divided into regions I, II, IV and III (b) full PIA spectrum at 298 K showing the
concurrent disappearance of these key photoabsorption features (c) schematic energy
level diagram of the photoexcited states. PO would correspond to the trap states, P1 and
P; corresponding to a high-low energy photoabsorption pair, which is a signature of

polarons. Py is assigned to the higher-level energy transitions of the photoinduced states.

Figure 4.5  Experimental and simulated infrared active vibrational (IRAV) and
Raman modes. (a) PIA spectrum (7 = 78 K) fitted to two Gaussian peaks centred at
1650 cm™! and 516 cm™ (red dashed lines), (b) FTIR spectrum (7 = 78 K), and (c)
Raman spectrum (Aexc = 1024 nm, 7'= 300 K), where green asterisks denote peaks from
the CaF: substrate. (d) Simulated photoinduced absorption modes are obtained as
—(AT/T) = —(IRneut — IRexc)/IRpeut, Where IRcxe and IR ey are the IR mode intensities of
excited and ground states, respectively. (e, f) Calculated IR and Raman mode intensity
spectra of orthorhombic MAPbI;. The main vibrational modes are indicated by black
vertical lines, showing the correspondence between IRAV modes and Raman modes,

which become IR-active under photoexcitation.

Figure 4.6  The Infrared active modulation (IRAM) of C — H and N — H stretching
mode. (a) the FTIR absorbance spectrum of MAPbIs, f(7), (b) the fitted results (red
line) against experimental results (black open circles) with only the 0" order
derivative, f(¥) = —0.0015 f(v) , (c) only the 1st order derivative, f(V) =
—0.02 f'(?) , (d) only the 2nd order derivative, f(¥) = 0.11 f"'(¥) (d) best fit of this
region with a combination of 1% and 2" order derivative f(¥) = —0.0075f"(¥) +
0.1f"(¥). (e) the representative IR vibrational frequencies and displacement vectors
obtained from phonon calculations, and corresponding blue-shift of IR-active-mode

frequencies in the charged state.

Figure 4.7  (a) Steady state PIA compared against (b) transient PA. (c) ultrafast
transient absorption map of MAPbI3 (d) shows the slice at 1.64 eV, which is the band
gap and subsequent global fitting shows three distinct lifetimes. Detailed discussion are
in the text. (e) transient photocurrent and insert shows the linear dependence of peak

photocurrent against the applied bias. Note the change in timescale from linear to
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logarithmic in (d) and (e) marked by breaks.

Figure 5.1  (a) APL2Pb3Brioin the high temperature /2 phase, (b) API2Pb3Brio in the
low temperature P1 phase (standard unit cell), (c) an overlay of the high (in pink) and
low temperature (in grey) viewed down the b-axis and (d) down the a-axis of the
monoclinic cell. (e) API cation in the low temperature P1 phase and (f) high
temperature /2 phase. (g) projection of IEAPbBrs which is in a <110> oriented 2D

layered perovskite structure.

Figure 5.2  Powder XRD Rietveld refinement of (a) API2PbsBrio in the room
temperature 12 phase, and (b) APLPbsBryo in the low temperature P1 phase. (c) The
plot of Ry, and unit cell volume of the /2 phase. A dip in Ry, can be observed at 273 K
and 290 K. This is attributed to the phase transition where both I2 and P1 phases are

observed to be in considerable amounts of each other. (d) Rietveld refinement of

IEAPbBrs with an X-ray radiation of 0.825°A.

Figure 5.3  'H (left) and '*C (right) SSNMR spectra of (a) API,Pb3Brj in the high
temperature /2 phase, (b) APL.PbsBrio in the low temperature P1 phase (c) IEAPbBr4

assigned to the individual atoms.

Figure 5.4  Variable temperature sweep of APLPbsBrio and 'H, *C and **’Pb
showing a clear correlation with XRD results. 'H T shows three distinct regions, below
20 °C, the intermediate 20 °C — 40 °C, and after 45 °C. Phase transition confirmed
through XRD, NMR and calorimetric methods.

Figure 5.5 2D NMR spectra of API:PbsBrio in the low (left) and high temperature
(right) phase. (a,b) homonuclear NOESY (c, d) BABA and (e, f) heteronuclear hCH

expeiment

Figure 5.6  ORTEP diagram of the 1-(3-aminopropyl)imidazolium (API) cation in
the low temperature (P1) phase viewed (a) down the imidazolium plane, (b) almost
parallel to the imidazolium plane, and high temperature /2 phase viewed (c) down the

imidazolium plane, (d) almost parallel to the imidazolium plane. The orange and blue
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arrows show the two correlation, which was observed in the 'H — 'H BABA
homonuclear NMR correlation experiment at the low temperature phase but absent in

the high temperature phase.

Figure 5.7 2D NMR spectra of IEAPbBr4 in the low (left) and high temperature
(right) phase. (a) homonuclear NOESY with contact time 10 ms, (b) NOESY with

contact time 200 ms (c¢) homonuclear BABA and (d) heteronuclear hCH expeiment.

Figure 5.8  The density of states (left) and joint density of states (right) of
API,Pb3Brio, APIPbBr4, and IEAPbBr4 as calculated by Density Functional Theory
(DFT) using the Perdew—Burke-Emzerhof (PBE) with Spin Orbit Coupling (SOC)

functional.

Figure 5.9  Absorption and photoluminescence results. Asterisk marks the spectral
artefact arising from the second order effects arising from the monochromator while
using the source radiation (290 nm), which has not filtered out by long pass filter

(Schott 320).

Figure 6.1 Crystal structure of (a) API2Pb3Brio which can be seen to be in the 1-3EFF
configuration, (b) IMI;PbBr4 which can be seen to be in the 2EE-1(CC) configuration,
(c) catena-(2-methylimidazo[1,5-a]pyridin-2-ium tris(u-bromo)-lead®> which can be
seen to be in the 1-2FF configuration, (d) IMI3PbBrs which can be seen to be in the 1-
1C configuration, (e-f) the configuration of 1D tubular structure of (HMTA)PbBr42°.
In this case the notation breaks down into an awkward form and this proposed notation

should not be used.

Figure 6.2  Crystal structure of the three imidazole lead bromide polymorphs, (a)
IMIPbBr3; in the room temperature Cmcm phase (b) IMI,PbBr4 in 1 , and (c) IMI;PbBrs
in P1

Figure 6.3  Rietveld refinements of the samples (a) IMIPbBr3 fitted to the Cmcm
space group, (b) IMIPbBr3 fitted to the P63/mmc space group. The difference in the Ry
and overall fitting, particularly between 13° and 20° showed that IMIPbBr3 would take

XX1



Figure Captions

on the orthorhombic Cmcm space group. The presence of contaminant IMIPbBr4 phase
is shown in the green curve (c) Rietveld refinement of 98% IMI>PbBr4 with 2% of
IMIPbBr; contaminant, and (d) Rietveld refinement of the bulk synthesized IMI;PbBrs.
Refinement results showed the bulk sample consist of approximately 0.2% of IMIPbBrs3,
37% IMI>,PbBr4, and 63% IMI3PbBrs.

Figure 6.4  Comparison of IMIPbBr3 phases, with the organic imidazole cation
hidden for clarity. (a) shows the intermediate P2:212; superstructure through the
doubling of the c-axis. A slight modulation of the octahedra connectivity can be seen,
as highlighted by the red and green dotted circles. Such behaviour is neither seen in (b)
the higher temperature Cmcm phase nor in (c) the lower temperature Pnma phase. Note

the change in axis orientation to match crystallographic convention.

Figure 6.5  Simulated precession image of IMIPbBr; in the P21212; phase showing
(a) reflections from 0k/. Weak satellite peaks can be observed in several (0 2 /) planes
(b) reflections of 4k0 showing no satellite peaks (c) reflections on the 40/ showing a
threefold twinning and satellite peak on several reflection such as (2 0 12) (d) projection

of the superstructure IMIPbBr; down the a-axis.

Figure 6.6  (a) powder XRD pattern of IMIPbBr3 from 300 K to 100 K, in steps of
10 K for clarity. The pattern shows a clear transition at around 220 K. (b) powder XRD
pattern from 100 K to 300 K, in steps of 10 K for clarity, but the diffractogram shows
that IMIPbBr3; does not undergo any phase transition (c) the theoretical XRD pattern of
the various phases of IMIPbBr3 as predicted from the single crystal XRD results. The
inclusion of the contaminant IMIbPbBr4 shows the presence of a peak at 7.18° and is
observed in the experimental XRD plots (d) the plot of refinement R, against
temperature showing the stability of the sequential refinements. The plot of IMIPbBr3;
P212121 unit cell volume against temperature with increasing temperature shows that
logical validity of the refinement (e) differential scanning calorimetric study of
IMIPbBr3, showing a first phase transition between 236 K and 244 K and a second
phase transition between 193 K and 225 K (f) Group subgroup relation, from Cmcm to
P212121 with index 4. Since P21212; is a superstructure, it would have twice as large a
Z value than the Cmcem phase. Don(mmm) would have order 8 while D2(222) would

have order 4.
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Figure 6.7  Multinuclear Solid State Nuclear Magnetic Resonance (SSNMR)
studies of (a) IMIPbBr3 (b) IMI2PbBr4 and (¢) IMI3PbBrs, where 1H spectra is shown
on the left and '*C spectra on the right. In the 'H spectra, the experimental spectra are
fitted to the deconvolution of peaks, and the details are shown in Table 6.2. In the '3C
spectra, the insert shows the zoomed in section of each peak, which is split for IMIPbBr3
and IMI,PbBr4. The 2°’Pb Hahn Echo spectra are seen for (d) IMIPbBr3, (¢) IMIPbBrs
and (f) IMIsPbBrs. 'H and '*C are referenced to alanine and **’Pb referenced to PbNOs.

Figure 6.8 2D NMR correlation of IMIPbBr3 (a) 'H-"H homonuclear NOESY, with
a relatively short contact time of 500 ms, (b) NOESY with a relatively long contact
time of 2000 ms. The NOESY results provide evidence for the presence of two peaks,
'H-7 and 'H-8, between 11 ppm and 12 ppm, while the peak, 'H-3, is a split peak. (c)
'H-'H BABA homonuclear correlation boosts the confidence in peak assignment (d)
The heteronuclear FSLG correlation shows a clear correlation for 'H-1,2 with '3C-1,2

and 'H-3 with 1*C-3 and provides further evidence to support the assignments.

Figure 6.9 2D NMR correlation of IMI:PbBrs (a) 'H-"H homonuclear NOESY,
with a relatively short contact time of 100 ms, (b) NOESY with a relatively long contact
time of 500 ms. The NOESY results provide evidence for the presence of two peaks,
'H-7 and 'H-8, between 11 ppm and 12 ppm, while the peak, 'H-3, is a split peak. (c)
'H-"H BABA homonuclear correlation boosts the confidence in peak assignment (d)
The heteronuclear FSLG correlation shows a clear correlation for 'H-1 with '*C-1, 'H-
2 with 3C-2 and 'H-3 with '3C-3. The correlation for 'H-7 with '*C-3 and 'H-8 with

13C-3 is not unexpected because of the close proximity of the atoms.

Figure 6.10 2D NMR correlation of a 63% IMI3PbBrs — 37% IMI>,PbBr4 mixture (a)
"H-'H homonuclear NOESY, with a relatively short contact time of 100 ms, (b) NOESY
with a relatively long contact time of 500 ms. (¢) 'H-'H BABA homonuclear
correlation boosts the confidence in peak assignment (d) The heteronuclear FSLG
correlation shows a clear correlation for 'H-1 with '3C-1, 'H-2 with '3C-2 and 'H-3 with
13C-3. The correlation for 'H-7 with *C-3 and 'H-8 with *C-3 is not unexpected

because of the proximity of the atoms.
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Figure 6.11 'H and '3C spectra compared against variable field strength. Since both
'H and '3C peaks become narrower with increasing field strength, CSA is the dominant

process in the NMR spectra.

Figure 6.12 The density of states (left) and joint density of states (right) of the three
phases of IMIPbBr3, IMIPbBr4 and IMI3PbBrs as calculated by Density Functional
Theory (DFT) using the Perdew—Burke-Ernzerhof (PBE) with Spin Orbit Coupling
(SOC) functional.

Figure 6.13 Steady state absorption of (a) IMIPbBr3;, (¢) IMI;PbBrs, and (d) a
physical mixture of 63% IMI;PbBrs — 37% IMI2PbBrs and photoluminescence of (b)
IMIPbBr3, (d) IMI:PbBrs, and (f) a physical mixture of 63% IMIzPbBrs — 37%
IMI,PbBrs. The insert on the absorption plot (a, ¢, d) shows the extracted band gap
values taken from the Tauc plot of the absorption spectra at different temperatures. Due
to experimental limitations in photoluminescence measurement, the peak at 290 nm
arising from the second order effects of the monochromator cannot be completely

filtered and is marked with an asterisk.
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Abbreviations

API N-(3-aminopropyl)imidazolium cation
BA butylammonium cation

CIF Crystallographic Information File
cw-PIA continuous wave photoinduced absorption
DFT Density Functional Theory

DMF N-N-Dimethylformamide

DMSO Dimethyl sulfoxide

EQE External Quantum Efficiency

FID Free Induction Decay

FTIR Fourier Transform Infrared Spectroscopy
GoF Goodness of Fit

HOIP Hybrid Organic-Inorganic Perovskite
HOMO Highest Occupied Molecular Orbital

I Nuclear Spin

IEA 2-(1H-Imidazol-1-yl)ethanammonium cation
IPA Isopropyl Alcohol

IUCr International Union of Crystallography
LED Light Emitting Diode

LUMO Lowest Unoccupied Molecular Orbital
MAPI Methylammonium Lead Iodide

MAS Magic Angle Spinning

n Number of perovskite layers

NOE Nuclear Overhauser Effect

NQR Nuclear Quadrupole Resonance

OLED Organic Light Emitting Diodes
ORTEP Oak Ridge Thermal Ellipsoid Plot
PEA phenylethylammonium cation

PIA Photoinduced Adsorption

PL Photoluminescence

pXRD Powder X-ray Diffraction
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Robs
SCLC
scXRD
SSNMR
STE

T

TA
TPC
wR
XRD

R-factor

Space Charge Limited Current

Single Crystal X-ray Diffraction

Solid State Nuclear Magnetic Resonance
Self-trapped exciton

Spin-lattice relaxation time

Spin-lattice relaxation time in the rotating frame
Transient Adsorption

Transient Photocurrent

Generalized R factor

X-ray Diffraction
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Chapter 1

Introduction

A brief history and overview of the field of hybrid organic-inorganic
hybrid perovskites is presented. The aim of this project is to study the
correlation between the structural properties and observed
optoelectronic properties of mixed-dimension hybrid organic-
inorganic perovskites containing the lead bromide inorganic
framework. Expected outcomes and potential challenges of this

project are also highlighted.
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Introduction

1.1 Background and Motivation

The term Perovskite originally referred to CaTiO3; which was discovered in the Ural
Mountains of Russia by Gustav Rose in 1839 and named after Russian mineralogist
Lev Perovski'. Perovskite was later generalized to include materials which have similar
crystal structures with the general formula of ABOs;. These compounds exist naturally
and abundantly in the Earth’s crusts and include MgSiO3 (Enstatite) and FeSiO3 (Iron
(IT) silicate). Early applications of perovskites were of BaTiO3 involving exploiting its
ferroelectric, piezoelectric and photorefractive effects in applications such as capacitors,

precision positioners, and nonlinear optics.

The discovery of the halide perovskites dates to the 1890s and the first few reported
halide perovskites were based on cesium? and methylammonium?® lead halide. Distinct
from the inorganic oxide perovskites, the hybrid organic-inorganic perovskites (HOIP)
got their name from the combination of organic and inorganic moieties. In HOIP,
typically, the A-site is an organic ammonium cation (e.g. methylammonium,
phenylethylammonium), the B-site is a divalent metal cation (e.g. Pb*", Sn**, Ni**) and
X will be a halide (e.g. CI', Br', I). Earlier works regarding hybrid perovskites available
in literature date as far back at 1980% but interest in this material remained relatively

dormant for a long period of time.

From the spring of 2009, HOIP have gathered significant attention because great
interest was generated by the prototypical 3-dimensional (3D) methylammonium lead
iodide perovskite, MAPbI3;, becoming a leading contender in developing the next
generation of photovoltaic devices. This came against a backdrop of seeking fossil fuel
alternatives and the efficiencies of MAPbI3 based solar cells have been growing rapidly
with current photovoltaic (PV) efficiencies comparable with silicon-based PV. While
the PV device operation has improved significantly, there are key missing areas in our
understanding of the charge transport properties of such materials. Hence, this thesis
aims to take a step back from device operations and examine the structural-property

relationships.
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Scientific interest in the lower dimensional perovskites, such as the 2D layered
perovskites and 1D chain perovskite and ‘perovskitoids’ have also gained attention for
a variety of reasons. The layered 2D perovskites are thought to be in a natural quantum
well structure’ because the organic layers are typically insulating while the inorganic
lead halide octahedra cages are the charge transport channels. Similarly, the 1D chained
perovskites are also seen as natural nanowires because the lead halide octahedra
connectivity resembles that of a 1D nanowire and hence electron transport is confined

to only one dimension.

Owing to the flexibility of the HOIP structures, the corresponding structural-property
relation is not well established where one likely consequence is charge localization
effects, which remains largely underexplored. Furthermore, the role of lead halide
octahedra connectivity and cation dynamics are also underexplored. A shift away from
the purely corner shared lead halide octahedra, as in MAPbI3, to edge or face sharing
octahedra should also follow a slight change in the nomenclature, such as perovskite
polytypes and ‘perovskitoids’, which will be discussed in the subsequent chapter.
Although there has been some correlation between octahedral tilting and the resultant
bulk properties (e.g. photoluminescence) in layered 2D perovskites®, the underlying
microscopic origins of the mechanism are not well understood. The area of 1D
perovskites remains highly fragmented partly because there have not been many
systems reported and hence, no design rationale has been laid out. Consequently, much

is still unknown concerning this group of 1D perovskites.

The understanding of the process and consequences of charge localization in the field
of hybrid perovskites is still limited, although there is a consensus that the ‘soft bonds’
in hybrid perovskites can be easily deformed” '°. Through variable temperature charge
transport measurements'! and terahertz spectroscopy measurements'? !*| these indirect
studies hints at the likelihood of charge carriers (i.e. electron and holes) becoming
localized to within several unit cells in 3D hybrid perovskites instead of behaving like
a free charge carrier. However, there is no direct evidence for the effects of such charge
localization to form a polaron. The effects of polaronic charge transport would alter our
understanding of this class of material, and ultimately how affects the principles of
device operation. At the same time, in the area of 2D layered Ruddlesden-Popper

perovskites, there is a general consensus that the broadband emission properties are
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linked to the octahedral tilting® but there is a lack of understanding of the role of
octahedral structural connectivity and charge localization effects. Similarly, in the 1D
perovskites and ‘perovskitoids’ such understanding is still highly fragmentary and there
is no common consensus on the relationship between structural properties and

experimentally observed optical properties.

1.2 Problem Statement

While an extensive effort has been directed towards the study of hybrid perovskite-
based devices unravelling the stability mechanism, there has been, to a lesser extent,
focus on the fundamental properties of the material. With the reports of anomalous
charge transport characteristics!*'®, the analysis has typically been assuming that the
charge carriers behave similar to traditional semiconductors, an effort to look at the
localized effects is still lacking. Similarly, in the layered 2D perovskite and 1D
perovskite and ‘perovskitoids’, such materials have not been receiving much attention.
Hence, even less attention is given to the localized effects such as the organic cation

motion and how such localized effects are correlated with the bulk material properties.

1.3 Objective and Scope

Based on the motivation and the problem statement presented thus far, this thesis aims
to look at the localized effects in hybrid perovskites and its correlation with the

observed bulk properties.

The scope of this thesis is to:
1. Use first principles DFT simulations and both steady state and transient fast
spectroscopic evidence to prove the existence of charge localization in 3D
MAPDI3. The implications of charge localization can then be studied by DFT
simulations and compared with experimental charge mobilities to validate

both theoretical and experimental work

2. Probe the structural correlation of perovskite polytype, reduced dimensional
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perovskites and “perovskitoid” structures with the observed bulk properties.
The localized dynamics, particularly those originating from the organic
cation, are then studied in detail and the results compared against theoretical
DFT simulations. The structural properties of each compound are then
studied alongside the observed bulk optical properties and attempts to

elucidate the role of cationic motional dynamics.

The material of interest in 3D perovskite is the prototypical methylammonium lead
iodide due to the widespread interest in this material, and a wide amount of knowledge
which has been, and still is, being acquired by the scientific community. The direct
experimental evidence relies on optical spectroscopic techniques while charge transport
properties are measured through the photocurrent spectroscopy. While exploring the
reduced dimensional perovskites, a variety of organic cations are utilized, specifically
aminoalkyl substituted imidazolium and imidazolium cations, and the structures
obtained showed considerable differences. This would provide a basis for the cross
comparison structural properties like the lead halide octahedra connection or cation
dynamics with experimentally observable effects of charge localization, such as

broadband photoluminescence emission.

It is hoped that from this work, there would be an enhanced understanding of the role
of charge localization and how this would be considered during device operations and
optimization work. The work on the reduced dimensional perovskites would also hope
to provide some clarity and classification to the types of reduced dimensional

perovskites and the charge localization effects.

1.4 Dissertation Overview

This thesis is structured where each chapter is dedicated to the topics outlined below:

Chapter 1 starts off by giving a brief overview of the field of hybrid perovskite and

highlighted out specific gaps in the understanding of hybrid perovskites and areas

which this thesis would address.
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Chapter 2 gives an outline on the growth of the interest in hybrid perovskite and moves
on to review relevant literature and the current state of understanding of self-trapping
in hybrid perovskites and structural dynamics of the organic cation. Moving beyond the
3D perovskite, the chapter also carries out a review of the layered 2D, 1D, and exotic

perovskites and perovskitoids.

Chapter 3 covers the experimental theory and procedures on the synthesis and the suite
of characterization techniques utilized to thoroughly characterize the materials, namely
X-ray diffraction, solid state nuclear magnetic resonance, steady state optical

characterization, and transient absorption and photocurrent techniques.

Chapter 4 studies formation of polarons in the prototypical 3D MAPDI3 from first
principles DFT simulations and the predictions are followed up by optical spectroscopic
techniques to experimentally prove the existence of the formation of large polarons.
The formation dynamics are studied through transient optical absorption spectroscopy
and charge carrier properties are elucidated through photocurrent measurements. The
implications of charge localization through the formation of polarons are further

discussed within the chapter.

Chapter 5 moves away from the well-established 3D MAPbI3 and into the corrugated
<110> oriented 2D layered perovskites. In the process of doing so, a new polymorph of
a previously reported APIPbBrs is discovered and helped to establish that the
substituted alkyl chain length is crucial to the formation of the corrugated perovskite,
IEAPbBr4. Both systems exhibit broadband photoluminescence emission, which is an
evidence for the presence of self-trapped states, although IEAPbBrs shows a distinct

excitonic emission peak even up to room temperatures.

Chapter 6 examines a more exotic subbranch of perovskites, studying the perovskite
polytype structures and a new branch of 1D perovskite and perovskitoid. The
importance of the A-site cation chemical activity is demonstrated in this chapter where
three different polymorphs of imidazolium lead bromide are studied; IMIPbBr; is
determined to closely resemble a 4H perovskite polytype, IMI2PbBr4 as a perovskitoid
and IMI:PbBrs as a true 1D perovskite. All three polymorphs exhibit broadband

emission which indicates the existence of self-trapped states in these structures.
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Chapter 7 summarizes and presents conclusions based on the work accomplished and
connects the important findings of each chapter to the initial objective of the thesis. The
impact of this research is reviewed and guidance provided for future work on designing

hybrid perovskite structures.

1.5 Findings and Outcomes

The achievement of this research and several novel findings and outcome include:

1. Evidence for large polaron formation in MAPbI3 through spectroscopic
methods where polaron mobilities and effective mass anisotropy are
lower than that of the free carriers.

ii. The discovery of API;Pb3Bri1o, a polymorphic structure of APIPbBr4 .

iil. Critical aminoalkyl length of substituted imidazole to form a 2 by 2
corrugated <110> cut of perovskite is determined.

iv. Novel polymorphism discovered in imidazole lead bromides showing a
structure which resembles 4H-polytype, edge shared lead bromide
octahedra which forms a 1-D chain, and a clean 1-D chain of lead

bromide octahedra.

The present research starts by studying the prototypical MAPbI; and utilizes
spectroscopic evidence to prove the formation of polarons. Since polarons are attributed
to various properties (e.g. broadband emission) seen in the 2D perovskite series, this
research moves onto do a thorough structural characterization of a known APIPbBr4,
and the whole series in alkyl substituted (and non-substituted) imidazole lead bromide
series. These materials are synthesized, followed by the crystallographic
characterization through using single crystal X-ray diffraction (XRD), and the solved
model validated through powder XRD. This will allow long range structural order to
be experimentally verified. Solid State Nuclear Magnetic Resonance (ssNMR) will
subsequently be employed to characterize the short-range order (or disorder) and the
dynamics of the organic molecule would be probed. The structural phase transitions of

the novel perovskites (if present) are also studied at levels which the instruments allow.
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Following which, the optical properties of the novel perovskites will be characterized,
beginning with the fundamental linear absorption and photoluminescence charted
across variable temperature. The correlation between the structural properties with the
observed optoelectronic properties will give a preview on the outlook on the role of

lead bromide octahedra connectivity.
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Chapter 2

Literature Review

An overview of key progress in the field of 3D HOIP is given, followed
by a similar summary for lower dimension layered perovskites and a
discussion of their varying definitions.

The flexibility in the engineering of the perovskite structure through
exploiting the variation of the organic moiety is demonstrated. The
key issues of the structural characterization techniques used for
perovskites and their limitations is also examined since structural

properties are known to inherently affect the optoelectronic properties.
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2.1 Introduction

As mentioned in previous chapter, the term Perovskite, which originally referred to
CaTiOs was later generalized to include materials which have similar crystal structures
with the general formula of ABOs or ABXj. Distinct from the inorganic oxide
perovskites, the organometallic halide perovskites are a much younger field but have
become an extensively studied crystalline family of hybrids. In these A is typically an
ammonium cation (e.g. methylammonium, phenylethylammonium), B is a divalent
metal cation (e.g. Pb>*, Sn?", Ni?*) and X will be a halide (e.g. CI', Br,, I'). Early work
regarding hybrid perovskites available in literature dates back to the 1980s ' but
interest in this material remained relatively dormant for some time, other than range of
studies of their structures by Mitzi using a variety of organic cations*®, and the
application of the material to nonlinear optics and electroluminescence (i.e. light
emitting diodes, LEDs)”>%. The earliest report of a halide perovskite being used as a
solar light absorber was in 1987 when Salau reported a new compound KPbl; which

was suitable to be used for such applications in tandem with Cu’.

Interest in these materials has increased greatly since 2009. In the quest to search for
alternative renewable energy resources, the prototypical HOIP, methylammonium lead
iodide (MAPbI3), was first incorporated into solar cells in the form of quantum dot dyes
in dye sensitized solar cells (DSSC) by Miyasaka’s group in 2009 with a modest
efficiency of 3.8% '° Subsequently, Park et al improved the efficiency to 6.5%'! in 2011,
which was further enhanced to 9.7% by Gritzel et al. in 2012'%. A breakthrough came
later that year when Snaith showed that the MAPDI; perovskite can also operate
independently and behaves as an n-type semiconductor without the need for using it as
a dye which led to an increased efficiency of 10.9%'3. As seen in Figure 2.1, subsequent
work led to a dramatic rise in the reported efficiencies of MAPbI; based perovskite
solar cells, far outperforming other technologies like the dye-sensitized and organic

14-16

cells, with performances of above 15% soon being reported, and further

improvement producing the current record certified solar cell efficiency of 25.2%"”.
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Figure 2.1: Chart detailing the growth of emerging photovoltaics solar cell efficiencies, and a

very rapid rate of growth on perovskite cells efficiency is observed. [Taken from NREL, 2020]

The rise of such efficiencies triggered off a search by the scientific community to
unravel the reasons behind such exemplary properties with hopes that a better
understanding would possibly allow engineering these properties into similar systems.
Some of the reported properties include high absorption coefficient!®, long charge

9 low non-radiative combination rates?’, apparent

carrier diffusion length'®
insensitivity to defects?!*?2, and having a tunable band gap®*2*. This is further assisted
by the simple and low cost fabrication methods and inexpensive raw materials, and the
field has been dubbed as the “poor man’s semiconductor” research . Spearheaded by
the success of the hybrid perovskites in solar cells, these perovskites are also
increasingly finding various applications such as in LEDs?*?, lasing®*%,
optoelectronics®® %, thermoelectric®’ and multiphoton imaging utilizing a large five

t38

photon upconversion effect’®. From a structurally perspective, the framework of the

hybrid organic-inorganic perovskites (HOIP) is shown to be highly flexible and follows

3940 which allows a convenient estimate for the tunable band gap.

Vergard’s law closely
By changing the ratio of all the constituent, A-site, B-site cation and X-site anions, the

band gap could be easily tuned while keeping some of the fundamental character of
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each system. Therefore the present state-of-the-art perovskite photovoltaic material
utilizes a cocktail of ions, which inherits some performance attributes from FA-based
system, stability from the MA and Cs based system while the halide substitution tunes
the band gap to the sweet spot for photovoltaic conversion. The resultant active solar

absorber used in phOtOVOltaiC applications is CSo_os(FA0_83MA0,17)0_95Pb(lo_82Br0_18)317.

The class of hybrid perovskites can then be further subdivided into the so-called ‘3D’
and the so-called reduced dimensional perovskites of which undoubtedly, the ‘3D
perovskites’ still garner the majority of the research attention. The naming principle for
the perovskites here revolves around how the lead halide octahedra are connected. In
the ‘3D’ scenario, the lead halide octahedra are connected infinitely over all three axes:
like in Figure 2.2, the x-axis, y-axis, and z-axis, as is evident in the prototypical MAPDI3

and the well-known FAPbI3 systems.

2.2 3-Dimensional Hybrid Organic-Inorganic Perovskites

The Goldschmidt tolerance factor was developed in 1926*! to describe the requirements

Ta+ 7o

m, where

for the perovskite crystal to be intrinsically stable and is written as t =

ra is the radius of the A-site cation, rg is the radius of the B-site cation and r¢ is the
radius of the anion. In his work, it was shown that, with a Goldschmidt factor of 0.9 to
1.0, the resulting structure is expected to be an ideal cubic structure while if the factor
is in range 0.71-0.9 it would be expected to form orthorhombic structures. If the factor
goes below 0.7 or is above 1.0, then the system could be expected to form other close
packed structures or hexagonal structures respectively. From the Goldschmidt factor,
the anionic radii could be more generalized into any anions with the respective cations;
in this chapter, the anions will be halides (Br, I') and the cation will be lead (Pb*").
Considering only inorganic cations which have to satisfy charge neutrality condition,
there can only be a small number of cations which would satisfy the Goldschmidt factor,
for example Cesium. However, for organic compounds, which have to satisfy both the
charge neutrality and the size condition, there are now a large number of compounds
that are suitable. Among the more widely studied cations are the prototypical

methylammoniumecation, and the next simplest formamidinium cation.
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In the development of the Goldschmidt tolerance factor, the A-site cations are assumed
to be rigid spheres, which is an accurate approximation in the inorganic perovskites.
However, this assumption is increasingly being challenged in HOIPs. While the
simplest MA and FA cations are found to be rapidly moving within the inorganic lead-
halide framework, so that the approximation to rigid sphere is still valid, this is not true
for ring-based organic cations (e.g. pyridine or imidazole) which presents significant
limitations to the validity of the assumptions. To further challenge this assumption,
organic cations with long alkyl chains or bulky aromatic chains would still crystallize

in the perovskite structure, but in the form of “reduced dimensionality”.

a
; z
OA| | .y
®X|
eB
b MASnl,  FAPDI,
| MASnBr, | FAPDBI, Tolerance
‘ factor (t)

085 | 090 | | 0.95
MASNCI, FAPbCI,

Figure 2.2: Illustration showing the Goldschmidt tolerance factor of the various hybrid

perovskite that are well studied in the literature*?

There has been a considerable amount of interest in the methylammonium lead iodide
system, with some spillover interest in the neighboring lead bromide and a much lesser
extent the lead chloride system. Unsurprisingly, optoelectronic studies of MAPbDI3 have
been carried out in great details to attempt to unravel the origins of the exceptional

properties and to relate them to their structures.

Structural studies of MAPbI; have led to a debate on whether it has a centrosymmetric
or an acentrosymmetric space group. At first glance, the existence of an inversion centre
in the structure would seem insignificant, but the implications run much deeper than
might appear. The presence of an inversion centre would favour/not favour certain

properties, such as ferroelectricity, etc. so its presence/absence is of crucial importance
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in understanding the properties.

Also, different samples of the same material could behave differently; thin film and
single crystals can have very different properties. Trap and defect states would greatly
influence the measurements done on thin films while the bulk properties would
dominate in single crystal samples. The technique used to study the same property also
would give a varied response (e.g. thin film, single crystal, THz, microwave, SCLC,
capacitance measurements)

Studies carried out on the prototypical MAPbI; has seen it exhibit several remarkable

transport properties like long charge carrier lifetime* and diffusion length'® %4, small

3 o1

non-radiative bimolecular recombination coefficient, vy, of the order of 10'° cm? s

19, 45 21,22,

which is comparable to crystalline GaAs'™ ™, and apparent insensitivity to defects

46.47 among many others but the origins of the remarkable charge carrier characteristics
are widely under debate. Reported charge carrier mobilities are between 10 and 107

43-45,48-52 which is in contrast with

depending on the measurement technique and sample
Langevin model for free charge carrier recombination in semiconductors® and the

origin of such inconsistency is being debated.>

Recent works postulates the existence of large polaron in 3D MHPs and point towards
the role of electron-phonon coupling in the formation of polarons, where the charge
carriers being protected by polaronic characteristic in the perovskite lattice> *°. The
coupling has been probed through electrical conductivity exhibiting power-law
temperature dependence,>® photoinduced absorption in the visible’” and FIR regime’®,
Terahertz measurement®- ©, time resolved optical Kerr effect spectroscopy (TR-
OKE)®!, time resolved optical absorption spectroscopy (TR-OAS)®2. In similar material
like MAPbBTr3, there is evidence for screening effects in reorientation of the molecular
dipoles and presence of coherent phonon modes generated via displacive excitation®*
% but no proof of their existence. Similarly, polaronic states have been invoked to
explain octahedral distortion effects due to coherent vibrations of the Pb-I modes in
MAPbI; % but the impact of carrier induced lattice distortion on polaron formation and
charge transport in optoelectronic devices has remained elusive.* The importance of
understanding the charge carrier behaviour would have strong implications towards the
design principles of devices based on MAPDI3, such as the critical thickness of the

MAPDI; active layer, and would be addressed in this thesis.
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2.3 Structural characterization and the cation dynamics of 3D hybrid perovskite

Structural studies of novel materials have flourished with the use of X-ray diffraction
which has grown into a huge and authoritative field where many parts of the analysis
can now be automated. A brief outline of this “black box™ crystallography is covered in
the following experimental section. Notably, diffraction is an average of the unit cells
added together, hence is unable to differentiate between dynamic or static disorder
present in structures. This limitation has been exposed numerous times and especially
so in the hybrid perovskites. Specific to the prototypical MAPDI; system, detailed
structural studies have shown some anomalies in the structure symmetry.°® Furthermore,
due to the fast tumbling of the organic methylammonium cation, it is not sufficiently
resolved even by neutron diffraction at low temperatures . The apparent difficulty in
pinpointing the space group has also sparked off a debate regarding the existence of
ferroelectricity in MAPbI;®”® where it was concluded experimentally that MAPbI3

does not show ferroelectric behaviour.”" 7>

Solid state nuclear magnetic resonance exploits the effects of local electron density on
the magnetic properties of nuclei to characterize the local structure. It is sensitive to
changes in the local environment which is useful in characterizing the cation motional
dynamics. The study of magnetization decay through various means are then
augmented with other experimental observations to draw conclusions on the relative
motion of the cations. Furthermore, NMR being highly sensitive to the local
environment of nuclei in a structure, means it can also be utilized to verify phase
segregation”>”. 207Pb NMR spectroscopy has been used to characterize the mixed
halide perovskites and it was concluded that nonstoichiometric dopants are prevalent
regardless of the synthesis methods’®. 2’Pb spectroscopy was also utilized extensively
to probe the solid solution behaviour of ball-milled MAPbX3. The 2D EXSY NMR
spectra provided evidence for the mixed halide system being a solid solution, because
phase separated or micro/nano crystalline domains of the different halide systems
would not produce any correlations.’® It showed that in the mixed halide systems, the
structures are highly dependent on the synthesis route used. Similarly, Kubicki et al

have conducted a series of studies based on NMR spectroscopy to verify if the common
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dopants used in photovoltaics are incorporated into the structural lattices. It was

7477 are incorporated while K*, Rb" are

concluded that Cs™ and guanidinium cations
segregated within its individual grains and not incorporated into the prototypical
MAPbX3 or FAPbX;3 perovskite lattices’® 7. The significance of verifying the
incorporation of dopants into the perovskite lattice is immediately obvious because this

would modify the crystal structure, and hence the relative energy levels.

On the other hand, the significance of probing the cation dynamics is not immediately
obvious. The cation dynamics are shown to influence the crystal structure’® and the

7 and the cation rotation modulate the electronic band

lifetime of charge carriers
structure and is thought to be responsible for the exceptional properties of MAPbI; .
Studies on the dynamics of MAPbI;3 dates back to 1985% and the elucidation of cation
dynamics generally rely on two methods; studying the average of anisotropic
interaction due to cation motion, such as quadrupole splitting in >H and N, or
examining the relaxation behaviour of the specific nuclei, which this thesis would focus
on. As the different relaxation mechanism is sensitive to the nuclei regime of motion,
different experiments are utilized to probe the motional dynamics, with 71 and Tp,
which are also called the spin-lattice relaxation time and the spin-lattice relaxation time
in the rotating frame respectively, being more commonly used to probe the motion. 71

is sensitive to the relaxation through the MHz regime while 7', would be sensitive to

relaxation through the kHz regime®!.
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Figure 2.3 the plot of 7; relaxation time against the correlation time of the process. The
molecular correlation time is the time the average molecule completes one radian of rotation.
In the very short correlation time, it is suitable for small molecules. At the moderate to long
correlation time regime, it is suitable for large molecules like polymers or proteins, or to the

extreme limit of solids.®?

Through the use of 71, NMR has been used as an indirect method to determine
correlation time and activation energies in MAPbX3 systems® #. In the work carried
out by Xu et al.34, detailed analysis on cationic motional mode was carried out, and has
shown that rotational tunnelling is the dominant process contributing to the 'H spin-
lattice relaxation which shifts to the thermally activated correlated Cs-reorientation with
increasing temperature for MAPbCl; and MAPDIs. In a similar way, in MAPbBT3, the
thermally activated uncorrelated reorientation is the process responsible for 'H spin-

lattice relaxation at higher temperatures.
More recent work also utilized 71 relaxation to compare FAPDI3 across the a — f-phase

transition ®° which accurately picked up the subtle change in relaxation dynamics which

other techniques struggle. Extending this same concept to MAPbI;3, both 'H and *C. 'H
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relaxation was studied across the tetragonal — cubic phase transition.®® Although there
was no abrupt jump in the 77 like in FAPbI3, the rate of change of the 71 was seen to
be distinct. The relaxation dynamics studies from NMR also support the hypothesis that

87, 88

MA" cation motion is dominated by the biaxial rotation about the C — N axis. and

restricted to the ab-plane in the tetragonal phase.* Studies were also carried out on the
inorganic lattice, where Nuclear Quadrupole Resonance (NQR) experiments show '*I
to be oscillating and the frequency is estimated using Bayer theory.?” In the same work,
Senocrate et al. has proposed that the short ?’Pb T relaxation at room temperature is
due to cross relaxation with the rapidly relaxing iodine atoms due to quadrupolar

interactions. Studies based on NMR spectroscopy has thus far demonstrated its

importance to the study of local structure and atom dynamics.

The successful characterization and comparison in 3D perovskites had demonstrated
the value of NMR as a complementary technique to diffraction. The characterization of
short-range order, along with the capability to probe cation dynamics are shown to be
vital and would be extended to several other systems, which will be examined in this

thesis.

24 Lower dimensional perovskites: layered 2-Dimensional perovskites

In oxide perovskites, layered perovskites are categorized into three main phases; the
Ruddlesen-Popper, Dion-Jacobson and Aurivillius phases. The main differences
between these involve firstly, the atoms which separate the layers and secondly, the
offset of the layers from each other. Ruddlesden-Popper perovskites have a general
formula Ax-1yBnO@nt1), and the layers are offset by (%4,%)°°. Aurivillius perovskites
have a general formula (Bi202)(Aw-1NB207) where the separating layers are strictly
Bi»O; and the layers are offset by (Y2 ,%2)°'. The Dion-Jacobson phase differs from the
others in having an alkali metal (e.g. K*, Na") as the separating layer and take on the
general formula M* A,.1)BnOgn+1), Where the layers are offset by (V4 ,0) or (0,0)°* %%, In
hybrid perovskites, there is a new alternating cation in interlayer (ACI) perovskites®*.
Within the oxide perovskites, the three mentioned class of perovskites are still treated
as 3-D perovskite, but in hybrid perovskites, the introduction of organic cations as

interlayer ‘spacers’ would turn the systems into 2-D perovskites, as elaborated below.
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Figure 2.4 Schematic comparison of (a) Ruddlesden — Popper (RP), (b) Dion — Jacobson (DJ)
in oxide perovskite against layered hybrid perovskites, and (c) the new alternating cation (ACI)
structure unique to hybrid perovskite system. Notably, in RP perovskites, there is an offset of
(%4, %), while in DJ and ACI, there is no offset of the layers® °° (d) Oxide perovskite specific
Aurivillius phase, with n = 3, Bi4Ti3012 and Bi2Sro2NbMnO12.5. In Aurivillius phase, the spacer
group is strictly Bi,0,.%

The terminology of ‘reduced dimensional perovskites’ in hybrid perovskites systems
has been seen to refer to two different scenarios. One refers to the nanostructuring of

3D perovskites (e.g. MAPbl; and FAPbBr;), into microdisks®’, nanoplatelets®®,

99, 100 101

quantum dots or just plain nanocrystalline domains ™" , as seen in Fig 2.5, typically
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through the use of ligands to exploit quantum confinement effects for their respective
applications (e.g. solar cells, LEDs or lasing) while the other refers to a change in
organic A-site cation to force the structure to adopt a reduced dimensional structure, as
seen in Fig 2.6. An example would be the Ruddlesden-Popper series of hybrid
perovskites, where long alkyl chains (e.g. n-butylammonium) or bulky aromatic chains
(e.g. phenylethylammonium) would act as ‘spacers’ to push the layers of lead halide
octahedra apart. In this thesis, attention will be given to the latter and ‘low dimensional

perovskites’ will refer to these layered structures instead of the nanostructured systems.

This change to 2D perovskites had been demonstrated in 2001 by Mitzi et al., who also
introduced the terminology of naming such 2D perovskites by the direction of the cut!®,
In Mitzi’s work, he also coined the terms ‘perovskitizer’ and ‘spacer’ which indicate
the role each organic cation plays. As a rule of thumb, a small and spherical cation
would generally be a ‘perovskitizer’ since it would help hold the layers together
whereas an ammonium cation with either a long aliphatic side chain (e.g. BA), or large
bulky aromatic chain (e.g. PEA) would act as a ‘spacer’. The parameter n, would then

define the number of lead halide octahedra layers.

Experimentally, in metal-halide perovskites the <100> oriented perovskite was first

4,103

demonstrated by Mitzi et al. in the tin iodide series of hybrid perovskites and has

104

also been found in lead bromide ™ systems. More recently, interest in this area of

1.195 where it

layered hybrid perovskites has been sparked by the work of Stoumpos et a
was demonstrated that the resultant layered perovskites can be obtained on the gram
scale!%. The <100> oriented perovskites can then be further classified by the number
of lead halide octahedra layers, n, where n = 1 would be a monolayer and n = 2 would
consist of 2 layers, and » = infinity would then correspond to the native 3D perovskite

structure.
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Figure 2.5 One scheme of reduced dimensional perovskite in the form of nanostructured (a)
MAPbBTr; — (OA),PbBrs core-shell structure to exploit absorption upconversion effects ** (b)
CsPbBr; in nanocube structure in LED device !° (¢) MAPbI; in nanowires for lasing

applications and (d) colloidal MAPbBr3; nanocrystal in LED devices'!
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Figure 2.6 (a) schematic diagram showing the relation between 3D perovskites (n = o) and the
<100> oriented 2D halide layers are indicated by n'°? (b) <100> oriented layered hybrid
perovskites (BA),PbBrs ' (c¢) schematic showing the layered <110> oriented perovskite (d)
<110> oriented hybrid perovskite APIPbBrs'” (e) schematic showing the layered <111>
oriented perovskite structure (f) <111> oriented metal halide perovskite CssCuSbCli,

perovskite 1%
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However, careful attention needs to be paid in using this terminology of “2D
perovskites” as there is a debate as to what constitutes a true 2D material. There is no
doubt a monolayer of lead halide octahedra (i.e. n = 1), should be classified as a 2D
material, but classification of the intermediates between 2D to 3D system, e.g. when n
= 5, it remains highly contentious and a common consensus on the crossover point
between 2D and 3D systems is presently missing. To further complicate the naming
convention surrounding dimensionality, by using the cations which forms a 3D
structure (e.g. MA") and 2D structure (e.g. BA") together, one forms a layered

99109-112
b

perovskite structure, which is also sometimes called a “quasi-2D structure a

“mixed-dimensional structure a “multi-dimensional structure

»113-117
, a

»238, 118-120
b

“2D/3D heterostructure”!!* 12! or even a “2.5D system”.!?> 123 There is as yet no agreed

name for this class of layered perovskite.

Regarding this family of <100> oriented perovskites, there have been a wide number
of studies looking at their optical absorption and emission properties. Work so far
generally agrees that with an increase in octahedral tilting and distortion!?*!?, the
emission peak is also generally broadened. In the near ideal geometries such as BA, the
photoluminescence emission is exclusively for excitonic emissions, while in the highly
distorted geometries, it features more broadband emission. In most intermediate cases,
there is a combination of both excitonic and broadband emission. This phenomenon has
largely been attributed to localized states, specifically localized excitons. Hence, within
the 2D/3D heterostructure subgroup, there is also a generic understanding on the
excitonic characteristic being somewhat between the 2D and 3D cases. At the same
time, there has also been a slowly increasing interest in the study and exploitation of

128-130

the natural quantum well structure as seen in the layered perovskite systems and

exploring the Rashba-Dresselhaus spin orbit coupling effect!3!-134,

The distortion of octahedra is frequently measured through a statistical approach and is
dependent on several parameters like the bond length, bond angles and the volume of
the polyhedron. Three of the widely used parameters are mentioned here. Firstly, (1) is

also known as the octahedra quadratic elongation parameter!®’ and is defined as
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W = %z (0 I—

where d; is the Pb-Br bond length and d.y is the average bond length.

Secondly, the bond angle variance from the ideal polyhedron'3*, g2, is defined as

1 m
= Gi—d) O
i=1

where ¢; is the Br — Pb — Br angle and ¢, is the ideal Br-Pb-Br angle and m is the
number of Br — Pb — Br angles. In an ideal octahedron ¢y = 90° and m = 12, thus

equation (2) can be simplified into
12
02 =— E (¢: — 90)? 3)
11 4 . '
1=

Lastly, the measure of octahedral distortion'*®, Ad, which is defined as

1 /d; — d g2
i~ Yav
= 2t Tav 4
s (o) e
=

where d; is the B — X bond length, where B is Pb and X is Br in the scope of this thesis,
and dav is the average bond length. It should be noted that each unique octahedron
should have its individual distortion rather than averaged across the entire system.
Although imperfect, such measurements would give the degree of octahedra distortion

some quantitation and further aid the discussion of the origins of broadband emissions.

From the MOP series (MOP = methoxybenzylammonium lead bromide perovskite), it
was demonstrated clearly that 2-MOP has a greater octahedra tilting effect, where the
dihedral angle is the largest, at 17.6°, as compared to 3-MOP and 4-MOP with a dihedral
angle of 3.8° and 5.1° respectively'®’. Consequently, the from the photoluminescence
spectra, it can be observed clearly that the emission of 2-MOP is distinctly broader and
shows an unusually large Stokes shift of 137 nm, whereas the 3-MOP and 4-MOP
shows a much narrower emission profile. Similarly, the role of octahedra distortion in
broadband emission had been demonstrated in (BA)Pbls and (EDBE),Pbls. '%° In
(BA)Pbl4, hoet is measured to be 1.0016 and o2 is measured to be 5.6 (°)%, while in
(EDBE)2Pbly, Aot is measured to be 1.0058 and o2 is measured to be 14.2 (°)%. In the
comparison of photoluminescence emission spectra, (EDBE),Pbls shows a much

broader emission, with FWHM = 70 nm as compared to (BA)Pbl4, which only has a
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FWHM = 20 nm. In the comparison of (BA)PbBrs and (HIS)PbBrs, (HIS =

histammonium, 4-(2-ammonioethyl)-1H-imidazol-3-ium) a similar trend is observed.

138 The large out-of-plane tilting (22.8 °) is seen to be the main contributor to broadband

emission characteristic.
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Figure 2.7 (a) photoluminescence of 2 —, 3 —, 4 — MOP at room temperature (b) octahdra tilting

of 2 —, 3 —, 4 — MOP samples measured through the dihedral angles'’ (c) absorption and
emission spectra of (BA),Pbls and (EDBE)Pbl4 '?® (d) structural distortion of (BA),PbBr4 and

(HIS)PbBr4 and the corresponding variable temperature photoluminescence emission profile

138

The technological importance of such <100> oriented perovskites can be seen in light

emitting diodes (LEDs). The earliest report of RP perovskites in LEDs can be traced

back to 1994, where a monolayer n = 1, PEA>Pbls shows emission at 520 nm under

cryogenic temperatures, 78 K.'* However, at room temperatures, the efficiencies

nosedived and remains a formidable challenge to be addressed. Further advances in
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LED applications then focused more on the higher n layers of the <100> oriented
perovskites. These systems shows superior light emission performances and it is
proposed that the funnelling effect helps it achieve EQE of 8.8 to 11.7% 4% 4! and
current developments show that the LEDs can achieve an maximum EQE of 10.1%.!%?
The proof of concept of using distorted <100> oriented perovskites as white LEDs has
been demonstrated by Hu et al. based on 2-MOP and was shown to have a maximum
luminous efficacy of 16.2 ImW-! 1*7 Other potential applications of the <100> oriented

130, 143-146

perovskites include devices such as photodetectors , lasing cavities!'?’,

133,148

spintronics and X-ray scintillation and detection'#’; notably in lasing applications,

it is also nanostructured to further enhance the performance'*%!%2,

As for the <110> cut of perovskite, this usually exists in a corrugated form and is
typically described as a m by n <100> oriented perovskite. The most commonly
reported of such structures in the lead halide family thus far are 2 x 2 APIPbBr4'%’,
(AETU)PbBrs'**, (N-MEDA)PbBrs'**, (3-APr)PbBrs'*°>, (EDBE)PbBrs!** and
(IEA)PbBrs'?’. a-DMEN!® and (4PNEA),Pbl4!*’ are the only two 3 x 3 system
reported thus far. [API = N-(3-aminopropyl)imidazole and AETU = S-
(aminoethyl)isothiourea, N-MEDA = N1-methylethane-1,2-diammonium, 3APr = 3-
aminopyrrolidinium, EDBE = 2,2-(ethylenedioxy)bis(ethylammonium), IEA = 2-(1H-
Imidazol-1-yl)ethanammonium] are the only two 3 x 3 systems reported thus far. The
<110> oriented perovskites are gaining some attention because they produce broadband
white light emission which suggests they have potential application for lighting
purposes. Within this class of <110> oriented perovskite, there is a general consensus
that the octahedral structural deformation, as measured through octahedral tilting and
octahedral distortion'®>, and the broadness of the photoluminescence peak are
correlated but only for the lead bromide family of materials. The lead iodide family of
<110> oriented perovskites, such as (EDBE)Pbls, does not show any white light
emission, although it does show considerable excitonic emission peak broadening with
a FWHM = 70 nm'?®. Work to unravel the underlying mechanism is still incomplete but
has thus far produced evidence that suggests that self-trapped excitons play a central
role in causing the white light emission in the lead bromide family. Theoretical studies
have shown how the charges are being delocalized and trapped, thus forming
polarons'?> '3, When more <110> oriented perovskites have been discovered, and

subjected to detailed spectroscopic studies, the origin might then be better understood.
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Lastly, the <I11>-oriented perovskites are much rarer and to the best of my
knowledge, have not been reported in hybrid organic-inorganic perovskites. This
class is mostly produced by trivalent cations such as in Cs3Sbolg 5% 160,
Rb3Sbals'® and Rb3Bizle!'®! with some characteristic broadened emission and

have been proposed to have potential applications as radiation detectors. '

2.5 Lower dimensional perovskites: 1D and other novel perovskite-like structures

Polymorphism, as defined by IUCr, is a crystallographic phenomenon where the

2 and

compound takes on a same chemical compound, but different crystal structure'¢
an example would be the element carbon existing as either graphite, with a hexagonal
structure, or diamond, with a isometric tetrahedral structure. A subset of polymorphism
of particular interest is the phenomena of polytypism, which is defined as structures
which occurs in several different structural modifications, each of which may be
regarded as built up by stacking layers of (nearly) identical structure and composition,
and if the modifications differ only in their stacking sequence'®*. This group of polytype

structures are most seen using the Ramsdell notation'®*

or occasionally with the
modified Gard notation in crystallographic journals'®®. Briefly, in the Ramsdell notation,
the structures are written as nX, where n would refer to the number of layers per repeat
unit, and X would refer to the primitive unit cell; i.e. H for hexagonal, R for

rhombohedral, or C for cubic.

The system of classification of 1-D perovskites is less developed than that for layered
2-D perovskites. This is particularly because almost any material in which metal halide
octahedra are joined to form a continuous chain is called a 1-D perovskite. These
systems take on a variety of names in literature, from “one-dimensional perovskite”
(Fig 2.8 a)!%> 1 “zigzag edge sharing perovskite” (Fig 2.8¢)!'¢’, “double chain one-
dimensional perovskite”!%, “face sharing polytype”!'®®, “bromoplumbate chains” (Fig
2.8 b) 170 “perovskitoid” %> "' and even “1D metal halide nanotube”!’?. While
Stoumpos et al. first introduced “perovskitoids” as having exclusively face-sharing
connectivity between the [MIg]* octahedra'®®, the term “perovskitoids” was later

broadened to include materials with edge and face sharing connectivity!’!. The
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definition remains vague and does not capture the periodicity effect of the lead halide
octahedra connectivity. With the three variants of connectivity, corner, edge and face
sharing, there is an almost infinite number of combinations which could result in such
a 1-D chain, all of which result in an apparent “nanowire” configuration, yet each
structure is distinct. As a result, in this thesis a new notation is proposed in a later

chapter, to provide a systematic way of classifying such systems.

Figure 2.8 Various reported 1D and novel type perovskite or perovskitoid structures (a) one

dimensional lead halide perovskite (DMEDA)PbBrs'%> (b) 1D bromoplumbate 1-

(Ethyl)pyridin-1-ium lead bromide'”® (c) one dimensional zigzag edge-sharing perovskite
(AMP)PbBrs'’” (d) one dimensional ImPbl;!® and (e) one dimensional nanotube
(HMTA);Pb:Br7'2. [DMEDA =  N,N’-dimethylethylenediamine, AMP = 4-

(aminomethyl)pyridinium, Im = imidazolium, HMTA = hexamethylenetetramine]

Since this class of material is still underexplored, studies done on this group of 1-D

perovskites remain very fragmentary and largely focused on the structural
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characterization and exploration of the broadband emission properties which this class
of material typically possess!”>'¥". There remains a lack of understanding of how a
specific configuration of structures, for example strictly face-sharing “perovskitoids”
are preferred over the others, and the database of such 1-D systems is only slowly
growing. Hopefully with a greater number of organic-inorganic 1-D “perovskitoid”
systems being described, there will be more clarity concerning the underlying structural

chemistry.

In these reported 1-D systems, the broadband emission, as seen in Fig 2.9, and is
typically also accompanied by a large Stokes shift and a long PL lifetime. These
experimental observations support the hypothesis that a self-trapped exciton is
responsible for the broadband emission although there has been only limited
spectroscopic work to provide further experimental evidence of self-trapped excitons

(STE)'*®, and some theoretical work on multiple site emission'®’

. On top of the obvious
lighting applications for such broadband emitters, when used in LEDs there are also
alternative possible applications in the area of non-linear optics'*°In these reported 1-D
systems, the broadband emission is typically also accompanied by a heavily Stokes
shifted and a long PL lifetime. These experimental observations support the hypothesis
that self-trapped exciton is responsible for the broadband emission although there have
been limited spectroscopic work to provide further experimental evidence on self-

)188

trapped exciton (STE)'®®, and theoretical work multiplier site emission'®’. On top of the

obvious lighting applications in LEDs which such broadband emitter, there are also

alternative applications e.g. in the area of non-linear optics'®’
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Figure 2.9 Reported photoluminescence spectra of (a) (DMEDA)PbBr4!% (b) (AMP)PbBr,'¢’
(c) ImPbl5'% and (d) (HMTA);Pb,Br;!72. All the variants of 1D perovskite exhibits varying

degree of broadband emission.
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Chapter 3

Experimental Methodology

Experimental details and rationales for synthetic techniques are
discussed in detail; synthesis via the hydrohalic acid route was
favoured due to its higher yields. Subsequently, the various
characterization techniques are discussed in greater detail. While
structural analysis revolves around X-ray diffraction and solid state
Nuclear Magnetic Resonance spectroscopy, optoelectronic properties

were probed by laser-based techniques.
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3.1 Synthesis

There are three main synthesis routes which have been reported in literature to obtain
isolated single crystals of inorganic-organic hybrid perovskites, namely inverse
temperature crystallization, antisolvent vapor assisted crystallization and crystallization
from hydrohalic acid. The medium in which the techniques utilizes varies; in the first
two mentioned technique, the salts are dissolved in stoichiometric ratios in organic
solvent, most commonly DMF, while in the hydrohalic acid route, the reaction is carried
out in excess acid, and hence, is in an aqueous medium. The synthetic route from
hydrohalic acid is the preferred choice in this thesis because of its relative synthetic

ease and the ability to obtain crystals on the gram scale.

3.1.1 Crystallization from hydrohalic acid

The synthese of 2D Ruddlesden-Popper hybrid perovskites are generally very
successful and proceed in high yield. In the early work done by Stoumpos et al!, it was
demonstrated that the hybrid perovskites are capable of crystallizing as the mixed-
dimension forms by utilizing stoichiometric amounts of 2D to 3D hybrid perovskite
cations. In general, the starting precursors are added to hydrobromic acid in
stoichiometric amounts and the solution is heated to obtain complete dissolution, then

cooled to obtain the desired crystals.

By extension of these synthetic principles, this method was utilized in this work for the
synthesis of API;Pb3Brio, IEAPbBr4 and the various polymorphs of imidazole lead
bromide. This technique is favoured because the samples could be facilely synthesized
and isolated on the gram scale. Slow cooling of the supersaturated solution would
further yield high quality crystals on which further studies by single crystal X-ray
diffraction could be carried out. Notably, as will be described below the ratio of the
initial concentrations of the imidazole to lead oxide was found to greatly affect the

purity of the product giving rise to the discovery of polymorphs.

During the synthesis, 10 mmol of PbO was added to 20 mmol of hydrobromic acid with
gentle heating and stirring. Upon complete dissolution of PbO, the reaction vessel was

cooled in an ice bath and 10 mmol of amine (e.g. 1,3-aminopropyl imidazole) was
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added to the reaction vessel with gentle. Stirring. White precipitates were observed
instantaneously, and the solution was then gently heated while stirring until the
precipitate had dissolved. The solution was then cooled, whereupon the crystals slowly
formed. The crystals were isolated by suction filtration and dried under reduced

pressure for 12 hours.

The preparation of IEABr was synthesized as reported elsewhere? with some slight
modification. Imidazole (1.63 g, 24 mmol), 2-chloroethylamine hydrochloride (3.00 g,
25.9 mmol), NaOH (3.45) and tetrabutylammonium hydrogensulfate catalyst (0.3 g)
was reacted in acetonitrile (75 ml) under reflux for 24 hours. The solution was
subsequently filtered under reduced pressure using a Buchner funnel with sintered disc.
The filtrate was concentrated on a rotary evaporator and placed under reduced pressure
(~5x107? torr) for around 6 h to remove ACN whereupon it yielded an oil (3.16 g).
Hydrobromic acid 48% aqueous (5 ml) was added to the oil to convert IEA from the
free base form into the IEABr salt. Ethanol (20 ml) was added to the solution and white
IEABr salt was precipitated by adding diethyl ether. The process of re-dispersing in
ethanol and precipitating with diethyl ether was repeated twice. White precipitates of
IEABr were harvested and dried under reduced pressure to yield IEABr salt (1.37 g,
29.6%). Solution NMR ('H and '*C) was performed by dissolving the salt in DMSO-
d6 to verify the signature of IEABr using a Bruker AVANCE I 400 MHz spectrometer.
For the imidazole lead bromides, a starting PbO to imidazole ratio of 1:2 yielded
approximately 60% IMIPbBr3; and 40% IMI>PbBr4. The crystals could be separated by
hand while viewing them under a polarizing microscope based on the morphology and
shape of the crystal. Using a starting PbO to imidazole ratio of 1:4 yielded
approximately 60% IMI;PbBrs and 40% IMI;PbBrs. However, the two polymorphs,
IMLPbBrs and IMIsPbBrs, cannot be physically distinguished. Therefore, further
analysis attempts to subtract the influence of IMI>PbBrs from the bulk of IMI3PbBrs

since this would be a physical mixture.

3.1.2 Preparation of thin films

Thin films on the order of several hundreds of nanometers to a few microns thick can
be prepared through a variety of methods. In hybrid perovskties, these films are easily

obtainable through the process of spincoating. This is a highly cost effective technique

55



Experimental Methodology Chapter 3

and requires a spincoater and a hotplate to do post-deposition annealing. For the
preparation of MAPDbI;3 thin films, the precursor solutions of MAI and lead iodide (1:1)
with the desired concentrations were prepared by dissolving stoichiometric amounts of
methylammonium iodide (MAI, Dyesol Inc) and lead iodide (Pbl, 99.99%, TCI) in
anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich). Calcium fluoride and
intrinsic (undoped) silicon substrates were sonicated in a mixture of acetone and
isopropyl alcohol (IPA) for 15 minutes followed by 30 minutes of UV/ozone treatment.
The substrates were then transferred into a nitrogen filled glovebox with water and
oxygen levels <1 ppm. The mixed precursor solution was spin-coated on the substrates
at 4000 rpm for 30 s; toluene dripping was performed after 4 s to obtain smooth, high-

quality films. The substrates were subsequently annealed at 100 °C for 15 minutes.

3.2 Material Characterization

Most of the structural characterization utilises XRD and ssNMR. This is because these
techniques are complementary to each other and with the incorporation of DFT
simulations, can provide a very comprehensive picture of the solved crystallographic
structure. XRD is an absolute technique while ssNMR is a relative technique and each
has their own limitations. Furthermore, XRD probes long range order (or disorder) of
the sample whereas sSNMR probes the short range interactions, and hence elucidates
short range order (or disorder). They can both be augmented through DFT calculations.
Further probing of optoelectronic properties involves techniques such as

photoluminescence, FTIR and femtosecond transient absorption spectroscopy.

3.2.1 X-ray Diffraction: Single Crystal Diffraction (scXRD)

Diffraction refers to the physical phenomena of the spreading of waves when they pass
through an opening, or around an obstacle into regions where we would not expect them.
Diffraction occurs if a wave encounters an object and if the wavelength is
approximately on the same order of magnitude as the object’s size. This phenomenon
can be seen in everyday life, for example the sun appearing red during sunset because
sunlight gets diffracted by dust particles in the atmosphere or when water waves in a

ripple passes through a gap in a barrier and comes out as a curved wave on the other
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side. In structural analysis, X-rays are used as the source because the wavelength of X-

rays are comparable to the interatomic distances of around 1071 m.

Hence, if the path difference is an integer number of the wavelength, a constructive
interference would be obtained; similarly, if the path difference is n + % times of the
wavelength, a destructive interference would be obtained. Thus, using a geometrical
approach and consider the row of atoms with a dna space apart, when in-phase incident
X-ray approach the atoms at an angle 6, the path difference between the first and second
row of atoms is seen to be 2A. Using geometrical relation of a right angled triangle, it
is obvious that A = d sin6. For constructive interference to occur, this path difference
would have to be an integer number of the wavelength. This would then produce the

well-known Bragg equation, 2d sinf = A.

incoming X-ray scattered X-ray

hkl

Figure 3.1 schematic showing the principles behind XRD, and Bragg’s law

It should be noted, however, that this notion can be misleading on several fronts. Firstly,
these X-rays are not reflected by the planes like light rays from optical mirrors but are
scattered by the electrons bound to the discrete atoms. Hence, heavier atoms which
consequently have more electrons are stronger scattering centres and this is
quantitatively described through the structure factor, St. The concept of reciprocal
lattice has to be introduced for detailed discussion regarding the structure factor where
the reciprocal lattice is a mathematical construct invented by physicsts and
crystallographers to give a very convenient and succinct representation of the physics

of diffraction by a crystal. Secondly, these Miller planes which are often central to the
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discussion of diffraction, are only mathematical tools which help crystallographers to
reconstruct and model the structure of the interested compound. The interested readers
are directed to the authoritative textbooks>* on the detailed discussion on the derivation
of reciprocal lattice and structural factor. The end objective of X-ray diffraction studies,
be it single crystal or powder diffraction, is to create a chemically sensible model to
describe the structure and this may require additional input of chemical knowledge from
the operator. In summary, a general workflow for single-crystal X-ray diffraction is

seen as follow:

Crystal growth Report
A
Crystal picking Check
v t
Crystal screening Refinement
v T
) .
Pre-experiment Solving
v A
Scan strategy Integration and
T space group
Full XRD scan determination
(data collection) | (data reduction)

Figure 3.2 a schematic of the general flow of work for single crystal XRD studies

3.2.1.1 The Phase Problem

In the modern crystallographic analysis, most of these analyses is now turned into a
black box where the user would just have to push a couple of buttons to obtain the
results. The objective of this section is to quickly summarize the main techniques used,
and the underlying operating principles behind the black box. In short, the phase
problem arises because when incident X-rays are scattered by the atoms, the structural
factor, F, which describes the properties of the X-ray contains both a real and imaginary
component. However, when the scattered X-rays are collected at the detector, only the
real component is captured, while the imaginary component is lost. Therefore, there is
a need to retrieve the phase, which is a component of the imaginary component. Three

main methods are commonly used in today’s crystallographic communities, and they
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are the family of Direct methods, Patterson method, and the current overwhelmingly
popular dual space charge flipping method (e.g. Superflip® or SHELXT’). Detailed
mathematical treatment of the mentioned methods will not be covered in this thesis and
the interested reader is directed to the textbooks # 8. Each solution method has its own

strength and weaknesses.

In brief, the direct methods exploit several phenomena to tackle the phase problem and
is the oldest branch of methods. If the electron densities were arbitrary, then the phase
problem would be unsolvable, however, it is common knowledge that the electron
density is positive everywhere (positivity constraint) and that crystal structures are
composed of point-like atoms (atomicity constraint). Therefore, the electron density
only contains only a limited number of significant peaks while the rest of the unit cell
is filled by almost zero density. Generalizing this condition would means that the
significant density is grouped into separated point and peaks; this would be known as
the sparseness constraint. These constraints are then formulated into mathematical
statements like Karle-Hauptman determinant’, Sayre’s equation'?, structure invariants
and tangent formula. The general procedure would start by preparing the data, such as
looking at Wilson plots and intensity statistics, then set up phase relationships through
looking at triplets, then assigning the starting phases through fixing the origin and then
symbolic addition. The phases are then determined using the tangent formula and lastly,

checked against a figure of merit.

The Patterson method tackles the phase problem in a different approach. The structure
factor magnitudes alone contain some information about the spacing of the atoms in the
structure. This is done by multiplying by its complex conjugate, Fj;,;, and thereby
“setting” the phases to zero and the coefficient are |F,,,|?. By intuitive inspection, the
Patterson method would find itself most useful when there are a few heavy atoms
among many light atoms or when a significant proportion of the molecular structure is
expected to have a well-defined and known rigid geometry. It should be noted that in
the Patterson map, the peaks correspond to interatomic vectors instead of the position
of the atoms. However, the Patterson method effectiveness falls quickly as the number
of atoms increases. A structure with N atoms will contain N(N-1) interatomic vectors,

and hence, becomes unsuitable for a structure with more than 50 atoms.
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Lastly, in the charge flipping method, it can be thought of as a ‘brute force’ method and
has been gaining popularity since the computation power is cheaply available on almost
everyone’s desks. Dual space algorithms reconstruct the scattering density by
modifying the scattering density in both direct and reciprocal space and by combining
these modifications in an iteration scheme. The modification in both spaces are equally
important and neither space can solve the phase problem alone. The fundamental idea
in dual space algorithms is to start off from a random image and then reconstructed by
iterations imposing known constraints upon the previous image. Thus, leaning on the
constraints as highlighted in the earlier section, the positivity constraint, sparseness
constraint and atomicity constraint in the direct space and the knowledge of the
diffraction patterns (amplitude constraint) in the reciprocal space; in fulfilling these
constraints in both the real space and reciprocal space, the algorithm iterates until it
converges. One key feature of the dual space method is solving the structure in the
triclinic P1 space group, and then determines the symmetry after the structure solution.
This advantage is crucial because the analysis is based on the experimental amplitudes
and reconstructed phases rather than only on the amplitudes. Hence, the analysis does
not suffer from ambiguities between centrosymmetric and non-centrosymmetric space
groups. However, for all the advantages offered by this method, a critical condition that
needs to be met is the completeness of the dataset because charge flipping would require
atomic resolution to work. With the requirement of modern CIFs to have a resolution
of 0.8 A, this would usually not be a problem but would need to be kept in mind when
working under extreme conditions. There are also instances where the solution is not
sufficiently accurate to detect small deviations from a higher symmetry. This can be
seen in cases where a large part of the structure is strongly dominated by the scattering
from the heavy elements, but only a few light atoms break the symmetry. Hence, to
overcome this limitation, it would be best practice to combine both standard symmetry

analysis and the analysis of the electron density reconstructed by charge flipping.

To conclude, each of these techniques should be regarded as complementary techniques
to each other, rather than competitors. Though dual space methods are much more
popular due to the advantages that come with them, direct methods would still be a

suitable choice if the structure is very large with light atoms only, or if the dataset is
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incomplete, or because dual space methods fail.

3.2.1.2 Twinning

The phenomena of twinning is not uncommon in crystallography. Here, a quick
introduction to twinning is examined in this section and the interested reader is directed
to the textbooks for a more detailed mathematical treatment of the subject*. The
terminology of ‘twinning’ has been loosely used to describe a manifestation of samples
which are not a true single crystal, which would include flawed crystal giving split
peaks, or polycrystalline segregates. However, it does carry a very specific meaning
where the twinned crystal is has two (or more) orientations or mirror images of the same
structure occurring together in a well-defined relationship to each other. It tends to
happen more often in structures with certain configurations, such as in a monoclinic
structure with B close to 90°, or when the cell axis of a is approximately the same as c.
Twinning can then be understood as the result of from the ‘mistakes’ in putting the
blocks of unit cells together to form the large crystal, where some regions have a
different but related orientation from the other. Therefore, a mathematical treatment to
describe such relationship is through a twin law, which can be expressed as a 3 x 3
matrix that relates the two sets of unit cell axis vectors and hence, the two sets of
reflection indices. The main challenge is to firstly recognize that the diffraction is
twinned, and subsequently finding the twin law. There are several types of twinning:

merohedral twinning, pseudo-merohedral twinning and non-merohedral twinning.

In merohedral twinning, the two component lattices coincide exactly so reflections
belonging to the two components are superimposed and each measured intensity is the
sum of two separate reflection intensities with different indices related by the twin law.
A particular case of merohedral twinning which can occur in any crystal system would
be racemic twinning. In this scenario, the non-centrosymmetric structure is twinned
with its inverted version and results in the superposition of the reflection 4kl with hkl

when Freidel’s law do not apply.

In the pseudo-merohedral twinning, the reflections almost overlap each other. This
occurs when the twin operation is not a valid symmetry operation of the true crystal

system but is an operation of a higher crystal system to which the lattice approximates.
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An example would be a monoclinic structure with f close to 90°. A twofold rotation
about either the a or ¢ axis is not valid in the monoclinic system but valid in the

orthorhombic system, where @, £ and y are all 90°.

Lastly, there would be the instance of non-merohedral twinning, and it occurs when the
two lattices for twin components do not coincide at all points and only some reflections
are overlapped. This form of twinning can be easily recognized by problems in unit cell
determination or through visual inspection of the intensity-weighted reciprocal lattice.
Once identified, the two components should be related by a simple rotation to obtain a
twin law and proceed with the subsequent analysis, i.e. integration, solving and refining.
As a result of twinning, the experimentally observed diffraction patterns may have
higher symmetry than the true crystal structure and hence, the combination of
systematic absences may appear to be impossible. Furthermore, the strong and weak
reflections sometimes overlap, resulting in an averaging of intensity statistics. Often,
the structure not giving a sensible solution or refinement is the main reason for looking

whether the structure into twinning.
3.2.1.3 Least Squares Refinement

Least squares refinement finds its origin in statistics and the interested reader is directed
to the relevant textbooks for a detailed statistical treatment of least squares refinement!"
12 this section gives a brief overview on the refinement strategy. In the instance where
there are more observations than the number of variables, the variables can be
‘overdetermined’. The quantity minimized in the refinement, the residual, is given by

the expression

§= ZW (yo - yc)z (3.1)

where w is the assigned weighting factor for the reflection, y, is the observed intensity
and y. is the calculated intensity from the structure model. The location of the minima
of functions is usually done through calculus by setting the differential of the function
to zero. Extending these same principles to non-linear least square refinements, the set
of equations obtained typically cannot be solved directly. Hence, there is a need to use
an initial value of the parameters (i.e. a starting model) and iterate it towards a better

solution. Since there is only a small shift in the parameters, the function can be
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approximated by a Taylor’s expansion if the function is differentiable. Care must be
taken to ensure the global minimum is reached rather than a local one and this requires

the starting point of the refinement to be sufficiently close to the correct model.

Restraint and constraints which are included in the refinement stage are very helpful as
it allows us to input certain knowledge into the refinements and help to reduce any
uncertainties involved. Although from a daily usage, the two terms would have similar
meaning, but in crystallographic refinements the fundamental difference lies in
restraints being an additional observation, and the relative weight of this observation
can be set, while a constraint is one where the condition is absolute. Without going
through the mathematical formalism, an example on restraint and constraint is given
here: in a cubic structure, a=b =c, a =3 =y = 90° would be a constraint because this
is the very definition of a cubic structure. In a refinement between two aliphatic carbon,
the C-C distance is restrained to 1.54 A because deviation from the ideal 1.54 A do
occur and this ‘additional knowledge’ have to compete with the intensity data reach a

reasonable refinement.

At the end of the refinements, the residuals are defined in several ways. Overall

residuals commonly used in X-ray crystallography are shown in Table 3.1.

Table 3.1 definition of the various parameters utilized in single crystal XRD

Parameter Definition
R-faCtor(Robs) R _ Z||Fo| - |FC||
obs YR

Generalized R-factor

- (B FC2)2>%

(k) Sw ()
Goodness of fit (GoF) S w (2 — F2)2 %
GoF = S :[ < ]
N-P
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Rops 1s long established as the traditional ‘R-factor’ accorded general reverence far in
excess of its real significance and is most often reported R-value. wR is the ‘generalized
R-factor’ and is also sometimes called R’, RG or R, which is in accordance with the
current Acta Crystallographica usage. S is also called the ‘goodness of fit” or GoF,
which should have a value of 1 if the model is a true representation of the X-ray
scattering power of the structure; if S > 1, it would indicate it is a bad model or bad
data-to-parameters ratio; if S < 1, it would indicate the model is better than the data and
certain aspects like absorption correction or space group determination should be
looked into. As a rule of thumb, the model would be accepted when R < 0.05, wR <
0.10 and GoF = 1. However, careful considerations would still have to be taken and
check if the structure makes sense from a chemical perspective. One particular area to
take note would be the on the area of thermal ellipsoids and was even regarded as an
‘error dustbin’!®. An usually large or anisotropic ellipsoid may sometimes genuinely
represent unusual thermal motion, such as a long side chain not stabilized by a
secondary interaction like hydrogen bonds, but if there is no other evidence or chemical
knowledge that suggests so, the ellipsoid should be regarded with doubt. Often, the
thermal ellipsoids are mopping up some systematic error, such as absorption, incorrect

space group, or a likelier instance of disorder within the structure.

3.2.1.4 Reporting and Validation

Following the analysis and refinements, the output crystallographic information file
(CIF) are then generated. The CIF file would contain all the atomic parameters and
essential details like the chemical name, author information and others.

Checked with checkCIF for correct syntax and meets all the IUCr requirements.
However, as cautioned by the checkCIF, the service should be used as a tool instead of

replacing the role of an experienced crystallographer.

3.2.1.5 Software and hardware utilized

The crystals dispersed in Fomblin ® and are hand-picked under a polarizing microscope
and mounted onto MiTeGen microloops of the appropriate size for room temperature
X-ray diffraction investigations or mounted onto a glass fiber approximately 100 um in
diameter to reduce the likelihood of crystal frosting for measurements at low
temperatures (T < 200 K). The X-ray initialization and early processing was done

together using software package CrysAlisPro on the Rigaku Gemini diffractometer and
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Rigaku SuperNova diffractometer using Mo K, = 0.71 A. The collection strategy and
integration were as suggested through CrysAlis. The structure solution and refinement
were done with SHELXT’ and Olex2'* respectively, and further validated with
PLATON"® and IUCr CheckCIF service. The structural visuals were plotted using
Mercury!'®.

3.2.2 X-ray Diffraction: powder X-ray Diffraction(pXRD)

3.2.2.1 Bragg-Brentano and Transmission geometry

The Bragg-Brentano geometry is by far the most commonly seen configuration in
modern laboratories. The X-ray tube is aligned in a focusing circle with the detector
and sample, as in the schematic shown. Usually, the sample is fixed in position while
the tube and detector move along the circle; however, it is also geometrically possible
to fix the position of the X-ray source and detector while the sample stage is set to rotate.
To get good powder average, the sample stage is usually set to spin about the axis
normal to the flat sample stage. The divergence of the source X-ray beam can be
controlled by a soller slit and divergence slit to reduce the axial divergence and height
divergence (beam spread) of the source X-ray. The X-ray then reach the sample and
when it satisfies the Bragg equation, a peak is observed. Between the sample and
detector, there are also several optics component which helps to reduce the divergence.
The anti-scatter slit, which reduces height divergence and air scattering, soller slit,
which similarly reduces axial divergence and the receiving slit, which removes diffuse
scattering from all the previous optical elements and reduces beam height divergence.
While the slits are helpful, it has to be kept in mind that a ‘better’ slit would result in a
reduced signal. Hence, a reasonable balance between the desired signal-to-noise and
acceptable divergence would need to be struck. There are many similarities with the
optics of the Bragg-Brentano geometry the transmission mode. Generally, samples are
loaded onto a bulk sample holder for the Bragg-Brentano geometry whereas samples

are usually packed into capillaries for experiments done in the transmission geometry.
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Figure 3.3 schematic of a diffractometer in the Bragg-Brentano geometry
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Figure 3.4 schematic of a diffractometer in the transmission geometry

3.2.2.2 Rietveld Refinements

The diffraction patterns are post processed and a Rietveld refinement is done on them.
This method of refinement is done on the whole diffraction pattern and the initial
development was made by Rietveld.!” The powder patterns are refined against a known
model and various parameters are refined to obtain a best fit through the least squares

method. The calculated pattern is given by the equation,
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Vei = Sf ) Ll Fl20(26: = 2610 Prcd + i (3.2)
K

where sf'is the scale factor, K represents the Miller indices, Ak/ for a Bragg reflection,
Lk contains the Lorentz polarization and multiplicity factor, ¢(26; — 26x) is the
reflection profile function, P is the preferred orientation factor, 4 is the absorption
factor, Fj is the structure factor of the Kth Bragg reflection and y; is the background
intensity at the ith step. At the end of the least squares refinement, the commonly listed
R-values related to powder XRD refinements are shown in the Table 3.2, with Ry, be
the meaningful amongst the list because the same expression as the residual being

minimized and hence, provides a good measure of the quality of refinement.

Table 3.2 definition of the various parameters utilized in pRXD refinements

Parameter Definition
R- weighted pattern YW Voi — Vei)? 0.5
R =
wp <Z w;(Voi — Ybi)2>
R-Bragg _ 2llog — Ikl
RBragg - Z IoK
0.5
R-pattern . zemrwg
P 21Yoi — Vil
Goodness of fit (GoF) %

GoF = S= o2 = [ZW(yo2 —ycz)z]

N—P

There are two main types of variables which are refined in the Rietveld refinements;
parameters related to the experimental setup and parameters which are specific to the
samples. Of the ones related to the experimental setup, instrumental variables like the
diffractometer geometry, incident beam properties and detector effects are typically
pre-determined against a reference sample, like LaBg or Silicon, and fixed in the actual

refinement of the samples.

A variety of peak shapes have been used to fit the measured Bragg peaks and are
examined by Young et al '®. The commonly used profiles are the Gaussian, Lorentzian

and the Thompson-Cox-Hastings (TCHZ) pseudo-Voigt profile, where the mixing
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parameter 1 controls the relative combination of the Gaussian-Lorentzian shape'® The

expressions, and refined parameters, which defines the shape and width of the and

TCHZ peaks are listed below.

Table 3.3 definition of the various parameters utilized in Rietveld refinements

Peak Function

Definition

Gaussian

Lorentzian

Pseudo-Voigt
TCHZ
TCHZ FWHM

expression

/2 \/lnT(TZ)

\ . <—4 In(2) x2>

Go)= I N T
(%) \FWHM /e P\"FwHM?
2
yis
FWHM
L<x>:m
FWHM?

F(x) = nL(x) + (1 —-n) G(x)

I, I .’
n = 1.36603 F_ 0.47719 (F) + 0'1116(F>

FWHM = T = (I? + ATAT, + BIET2 + CTETE + DIGTf
+I)02

0.5

Z
I, = (U tan?0 +V tand + W +—2>
cos?6

[ = X tan@
L an +COSH

with U, V, W, Y, Z as parameters to be refined

3.3 Nuclear Magnetic Resonance (NMR)

3.3.1 Solid State Nuclear Magnetic Resonance (SSNMR)

Nuclear magnetic resonance exploits the spin and magnetic properties intrinsic to every

nuclei in the material. All atomic nuclei can be characterized by a nuclear spin quantum
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number, /, where I can be any multiple of %2 (i.e. 0, %2, 1, 3/2, 2, 5/2 etc). This spin
quantum number arises from the relative numbers of protons and neutrons in the
nucleus and is in discrete quantized units. Nuclei for which 7= 0 (e.g. '*C) are called
‘NMR silent’ or non-NMR active nuclei, while the remaining nuclei where I # 0

possess spin, charge and angular momentum.

The non-zero spin angular momentum will also give rise to the magnetic moment of a
nucleus p, and the assemblies of such magnetic moments give rise to nuclear
paramagnetism. The magnetic moment is related to nuclear spin quantum number,
u=vyhl (3.3)

where v is the gyromagnetic ratio and # is the reduced Planck’s constant.
From quantum mechanics, a nucleus of spin / will have 27 + 1 possible orientation. As
an illustration, for a spin 'z nuclei, this would give two possible levels as seen in Fig
3.5. In the absence of an external magnetic field, these orientations are of equal energy
but if a magnetic field is applied, the energy levels will be split, and each level is given
a magnetic quantum number, m. The interaction of the nuclear magnetic moment with
the external magnetic field is known as the Zeeman interaction, and the interaction
energy is known as the Zeeman energy, which is given by

E=—-u-By=—yhl-B, (3.4)

E = —yhBym; (3.5)
where ml = -1, +1, I+1, etc. Therefore, the energy level difference between the upper
and lower levels can be written as

AE = —yhBym,; — (—yhBym_;) = yhB, (3.6)
Thus, if the incoming radiation Awy = yAB,, it would correspond to the ‘resonance’ of
the transition and the characteristic frequency, wq, which gives the Larmor equation,

wo = —YBy (3.7)
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Figure 3.5 schematic of energy level. Energy splitting increases with increasing Bg

The low energy required for an NMR transition has two important consequence:
1. Since the population difference between the two energy levels is very small,
approximately 1 part in 10°, the actual population difference can be calculated from
Boltzmann’s relationship:

Nupper - e_% ~1— VhB (3 8)
Nlower kT

Thus, NMR spectroscopy is a relatively insensitive technique because of the small
excess of spins in the ground state. Due to the low sensitivity, the most common
technique utilized to improve signal-to-noise ratio is to increase the number of scans
to obtain better signal averaging.

2. Since the lifetime of the excited state can be relatively long, NMR would give
access to much slower dynamics than any other physical probes, on the order of

milliseconds to seconds.

The effect of the applying a radiofrequency pulse is the basis to allow NMR
observations to be made. To understand this effect, we will consider the precessing
magnetic moments of a nuclei sitting in an applied magnetic field, Bo. The net

magnetization, Mo, of the nuclei would align in the same direction of Bo,

Ny?I(I + 1)B
M, = #OTO (3.9)

A radiofrequency pulse then applies a torque to the magnetization vector which would
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drive it to the x-y plane from equilibrium. This radiofrequency pulse would perturb the
magnetic moments away from the alignment with the huge applied Bo. In many NMR
experiments, the duration of the radiofrequency pulse is chosen such that the
magnetization vector rotates by 90° onto the x-y plane because the detection of the

magnetization is possible only on the x-y plane.

at equilibriumin B, application of 90° Pulse with B,
z 4
B A #
.
0 . A
Y 4
y "—' y
>

Figure 3.6 schematic of magnetization vectors (a) at equilibrium when placed in a magnetic
field Bo, (b) when the system is perturbed by the application of B;, the magnetization vector is

rotated onto the x-y plane, which can then be detected.

With the magnetization now being perturbed onto the x-y plane, the magnetization
would relax and return to the initial My in the z-direction (aligned with By). The two
main relaxation process are spin-lattice relaxation, also called 77 relaxation or
longitudinal relaxation and the other is a spin-spin relaxation, also called the 7>
relaxation or transverse relaxation. The detected signal is collected as a free induction

decay (FID) and is then Fourier transformed to obtain a spectrum

The spin-lattice relaxation occurs by the transfer of energy to its surrounding (i.e.
‘lattice”). Because nuclei in the surrounding are in constant vibrational and rotational
motion, this creates a complex magnetic field. The interaction between the lattice field
and the excited state nuclei will cause them to lose energy, thereby returning to the
lower state. This relaxation time, 77, would dictate how fast the NMR experiment can
be recycled. At 1 x T1, the recovery of the magnetization is 63% of the original Mo and

would be fully relaxed at 5 x T1. However, should a full relaxation for quantitation not
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be required, experiments can also be recycled at 1.3 to 1.5 times of 77 to obtain the best

signal per unit time.

The spin-spin relaxation describes the interaction between neighboring nuclei with
identical precessional frequencies but have different magnetic quantum states. It can
also be described as the spins becoming de-phased where the spin-spin relaxation
causes a cumulative loss in phase resulting in transverse magnetization decay. There is
no net change in the population of the excited and ground energy states, but the average
lifetime of a nucleus in the excited state will decrease, and thus result in line broadening.
Using a more holistic approach to describe a system in an NMR experiment, the
Hamiltonian of a system can be described as follows:

Htotal = Hexternal + Hinternal, (3.10)
where
Hexternal = H, (Zeeman interaction) + Hrr (Radiofrequency pulse) and
Hinternal = Hcs (chemical shielding) + Hquad (quadrupolar) + Hp (dipolar) + Hj (scalar
spin-spin) + Hp (paramagnetic) + Hx (Knight’s shift)

The contributions to the Hexternal has been outlined in the earlier section and this section
will focus on the Hinternal, with more detailed discussion for Hcs. The Hamiltonian for
the chemical shift (Hcs) contains a spin and spatial component which is written as

follows:

3 3

1
H, = 3 Z oy + Z(3C059 — 1)o; ¢ v1,B, (3.11)

j=1 j=1
where o; is the chemical shift tensor, y the gyromagenetic ratio, /z is the spin angular
momentum By the applied magnetic field. Therefore, it can be seen clearly here that the
spatial term of (3 cos & — 1) can reduce the magnitude of the interaction to zero at a
very specific “magic angle”, 54.736°. However, just by putting the crystallites in this
“magic angle” with respective to the external magnetic field Bo, is insufficient. To
remove the broadening in powder samples, all the crystallites have to assume this
orientation simultaneously. Therefore, the sample needs to be spun sufficiently fast to
obtain this orientation “simultaneously”. If the two mentioned conditions are fulfilled,
the anisotropic chemical shift broadening contributions are averaged to zero and the

isotropic chemical shift is retained. Qualitatively, chemical shift measures the amount
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of ‘shielding’ the nucleus experiences from By, and it is highly dependent on the local
environment of the nucleus. The amount of ‘shielding’ is relative, and would therefore,
be referenced to a specific system. For 'H, 1*C and ?°Si, these nuclei are referenced to

tetramethylsilane.

3.3.2 Solution NMR

This is a more specific case than solid-state NMR, where the tumbling of molecules in
the solution averages out several interactions, namely chemical shift anisotropy, and
thus, sharp peaks are typically seen in solution NMR spectra. Therefore, J-coupling and

dipolar coupling interactions can be seen in most spectra.

The multiplicity of the peaks will be in 2n/ + 1 peaks, where [ is the spin and # is the
number of neighbouring nuclei. The relative intensities of the peak would follow that
in a Pascal’s triangle. In the most widely studied nuclei, 'H, I = Y, hence a 'H coupled
with one other 'H would give a doublet, 'H coupled with two other 'H would give a
triplet, etc. It should be noted that the peak splitting only occurs between non-equivalent
hydrogens and splitting primarily occurs between 'H atoms that are separated by three
bonds. In the example shown in Fig 3.7a, 1,1,2-trichloroethane Ha1 and Ha are
chemically equivalent hydrogen and does not split each other and would be a doublet
because there is only one neighbouring Hy; similarly Hy, would be a triplet due to the
presence of two Ha. In Fig 3.7b, ethyl acetate, Ha is a singlet and is not affected by
coupling from Hp or He because it is more than three bonds away. Solution NMR ('H

and '*C) were performed on a Bruker AVANCE 1 400 MHz spectrometer.
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Figure 3.7 (a) peak splitting due to spin-spin coupling in 1,1,2-trichloroethane. H,i and H,, are
chemically equivalent hydrogen and does not split each other. H, would be split into a triplet
due to the presence of two Ha.. (b) Ha in ethyl acetate is not affected by coupling more than three

bonds away, and hence is a singlet. H, and H,, are triplets and quartets respectively.

3.3.4 1D NMR pulse sequences: One pulse, CPMAS, Hahn Echo, Saturation

Recovery, T1p

The one pulse NMR experiment is the simplest and most straightforward NMR
experiment. The two most important parameters would be the duration of the
radiofrequency 90° pulse and the recycle delay, which would ideally be taken to at 5 x
T1 to obtain a quantitative spectrum. The spectrum can then be deconvoluted into the
individual chemical shifts through DMFit ?°. In this thesis, one pulse experiments are

done on 'H.

{b] Saturation Recovery (T,)
train of
saturation pulse m2

1H ’—hUnUﬂUﬂUnunun 'H H d, ’—hﬂﬂﬂnnn

{a) One Pulse Experiment
n/2

Figure 3.8 (a) schematic of the pulse sequence in a one pulse and (b) saturation recovery

experiment to measure the 7
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As an extension to the one pulse experiment, the saturation recovery experiment is also
done using the same principles. The samples are first saturated by a train of
radiofrequency pulses such that no signal is observed, then after a stipulated delay time,
a one pulse experiment is carried out (i.e. 90° pulse, followed by observation). After
collecting a series of spectra with varied delay time, spectra is plotted on a 2-

dimensionally and the recovery of NMR signal is fitted to an exponential function,

I(t) =1, (1 — e_T_l), to obtain the 7 of the individual chemical shifts.

T, is sometimes also known as the spin-lattice relaxation in the rotating frame and is
the time constant for the decay of magnetization along the applied radiofrequency field,
B, of an applied spin locking pulse in the rotating frame of reference. It is analogous
to 71 except it describes relaxation along the radio frequency field of the pulse (which
is static in the rotating frame) rather than relaxation along Bo. The T1, is measured by
first applying a 90° pulse to an equilibrium magnetization vector and a spin locking
pulse is then applied. During the spin locking pulse, the large magnetization vector,
which was initially polarized in Bo, decays to its equilibrium value in the much smaller
field, B1, with time constant, 71p. The 71, is measured by analysing the intensity of the
NMR signal in the spectra collected as a function of the duration of the spin locking

pulse and fitted to exponential the function,

T

I(7) = Ipe Te (3.12)
Since motion in the various regime affects relaxation in various ways, it is crucial to
probe the spin relaxation dynamics across the various regimes to obtain a
comprehensive understanding of the molecule’s motion?!. More relevant to this thesis,
T is sensitive motion in the MHz regime while 71, is sensitive to motion in kHz regime.
(a) T,, measurement

2
(b ) sub-HE Hr kiHz MHz ... GHz
I
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spin lock cp
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Figure 3.9 (a) schematic of the pulse sequence in 71, measurements. (b) illustration showing

the various regimes of motion which correlates to the various relaxation mechanisms and the
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type of experiments?!

In cross-polarization magic angle spinning (CPMAS), also called proton-enhanced
nuclear induction spectroscopy, this pulse sequence utilizes the more naturally
abundant spin like 'H, to increase the polarization of a less abundant spin e.g. 1*C. In
brief, the experiment starts by exciting the 'H with a 90° pulse, then the polarization of
'H is transferred to '*C by matching the Hartman-Hahn condition??, then acquiring the
signal on '*C while pulsing the 'H channel with a decoupling sequence. The added
advantage is that the experiment can now be recycled at the 71 of the more abundant
spin, like 'H, instead of the observed nuclei '*C. However, the disadvantage would be
CPMAS is no longer quantitative like in the one pulse experiment, and the acquisition
time would very often be limited by the decoupling duration on 'H channel.

In the Hahn echo pulse sequence, the spin magnetization is refocused using an
electromagnetic radiation pulse. The main advantage is to bypass the very fast decays
of the spin relaxation and dephasing which shorter than the instrument response time.
By introducing a recoupling 180° pulse, the inhomogeneous dephasing can be removed

and the signal can be recorded.

(@) Cross Polarization MAS (b) Spin Echo Experiment

/2

echo delay

e F?TWUHUHUHU% 1k

Figure 3.10 (a) schematic of the pulse sequence in CPMAS and (b) a spin echo experiment
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3.3.5 2D pulse sequences

A two dimensional variation of NMR was first proposed by Jeener ** and the main
objective is to add an additional experimental variable, and thus introducing a second

dimension to the resulting spectrum, providing data that is easier to interpret and often
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more informative. This is particularly helpful in large and complex molecules or in the
scope of this thesis, make the assignment more rigorous. 2D experiments vary from 1D
experiments with an additional step. In general, 2D experiments consist of three stages,
the preparation, evolution/mixing, detection, of which the evolution/mixing stage is not
observed in a typical 1D experiment. In a oversimplified description of each stage, the
preparation can be understood as doing something to the nuclei, the evolution/mixing
stage as allowing the nuclei precess freely and allowing the nuclei to ‘talk’ to each
other, and the detection of the results. During the evolution/mixing stage, the spins can
precess freely for a given time. During this time, the magnetization is labelled with the
chemical shift of the first nucleus. During the mixing time magnetization is then

transferred from the first nucleus to a second one.
3.3.5.1 2D Homonuclear correlation experiment: NOESY and BABA

Mixing sequences utilize two mechanisms for magnetization transfer: scalar coupling
or dipolar interaction like the Nuclear Overhauser Effect (NOE). Data are acquired at
the end of the experiment and during this time the magnetization is labelled with the
chemical shift of the second nucleus. Since NOESY utilizes dipolar interaction NOE
effect, the spectra obtained can be understood as a '"H — 'H through-space correlation.

In the BABA experiment, the dipolar interaction is also being exploited, the main
phenomena is slightly different; BABA looks at the multiple quantum transition, or
specifically double quantum-single quantum coherences and the signal being recoupled
in the rotor synchronized manner. The two different pulse sequences depends on the
same dipolar interaction albeit in a different manner and would allow the correlations

made be more accurate.

{a] NOESY

mﬁ ﬂ Fhﬂn

nas
Evolution Mixing U U U U U

time time:
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(b) BABA
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Figure 3.11 (a) schematic of the pulse sequence in a 2D NOESY (b) 2D BABA experiment

3.3.5.2 2D Heteronuclear Correlation experiment (HETCOR); hCH and FSLG

Similarly, in the heteronuclear correlation (HETCOR) pulse sequences, the transfer of
magnetization can also either be through scalar coupling or dipolar interaction. The
specific pulse sequence utilized in this thesis, the hCH and FSLG both utilizes the
dipolar interaction. Therefore, similar to NOESY, hCH and FSLG provides 'H — *C
through space correlations. The FSLG differ from hCH in that multi-pulse decoupling
on the 'H channel during acquisition of the FID that would otherwise appear too broad
because of the low MAS. The advantage from hCH comes from the increased
sensitivity because the magnetization is first transferred from 'H to !*C and back to 'H
because 'H have a greater natural abundance and larger y compared to '*C. FSLG on
the other hand transfers the magnetization from 'H to *C and detection is done on '*C
while applying a multi pulse decoupling on the 'H channel. The decoupling would

improve the resolution on the indirect axis (F1) instead of using MAS to gain resolution.

(a) 0 hCH (b) .,
w | =g, w S e
U L multipulse

w2 - UUU 'H F““"“P“nu ‘;m[
oo [Fl| | [ mUHUﬂUﬂ”n”nJ

Evodution time  Mixing
Lirme

Figure 3.12 (a) schematic of the pulse sequence in a 2D hCH HETCOR and (b) 2D FSLG
HETCOR experiment
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3.4 Optoelectronic Characterization
3.4.1 Fundamentals of Fourier Transformed Infrared Spectroscopy (FTIR)

The FTIR spectroscopy is a technique based on interferometry. Light is emitted from a
source and collimated by the mirror R1 onto a beamsplitter, which splits the light into
two beams of equal intensity. The two beams are then reflected by a flat mirror (M1
and M2) and recombine on the mirror R2, which then refocuses the combined beam
onto the detector. The difference in optical path would result in the interference
patterns. If the radiation is monochromatic, it would result in a constructive interference

when the path difference is equal to ni and conversely result in destructive interference
when the path difference is (n+%) A, where n is an integer. Following a series of

derivation beginning from the electric field of a monochromatic radiation propagating

along a direction, it can be derived that

F(®) =K J S(9)el@m9) g (3.13)
where F(9) is the light intensity (i.e. the interferogram), K is a constant, S(¥) is
average radiation energy per unit area and time at the detector, J is the path difference
of the two beams. This is the fundamental relation in FTIR spectroscopy, where the
interferogram is Fourier transform of the source spectrum, and the converse is also true;
Le.

S(@) = K'FaF@ ™ g5 (3.14)

where K’ 1s a constant.
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Figure 3.13 schematic of a Michelson interferometer, which is the basis of an FTIR. R1 and

R2 are collimating mirrors and M1 and M2 are flat mirrors.

The interferogram F (§) is collected by varying the scanning the position of the moving
plain mirror in the interferometer and recording the light intensity as a function of the
retardation §. A Fourier transformation is then applied to the interferogram and the

spectrum is thus obtained.

FTIR has several advantages over conventional dispersive ones and is briefly
summarized here, and the interested readers are directed to the available textbooks.?*2
The spectral resolution can be improved just by increasing the scanning range of the
moving mirror because the resolution is inversely proportional to the maximum
difference of the optical path. Next, the whole spectrum is acquired within a single scan
of the moving mirror, hence, in a fixed time, it is possible to take an average of multiples
scans thus improving the signal to noise ratio considerably. These are also known as

the Fellgett and Jacquinot advantages. In the FTIR, a HeNe laser is used as a wavelength

scale reference which is much more stable and precise than in dispersive instruments
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where the scale depends on the mechanical movement of diffraction gratings and this
is also known as the Connes advantage. The measurements were done on the Bruker

V80v, and the schematic of the instrument is shown in Fig 3.14.
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Figure 3.14 schematic of the Bruker V80v FTIR, with laser add-on for cw-PIA measurement.

When the system is photoexcited, it may create new electronic states within the band
gap. This would result in photoinduced transitions with a redistribution of the oscillator
strength. The photoexcitation can be studied in the visible, NIR and MIR by measuring
the photoinduced absorption by exciting with a continuous wave laser or by pump-
probe techniques. The photoabsorption levels can be seen thorough the relative

differential transmittance, that is

_AT T~ Texe (3.15)
T T '

where T and Texc are the sample transmittance in the ground state (no photoexcitation)
and excited state (with photoexcitation) respectively. In a simplified schematic of the
energy states as shown in Fig 3.15, level 1 would be the ground state, level 3 would be
the excited state and level 2 would be the photoinduced energy state. When the
differential, -AT/T, is taken two key characteristics would be seen in the spectrum. Due
to the population depletion in the ground state under photoexcitation (i.e. electrons

excited from 1 to 3), the differential spectrum will show a negative peak at the energy
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corresponding to transition form 1— 3, and this is known as photobleaching. Due to
the photoexcitation, a virtual photoexcited state 2 would form within the band gap and
a positive peak would be shown at the energy corresponding to the transition from 2 —
3, and this is known as photoabsorption. If selection rules permit, the transition from
1—2 could also be observed. Inhybrid perovskite systems, the linear absorption occurs
in the visible spectral regime and the intra-gap photoinduced energy would have exhibit
the signatures at a lower energy, typically in the NIR to MIR region and the region can

be probed easily through FTIR spectroscopy.

37K

\%x PA
2__ ___________
1

Figure 3.15 schematic of band diagram and the formation of absorption band due to

photoexcitation

3.4.2 Ultrafast spectroscopy: Transient absorption

127—29 WhO

Femtochemistry was pioneered by the Nobel laureate Ahmed Hassan Zewai
recorded ‘snapshots’ of chemical reactions using an ultrafast femtosecond transient
absorption technique. In the transient absorption experiment, a first laser pulse ‘pumps’
the system into an excited state and the excited states relaxes back to the ground state
on the femto to picosecond timescale. During the relaxation, a second laser pulse is then
used to ‘probe’ the population of the excited states at different time delays with respect
to the excitation. Hence, this method of analysis is termed as pump-probe spectroscopy.
From the principle of turning still pictures into movies, if sufficient snapshots with a
short time delay (e.g. 30 still pictures per second or 3.3 ms apart) are played

continuously one after another, a video would be obtained. Similarly, in pump-probe

spectroscopy, this “video” is obtained by collecting the ‘probe’ at different time delays,
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and subsequently the data are put together to obtain a “movie” which shows the rate of
relaxation of the system. Pump-probe techniques provides a direct method to probe the
changes to the absorption and refractive index with sub-picosecond resolution. In the
schematics shown in Fig 3.16, the different time delays are controlled by a precise
moving optical delay stage; since the speed of light, c, is a constant, and a change in the

laser path length by 0.1 mm will be equivalent to a delay of 333 fs.

A commercial regenerative amplifier system (Quantronix Integra-C) was used as the
laser source with a repetition rate of 1 kHz at 810 nm and pulse width of around 100 fs.
A commercial spectrometer, Jobin Yvon CP140-104, equipped with a silicon
photodiode array was used to record the transient absorption spectra (Entwicklungsbiiro
Stresing). A portion of the laser beam was split to generate the 400 nm pump beam
using a 1 mm thick BBO crystal cut at 29.2°. White probe light was generated using a
sapphire crystal coupled with a 750 nm short pass filter just sufficient to attenuate 800
nm generation beam without saturating the camera and thus, the output spectrum was
sensitive from 550 to 830 nm. An additional long pass filter with cut-off wavelength of
450 nm was used after the sample to avoid saturation of the camera by the intense pump
beam. The collected data are then post processed through a global fitting of the resulting
spectral decays using the R-package TIMP on Glotaran®’. This allows for a more
holistic fitting of the data since the full data is taken into consideration. The processes
are then fitted through characteristic lifetimes and interpreted. Similar to the processes
in steady state PIA, the phenomena of photobleaching and photoabsorption follows the
same argument and principles; photobleaching arises at the band edge due to the
reduced occupancy of the ground state and partial occupancy of the excited state while

photoabsorption could originate from a variety of responses.
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Figure 3.16 schematic of the experimental setup for ultrafast transient absorption spectroscopy

3.4.3 Linear Absorption and Photoluminescence

The understanding of interband absorption is based on the quantum mechanical
treatment and of light-matter interaction to the band state of solids. From the nearly-
free electron model of semiconductors, the valence and conduction bands, sometimes
also referred to as the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), respectively, and these energy levels can be

approximated by a parabolic dispersion in an E-k relationship plot.

By the principle of conservation of energy, Ef = E; + hw where E; is the energy of the
electron in the valence band, Ef is the energy of the electron in the upper band and hw
is the photon energy. Since there is a continuous range of energy states in the within
the upper and lower band, the transition is possible over a range of excitation energies.
It also therefore, apparent that the minimum value of Ey — Ej is E; this would imply
that that the absorption shows a threshold behaviour and interband transitions will be

not possible unless hw > E,. Interband transitions therefore give rise to a continuous
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absorption from the low energy threshold Ej to an upper value set by the extreme limits

set of the bands that participates in the optical transition.

Upon excitation, the excited charge carriers can relax through either through intraband
or interband states. In the former, it occurs during carrier cooling within the respective
conduction or valance bands, while in the latter the recombination can occur radiatively

to give photoluminescence or non-radiatively through trap-assisted recombination.

In the direct band gap material, photons are emitted when electrons at the bottom of the
conduction band and holes at the top of the valence band combine radiatively. The
radiative lifetime are short and typically in the range of 10 s and luminescent efficiency
are expected to be high. Photons are first absorbed from an excitation source, like an
arc lamp or laser, exciting many electrons into the conduction band and holes into the
valence band when the excitation energy is greater than Ej;. The electrons excited to
states high up into the valence bands do not remain in that initial state for a long time
as it can lose energy rapidly through emission of phonons, as allowed by selection rules
and conservation laws. In a typical solid, the electron-phonon coupling is very strong
and hence, the scattering events take places on the time scale of ~10"'* s, which is much
faster than the radiative recombination lifetimes. This would, therefore, allow the
electrons to relax to the bottom of the conduction band the electron and hole recombine

radiatively.
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Figure 3.17 schematic of the band diagram from a nearly-free electron model. The
photoexcitation would create electron-hole pairs which relaxes to the bottom of the conduction
band and top of the valence band. There, it can recombine radiatively to emit a photon, which

is observed as photoluminescence.

In thin film configuration, absorption coefficient and intensity are related through the
Beer-Lambert equation,

1(z) = e % (3.16)
where I is the incident intensity, a is the material’s absorption coefficient and z is the
thickness of the film. Hence, when the film thickness, z, and reference intensity is
known, the material absorption coefficient can be determined. However, in the
measurement of bulk samples the diffuse reflection, rather than the change in
transmission is utilized. In diffuse reflection, the intensity of diffusely reflected light is
independent of the angle of incidence, and results to multiple scattering within the
sample. Kubelka-Munk function is used to determine the absorption coefficient of the
material’! The theory is based on a model where the radiation field is approximated by
two different fluxes, one travelling from the illuminated sample surface and the other
is radiation travelling oward the illuminated surface and assumes that the background

is black (i.e. no reflection from background) and the sample is infinitely thick, the
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derived result would be the well known Kubelka-Munk function,
F(Re) =wo<g (3.17)
2R S
where R is the reflectance, a is the absorption coefficient and S is the scattering

coefficient.

The Tauc plot is then used to estimate the material’s band gap. For a direct band gap

material, the plot of F(R)?, which is proportional to (ahv)%, against hv, is taken and
the E is extracted where the slope extrapolated to zero. However, it should be noted
that the widely used Tauc plot only provides a very crude approximation which does
not have a comprehensive theoretical basis in determining the band gap because it
assumes free carriers, rather than excitonic or absorption edges. As such, in the hybrid
perovskites systems, the plot provides an underestimate of the E,; the plot determines

the E; minus excitonic binding energy and a thermal broadening parameter>?

3.4.4 Basic Concepts of Photoconductivity

The classical Drude model can be used to express the conductivity for a semiconductor.
With only one type of charge carrier, e.g. electrons, # in the dark, in the presence of an
applied electric field F' = V/I, where V is the voltage applied across the length, /, the
expression can be written as:

J =nev (3.18)
where J is the current density, e the elementary charge and v the drift velocity of the
charge carrier. Since the drift velocity is directly proportional to the applied electric
field, v = uF, the current density will also be proportional to the applied field, i.e.

] =oF (3.19)
where o0 = neu, which is the conductivity of the material.

When the sample is under illumination, a change in the conductivity might occur due
to either a change in the carrier concentration An or to a change in the carrier

mobility Au:
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Figure 3.18 schematic of the various quantities which determines the photoconductivity
process in based on Drude model. /j is the illumination intensity, F is the applied electric field,

J is the current density and v, is the charge carrier drift velocity.

Ao = 0iight — Ogarr = e(uln + nlp) (3.20)
In general,

Jee = eF[u(t)An(t) + n(t)Au(t)] (3.21)
where Jpc is the photocurrent. It should be noted that both the mobility and carrier
density are a function of time. If An > Ay, as verified in many semiconductors, and the
time dependence of mobility can be neglected, then the photoconductivity can be
written as

Jpc(t) = AoeF = euAn(t)F (3.22)
At low light injection levels, it can be assumed that there is a constant quantum yield
of free charges per photon absorbed. Hence, the spatial dependence of the intensity is
described by Beer-Lambert law. For absorption in the z-direction, Beer-Lambert’s law

reads:

dl
—=—al,l(z) = l,e™* (3.23)
dz

where «a is the absorption coefficient and I, the illumination intensity. Therefore, the

optical generation rate of the free carriers, g, can be written as

1 dI 1
_ — _ Ry —az 3.24
g(z) = —n = n(1—R) . alye (3.24)

where 7 is the charge carrier generation quantum efficiency, Aw is the photon energy,
and R is the reflectance. It should be noted that 7, @ and R are dependent on photon
energy. These photoexcited carriers will eventually relax back to the ground state with
a characteristic lifetime, 7. Therefore, under constant illumination at the steady state
condition,

An(t) = gt = constant (3.25)
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Hence, it follows that the photoconductivity is given by
Ao = ge(ur) (3.26)
Therefore, the total steady state photocurrent for a given photon energy can be written

as:
d IO
Jpc = AoF = eyrFf g2)dz=n(1-R)(1 - e'“d)EemF (3.27)
0

where d is the sample thickness in the absorption direction. The above equation can
generalized to the scenario where both charge carriers, i.e. electron and holes with

charge carrier density # and p respectively, contribute to the photocurrent response:

1
Jrc =n(1—=R)(1— e_ad)%e["(“nfn + Hpr) (3.28)

Steady state photocurrent is largely dictated by long lifetimes processes often associated
with defects or disorder (e.g. trapping) and would therefore not be the true material
lifetime. Additionally, a challenge remains on disentangling the mobility-lifetime
effects from the photogeneration effects. In transient photocurrent measurements, the
carriers are generated by a short radiation pulse and the photocurrent decay is recorded
as a function of time. If the optical pulse duration is short compared to the carrier

lifetime, the initial photogenerated carrier density will be given by
P
Nt=0=0-R)(1- e"“d)na (3.29)

where P is the number of photons per pulse per unit area, d is the sample thickness, and
7 is the charge carrier photogeneration quantum efficiency. If the density of carrier
photogenerated by the pulsed excitation is large, compared to the intrinsic carriers, then
the photocurrent density can be written by eq 3.22, with An(t) = N(t),

Jpc(t) = N(t)euF (3.30)
Hence, the transient photocurrent waveform will reflect the kinetics of the charge
carrier density after photoexcitation.

The expression for peak photocurrent can then be written as
Eye l
hw d?

Thus, the early time mobility can be extracted from the plot of peak photocurrent

Ipeak =neu(l —R)(1 — e—ad) (3.31)

against the applied voltage when an estimate of the quantum yield, n¢, is available.
Experimentally, the sample transient photoconductivity measurements were done on
the Auston switch setup as seen in Fig 3.19. The geometry of the stripline determines

the impedance of the transmission line, Zo, and has to match the 50 Q input impedance
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required by the acquisition system. The impedance is given by the empirical relation,
87 l 5.98h
n
JVe+141 08w+t

here w and ¢ are the line width and thickness, / and ¢ are the thickness and dielectric

Zy(g, h,w,t) =

(3.32)

constant of the substrate respectively. A nominal 50 Q impedance is obtained with these

parameters:
e=10.6
h =0.625 mm
w = 0.625 mm
t =0.01 mm

The small gap, which would be the active area of the switch, d, is 0.1 mm. The incoming
ultrafast laser pulse would hit on this gap under an external DC bias and the
photogenerated carriers are driven across the gap by the applied electric field. This
photocurrent pulse would then be recorded in the oscilloscope. While a decrease in gap
size would consequently increase the capacitance logarithmically, the photosensitivity
is increased proportionally to d. Hence, by using very small gaps, the sensitivity can be
increased without a loss of bandwidth. For the given above parameters, the capacitance,

Cg = 0.02pF, and the effective time constant for this Auston switch is 2ZyCy ~ 2ps.
Auston Switch

100 GHz
Oscilloscope

Au channel, 0.01 mm thick

Figure 3.19 schematic of the transient photocurrent setup. The photoelectrons are generated
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with an optical excitation source of 400 nm pulsed laser with a beam diameter of 0.2mm, and
is collected by applying a bias across the gold channel and recorded with an 100 GHz

oscilloscope
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Chapter 4

Large polaron self-trapped states in 3D MAPbI; *

The nature of technologically relevant 3D MHP are studied
extensively in this chapter. This chapter utilizes a combination of DF'T
and spectroscopy across the entire optical frequency range to pin
down polaron features because large electron-phonon coupling
characteristics are expected to dominate in HOIPs. The formation
dynamics of the polaron signature are seen on the order of
nanoseconds, with a portion living up into the milliseconds, which is
probed extensively by steady state photoinduced absorption. The MIR
spectral features show the photogeneration of states associated with
low energy intragap electronic transition with lifetime in the
millisecond regime, and vibrational mode renormalization in both
frequency and amplitude where DFT supports the assignments, thus
proving the existence of large polarons through both theoretical and

experimental works.

*This section is published substantially as Walter P. D. Wong, Jun Yin, Bhumika Chaudhary,
Xin Yu Chin, Daniele Cortecchia, Shu-Zee A. Lo, Andrew C. Grimsdale, Omar F. Mohammed,
Guglielmo Lanzani, and Cesare Soci. Large Polaron Self-Trapped States in Three-Dimensional
Metal-Halide Perovskites. ACS Materials Letters. 2020 2, (1), 20-27. Reprinted with
permission. Copyright (2020) American Chemical Society.
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4.1 Introduction

Metal halide perovskites have attracted enormous interest since 2015 because the
material is very easily processable 2 and exhibits numerous remarkable properties as
highlighted in the earlier chapter’ and there are some evidence pointing towards the
possibility of charge carriers being protected by polaronic characteristic in the

perovskite lattice!® !!

. The highly deformable and polar nature of the metal halide
framework can cause charge carriers to self-trap into phonon dressed localized states'*-
4 In lower dimensional perovskites, e.g. 2D perovskites, Coulombic interactions are
enhanced through reduced dielectric screening and quantum confinement effects giving
rise to the formation of self-trapped excitons (small polarons) and manifests in apparent
radiative recombination effects like white light emission in compounds like
(EDBE)PbBr4!* 15, where ab initio simulations indicates that the excess charge is
spatially confine to one crystal unit cell or less. Hence, the photoexcitation induces

k'*17 which is associated with to

localized distortions of the lead-halide framewor
polaron-exciton states, with a characteristic fine structure in the absorption line-
shapes'®. Conversely, for charge carriers in 3D perovskites, the polarons may extend
over several lattice sites'” because of the long-range electron phonon interaction
typically observed in ionic crystals. Large polarons are expected to exhibit band-like

1

transport with mobility greater than 1 c¢cm? V' s, that falls with increasing

temperature' > 20,

Furthermore, electrostatic screening from the polar Ilattice
deformation could hinder Coulomb mediated processes such as Auger cooling and

Langevin recombination?®!,

Recent works point towards the role of electron-phonon coupling which contributes to
the formation of polarons??®, In similar materials like MAPbBr3, there is evidence for
screening effects in reorientation of the molecular dipoles and presence of coherent
phonon modes generated via displacive excitation®* but this is not a proof of their
existence. Polaronic states have been invoked to explain octahedral distortion effects
due to coherent vibrations of the Pb-I modes in MAPbI3 3! but the impact of carrier
induced lattice distortion on polaron formation and charge transport in optoelectronic
devices has remained elusive.> From a structural perspective, the structure of MAPbI;
has been thoroughly examined and debated.***** Although the methylammonium cation

cannot be accurately modelled based on diffraction studies, this dynamic disorder is
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further observed through other indirect techniques like nuclear magnetic resonance.>®
42,44.95 Furthermore, the inorganic framework, which dominates most of the diffraction
results, is seen to be consistent across several studies®> 3> 34!, Therefore, this work
starts off by exploring polaronic effects through first principles DFT calculation built
upon the current understanding of the structural properties of MAPbI3 and these
theoretical predictions are further tested through experimental observations in the IR
continuous-wave photoinduced absorption (cw-PIA) spectroscopy. Lastly, this work
further explores the formation dynamics of polarons through ultrafast transient and

photocurrent spectroscopy.

4.2 Experimental Methods
4.2.1 Computational methods: polaronic and free carrier mobility

The first principles density functional theory (DFT) calculations were carried out at
generalized gradient approximation/Perdew-Burke-Enzerhof (PBE) level using the
projector-augmented wave (PAW) method as implemented in the Vienna Ab initio
simulation (VASP) package*® *’. The plane-wave basis set cutoff of the wavefunctions
were set to 400 eV and a uniform grid of 6x6x6 k-mesh in the Brillouin zone was
employed to optimize the crystal structure of MAPbI3. The van der Waals function
(vdW-DF) was included during the structural optimization and calculation of electronic
properties. The resulting crystallographic parameters of the tetragonal-phase MAPDbi3
isisa=8.68 A, b=8.67 A, c=12.8 A. Thereafter, a 3x3x3 supercell containing 1296
atoms were used for the large polaron simulations and the Brillouin zones were sampled
by the I' point. The atomic positions of MAPbI3 supercells in the neutral and charged,
or photoexcited, states were fully relaxed until each atom in the supercells experience
forces of less than 0.01 eV/A. The charge density distribution of valence band
maximum (VBM) or conduction band minimum (CBM) for MAPDI3 supercells were
used to describe the positive or negative polaron features. The effective masses for the
electron (my) and hole (my) were estimated by fitting the the dispersion relation of

2
m* = h? [aag—k(zk)] from the band structures (Fig 4.1 a and 4.1b) along the directions

I'-X, I'-Z and I'-M for tetragonal phase and I'-X and I'-Z for orthorhombic phase. The
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optical dielectric function was simulated using random phase approximation (RPA)

method as implemented in VASP.

Infrared and Raman vibronic mode position and intensities were calculated using
Phonon code as implemented in Quantum Espresso package *® at the I' point of the first
Brillouin zone. The local density approximation (LDA) exchange-correlation
functional with norm-conserving pseudopotential were utilized based on the optimized
neutral and charged structures. The plane-wave expansion cutoff for the wavefunctions
were set at 100 Ry where the uniform grids of 12x12x8 Monshorst-Pack scheme were
used for the k-point sampling with a self-consistency threshold of 10°!* Ry

Free carrier mobility if calculated by the semi-classical Boltzmann transport theory
where only the contribution of acoustic phonon were considered in the evaluation of

the scattering lifetime. The charge carrier density (7) and mobility (¢) are approximated

ag9: 50
* § 3
_ @miksT)2 5 @.1)
T 2m12hK3 0
2wh*eB 3°F1,
H= 3 3 4.2)
m;(2mykpT)2E2 0F02
where

oo a l
"t = L <_ a_]g) MG+ alH™M(L+2a0)? +2]2d0 (43)

_ 1 .(l=kBT
f =G5, (4.4)

where kg is the Boltzmann constant, e is the elementary charge, 7 is the temperature,
27th is the Planck constant, and & is the reduced chemical potential; m”* is the density of

state effective mass, m; is the conductivity effective mass, m, is the band effective

2
mass; B is the bulk modulus (B = 275 , & e_B_piS the electron-phonon (or hole-phonon)
h

AEcBMm

coupling energy (E e-2_p =Vo (A"—VW), n, m, and [ power integer indices, Ej is the
h

electronic band gap, and ( is the reduced carrier energy.

Electron phonon coupling is described by the dimensionless Frohlich parameter, a,
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1 e2(1 1) m 45
" 4mey h \ey, &/ [2hwp (4.5)

where ¢ is the dielectric constant of vacuum; & and &s are optical and static dielectric

constants, respectively; e is the charge of carrier; 2n7 is Planck’s constant; m is the bare
electron band effective mass and w, is the characteristic angular frequency of the
longitudinal optical (LO) phonon mode. ) is obtained from the Im[ 1/&(w)] spectra in

far-infrared region, as presented in Fig 4.2.

The finite-temperature free energies of the coupling electron-phonon system are taken
from the expression derived by Osaka, which is an extension of Feynman’s athermal
variational solution. The self-free energy of polaron F, is under the phono occupation
factor f = w,/ksT, and was calculated with two parameters: v and w , where v is an unit
of o, the frequency of relation motion between a charge and a coupled LO phonon; w

is a unit of w, °!*>2. Thereafter, v and w were numerically solved by giving the minimum

=—(4+B+0C) " where

v) 3 In(2nB) ] sinh (%)

3
=5 —in (4.6)
4 (W 2 sinh (WTﬁ)
f exp(ﬁ - X) + exp(x) i
\/ exp(ﬁ) —1] \/ Y@ —w?) (4.7)
v
Y(x) = m [1+ exp(—vB) — exp(—vx) ws)
—exp{v(x — B)}]
3(v? —w?) vB 2
C=— (Coth (7) - @) (4.9)
Therefore, the expression for polaron mobility can be described as>*>*
mh (B
u= 3\/7;3 sinh (7)“}_3l (410)
2TWMQe_pp ,8; 3 K

where
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K= J,oo COS(u) ' du (4 11)
0 (42 4 g2 2 ’
(u +a —bcos(vu))
_ (B 2 p? —y? Bv
a? = (E) + <W> ﬁCOth (T) (412)
()
W cinh (%) (413)

4.2.2 FTIR Spectroscopy and Continuous-Wave Photoinduced Absorption

Photoinduced absorption measurements were carried out in a Bruker V80v FTIR
spectrometer using a solid-state pump laser at 532 nm with an intensity of ~200
mW/cm?, modulated by a Thorlabs shutter. The samples fabricated from 20 wt %
precursor solutions were utilized for the visible regime while the samples fabricated
from 40 wt % solutions were utilized in the NIR and MIR range. cw-PIA measurements
were carried out at room temperatures (298 K) or at low temperatures (78 K) in a
Helitran cryostat, which is cooled by liquid nitrogen with a base pressure of around 5.0
x 10~ mbar. Four different detectors were used to probe the three distinct spectral
regimes: Deuterated Triglycine Sulfate (DTGS) and Mercury Cadmium Telluride
(MCT) to probe the mid-infrared regime, Indium Gallium Arsenide (InGaAs) to probe
near-infrared, and Silicon to probe the visible regime. A notch filter at 532 nm was used
for measurements in the visible regime to eliminate pump laser scattering, while a 650
nm band pass filter or a double-polished Silicon wafer were utilized for NIR and MIR
measurements, respectively. The FTIR spectrometer operated in rapid scan mode.
Transmittance spectra were recorded under photoexcitation, Ton, and without
photoexcitation, Tor to obtain the PIA, — AT/T. Approximately 8000 Ton and Tofr scans

each were collected and averaged to obtain the desired signal-to-noise ratio.

4.2.3 Transient Absorption

A commercial regenerative amplifier system (Quantronix Integra-C) was used as the
laser source with a repetition rate of 1 kHz at 810 nm and pulse width of around 100 fs.
A commercial spectrometer, Jobin Yvon CP140-104, equipped with a silicon

photodiode array was used to record the transient absorption spectra (Entwicklungsbiiro
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Stresing). A portion of the laser beam was split to generate the 400 nm pump beam
using a 1 mm thick BBO crystal cut at 29.2°. White probe light was generated using a
sapphire crystal coupled with a 750 nm short pass filter just sufficient to attenuate 800
nm generation beam without saturating the camera and thus, the output spectrum was
sensitive from 550 to 830 nm. An additional long pass filter with cut-off wavelength of
450 nm was used after the sample to avoid saturation of the camera by the intense pump
beam. A schematic of the experimental setup is seen in Fig 3.16. The intensity of pump
laser is measured to be 5nJ per pulse. The results were subsequently processed through
a global fitting of the resulting spectral decays was performed using the R-package
TIMP on Glotaran interface®®, with multiple sequential exponential decays. Dispersion
compensation was conducted by fitting 2" order dispersion relationship central at 755
nm in conjunction with the interested multiple exponential decay function.
Convergence of the numerical fitting is ensured by multiple rounds of numerical fitting
using calculated parameters from previous round, until all parameters stabilize. Overall
goodness of the fitting is indicated by the final residual error of 0.489 after stabilization,

with no temporal and spectral trend in residue plots.

4.2.4 Transient and steady state photocurrent

The setup utilizes the same femtosecond pump laser as for transient absorption
measurements, frequency doubled to the excitation wavelength of 400 nm. Gold
contacts were deposited via a shadow mask to form a 50  Auston photoconductive
switch. Measurements were performed in a vacuum chamber focusing 5 mW laser beam
power on a 1.5 x 102 cm? spot size. External bias of 5 V to 30 V was supplied by a
picoammeter/voltage source (Keithley 6487). The transient photocurrent signal was
recorded using a real-time high-speed oscilloscope (Teledyne Lecroy LabMaster 10 Zi-
A) equipped with a 100 GHz sampling channel, connected after a Mini-Circuit DC-AC

splitter to prevent DC current leakage.

Steady state photocurrent measurements were performed using conventional amplitude
modulation technique in a setup equipped with a Xe lamp source, a monochromator
(Horiba iHR550) which disperses light in the wavelength range of 300-900 nm, a
mechanical chopper (Stanford SR570), a voltage source (Keithley 6487), and a lock-in
amplifier (Stanford SR830). The chopper modulation frequency was set to 138 Hz, and
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the lock-in time constant was 300 ms, corresponding to 0.42 Hz equivalent noise
bandwidth. Before the measurement, the monochromatic light power was obtained

using a reference calibrated Si photodiode.

4.3 Results

4.3.1 Computational results
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Figure 4.1. Electronic and optical properties of MAPbIs. (a, b) calculated electronic band
structures, (c, d) real part (in red) and imaginary part (in blue) of dielectric function, and (e, f)
far-infrared vibrational modes and intensity for tetragonal-phase (up) and orthorhombic-phase

(down) MAPDI.
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Figure 4.2. Far-infrared optical response of MAPbI;. Calculated real part (in red), imaginary
part (in blue) of dielectric function, and imaginary part of the inverse dielectric function (in

black) for (a) tetragonal-phase and (b) orthorhombic-phase MAPDbI;.

The calculated electronic band structure is as shown in Figure 4.1 (a) and (b) where the
plots shows a direct comparison of the spin-orbit coupling (SOC) effects while using
the same Perdew—Burke-Ernzerhof (PBE) function; the pink plot without SOC effect,
while the blue plot is with SOC effects. A comparison of the two methods against
experimental results are seen in the next section. The dielectric function taken from the
same calculation and shown in Fig 4.1 (c) and (d) and is subsequently used in the
simulation of free carrier and polaronic properties. The far infrared (FIR) vibrational
modes werealso calculated and are shown in Fig 4.1 (e) and (f), which shows that most
of the vibrational modes are between 50 cm™ and 200 cm™. Zooming into the FIR
region of the dielectric function of MAPbI3, it can be seen that the specific transverse
optical (TO) phonon mode can be seen from the real part of the dielectric function and
longitudinal optical (LO) phonon modes from the inverse dielectric function. The LO
modes are then utilized to calculate the free carrier and polaronic mobilities, as outlined
in the earlier section. The key parameters for calculating the free carrier and polaronic
mobilities and results are summarized in Table 4.1 and Table 4.2, while the important

results of the effective mass and mobility are summarized in Table 4.3.
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Table 4.1. The parameters for calculating free carrier mobility. Band (m5*), conductivity (m,*)
and density of state (m*) effective mass, hole/electron-phonon coupling (£), bulk modulus (B),

and free hole/electron mobility (tcaricr) for tetragonal and orthorhombic phase MAPDI;.

. . . - Mcarrier
Compound Type mp my m = (cm?/V-s)
MAPbL: Positive 0.198 0.196 0210 10.268 332.2
(300K, 3.303
Tetragonal)  Negative 0.185 0.184 0200 7.975 630.5
MAPbL: Positive 0.220 0215 0210 10.869 1491.6

(78K, 3.427

Orthorhombic)  Negative 0.171  0.166 0.187  8.051 5122.0

Table 4.2. The parameters for calculating polaron mobility. Optical and static dielectric
constants (€. and &s), angular frequencies of a characteristic LO phonon mode (®), average
hole/electron effective masses of bare electron bands ("), electron-phonon coupling constant
(@), phonon occupation factor (f), hole/electron polaron mass (11 paron) and hole/electron

polaron mobility (tpolaron) for tetragonal- and orthorhombic-phase MAPbI;.

oO/27n m" m*polaron Mpolaron
Compound Type €0 €s (THz) (xmo) a p (xmo)  (cm/V-s)
MAPbI; Positive 0.210 2.356 0.507 215.38
(300K, 473 27.31 4.11 0.661
Tetragonal) Negative 0.200 2.299 0.492 225.93
MAPbI; Positive 0.210 2.208 0.468 497.93
(78K, 4.53 23.59 4.86 1.396
Orthorhombic)  Neoative 0.187 2.084 0.435  550.68
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Table 4.3. Calculated effective mass (m”, x mo) and mobility (cm?/V's, average of different
crystallographic directions) of free charges and polarons in tetragonal and orthorhombic phase

MAPDI; (spin-orbit coupling effects included)

Tetragonal Orthorhombic
Type Effective Mass (Xmy) Mobility Effective Mass (Xm) Mobility
M(Y)—T T—z V) vy r 1oz  (@m?/Vs)
Free Hole 0.240 0.180 332.2 0.166 0.253 1491.6
Hole Polaron 1411 1.058 2154 0.976 1.487 497.9
Free Electron 0.220 0.107 630.5 0.121 0.204 5122.0
Electron 1293 0629 2259 0711  1.199 5507
Polaron

Importantly, the results here show how the effective masses and charge mobility are
anisotropic across both the high temperature tetragonal and low temperature
orthorhombic phases. The polaron effective masses are approximately 5 times larger
than the free carrier effective mass and thus the polaronic mobilities are between 1.5 to
8 times smaller than the free carrier mobilities. Furthermore, the results presented here
also shows that the polaronic effective mass anisotropy is smaller than the free carrier
anisotropy. This is an indication that the polaronic mobility anisotropy would
consequently be smaller than in the free carriers. While there are numerous limitations
arising from ab initio simulations, the results here show that polaronic effects cannot
be ignored during device design and operations because the difference can be up to an
order of magnitude. Similarly, the anisotropic charge carrier properties would obscure
charge carrier comparisons done on polycrystalline and single crystal samples.
Therefore, polaronic effects cannot be ignored in MAPbI; and rigorous experimental

evidence is needed, and this is thoroughly discussed in the subsequent section.
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4.3.2 Comparison of DFT results against steady state UV-Vis and photocurrent

Wavenumber(cm™) (C)
12000 13000 14000 15000 16000 )

0.1
50
25
o 4 " 1
1.5 17 1.9 _
Energy (eV) Positive Polaron Negative Polaron

Figure 4.3 (a) Experimental steady state absorption and (b) steady state photocurrent results
showing good agreement with the ab initio band structure without SOC effects, (Fig 4.1a, pink

line). Schematic of (c¢) positive and (d) negative polaron charge density from DFT simulations

The ab initio DFT results was compared against experimental steady state UV-Vis and
steady state photocurrent results in Fig 4.3 (a) and (b), where it is evident that
calculations without SOC effects better reproduces experimental conditions with a
simulated band gap of 1.61 eV, which is comparable to the experimentally observed
1.64 eV. However, with the inclusion of SOC effects, the band gap deviates
significantly to 0.7 eV (Fig 4.1 a blue plot), but this is attributed to band splitting effect
when SOC effects are included. The better approximation without SOC effects is
attributed the error cancellation effects but inclusion of SOC would capture the

contributions of the heavy elements.

The charge carriers are then simulated by removing an electron Fig 4.3 (c) and by
including an additional electron Fig 4.3 (d) into the neutral lattice and allowed to
spontaneously relax into the equilibrium geometry giving rise to the formation of such
positive and negative polaronic states. Utilizing the parameters outlined in the Table
4.2, the new half-filled energy levels are associated to the negative polaron lies 0.187
eV below the conduction band minimum while energy level associated the positive

polaron likes 0.235 eV above the valance band maximum. The resulting charge density
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distribution shows the polarons to be localized within 2-3 inorganic atomic layers, and
hence, would be a large polaron. This is comparable with that also observed in 3D and
2D perovskites. Accordingly, the charge carrier characteristics are also calculated and

summarized in Table 4.3, where the effective masses and mobility are anisotropic.

As a result of polaronic formation, several critical observations which can be probed
experimentally would be expected; firstly, partially filled states appear within the band
gap and hence, gives rise to new optical transitions. Secondly, the vibrational mode
frequencies are renormalized by the change in bond geometries, including the spectator
modes (e.g. organic moiety and inorganic lattice). Thirdly, the geometric distortion
induces local symmetry breaking what relaxes vibration selection rules and could
activates vibrational modes that are silent for bare states. To further test these
predictions, a photoinduced IR-absorption is measured over a broad IR range, from the

visible regime deep into MIR.

4.3.3 Continuous-Wave Photoinduced Absorption

Low temperature steady state cw-PIA was carried out as described in the experimental
section where the MAPbI33 thin films synthesized from 40 wt% precursor solutions
were used for regions I, II and III, to enhance the signal to noise ratio, while those
produced using 20 wt% solutions were used for region IV to probe the region around
PB and energy levels just above the band gap. cw-PIA measurements shows clear
evidence for the generation of long-lived photoexcited states, with lifetimes on the order
of milliseconds and there are four distinct regions of interest as highlighted in Fig 4.4a.
In region I (500-2500 cm™), it shows two photoabsorption peaks Po, which is assigned
to trap states, and P1, which is assigned to PIA states. In region II (3000 — 3300 cm™),
a photomodulated vibronic mode, in region III which shows a broad transition Py, and
region IV, which shows the PA and PB. The disappearance of P; P> and P, with
increasing temperatures suggests that these spectral features have a common origin.
Based on the spectral assignments, an oversimplified band schematic of MAPbI3 is
presented in Fig 4.4 ¢ where P and P> arising from the intra-gap polaronic states, Po
from the trap states, Pn to higher level transitions and PB as expected from MAPDI;.
Due to the formation of the new intra-gap polaronic states, the optical transitions arising

from it must exist as a high and low energy pair, as seen in the case of conjugated
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polymers®%37. Hence, P and P; satisfy this condition nicely which is further supported

by the values derived from first principles DFT calculations.

(a) Energy (eV)
(x10%) 0i5 1i0 1.5
— T — T T T T T
21ke, (1) (D), (i b, (IV) - (©)
P, ",-b
1F 4 &
P, S CBM
- J P, = i Py =0.06 eV
S 0 -““Q‘?# PTapt—— L
: 5 P.=0.19 eV
At 4 .
- PeFectron 4 n
2F 4 :
RAM
(b) PB %
I I 1 I
(x105)3 T T T E H
2 i - 1
n :
@
1k g P
o klk N oo i
£ A I
1L i Phoje =———o
P, =0.24 eV
2+ 4
VBM
%) I N PO I I NI I PR
2000 6000 10000 14000

Wavenumber (cm™)

Figure 4.4 (a) Full PIA spectra at 78 K showing key photoabsorption feature and are sub
divided into regions I, II, IV and III (b) full PIA spectrum at 298 K showing the concurrent
disappearance of these key photoabsorption features (c¢) schematic energy level diagram of the
photoexcited states. PO would correspond to the trap states, Py and P, corresponding to a high-
low energy photoabsorption pair, which is a signature of polarons. P, is assigned to the higher-

level energy transitions of the photoinduced states.

Focusing on the PIA spectrum at region I, it features two photoinduced absorption
bands centred around 516 cm™ (Pg) and 1650 cm' (P;), as determined by Gaussian
fitting curves in red, and a series of small features at 620 cm™, 908 cm’!, 1254 cm™,
1460 cm™ and 1570 cm™! (solid black lines running across Fig 4.5) which corresponds
to the amplitude modulation of the main IR active (IRAV) vibrational modes of the
organic CH3NH;" cation.’® The feature at 600 cm™ is an exception, which is within the
range of C-N vibrational modes of the organic moiety, corresponds to an IR inactive
Raman mode. This would indicate that the inversion symmetry that governs mutually
exclusive Raman and IR mode selection rules is broken due to the local distortion of

the lattice in the presence of the self-trapped charge.*
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Figure 4.5 Experimental and simulated infrared active vibrational (IRAV) and Raman modes.
(a) PIA spectrum (T = 78 K) fitted to two Gaussian peaks centred at 1650 cm™! and 516 cm™
(red dashed lines), (b) FTIR spectrum (7 = 78 K), and (¢) Raman spectrum (Aexc = 1024 nm, T
= 300 K), where green asterisks denote peaks from the CaF, substrate. (d) Simulated
photoinduced absorption modes are obtained as —(A7/T) = —(IRneut — IRexc)/IRneut, where IRexc
and IR are the IR mode intensities of excited and ground states, respectively. (e, f) Calculated
IR and Raman mode intensity spectra of orthorhombic MAPbI3;. The main vibrational modes
are indicated by black vertical lines, showing the correspondence between IRAV modes and

Raman modes, which become IR-active under photoexcitation.

DFT calculations accurately accounts for two main experimental observations in region
I of the spectrum; the broader photoabsorption band, P, and the signs of the IRAV
modes. The broad P; centred at 1650 cm™ (0.204 eV) corresponds to a convolution of
electronic transitions from negative and positive polaron states at P. = 0.187 eV below
the CBM and P, = 0.235 eV above the VBM, respectively. Conversely, the Py peak
centred at 516 cm™ (0.06 eV), that does not emerge from the calculations, is likely due
to the presence of trap states.’ Fig 4.5 (e) and (f) show the calculated IR and Raman
spectra, which corresponds to the experimental modes assigned to the organic moiety.
The photoinduced modulation of the IRAV modes from 750 cm™ to 2000 cm™ are
reproduced reasonably well by the calculations. Fig 4.5 (d) shows the spectrum

obtained by computing the difference between the spectra calculated in the undistorted

109



Large polaron self-trapped states in 3D MAPDI; Chapter 4

(i.e. neutral) and distorted (i.e. charged) perovskite lattices. The modulation sign is in
agreement with the experiment for each mode, accounting for amplitude increase or
decrease of the vibrational transitions upon polaron formation. This would suggest that
the negative photoabsorption dips are due to a decrease of the vibrational transition
oscillator strength, rather than originating from Fano resonances due to quantum

interference of electronic and vibrational transitions.>’
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Figure 4.6 The Infrared active modulation (IRAM) of C — H and N — H stretching mode. (a)
the FTIR absorbance spectrum of MAPbDIs, f(¥), (b) the fitted results (red line) against

111



Large polaron self-trapped states in 3D MAPDI; Chapter 4

experimental results (black open circles) with only the 0" order derivative, f(¥) =
—0.0015 f (), (c) only the 1st order derivative, f(¥) = —0.02 f'(¥) , (d) only the 2nd order
derivative, f(¥) = 0.11 f"(¥) (d) best fit of this region with a combination of 1 and 2™ order
derivative f(¥) = —0.0075f'(¥) + 0.1f""(¥) . (e) the representative IR vibrational
frequencies and displacement vectors obtained from phonon calculations, and corresponding

blue-shift of IR-active-mode frequencies in the charged state.

Moving onto region I, in the low temperature orthorhombic-phase, MAPbI3 shows
several IR peaks in the spectral region between 3000 cm™ and 3300 cm™!, which is
assigned to both C — H and N — H stretching modes of the organic methylammonium
cations. The photoinduced modulation of these modes in region II is of particular
interest. The experimental PA data in this region is fitted to the zeroth, first and second
derivative of the steady-state IR spectrum (Fig 4.6 a). The first derivative component
of the absorption spectrum gives an indication of the spectral blue shift of the peak,
while the second derivative component is related to the peak broadening®. As seen
from Fig 4.6 ¢ and Fig 4.6 d, fitting only to the first derivative or to the second derivative
only would not sufficiently reproduce the experimental spectrum. Both the blue shifting
and peak broadening effects are attributed to the modulation of C — H and N — H bonds
induced by the polarons. In the process of distorting the perovskite lattice locally, it has
indirectly affected their vibrational potential through the hydrogen bonds between
hydrogen atoms of —NH3 and iodine atoms in charged MAPbI3 (spectator modes).
Thermal modulation cannot account for this effect as it determines an opposite red shift
of the mode frequency (mode softening). DFT predicts that the mode in the neutral state
at 3030 cm™, 3061 cm™ and 3068 cm™ would be shifted to 3045 cm™!, 3092 cm™ and
3110 cm™! respectively, when in the charged state. In spite of the slight mismatch of
calculated and experimental IR mode frequencies in both neutral and excited states (Fig
4.6 f), the blue shift induced by the lattice distortion on the vibrational modes is
correctly reproduced by the DFT calculations. Thus, the observed long-lived vibrational
frequency renormalization upon photoexcitation is a clear fingerprint of the generation

of a geometrically relaxed state.

4.3.4 Transient dynamics
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The concomitant photoinduced electronic spectrum, with intragap transitions,
corroborate the assignment to photogenerated polarons. Details of the cw-PIA spectrum
of region IV are shown in the Fig. 4.7 (a). The spectrum is then fitted to four Gaussian
curves, labelled P> (centred at ~1.56 e¢V), PB (centred at ~1.67 ¢V) and a sum of two
Gaussians at (centred at ~1.61 eV and ~1.69 eV) to model the effect of the change in
refractive index as reported by Price et al.®! P, corresponds well to the energetics
determined for ground state to polaron transitions, while the PB peak are assigned to
valence to conduction band, which is in close agreement with that reported in

literature.> % 6% Photoabsorption peak assignments are summarized in Fig 4.4 (c).

Steady-state spectroscopy results thus far points to large polarons being the primary
photoexcitations in 3D MAPbIs. To determine their generation and relaxation dynamics,
ultrafast (fs) transient absorption and fast (ps) transient photocurrent measurements
were carried out. The time evolution of the transient photoinduced absorption (TPA)
spectrum upon pulsed laser excitation is shown in the 2D contour plot in Fig. 4.7 (b)
and shows two key features; first, a broad absorption peak from 1.7 to 2.0 eV (13700
to 16100 cm™) and secondly, a sharp peak centred at 1.64 eV (13200 cm™), which
corresponds to the ground-state bleaching of MAPbI3. Comparison of the cw-PIA and
TPA spectra of MAPDI; (Figs. 4.7a, b) shows good qualitative agreement, with
coexistence of PIA and PB components at different relative positions. The red-shift of
the photobleaching peak in cw-PIA relative to the transient data is likely due to change
in bandgap from 1.67 eV to 1.64 eV from the high temperature tetragonal phase to the
low temperature orthorhombic phase,* since cw-PIA was collected at ~80 K whereas
TPA was obtained at room temperature. Moreover, the TPA spectrum contains

contributions from both neutral excitons and charged polarons.

113



Large polaron self-trapped states in 3D MAPDI; Chapter 4

() Wavenumber (cm™)
12000 13000 14000 15000 16000 12000 13000 14000 15000 16000
1 -

X103 [T T T T T T T 000 -
2| (@) P J
\ 800 -
— 600
-
@ |
E 4004
= |
|
2004
PB
<0 [ 1 1 1 1 1 ] 0 i
1.5 1.6 1.7 1.8 1.9 2.0 1.5 1.6 1.7 1.8 19 2.0
Energy (V) Energy (eV)
(d) (e)
{1105} T T T "’,‘—l—l-rrrmq—l—l-rrrml 2.0 J","
.r.'-"Z?.-'-: T e e - 220 T
E
= 164 eV
’ - - 15} -
R = 180eV < a10p 1
: 5
E
- T =0.5+0.003 ps £ i e N )
E qo0} o {4 g1 10_ 20 30
T | ©,=50+06ps 3 : plled Bias (V)
: - 1 8 B
20l } w=43%0:%0ps ] S osf :
1 e o
i B3 .:_-‘.. a o - ¢ﬂ y 5
ol | ool
i 1 i 1 i j"‘ PR R BT T M SR T TR TR II,.I' M M AT N T
-5 0 5 10 100 1000 0 1 10
Time (ps) Time (ns)

Figure 4.7 (a) Steady state PIA taken at 80 K compared against (b) transient PA taken at 298
K and ¢ =1.5 ps. (c) ultrafast transient absorption map of MAPbI;3 (d) shows the slice at 1.64
eV, which is the band gap and subsequent global fitting shows three distinct lifetimes. Detailed
discussion are in the text. (e) transient photocurrent and insert shows the linear dependence of
peak photocurrent against the applied bias. Note the change in timescale from linear to

logarithmic in (d) and (e) marked by breaks.

The correspondence between early-time TPA and cw-PIA spectra indicates that the
long-lived polaronic species are generated at ultrafast time scale (t < 100 fs). From the
global fitting of the spectral decays (see representative dynamics in Fig 4.7d) we
determined three distinctive time constants of 7o = 0.500 + 0.003 ps, 7; = 50.0 +

0.6 ps, and 7, = 4390 + 90 ps for sequential exponential decays. The ultrafast
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relaxation process of 0.500 ps is attributed to lattice thermalization, and the longer time
constants to polaron population decay. The recombination process is outside of our
experimental temporal range, suggesting a long lived polaron population that is
consistent with the observation up to the millisecond time domain. Note that transient
features between 1.7 eV and 2.0 eV have also been previously observed in MAPbI3

65-68 and assigned to band filling effects by Manser et al., while Zhai et al.

films,
ascribed them to the photogeneration of free carriers.®® The long lived decay was also

detected in an earlier study, but was not then attributed to specific features.

To further deduce the nature of the photogenerated species, a transient photocurrent is
carried out. The picosecond transient photocurrent (TPC) generated from a
femtosecond laser pulse in a photoconductive switch was measured with a 100 GHz
real-time sampling channel oscilloscope and the results are shown in Fig 4.7e. Unlike
photoinduced absorption measurements where all-optical transitions are observed,
including the signatures of neutral (e.g. excitonic) photogenerated species, fast TPC
waveforms measures only charge carrier generation and decay dynamics, which
correlates directly with transport characteristics of photovoltaic devices. The fast rise
time of the TPC signal, which is limited by the instrument response function, is
consistent with the sub-picosecond polaron generation inferred from TPA
measurements. The characteristic photocurrent decay times obtained through a
biexponential fit with 7y = 101+ 1 ps and 7, = 4220 + 20 ps and this extracted
lifetime compares well against the long-lived polaron lifetimes observed in transient
absorption with,, 7; = 50.0 + 0.6 ps,and 7, = 4390 + 90 ps. The initial dynamics
of TPA, 7, is likely to include exciton decay, which accounts for its faster early time
constant. The inset of Fig 4.7e shows the linear relation between peak transient
photocurrent and applied voltage, which enables the extraction of charge carrier
mobility in the linear regime. The early-time mobility was estimated from the peak

transient photocurrent (eq 3.31),

Eye vV
Ipeak = TI¢M(1 - R)hitj? s

Assuming unitary charge generation, unitary quantum yield and with an excitation
density is on the order of 10'® cm?, the estimated the probability to escape fast

recombination is 0.1.%° The estimated reflectance is then taken from Fresnel equation,
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1— 2
R=|—"
1+n7n

By taking n = 2.3,7° (1 — R) = 0.84. Experimental values for the excitation fluence is
0.64 mJ cm and d = 100 um, the early time mobility is derived, g = 10 cm? Vs In
contrast, steady-state photocurrent was utilized to estimate trap-limited (long-time)
charge carrier mobility using the classical Drude model. Steady-state photocurrent is

given by (eq 3.27),

Jpc () = eutF fodg(z) dz = ;"—ae)Fur.

As such, with experimental illumination intensity of I = 18.5 uWcm™ at photon energy
of 1.68 eV, the corresponding mobility-lifetime product is of the order of ur =
2.0 X 1073 cm? V1. Assuming a carrier lifetime of 7 ~ 1 — 10 ms (limited by the
cw-PIA modulation frequency), the steady-state mobility is estimated, pug = 0.2 —

2 cm?V-1s71

The difference in mobility from the two techniques are expected because steady-state
mobility carrier mobility are dominated by thermally activated trapping and
detrapping,’! whereas early-time (pre-trapping) carrier mobility are closer to band-like
mobility which is estimated by first principle calculations.”® When compared to the
values found in literature, the findings here are comparable and consistent with other
polycrystalline thin film samples which are between 0.5 and 80 cm?V-ls! 65 66. 72
Comparing the mobility values predicted by DFT against measurements done on single
crystals would be more accurate because the contribution from other processes, such as
trapping, are greatly reduced. The mobilities of single crystals reported in literature are
seen to vary from 2.5 to 600 cm? Vs 267276 bhased on the technique used, going from
THz (ps time scale) through microwave reflectivity (ps time scale) to Space Charged
Limited Current (ms time scale). This is comparable to the mobility values obtained

through our DFT calculations at around 200 — 500 cm?V-!s™!,

4.4 Conclusion

In conclusion, this work has provided evidence that the lattice relaxation process
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responsible for the photogeneration of small polarons in low dimensional perovskites
is also present in the 3D metal halide perovskite MAPbI3. However, in MAPDI;, the
electronic energy and the lattice elastic energy are constrained by the limit of the extent
to which the lattice can deform. In this scenario, large polarons with radius extending
over a few lattice sites are formed through the phonon dressed self-trapped states. Such
large polarons are generated at the ultrafast time scale and are long lived, with a portion
of the initial population surviving up to the milliseconds time domain, which is evident
in the cw-PIA spectra, indicating vibrational mode frequency renormalization. Small
charge symmetry breaking, yielding ambipolar transport even in the polaron regime are
also expected, and observed experimentally. The charge carrier recombination is also
affected by their polaronic nature because the phonon cloud surrounding the carrier in
3D ionic crystals increases charge screening thereby reduces Coulombic interactions.
All these evidences, from theoretical to steady-state and femtosecond spectroscopy,
validates the idea that large polarons are responsible for the anomalous transport
characteristics of metal halide perovskites. Hence, polaronic effects would also be
responsible for the experimental observations such as the lowering of carrier mobility
through an apparent rescaling of the effective mass, apparent insusceptibility to carrier

scattering, and suppression of Langevin, or bimolecular, recombination channels.
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Chapter 5

Localized effects in polymorphic <110> oriented 2-D

layered perovskites *

This chapter moves away from the traditional 3D perovskite to
layered 2D perovskites, where this class of layered 2D perovskites are
finding opportunities in lighting application. The design principle to
obtain the corrugated <I10> oriented layered 2D perovskite is
examined closely, where a slight mismatch would turn the inorganic
framework into a 1D ‘perovskitoid’. The structural and bulk optical
properties along with the cation dynamics of the 2D layered
perovskite and ‘perovskitoid’ are studied extensively which are tallied
against theoretical DFT predictions. The results hints at the
significance of the localized cation dynamics in bulk optical

properties of materials.

*Results from this chapter are currently being prepared for publication
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5.1 Introduction

The structural properties of hybrid perovskites are remarkably flexible, and are semi-
empirically determined by the Goldschmidt tolerance factor!. Therefore, other than the
widely popular prototypical MAPbI3 system, which is being actively explored for
application in photovoltaics®™, there are other much studied systems such as MAPbBr3;>
® and MAPbCl3” 8 which show rather different optical properties despite being
structurally similar. Early work showed that mixtures of these systems follow Vegard’s
law of solid solution® '°. Hence, this opened the possibility of band gap tuning which
was shown to be an effective strategy'!. Similarly, upon substituting the A-site cation
with another similar organic cation, such as formamidinium (FA) and guanidinium
(GA), the system would also follow Vegard’s law. This possibility of tuning eventually
resulted in the magical development of the mixed cation and halide
Cs0.05(FA0.83MAo.17)0.95Pb(lo.s2Bro.18)3 as the frontrunner for photovoltaics application

with an impressive 25.2% efficiency 2.

At around the same time, this possibility of band gap tuning also opened up another
potential application: lighting. The concept of using hybrid perovskites for lighting
applications is very similar to their use in a solar cell; the former recombines an electron
and hole radiatively to emit a photon while the latter absorbs a photon and separates the
resulting exciton into electron-hole pairs which are then harvested or stored. The
possibility was first demonstrated by Xing et al. arising from the potential lasing
application in perovskites'?, the proof of concept was then demonstrated through light
emitting diodes (LEDs)'* and light emitting field effect transistors (LEFET)'°. However,
there are major differences in the device architecture of a solar cell and a LED. Most
significantly, a lighting application typically requires the band gap of the active material
to be within the visible regime while photovoltaics requires the material of the active
material to be ideally between 1.0 and 1.7 eV, according to the Shockley — Queisser
limit, which is in the red or near-infrared'®. Hence, MAPbI; with a band gap of 1.67 eV
(750 nm, red colour) would be ideal for photovoltaic applications, and for making a red
LED, while the bromide series, e.g. MAPbBr3; with a band gap of 2.18 eV (568 nm,
green colour) or FAPbBr3; with a band gap of 2.13eV (582 nm, green colour) would be
better suited for lighting application. Intrinsically blue light emitters remain elusive in

the field of hybrid perovskites. With the three basic component of colours being
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sufficiently addressed, the three parts can be combined to generate a white light emitter.
The importance of the blue emitter for obtaining full colour emission cannot be
understated, as shown by the award of the Nobel prize in physics for 2014, to Professors
Isamu Akasaki, Hiroshi Amano and Shuji Nakamura for their invention of the blue

LED."

At the same time, within the field of hybrid perovskites, there are several systems which
shows promising preliminary results as an active layer which intrinsically emits white
light which can potentially bypass the need for a blue emitter. Among the early systems
which are reported to be white light emitters, are APIPbBr4!® (API = 1-(3-Aminopropyl)
imidazole), (EDBE)PbBr4'’ (EDBE = 2,2'-(ethylenedioxy)bis(ethylammonium)) and

19-21

others'”', and there is a general trend that these intrinsic white light emitting systems

22-24

are either highly distorted perovskites~=~*, or are in the reduced dimensional corrugated

<110> cut of perovskites>>2°,

As highlighted in chapter 2, the terminology of ‘reduced dimensionality’ has to be used
carefully because it can refer to two different scenarios. Briefly, in one instance, the
reduction of 3D to 2D perovskites can be understood as layering using a different cation,
e.g. n-butylammonium (BA) cation instead of methylammonium cation. The other
instance would involve the nanostructuring of the ‘traditional’ 3D methylammonium
metal halide perovskite with ligands into nanocubes, nanowires,?’” nanorods or core-
shell structure for their various application®®. This chapter will focus only on the
former, which involves altering the A-site cations from a quasi-spherical MA or FA

cation to other cations to obtain a reduced dimensional structure.

While there has been developed some understanding of the underlying mechanism of
white light emission, evidence only point towards a structural correlation of octahedral
tilting and octahedra distortion towards the broadness of the photoluminescence
emission???*, There is still a lack of understanding of the contribution of the short range
interaction and (dis)order, particularly from the organic cations, to the long range order
of the crystal structure. The short-range dynamics can be readily probed through solid
state nuclear magnetic resonance (SSNMR), while the long-range order can be probed
through X-ray diffraction studies. The complementary results from both SSNMR and

XRD would then allow a more holistic approach towards understanding the observed
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bulk optoelectronic properties, such as the observed optical band gap and

photoluminescence spectra.

This chapter revisits the pioneer <110> cut material, APIPbBr4, and aimed to establish
an understanding of the structure-property relationships, particularly the correlation of
short- and long-range order, with the observed bulk photoluminescence. However,
during this work, it was discovered that the bulk APIPbBr4 exists in a polymorph in the
form of a truncated 1-dimensional inorganic chain, also called a “1D perovskitoid” with
a different structural formula of API,PbsBrio, instead of the reported <110> cut. Further
analysis showed APLPbsBrio undergoes a phase transition at lower temperatures but
that it does not revert to the reported <110> oriented perovskite. Instead the cation
displaces slightly and distorts the symmetry from monoclinic to triclinic. Upon
inspection of the structure, it was hypothesized that the aliphatic propylammonium tail
is too long, and thus an aliphatic ethylammonium tail would be more suitable. Therefore,
the organic 2-(1H-Imidazol-1-yl)ethanammonium (IEA) cation was synthesized and
crystallized using the same procedure as was used to prepare API,Pb3Brio. In this case
the <110> cut of perovskite was obtained. The short-range dynamics and long-range
order were studied extensively on both systems through SSNMR and XRD,
respectively, and unsurprisingly the cation dynamics were found to be considerably
different. The phase transition in API2Pb3Brio was also thoroughly characterized and it
was found to be due to a reorganization of the aliphatic section of API cation, which
breaks the symmetry of the crystal. [EAPbBr4 on the other hand does not show any

phase transition.

DFT calculations were then performed on these systems to study the band structure
where the calculated results agree with the experimentally observed optical band gap,
and thus validates the approximations. Furthermore, the 'H and *C chemical shifts in
NMR was also predicted through DFT calculations and it shows close agreement with

experimental values.

5.2 Experimental

5.2.1 X-ray diffraction
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The crystals were dispersed in Fomblin ® and were hand-picked under a polarizing
microscope and mounted onto MiTeGen microloops of the appropriate size for room
temperature X-ray diffraction investigations or mounted onto a glass fiber
approximately 100 pm in diameter to reduce the likelihood of crystal frosting for
measurements at low temperatures (T < 200 K). The X-ray initialization and early
processing was done together using software package CrysAlisPro on the Rigaku
Gemini diffractometer using Mo K, = 0.71 A. The collection strategy and integration
were carried out in CrysAlis. The structure solution and refinement were done with
SHELXT?® and Olex2?”. The solutions are checked with PLATON?®, and verified with
IUCr CheckCIF. Powder XRD was carried out in Diamond light source beamline 111
with radiation of 0.825 A (15 keV). Samples were packed into 0.1mm capillaries and
referenced against SiO» for Rietveld refinements. Sequential refinements were carried
out on variable temperature XRD to obtain the relative percentage and lattice

parameters of individual phases.

5.2.2 Nuclear Magnetic Resonance

NMR experiments were performed using a suite of different magnets. Variable
temperature 'H 71, °C CPMAS, hCH HETCOR and ?*’Pb measurements were mainly
done on Bruker 600 MHz Advance III 1.9mm probe; 'H 7 measurements was also
carried out on Bruker 300 MHz Advance III HD 1.3mm probe. 'H NOESY, 'H BABA,
"H One Pulse were carried out on Bruker 700 MHz Advance III 1.3mm probe. T1, was
carried out on Bruker 400 MHz Advance II 4mm probe. Density Functional Theory
(DFT) calculations were performed using with a plane wave basis set using CASTEP
17 to predict individual 'H and '3C chemical shifts. Ultrasoft pseudopotentials and
Perdew, Burke, Ernzerhof (PBE) exchange functionals have been used; kinetic energy
cutoff for wave functions of 900 eV and k-point spacing equivalent to 2 x 3 x 3 for all

systems.

5.2.3 Calorimetric characterization

Differential Scanning Calorimetry (DSC) was performed on TA Instruments DSC Q10

with powdered samples crimped in an aluminium pan. Thermogravimetric analysis
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(TGA) was done on TA Instruments Q500 with powdered samples placed in an alumina

crucible. The crucible is then placed on a platinum pan.

5.2.4 Steady-state absorption and photoluminescence

Variable temperature absorption was measured on a PerkinElmer Lamda 1050 with the
Linkam stage purged with N> as the temperature controller stage. Powdered samples
were placed in a BaSOy4 filled crucible and the absorption spectra are referenced against
pure BaSOs. Variable temperature photoluminescence was carried out on a Horiba
Fluorolog Spectrophotometer. Samples were mounted onto sticky carbon tape in an
Oxford system cryostat evacuated to 4 x10™* mbar. Excitation wavelengths was set at
290 nm, while the second order effects are filtered off with a Schott WG-320nm long
pass filter.

5.2.5 Theoretical analysis using Density Functional Theory

To determine the electronic structure of the imidazole-based hybrid materials, Density
Functional Theory calculations were performed on the experimentally determined
structures using the CASTEP plane-wave pseudopotential code. The PBE
parameterisation of the Generalised Gradient Approximation (GGA) and the rSCAN
meta-GGA exchange-correlation functionals were implemented in this study. In these
calculations, a 800 eV plane-wave cutoff was used and the Brillouin zone was sampled
using Monkhorst-Pack k-point grids at a spacing of 0.03 A-1 or less. On-the-fly
generated ultrasoft pseudopotentials were employed throughout, which included scalar-
relativistic effects approximated by the Koelling-Harmon scheme. Band structure
calculations including spin-orbit coupling were also performed employing the PBE
functional and norm-conserving pseudopotentials. All dispersion interactions were
approximated using the many-body dispersion scheme. Starting from the single crystal
X-ray determined structures, the atomic coordinates and the lattice parameters using
the PBE and rSCAN functionals were relaxed to tolerances of 0.05 eV/A for forces and
0.05 GPa for stresses. In the cases where the X-ray results indicated partial occupancies
of the atomic sites associated with the imidazolium cations, initial structures with
randomly oriented imidazolium cations were generated which were subsequently

relaxed. The band structure calculations were performed on the relaxed structures, and
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the resulting total, partial and joint density of states were computed using the OptaDOS
program. The calculation of the NMR parameters was undertaken using the gauge-
including projector augmented wave (GIPAW) approach on the rSCAN relaxed

structures.

5.3 Results and Discussion

5.3.1 X-ray Structural Characterization

The results of the single crystal XRD and the key parameters for both API;Pb3Bri¢ and
IEAPDbBr4 systems are shown in Table 5.1 where the projections of the two phases of
API>Pb3Brig are shown. In Fig 5.1 (a), the high temperature /2 phase and in Fig 5.1 (b),
the low temperature P1 phase. The octahedral connectivity is considerably different
from that previously reported for APIPbBr4, which was exclusively corner shared,
whereas APLPbsBrio exhibits an edge-face-face-edge sharing sequence to form a
distorted one-dimensional chain of lead bromide octahedra. Consequently, API,Pb3Brio
should be classified as a ‘perovskitoid’ — a detailed discussion on the naming

nomenclature will follow in the next chapter.
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Figure 5.1 (a) API,PbsBrio in the high temperature I2 phase, (b) APL,PbsBrio in the low
temperature P1 phase (standard unit cell), (c) an overlay of the high (in pink) and low
temperature (in grey) viewed down the b-axis and (d) down the a-axis of the monoclinic cell.
(e) API cation in the low temperature P1 phase and (f) high temperature I2 phase. (g) projection
of IEAPbBr, which is in a <110> oriented 2D layered perovskite structure.
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Table 5.1 Selected parameters to the solution and refinement of scXRD results

Sample name APLPb;Bri APIPb3;Bro IEAPbBr4

Empirical formula  CsH13N3BrsPbi s CeHi3 N3BrsPbis  CsHi1N3BrsPb

Formula wt 835.53 837.53 640

Temp (K) 298(2) 240(2) 298(2)

Crystal system monoclinic triclinic orthorhombic

Space group 2 P1 Pbca

unit cell

dimensions

a(A) 11.7516(4) 8.0475(4) 9.5868(5)

b (A) 8.0414(3) 11.1003(6) 11.8741(7)

c(A) 17.7814(6) 11.2081(6) 23.709(1)

a(°) 90 108.009(5) 90

B(°) 90.108(3) 106.605(4) 90

v (©) 90 107.141(5) 90

Volume (A?) 1680.33(10) 827.93(8) 2699.0(3)

Z 4 2 8

Pealc (g cm?) 3.311 3.36 3.150

i (mm™) 26.896 27.294 24.313

F(000) 1472 736 2272

Crystal size (mm®) 0.191 x 0.138 x 0.271 x 0231 x 0.177 x 0.116 x
0.091 0.082 0.073

20 range (°) 6.14 to 54.242 6.624 to 55.068 6.454 t0 66.658
-15<h<15 -10<h<10 -14<h<12

Index ranges -10<k<10 -14<k<14 -18<k<7
-22<1<21 -14<1<14 -36<1<16

Refln collected 11919 7452 9501

Refinement full-matrix least squares on F?

method
3721 7452 4790

Indep reflns (Rint = 0.0272, (Rejama = 0.0188) (Rint = 0.0449,
Rsigma = 0.0256) s Rsigma = 0.0588)

?nita/ restraints/par  35,1/1/143 7452/0/144 4790/0/119

GoF on F? 1.046 1.077 1.008

Final R indexes R1=10.0218, R1=0.0457, R1=0.0417,

[[>=2c ()] wR2 =0.0529 wR2=0.1211 wR2 =0.0759

Final R indexes R;=0.0236, wR2= R;=10.0502, R1=0.0772, wRy =

[all data] 0.0539 wR2 =0.1224 0.0888

Fourier difference

max and min (e A~ 0.72 and -0.82 3.31 and -3.04 2.33 and -2.11

3

)
Flack parameter 0.020(5) - -
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The phase transition exhibited by API,Pb3Briois not transformative and does not revert
the APLPbs3Brio structure into <110> oriented APIPbBrs. The overlay of the two
different phases is seen in Fig 5.1 (c¢) and Fig 5.1 (d), where the pink wires represent
the high temperature 12 phase and the grey wires represent the low temperature P1
phase. Upon close inspection of the overlay map, a subtle difference can be seen in the
orientation of the organic API cation while the inorganic lead-bromide framework
remains almost unchanged. As seen in Fig 5.1 (d), the imidazole heads of API are
displaced at an angle with respect to each other, as can be clearly seen in Fig 5.1 c, the
aliphatic tail undergoes a displacive rearrangement. The high temperature API cation
has a larger thermal ellipsoid and the organic tail, particularly from 'H/'3C — 6 and

'H/13C - 8, that the arrangement is noticeably distorted.

The phase transition from high temperature /2 would always result in approximately
50% twinning, rotated 180° about the c-axis (17A) in the low temperature P1 phase,
which likely originate from the very small deviation of the beta angle in /2 phase. Even
in the standard C2 space group, the beta angle deviates only slightly from the ideal 120°
by 3.5°. In the low temperature P1 phase, API,Pb3Brio is prepared in both the standard
unit cell, with a cell volume of 827 A3 and the non-standard unit cell with a volume of
1657 A3. The non-standard unit cell would allow a better and direct comparison on the
phase transition, while the standard unit cell would be the basis of theoretical DFT
analysis. Although the two systems are crystallographically identical, the difficulties
during post processing and detwinning of the results has affected the accuracy of the
atomic thermal displacement parameters in the non-standard unit cell. Further detailed

discussion of the phase transition will follow in the subsequent section.

An in-depth inspection shows that the critical difference between the API>Pb3Brjo and
APIPbB1; structures lies in the charge distribution of the organic cation, and hence, the
lead halide octahedra connectivity. In API,PbsBrio, the charge from the organic dication
is distributed linearly along the 1-dimensional chain of lead halide octahedra while in
APIPbBrs the organic dication charges are distributed between two layers. Hence,
another cation, IEA, with a shorter aliphatic chain was synthesized and a material was
crystallized using a method similar to that used to make API,Pb3Brio. In [EAPbBry, it

is evident that the 2 % 2 corrugated <110> oriented perovskite was obtained and is
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structurally very similar to the APIPbBrs and is consistent with earlier reports®.
Notably, the lead halide octahedra in [EAPbBr4 are highly distorted indicating that [EA
is likely to be at the limits for the formation of a corrugated <110> oriented 2D layered
perovskite. This is in contrast with (EDBE)PbBr4 where the presence of oxygen atoms
in the EDBE provided torsional flexibility in the formation of the structure!®2°, While
there has been a consistent linkage between the amount of octahedral distortion and the
degree of possible broadness in the photoluminescence emission, IEAPbBrs shows that
there is likely to be a limit to the degree of broadness in the emission. The results of
cross comparison with other corrugated <110> oriented hybrid perovskites are
summarized in Table 5.2. The key parameters to measure octahedra distortion are (1),
which the quadratic elongation parameter*’, Ad which is the measure of octahedra
distortion*' and o2 which measures the bond angle variance from the idea polyhedron
40 Calorimetric analysis was also carried out on IEAPbBr;4 and it does not exhibit any
phase transition up to the point of thermal disintegration showing the robustness of the

inorganic framework.

Table 5.2 Distortion parameter in corrugated <110> oriented 2D layered perovskites

Emission

Structure Ad Emission FWHM
Sample Name Tvoe (1) (x10° o2 Centre /nm
yp 4) /nm (=30
nm)

IEAPbBythis work (21702) 1.0170  23.1 51.3 405 40

APIPbBr; 18 (21702) 1.0088 13.7  20.8 500 300
3APr PbBry* (21 T 02) 1.0075 9.86  21.1 600 100
(EDBE)PbBr4" (21702) 1.0090 137 239 575 150
N-MEDA PbBrs (21 T02) 1.0080 108 245 570 100
ADMENPbRrs 3 X3 10107 308 Pbl2sg 150

(110) 1.0030  3.92 Pb28.87

Ny 3%3 1.0046  1.28 Pb3 15.1
(4PNEA)PbI4 (110) 1.0067 31.1 Pbl1L.8 500 100

1.0021  1.01  Pb26.80

Variable temperature powder XRD was carried out using synchrotron radiation on

APLPbsBrio while IEAPbBrs was examined only at room temperature. Due to the
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difference in experiment setup, the API>Pb3Brigp was measured in slow mode, while
IEAPbBr4 was measured in quick scan mode, hence, the counts are notably different,
and the Rexp in API2Pb3Bro is significantly lower at approximately 0.6 compared to
13.8 for IEAPbBr4. Rietveld refinement was carried out on the samples and the
refinement stability of the variable temperature API;Pb3Brio XRD can be seen in Fig
5.2 (¢). The dips in Ry, at around 0 °C and 20 °C are attributed to the phase transition
where both 2 and P1 phases are observed to both be present in considerable amounts.
The gradual change of 12 phase cell volume with respect to the temperature shows the

reversibility of this phase transition.

(a) APIsz3Br1D, 333K (b) APIszgBHU, 253K
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Figure 5.2 Powder XRD Rietveld refinement of (a) APL,PbsBrg in the room temperature /2
phase, and (b) APL,Pb;Bryin the low temperature P1 phase. (c) The plot of Ry, and unit cell
volume of the /2 phase. A dip in R, can be observed at 273 K and 290 K. This is attributed to
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the phase transition where both 12 and P1 phases are observed to be in considerable amounts

of each other. (d) Rietveld refinement of IEAPbBr, with an X-ray radiation of 0.825°A.

The phase transition from /2 to P1 is not allowed in the group-subgroup relationship
tree and it is immediately obvious that /2 would have only a 2; screw-axis as the
symmetry operator and would be non-centrosymmetric whereas P1 would only have
only inversion centre as the symmetry operator and would be centrosymmetric. This
displacive phase transition giving an apparent mismatch is likely to originate from the
behaviour of the organic cation and thus, group-subgroup relation of phase transition is
unlikely to be applicable to such hybrid perovskite systems with non-spherical organic

cations.

5.3.2 NMR Characterization

The long-range structure characterization is unquestionably best characterized through
XRD, while NMR is best utilized to study the local structural properties of the systems.
The complementary techniques of both XRD and NMR thus give a thorough
understanding of both the atomic positions, and the atomic dynamics, particularly for
the organic cations. 'H, '3C and *’Pb NMR spectroscopy was carried out and the results

are shown in Figures 5.3 and 5.4.

Fig 5.3 shows the one pulse 'H spectra, along with the atomic assignment and
deconvolution (blue curves), which are used to produce the simulated curve (red curve)
which is compared against the experimentally obtained (black curve). As the
experiment is conducted at an interval of five times 71, each peak will be quantitative.
In 3C spectra, each peak is sufficiently resolved to not require any experimental
deconvolution, and furthermore, the individual peak area is not quantitative under
CPMAS conditions. A comparison in the 'H spectra of the high and low temperature
phase of API,Pb3Brig would reveal that the low temperature peaks are typically broader
and this is expected because an increase in temperature would result in an increased
tumbling and vibration of the organic cation, and hence the 'H atoms. Therefore, this
would average out the dipolar interactions, much like effects of magic angle spinning,

to give a more resolved linewidth in the high temperature phase. This is further
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supported by 71, measurements as seen in Table 5.3, where the 71, of the high and low

temperature phases are almost identical; around 9 ms in both high temperature /2 and

low temperature P1 phase. In the '*C spectra, it can be seen clearly that a new peak

appears in the low temperature P1 phase, but this would be more appropriately

interpreted as a peak splitting because of the phase transition. This is supported by the

spectra shown in Fig 5.4 (c), which charts the respective nuclei across the phase

transition regime.
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Figure 5.4 Variable temperature sweep of APL,PbsBrioand 'H, '*C and *’Pb showing a clear
correlation with XRD results. '"H T; shows three distinct regions, below 20 °C, the intermediate
20 °C—40 °C, and after 45 °C. Phase transition confirmed through XRD, NMR and calorimetric

methods.
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Across the phase transition temperature, Fig 5.4 shows the changes of the 'H, *C and
207pb NMR spectra of APL:Pb3Brio. Focusing on *C spectra (Fig 5.4 ¢), the chemical
shift of peak 4 and peak 5 gradually change from 40.5 ppm to 40.1 ppm and 32.6 to
31.1 ppm respectively going from the low to high temperatures. The effect of the
change in chemical shift is also replicated by DFT calculation and presented in Table
5.2. Similarly, 'H spectra show a gradual change from peak 3 from 9.1 ppm to 8.7 ppm,
and an increased resolution as temperature increases. For the region between 7 ppm and
9 ppm, there would be a combination of effects of narrower peaks linewidths and
gradual shifts of the peak positions. Although small, the deconvolution shows that the
'H peaks 8, 1, 2 has changed from 7.2 ppm to 6.9 ppm, 7.3 ppm to 7.4 ppm and 7.8
ppm to 7.9 ppm respectively. Notably, the consistent overestimation of the ammonium
'H, i.e. '"H — 7 and 'H — 8 for both API,Pb3Brjo and IEAPbBr4 system is attributed to
the estimation errors from the DFT functionals. Interestingly, the 'H chemical shifts
obtained from DFT based on the original reported APIPbBr4 obtained from DFT is very
similar to the experimentally obtained API>Pb3Brio, as can be seen in Table 5.2. On the
other hand, the '3C chemical shifts obtained from DFT show some characteristic
differences from API:Pb3Brip and are closer to those in IEAPbBrs. This gives an
indication that the chemical environment of 'H is less sensitive to the variations in the
lead bromide framework as compared to the chemical environment of '*C. Hence,
unsurprisingly, the difference in chemical shifts in the phase transition is seen more
visibly in the '3C spectra, which is further aided by the much narrower linewidths.
Further evidence for the structural reconfiguration of API cation will be discussed in

the subsequent section on 2D NMR.

The 'H dynamics were also followed across the phase transition regime and the results
are shown in Fig 5.4 d, which displays three distinct regions based on the slope profile;
below 20 °C, above 40 °C, and the intermediate between 20 °C and 40 °C. T has been
linked to the nuclei dynamics and earlier work has examined in details the relationship
between 71 relaxation and the activation energy of the mode of motion through an
Arrhenius relationship ** 4. Recent works on the prototypical MAPbI3 has seen an

increasing 7' relaxation time with increasing temperature®.

From the slope profile, the three regimes of 7 in API;Pb2Bri are different. Remarkably,
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the slope profile of the low and high temperature is in direct contrast with each other;
in the low temperature phase 7' increase with increasing temperature while in the high
temperature phase 71 decrease with increasing temperature. The continuous change in
T11s also consistent with the nature of the phase transition, unlike the MAPbX3 series
studied by Xu et al.**, where the T; shows a discontinuous jump across the phase
transition. The different slope profile of 7} indicates a likely crossover in the dominant
molecular motional mode responsible for the relaxation although further analysis is
beyond the scope of this work. Such a crossover of behaviour was observed in early
works on MAPbX; by Xu et al.** where it was determined that the 71 relaxation was
first dominated by correlated Cs-reorientation at higher temperatures, which changed
to the regime dominated by the uncorrelated Cs-reorientation of MA cation past the
deep 71 minimum in MAPbBr; at lower temperatures. Similarly, in MAPbCl3; and
MAPDI3, Xu et al. demonstrated that the 77 relaxation was dominated by rotational
tunnelling motion in the high temperature which transited into the regime dominated

by correlated Cs-reorientation of MA cation at lower temperatures.

In the 2°7Pb spectra, it can be observed that the single peak at low temperature gradually
splits into two peaks, starting from -400 ppm to two peaks with a peak intensity of
approximately 2:1 ratio at -371 ppm and -280 ppm. The relative intensities of the peak
are also supported by XRD results, where the peak at -371 ppm corresponds to the lead
with face-edge sharing (fully occupied Pb01) while -280 ppm would be due to the lead
with face-face sharing (partial occupied Pb02). Pb01 sits on a general position in the
unit cell, and hence, is fully occupied while Pb02 sits on a special position, and hence
is partially occupied (0.5). Furthermore, from an NMR shielding perspective, in the
face-face shared octahedra, the bromine is less effective in shielding the Pb atoms,
while in the face-edge shared octahedra, the edge shared bromine atoms can contribute
more to the shielding. Therefore, the relative ratio of 1:0.5 can then be written as 2:1
and thus give a good agreement between the observed >’Pb NMR spectra and

crystallographic results.

Combining the results through both short- and long-range structural techniques and
indirect calorimetric studies, the phase transition of APLPb3Brig from P1 to I2 is
thoroughly characterized. From NMR, the change in chemical shift would highlight the

change in structural configuration. Consequently, the effect of the displacive phase
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transition can be seen in Fig 5.1 (c) and (d), where the overlay of the two phases does
show a small deviation from each other, particularly the orientation of the aliphatic tail
group and the relative planar angles of the imidazole head group. The relative
percentage of phases are, as mentioned in the earlier section, refined sequentially, and
plotted on the same temperature range with DSC results, as seen in Fig 5.4 €. The
implications of the phase transition on the bulk absorption and photoluminescence

properties would be examined in the subsequent section.

Under the same experimental conditions, the high temperature 'H spectra of the
APLPb3;Brio 12 phase is visibly more resolved than that of IEAPbBr4, particularly in
the aliphatic region between 2 ppm and 4 ppm. This hints at the faster tumbling of the
API cation compared to the IEA cation, which is also supported by 771, measurements.
A shorter Tip, around 10 ms in API2Pb3Brio, can be interpreted as a faster molecular
motion in the kHz regime as compared to 200 ms in IEAPbBr4. This would therefore
allow a more efficient averaging of the 'H — 'H dipolar interaction in API,PbsBrio
which results in the narrower 'H linewidths under same experimental conditions. The
T1 measured across the different field is also in consistent with that measured for most

other hybrid perovskite systems.

The characteristic of the polymorphed API;Pb3Brip remains critical in our
understanding of the molecular engineering of <110> oriented perovskites because the
example of API,Pb3Brio and IEAPbBr4 shows that there is a critical chain length which
contributes towards the formation of <110> oriented perovskites. The work of
Febriansyah et al*® shows the importance of the imidazole head group, as a change to a
pyridinium head would change the structure into a <100> oriented lead bromide
perovskite. As seen in (4PNEA)Pbl4 system, the nitro-nitro and nitro-I interactions
would stabilize the corrugated structure while the ammonium moieties anchor the lead
halide sheets together?®. In another 3 x 3 a-DMEN, the authors attributed the driving
force to a ‘chelating’ effect by the cation to the bromine atoms through hydrogen bond?’.
The work presented in this chapter would also complement the observation by Mao et
al.®>, which also concluded that the length of the diamine remains critical to for

formation of corrugated structures.

Table 5.3 'H chemical shifts of APL,Pb;Brio, APIPbBry; and IEAPbBr; as determined
142



Localized effects in polymorphic <110> oriented 2D layered perovskites  Chapter 5
experimentally and predicted through DFT simulation
API:Pb3Bri0 High Temp APL:Pb3Brio Low Temp APIPbBr4 IEAPDbBr4
(12) (P1) (P21/c) ° (Pbca)
H H Rel. H H Rel. ) H H Rel.
'H 6w DFT M g, ow DFT Mt 7 H diso 6w DFT Mt g
. 1% 1% Calec. 1%
site  Expt Jiso /ms Expt Jiso /ms Expt Jiso /ms
/ppm  /ppm S /ppm  /ppm S DFT /ppm /ppm  /ppm S
ppm  /ppm ppm  /ppm 4 ppm  /ppm o
6’ 2.0 1.8 7.8 9.5 2.0 1.8 153 9.8 2.3
6 2.6 2.9 7.5 2.5 2.9
5 3.6 32 147 8.4 2.9 3.0 8.1 10.4 3.5 3.4 3.6 9.3 148
5 3.4 : 3.6 35 717 3.7 3.9 39 93
4 3.6 4.0 7.4 9.7 3.6 3.6 7.7 9.5 4.7 4.5 4.4 8.7 135
4 4.5 4.7 7.3 4.7 4.8 7.9 53 5.2 5.4 8.7
8 6.9 6.2 23.8 - 7.2 5.5 22.7 - 6.0 7.0 7.2 9.0 177
7.0 8.7 7.0 7.4 6.3 27.6 -
9.9 8.9 8.3 7.3
1 7.4 7.4 8.0 7.6 7.3 7.7 7.9 9.4 7.8 8.9
2 7.9 8.4 8.2 7.8 8.1 7.6 6.5 8.1 7.9 8.5 9.4 158
3 8.7 9.4 7.6 7.4 9.1 8.8 7.5 7.7 8.8 9.1 9.3 9.6 134
7 11.0 13.4 7.7 - 10.9 12.4 7.6 - 13.5 10.9 11.2 9.5 -
Table 5.4 '3C chemical shifts of API,PbsBrio, APIPbBrs and IEAPbBr4 as determined
experimentally and predicted through DFT simulations
API:Pb3Br1o High Temp API:Pb3Brio Low Temp APIPbBr4 IEAPDbBr4
(12) (P1) (P21/¢) ? (Pbca)
13C 13C 6iso 13C 6iso 13C 6iso 13C 6iso 13C 6iso 13C 6iso
site Expt Calc. Expt Calc. 13C diso DFT /ppm Expt Calc.
/ppm DFT /ppm /ppm DFT /ppm /ppm DFT /ppm
5 31.1 31.9 32.6 36.8 41.2 42.0 43.0
4 40.1 395 40.5 47.6 46.1 50.1 48.7
6 47.2 48.7 47.0 49.2 48.5 122.3 125.6
2 123.8 124.0 120.8 123.4 122.1 126.3 125.8
1 123.8 125.8 124.8 132.3 131.5 136.7 138.8
3 134.9 135.6 137.6 141.7 144.0
Table 5.5 T and T1, of APL.PbsBrio and IEAPbBI4 at different magnetic field strength
API;Pb3Br1o High Temp APL:Pb3Brio Low Temp IEAPDbBr4
12) P1) (Pbca)
H T: T T1p T T1 T1p H T: Th T1p
H Jiso 14.1T 71T 94T 14.1T 71T 9.4T H Jiso 14.1T 71T 9.4T
site  Expt. Is /s /ms /s /s /ms site  Expt. /s /s /ms
/ppm  (F0.5s) (£0.5s) (£1ms) (£0.5s) (£0.5s) (£lms) /ppm  (#0.5s)  (#0.5s) (+20ms)
6 2.0 4.0 2.1 9.47 3.0 2.1 9.82 5 34 1.4 2.4 135
2.6 3.9
5 3.6 4.1 2.1 9.72 3.1 2.1 9.47 4 4.5 1.4 2.4 148
4 3.6 4.1 2.1 8.44 3.1 2.1 10.4 5.2
4.5 4.0 2.0 3.0 2.0 2 7.0 1.4 23 158
8 6.9 3.8 2.1 - 3.1 2.2 8 7.4 1.4 23
1 7.4 4.0 2.2 7.6 3.1 2.2 6.54 1 7.9 1.4 23 177
2 7.9 4.1 2.2 7.6 3.1 2.2 9.35 3 9.1 1.4 23 134
3 8.7 4.3 2.3 7.4 3.1 2.3 7.73 7 10.9 1.3 23
7 11.0 4.2 2.3 3.1 2.2
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Both homonuclear and heteronuclear 2D NMR was carried out and the results are
shown in Figure 5.5 and Figure 5.6. The heteronuclear correlation provides definitive
evidence supporting the assignment of the aromatic imidazole group, particularly for
'"H-7,3 and '*C — 1,2,3 and it also provides further evidence that *C —4,5,6 and 'H —

4,5,6 are within the expected regions.

5.3.3 Analysis of API cation across the phase transition by XRD and NMR

A homonuclear 'H — 'H BABA 2D NMR experiment provided additional evidence for
the structural reconfiguration of the API cation. In Fig 5.5 ¢ and d, the '"H 1 — 4
correlation is not seen in the low temperature phase but is seen in the high temperature
phase. Since a BABA experiment revolves around the single quantum — double
quantum transition, it is highly sensitive to the interatomic distances. Thus, the lack of
"H 1 — 4 correlation at the high temperature indicates that the imidazole plane had tilted
away from the '*C — 4. However, from the NOESY results, with a sufficiently long
contact time of 100 ms, the 'H 1 — 4 correlation peak appears very weakly, and hence,
is an indication that the displacement of the 'H atoms are just outside the resonance
sensitivity of the BABA experiment. This is also substantiated from the XRD results,
where Fig 5.6 shows the ORTEP diagram of the API cation, and the idealized 'H — 4
atoms in the low temperature phase (Fig 5.6 a, b) is pushed away from the imidazole
ring than in the higher temperature phase (Fig 5.6 c, d). Based on the idealized structure,
the 'H 1 — 4 distance is measured to be 2.690 A in the low temperature phase and 2.859
A in the high temperature phase, and the 'H 3 — 4 distance is measured to be 2.592 A
in the low temperature phase and 2.549 A in the high temperature phase. Although the
difference in 'H 3 — 4 interatomic distance is considerably smaller, it should be noted
that the 'H atoms are modelled to be in the idealized position. Therefore,
crystallographic and NMR spectroscopic evidence supports the observation of slight

displacement of the aliphatic tail in API cation due to the phase transition.
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Figure 5.5 2D NMR spectra of APL,Pb:Brio in the low (left) and high temperature (right) phase.
(a,b) homonuclear NOESY (c, d) BABA and (e, f) heteronuclear hCH expeiment
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Figure 5.6 ORTEP diagram of the 1-(3-aminopropyl)imidazolium (API) cation in the low
temperature (P1) phase viewed (a) down the imidazolium plane, (b) almost parallel to the
imidazolium plane, and high temperature /2 phase viewed (¢) down the imidazolium plane, (d)
almost parallel to the imidazolium plane. The orange and blue arrows show the two correlation,
which was observed in the '"H — '"H BABA homonuclear NMR correlation experiment at the

low temperature phase but absent in the high temperature phase.

Table 5.5 idealized 'H — 'H interatomic distance in the high and low temperature phase.
Highlighted in bold are the two specific correlation which is seen in the 'H — 'H BABA
homonuclear NMR correlation experiment at the low temperature phase but absent in the high

temperature phase due to interatomic distances.

Y o distance in 12 distance in the P1
phase/ A phase/ A
7 3 2.365 2.379
7 2 2.457 2.351
2 1 2.413 2.487
3 4 2.549 2.592
1 4 2.859 2.690
4 5 2.263 2.358
5 6 2.325 2.329
6 8 2.324 2.442

Comparing these results with those from API:PbsBrio and IEAPbBr4, the differences
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between them are also, unsurprisingly, similar to those seen in the 1D spectra in Fig 5.3.
The noticeable broader 'H spectra in IEAPbBr4 is seen in the 2D homonuclear NOESY
and heteronuclear hCH. No doubt the broader region in hCH does not give the desired
resolution to differentiate 'H — 4 and 'H — 5, it nevertheless proves that 'H — 4 and 'H
— 5 are correlated to ’C —4 and '*C — 5. Further elucidation comes from BABA spectra,
through the different peak positions, and further substantiated through DFT calculations

and the 1D deconvolution fitting.

Since '"H NOESY and BABA exploit the dipolar interaction, the relative intensity of
the peaks provides an indication of the interatomic distance, and thus, allows the
disentanglement of the aliphatic '"H — 4,5,6 and the ammonium 'H — 8 and 'H — 1,
especially in the more resolved API,PbsBrio spectrum. All the assignments were also
corroborated by DFT calculations, as shown in Table 5.2 and 5.3. Notably, NOESY
allows intermolecular correlations to be shown while BABA only shows intramolecular
correlations. Hence, the weak correlations observed in NOESY, like 'H — 3 to 'H —
456,6°,' H-2to'H-4,5,5 and 'H -1 to 'H — 4,4°,5,5°6 are intermolecular. In the
idealised model (Fig 5.1 a,b) the mentioned 'H intermolecular distances typically span
between 3 A to 4 A, which is on the upper limit for a reasonable range for the dipolar
interaction. Similarly, this is also observed in IEAPbBr4, although to a lesser extent
because of a decreased resolution. For IEAPbBr4, the same observation can also be seen

in'H-3to'H-4,4,5,5,'H-2to 'H-4,4’,55 and 'H—1to 'H-4,4,5,5".
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Figure 5.7 2D NMR spectra of IEAPbBr4 in the low (left) and high temperature (right) phase.
(a) homonuclear NOESY with contact time 10 ms, (b) NOESY with contact time 200 ms (c)

homonuclear BABA and (d) heteronuclear hCH expeiment.

5.3.4 Band structure predicted by Density Functional Theory and validated

experimentally through steady-state absorption and photoluminescence

Based on the single crystal XRD results, the obtained CIF files are utilized to calculate
the Density of State (DOS) and the Joint Density of States, as shown in Fig 5.8. A
summary of the calculated band gaps (using the CASTEP DFT code) and measured
band gaps (from the photoluminescence and absorbance data) are compared in table 5.6;
the high and low temperature API,Pb3Brio phases are indirect band gap materials, while
IEAPbBI4 is a direct band gap material. However, it should be noted that in API,Pb3Brio
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the band dispersions are around the valence band to conduction band transition is very
flat, and only shows a small momentum mismatch of around 0.01 eV. From table 5.6,
the calculated band gaps can be seen to depend on the lead bromide framework structure
connectivity. The trend here shows that the band gap of corner shared perovskites
(i.e.IEAPDBr4, and APIPbBry) is consistently smaller than the face shared perovskitoids
(i.e. APL2Pb3Bri0). The results also show that by accounting for the spin-orbit coupling
effects in the hybrid perovskites, the energy levels of Pb and Br p-orbitals are lowered
and thus decreasing the band gap. The PBE functionals are known to underestimate the
band gaps*’, hence, the differing band gaps predicted by rSCAN and PBE functionals.
The implementation of SOC effects in DFT bandgap calculations is non-trivial*® #°; the
inclusion of SOC to the rISCAN functional is likely to yield predicted band gap values
that would agree closely with the experimental results. Nevertheless, the DFT

estimations provides a good benchmark against the obtained experimental values.

The results of steady state absorption and photoluminescence spectroscopy are shown
in Fig 5.9. Distinctly broadband emission can be observed from both API>Pb3Brio and
IEAPbBr4, which is experimental evidence for the effects of charge localization in
hybrid perovskites. The absorption measurements were carried out in reflectance mode,
and hence, is plotted with the Kubelka-Munk function against the excitation energy.
Assuming that the materials are a direct band gap material, a Tauc plot is used to
estimate the band gap of the two systems and the results are plotted in the insert of the
absorption spectra. Even though DFT calculations showed that API>,Pb3Brig are indirect
band gaps, due to the slight momentum mismatch, and coupled with a very flat band
dispersion around the VB — CB transition region, it is fair to approximate the material
to one that has a direct band gap. The linear absorption profile seen in Fig 5.9
corroborates well with the Joint Density of State calculation of API2Pb3Brio and
IEAPbBr4 thus further validating the strong theoretical models with experimental

results.

In the photoluminescence spectra, a strong baseline is observed and is the result of an
experimentally challenging condition. The excitation energies have to be greater than
3.3 eV (375 nm) to excite the charge carriers above the band gap, and consequently,
would require a long pass filter to remove any second order effects arising from the

monochromator of the source lamp. Commercially, such filters are not available and
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the Schott WG320 is the only available filter with a cut-off (transmittance < 10%) at
290 nm (4.28 eV). Furthermore, a cryostat is required to control the temperature of the
sample and additional optics and parts would be added to the experimental setup. Hence,
by using such high excitation energy, even optically transparent components like CaF»
windows of the cryostat and the instrument’s mirrors would also begin to fluoresce to
give the baseline (labelled in black). Consequently, the incomplete filtering from the
long pass filter resulted in the presence of a second order peak at 580 nm arising from

the monochromator, which is labelled by an asterisk in the photoluminescence spectra.
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Figure 5.8 The density of states (left) and joint density of states (right) of API,Pbs;Bry,
APIPbBr34, and IEAPbBr, as calculated by Density Functional Theory (DFT) using the Perdew—
Burke-Ernzerhof (PBE) with Spin Orbit Coupling (SOC) functional.
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Table 5.6 Band gaps obtained from DFT simulations. The inclusion of SOC effects gives a
better estimate of the band gap. Corner shared octahedra, as in APIPbBr,s and IEAPbBr4, shows

a consistently smaller band gap than the face and edge shared API,PbsBrio perovskitoid.

E /eV E /eV E /eV E /eV
Sample g g g e’
(rSCAN) (PBE) (PBE-SOC) (Experimental)
APLPb,Br, (12) 3.75 3.38 2.84 3.02 (40 °C)
APLPb,Br,, (P1) 3.82 3.43 2.86 3.06 (-20 °C)
APIPbBr, (P2 /c) 2.83 2.46 1.96 Not Applicable
IEAPbBr, (Pbca) 2.86 2.53 2.02 3.08 (20 °C)
(a) Wavelength (nm) (b) Wavelength (nm)
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Figure 5.9 Absorption and photoluminescence results. Asterisk marks the spectral artefact
arising from the second order effects arising from the monochromator while using the source

radiation (290 nm), which has not filtered out by long pass filter (Schott 320).
Table 5.7 Table of key optical properties extracted from photoluminescence results
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APL2Pb3Br1o IEAPbBr4
(12/P1) (Pbca)

PL centre/nm 430 PL centre/nm 410
PL FWHM /nm 80=10 PL FWHM /nm 30+10
T/°C Eg/eV T/°C Eg/eV

-140 3.13 -140 3.11

-120 3.12 -120 3.11

-100 3.11 -100 3.11

-80 3.10 -80 3.11

-60 3.09 -60 3.11

-40 3.08 -40 3.10

-20 3.06 -20 3.10

0 3.05 0 3.10

20 3.04 20 3.09

40 3.02 40 3.08

60 3.01 60 3.08

80 3.00 80 3.07

100 2.99 100 3.06

In the optical characterization of API2Pb3Br10, it can be observed that the effects of the
phase transition are not distinct in all the observed optical properties. The shape profile
of the absorption is consistent and is a linear correlation of the band gap with the
temperature. The band gap is expectedly red shifts as expected with increasing
temperature and is attributed to the lattice expansion effects. Similarly, in the
photoluminescence spectra, there is no visible change in either the emission profile or
the absolute emission intensity. Although the photoluminescence results have a strong
influence from the background, a broadband component can still be observed from 400
nm to 550 nm. The presence of such broadband emission character in hybrid
perovskites has very frequently been attributed to the presence of self-trapped states. 2%
22 Notably, there is no definite evidence for the existence of excitons even at low

temperatures.

In IEAPDBTr4, a strong emission peak is seen at 377 nm, which decreases with increasing
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temperature. Given that the high excitation energy of 290 nm is used for this
measurement, it remains inconclusive whether this would be an excitonic feature or
other interband transition. However, the broad feature between 380 nm and 550 nm

gives as indication of the presence of self-trapped charge electrons and holes?® 22,

5.4 Conclusion

In conclusion, this chapter has shown that the prototypical APIPbBr4 can exist as a
polymorph, APL,Pb;Brio in the bulk. While this does not invalidate the earlier reported
structure, this work shows an important, but also known, weakness in single crystal
diffraction technique, where crystal picked for diffraction could be different from the
bulk sample. This error can be avoided by further validating the obtained structure by

carrying out powder XRD.

The structural phase transition seen in API,Pb3Brio is thoroughly characterized through
XRD and NMR and the results agree with calorimetric studies, which shows that the
phase transition from P1 to 12 is at around 20 °C and the transition from 2 to P1 is at
around 0 °C. No structural phase transition is observed in IEAPbBr4 up to the point of

thermal degradation.

The phase transition exhibited by API>PbsBrio warrants further investigation into the
difference in the various properties, e.g. mechanical, optoelectronic, or magnetic
properties, because very few materials exhibits phase transition at around room
temperatures. With a better understanding of the various properties, suitable
applications can then be suggested, and this material could find application in

temperature sensitive switching devices.

From the structural formation perspective, it is demonstrated that there are two main
competing stabilization-destabilization factors to be considered when engineering the
<110> cut of perovskite. When the carbon tail length is too long and does not have any
other interactions to stabilize the spacing, like API,Pb3Bri, the perovskite connectivity
will undergo a reconstructive transformation and the di-cationic charges would be

spread out along a chain. At an optimal two carbon chain length, the <110> oriented
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perovskite is formed.

From the NMR studies, the structural properties corroborate with X-ray diffraction,
particularly, from the BABA correlation experiment in APIPb3;Brio. The cation
dynamics of API and IEA are seen to be distinct between the two systems and provides
evidence that the localized disorder has to be considered while probing the bulk

properties of each system.

It is further demonstrated in this chapter that broadband emission is present in both
APLPb3Brig and IEAPbBr4, which is an indication of the presence of self-trapped
charge carriers even though the structural configuration of the lead halide octahedra are
distinctly different. No doubt there are differences in the photoluminescence spectra
between the two, where IEAPbBr4 shows sharp feature accompanied by a broadband
white light emission whereas API2PbsBrio, shows a low photoluminescence quantum
yield as the counts is considerably lower than IEAPbBr4 and has a different emission
profile. However, the two systems both exhibits broadband photoluminescence

emission, which indicates the presence of self-trapped carriers.
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Chapter 6

Imidazolium lead bromide polymorphs: 3D polytype to
1D perovskite

Following the studies on a <110> oriented perovskite prepared using
an alkyl substituted imidazolium cation, this chapter explores the rich
polymorphism exhibited by imidazolium lead bromide. The structural
connectivity of the lead halide octahedra are seen to vary
considerably and the structures of each polymorph are closely
examined. A new naming nomenclature of perovskite-like
‘perovskitoids’ is also proposed to help classify the growing class of
‘perovskitoids’. The structures of each polymorph are thoroughly
characterized through XRD and the cation dynamics through SSNMR,
The optical characterization of all three imidazolium lead bromide

polymorphs hints at the presence of self-trapped states.

*Part of this chapter has been published as Wong, W.P.D., Hanna, J.V. & Grimsdale, A.C. (2021).
Acta Cryst. B 77, https://doi.org/10.1107/S2052520621004376.
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6.1 Introduction

Keeping an imidazole head as the charged portion of the A-site cation, this chapter
further explores the role of the A-site cation in determining the structure and properties
of HOIPs. Imidazole is known to exhibit chemical activity at the nitrogen sites and is
can be protonated to become a symmetrical imidazolium cation. The reversible
protonation of imidazole is a known source of proton conductivity in polymers' and
thus, is often utilized to improve proton conductivities in polymeric membranes, mostly
in fuel cells applications® 3. In the previous chapter, in the cations, API and IEA, this
protonation activity is suppressed due to the presence of the alkyl side chain on the
nitrogen. However, the importance of reversible protonation is seen directly in this
chapter where three different polymorphed structures which are obtained by varying

the precursor concentration of imidazole to lead as described in chapter 3.

Structurally, the three polymorphs are distinctly different. IMIPbBr3 closely resembles
a 4H perovskite polytype and shows two phase transitions; IMI>PbBrs has a structure
where each lead bromide octahedron exhibits sharing at one edge and two corners to
form an extended chain of inorganic units along one dimension; lastly, IMI3PbBrs
possesses a structure where each lead bromide octahedron shares only corners, to form
a 1D chain. To further differentiate these ‘perovskitoids’, a new nomenclature is

proposed, as discussed in a subsequent section.

All three polymorphs were thoroughly characterized through SSNMR and XRD. DFT
calculations we also performed to obtain a theoretical estimate of the NMR chemical
shifts and the theoretical band structure. Optical absorption measurements showed a
good agreement with theoretical estimates, and the photoluminescence emissions of all
three systems are distinctly broadband, which gives a strong indication of the presence

of self-trapped states.

6.2 Experimental

6.2.1 X-ray diffraction
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The crystals were dispersed in Fomblin ® and were hand-picked under a polarizing
microscope and mounted onto MiTeGen microloops of the appropriate size for room
temperature X-ray diffraction investigations or mounted onto a glass fibre
approximately 100 pm in diameter to reduce the likelihood of crystal frosting for
measurements at low temperatures (T < 200 K). The X-ray initialization and early
processing was done together using software package CrysAlisPro on the Rigaku
Gemini diffractometer and Rigaku SuperNova diffractometer using Mo K, = 0.71 A.
The collection strategy and integration were as suggested through CrysAlis. The
structure solution and refinement were done with SHELXT#, Olex2°. Checked with
PLATONS, and verified with IUCr CheckCIF. Powder XRD was carried out at
Diamond Light Source Beamline 111 with radiation of 0.825A. Samples were packed

into 0.1mm capillaries and referenced against SiO> for Rietveld refinements.

6.2.2 Nuclear Magnetic Resonance

NMR experiments were performed using a suite of different magnets. Variable
temperature 'H 71, *C CPMAS, hCH HETCOR and *°’Pb measurements were done
on Bruker 600 MHz Advance III 1.9mm probe; 'H — '"H NOESY, 'H — 'H BABA, 'H
One Pulse (with deconvolution) were carried out on Bruker 700 MHz Advance III

1.3mm probe.

6.2 3 Calorimetric Characterization

Differential Scanning Calorimetry (DSC) was performed on TA Instruments DSC Q10
with powdered samples crimped in an aluminium pan. Thermogravimetric analysis
(TGA) was done on TA Instruments Q500 with powdered samples placed in an alumina

crucible. The crucible is then placed on a platinum pan.

6.2.4 Steady state absorption and photoluminescence

Variable temperature absorption was measured on a PerkinElmer Lamda 1050 with the
Linkam stage purged with N> as the temperature controller stage. Powdered samples
were placed in a BaSOy4 filled crucible and the absorption spectra are referenced against

pure BaSO4.Variable temperature photoluminescence was carried out on a Horiba
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Fluorolog Spectrophotometer. Samples were mounted onto sticky carbon tape in an
Oxford system cryostat evacuated to 4 x10™* mbar. Excitation wavelengths was set at
290 nm, while the second order effects arising from the monochromator are filtered off

with a Schott WG-320nm long pass filter.

6.2.5 Theoretical analysis through Density Functional Theory

Similar to Chapter 5, Density Functional Theory calculations were performed on the
experimentally determined structures to obtain the electronic structure of the imidazole-
based hybrid materials using the CASTEP plane-wave pseudopotential code. The PBE
parameterisation of the Generalised Gradient Approximation (GGA) and the rSCAN
meta-GGA exchange-correlation functionals were implemented in this study. In these
calculations, a 800 eV plane-wave cutoff was used and the Brillouin zone was sampled
using Monkhorst-Pack k-point grids at a spacing of 0.03 A-1 or less. On-the-fly
generated ultrasoft pseudopotentials were employed throughout, which included scalar-
relativistic effects approximated by the Koelling-Harmon scheme. Band structure
calculations including spin-orbit coupling were also performed employing the PBE
functional and norm-conserving pseudopotentials. All dispersion interactions were
approximated using the many-body dispersion scheme. Starting from the single crystal
X-ray determined structures, the atomic coordinates and the lattice parameters using
the PBE and rSCAN functionals were relaxed to tolerances of 0.05 eV/A for forces and
0.05 GPa for stresses. In the cases where the X-ray results indicated partial occupancies
of the atomic sites associated with the imidazolium cations, initial structures with
randomly oriented imidazolium cations were generated which were subsequently
relaxed. The band structure calculations were performed on the relaxed structures, and
the resulting total, partial and joint density of states were computed using the OptaDOS
program. The calculation of the NMR parameters was undertaken using the gauge-
including projector augmented wave (GIPAW) approach on the rSCAN relaxed

structures.

6.3 Results and Discussion

6.3.1 New proposed notation for haloplumbate structures or ‘perovskitoid’
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The results of the single crystal XRD and the key parameters of the three polymorphic
of imidazolium lead bromides are presented in Table 6.1 and the projections of each
polymorph are shown in Fig 6.1. Given the significance of polymorphism and
‘perovskitoid’ structures discussed in this chapter, their nomenclature need close
examination. In the studies of oxide perovskites, a wide variety of polymorphism and
polytypism has been examined. The conventions utilized naming in oxide perovskites
are easily applicable to the ‘perovskitoid’ structures in 3D structures using the modified
Gard notation’ or Ramsdell notation®, or in layered 2D perovskite structures by the
specific names (Ruddlesden-popper, etc) or by the direction of the layers. However, in
the area of 1D and 1D-like perovskites, an agreed classification system is currently
sorely lacking, and the definition of ‘perovskitoids’ has expanded from materials
containing only face-sharing lead halide octahedra® to include structures with both face

and edge sharing octahedra.'”

Therefore, when considering these 1D ‘perovskitoids’ structures, three main parameters
are required to describe the structural connectivity of ‘perovskitoids’. These could be
used to produce a new way to describe 1D perovskite structures. However, it should be
noted that while this proposed notation can also be applicable to 2D and 3D structures,
it would take on a rather awkward form, and hence, where applicable, the more
established Ramsdell or modified Gard notation should continue to be utilized for such

materials.

Firstly, the main parameter to consider is the number of octahedra per layer. If there is
more than one octahedron per layer, the intra-layer connectivity would also have to be
defined in parentheses. Special considerations, for example cyclic connectivity should
also include in this section if it arises from the intra-layer connectivity. The octahedra
connectivity type should be specified as follow: F for face-sharing, E for edge-sharing
and C for corner-sharing. It should be noted that corner sharing would typically be

interlayer rather intralayer connectivity.

The second parameter would be the number of octahedral layers required for the
stacking or connectivity sequence to repeat itself. If there are more than one octahedron

layer for the stacking sequence to repeat, the interlayer connectivity type should be
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specified: F for face-sharing, E for edge-sharing and C for corner-sharing. Although it
is obvious that if there are N number of connected octahedral, there would be (V - 1)
connectivity, both the number and connectivity type should not be dropped because
they provide a facile method for communication of the stacking sequence. The last
parameter pertains to the connectivity to the repeating sequence, with again F, E, C for
face, edge, and corner sharing respectively, or X, for no connectivity. Although a
material having no connectivity would strictly speaking not be a 1D ‘perovskitoid’,
such a framework would also help to describe similar systems for easy comparison. To
narrow down the periodicity effect of the notation, the convention would be taken such
that corner sharing would take a priority over edge sharing over face sharing over no
connectivity, i.e. C > E > F > X. Thus, it is recommended that the naming first follows
the connectivity pattern in the unit cell, then shift the “origin” to the type with the
highest priority.

Hence, this proposed naming convention, also called the reduced notation, is separated
into three parts, each defining the afore-mentioned parameters. It would take a general
form of (number, intralayer connectivity if any) — (number, interlayer connectivity). A

list of examples are as follows:

For API,Pb3Br10, which was studied in the previous chapter and first seen in Fig 5.1 a
and also in Fig 6.1 a, there is one octahedron per layer, and therefore no intra-layer
connectivity. There are three octahedra which are connected in the order of face-edge-
face (FEF) within the unit cell. Thus, shifting the “origin” such that E take a priority
over F, we would have a repeat unit of (EFF). The three-octahedra repeating unit are
then connected to the next repeating unit by an edge-sharing octahedron. Therefore,

APILLPbsBrio would be called 1-3FEE.

In IMI>PbBry4, as seen in Fig 6.1 b, there are two octahedra per layer which are edge
connected. It has only one stacking sequence (i.e. no change in stacking sequence) and
is connected to the next layer through a corner shared octahedra. Hence, IMI>,PbBrs

would be 2EE-1(CC).

For IMI3PbBrs, which is a true 1D perovskite as seen in Fig 6.1 c, there is only one

octahedron per repeating unit, which are corner shared to form a 1D chain. Therefore,
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IMIzPbBrs would be 1-1C.

In other well-known materials, such as in 1-(ethyl)pyridin-1-ium bromide,'' 1-
benzylpyridin-1-ium iodide,!' catena-(2-methylimidazo[1,5-a]pyridin-2-ium tris(u-
bromo)-lead)!?, and imidazolium lead iodide!?, the structure has one octahedron per
layer, and it has two octahedra per repeating unit which are connected through face
sharing. Each unit is then connected to the next repeating unit though face sharing.

Hence, such structure would be given the notation 1-2FF.

As mentioned above, the use of this notation should be used primarily for 1D
‘perovskitoids’ particularly because when used for a 3D structure, it would take on an
awkward form. For example, a 4H polytype would take a notation of I-
4(CCC)F(CCCO)F. Similarly, it is also be seen that when this terminology is used in a
macromolecular 1D nanotube, as in (HMTA);PbBr; which can be seen in Fig 6.1 e, f,
it also becomes awkward. In (HMTA);PbBr7, there are six octahedra in one layer, and
the octahedron face-shared to give three face-shared dimers per layer. The repeating
unit has two layers and the two layers are related by a 61 screw axis and connected at
the edge to form a rugged ring. Since the cyclic connectivity forms only across two
layers, the square parenthesis is done across the first and second section. Lastly, the
repeating unit connects to the next repeating unit through a 61-screw axis, all of which
are corner shared. Thus, (HMTA)3;PbBr; would have the notation Cyclo[6(2CFC)-
2(6:1CCCCCCO)]- 61CCCCCC.

This proposed naming nomenclature would help to improve the clarity in the field of
1D hybrid perovskites where it would be more meaningful to make comparison of
connectivity types which would sometimes be cluttered by intra or inter layer

connectivity, especially when a cross system comparison is done.
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(c) (d)

Figure 6.1 Crystal structure of (a) APLLPbsBriy which can be seen to be in the 1-3EFF
configuration, (b) IMI,PbBr4 which can be seen to be in the 2EE-1(CC) configuration, (c)
catena-(2-methylimidazo[1,5-a]pyridin-2-ium tris(u-bromo)-lead'? which can be seen to be in
the 1-2FF configuration, (d) IMI3PbBrs which can be seen to be in the 1-1C configuration, (e-
f) the configuration of 1D tubular structure of (HMTA)PbBr4'4. In this case the notation breaks

down into an awkward form and this proposed notation should not be used.
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6.3.2 X-ray Structural Characterization of imidazolium lead bromide

Figure 6.2 Crystal structure of the three imidazole lead bromide polymorphs, (a) IMIPbBr; in
the room temperature Cmcm phase (b) IML,PbBry in P1 , and (c) IMI;PbBrs in P1

IMIPbBr3; exhibits a structure which closely resembles a 4H polytype, which has 4
distinct layers and appears to take on a hexagonal structure. Calorimetric studies agree
with scXRD results which shows three distinct phases between room temperature and
180 K. While another phase transition cannot be ruled out, cryogenic temperatures are
at the experimental limits of DSC and furthermore, IMIPbBr; crystals always fracture
catastrophically below 150 K.

At room temperature, the structure of IMIPbBr3 is considerably different from that of
imidazole lead iodide counterpart'> 16 but closely resembles a hexagonal 4H polymorph.
However, a detailed inspection of the powder XRD pattern, as shown in Fig 6.2, reveals
that the structure is likely to be orthorhombic, instead of the hexagonal structure.
Although single crystal XRD refinement shows that P63/mmc and Cmcm are both likely
solutions, giving R values of 0.0351 and 0.0273 respectively, and PLATON flags the
“missing symmetry” to be considered in the Cmcm solution, powder XRD Rietveld
refinements, seen in Fig 6.2, provide conclusive evidence that Cmcm is the better
solution. While it is beyond the scope of this work, further experimental observations,
such as by polarization microscopy, might be utilized to further confirm the symmetry
point group. While at first glance, this difference may seem insignificant, there are some
major implications in whether this material has a hexagonal or an orthorhombic crystal
structure, such as significantly different optical and electronic properties. Particularly

in the optical properties, the polarization is isotropic down the hexagonal ¢ —axis but is

169



Imidazolium lead bromide polymorphs: 3D polytype to 1D perovskite

Chapter 6

anisotropic when viewed down the @ — and b —axes. In an orthorhombic structure, the

polarization would be unique down all three @ —, b — and ¢ —axes. Hence, from a

simplified, but relevant analysis, any misassignment will affect further work based on

the structure, including DFT calculations.

Table 6.1: Selected parameters to the solution and refinement of scXRD results

Sample name IMIPbBr3 IMIPbBTr3 IMIPbBr3 IMI,PbBry4 IMI;PbBrs
(network) (network) (network) (ladder) (needle)
Empirical formula C6H10N4B1‘6Pb2 ClezoNgBr12Pb4 C6H10N4B1‘6Pb2 C6H10N4BI'4Pb C9H15N6Br5Pb
Formula wt 1032.02 2064.04 1032.02 665.01 814.01
Temp (K) 298(2) 220(2) 180(2) 50(2) 200(2)
Crystal system orthorhombic orthorhombic orthorhombic triclinic triclinic
Space group Cmcm P212:12; Pnma P1 P1
unit cell dimension
a(A) 9.0938(5) 9.1272(3) 14.2082(6) 5.9868(1) 6.0272(6)
b(A) 15.7372(10) 13.8052(5) 14.9482(6) 9.4085(3) 9.3862(9)
c(A) 13.8445(6) 31.072(1) 8.8811(3) 13.3434(4) 9.5844(12)
a(°) 90 90 90 73.891(3) 67.468(10)
B(®) 90 90 90 86.227(2) 86.205(9)
v (©) 90 90 90 86.828(2) 87.980(8)
Volume (A%) 1981.30(19) 3915.2(3) 1886.2(1) 719.98(4) 499.70(10)
Z 4 4 4 2 1
Peale (g cm?) 3.46 3.502 3.634 3.068 2.705
p (mm™) 29.062 29.414 30.527 22.793 18.437
F(000) 1792 3584 1792.0 592 368
Crystal size (mm?) 0.279x0.203x 0.15 x 0.106 x 0.156 x 0.105 x 0.19 x 0.071 x 0.245 x 0.215 x
0.198 0.063 0.071 0.048 0.061
20 range (°) 7.84 to 54.93 4.652t0 61.014 7.346 to 65.26 371 (9)32 o 7.74 to 51.364
-11<h<11 -13<h<8 -14<h <20 -10<h <10 -7<h<7
Index ranges 20<k<20 -19<k <19 -19<k<22 -16<k<16 -11<k<11
-17<1<17 -44 <1<35 -12<1<9 22<1<22 11 <111
Refln collected 8468 23461 10531 34117 3136
Refinement mtd Sfull-matrix least squares on F?
1223 11719 3283 7672 3136
Indep reflns Rine = 0.0453, Rin 0.0550, Rin 0.0401, Rin = 0.0496, R =0.0614
Rsigma = 0.0228  Rgigma = 0.0924 Riigma = 0.0428 Rsigma = 0.0414 sigma
I?lata/ restraints/para 55350/99 11719/120/290 3283/79/103 7672/0/136 3135/30/113
GoF on F? 1.159 1.004 1.084 1.094 1.000
Final R indexes R; = 0.0273, R; =0.0505, wR, R; = 0.0304, R; = 0.0284, R; = 0.0410,
[[>=20 (D] wR> =0.0695 =0.0855 wR2 =0.0590 wR2=0.0540 wR;=0.0949
Final R indexes Ri = 0.0337, R;=0.0916, wR> R; = 0.0443, R; = 0.0369, R; = 0.0582,
[all data] wR,=0.0723 =0.0994 wR, =0.0629 wR,=0.0563 wR;=10.0999
Fourier - diff max 4, 69 1.84 and -1.57 1.58and-1.43  2.55and-2.20 1.44/-1.20
and min (e A?)

Flack parameter

Racemic mixture
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Figure 6.3 Rietveld refinements of the samples (a) IMIPbBr; fitted to the Cmcem space group,

(b) IMIPbBr3; fitted to the P6s/mmc space group. The difference in the Ry, and overall fitting,

particularly between 13° and 20° showed that IMIPbBr3; would take on the orthorhombic Cmcm

space group. The presence of contaminant IMIPbBr4 phase is shown in the green curve (c)

Rietveld refinement of 98% IMLPbBrs with 2% of IMIPbBr; contaminant, and (d) Rietveld

refinement of the bulk synthesized IMIsPbBrs. Refinement results showed the bulk sample
consist of approximately 0.2% of IMIPbBr3, 37% IMI,PbBr4, and 63% IMI;PbBrs.

171



Imidazolium lead bromide polymorphs: 3D polytype to 1D perovskite Chapter 6

Figure 6.4 Comparison of IMIPbBr; phases, with the organic imidazole cation hidden for
clarity. (a) shows the intermediate P2,2,2; superstructure through the doubling of the c-axis. A
slight modulation of the octahedra connectivity can be seen, as highlighted by the red and green
dotted circles. Such behaviour is neither seen in (b) the higher temperature Cmcm phase nor in
(c) the lower temperature Pnma phase. Note the change in axis orientation to match

crystallographic convention.
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P2,2,2,

bromine
T=220 K .
‘ lead
&= 9-12 A G carbon
b=1381A
c= 31 .07 A nitrogen

Figure 6.5 Simulated precession image of IMIPbBr; in the P2;212, phase showing (a)
reflections from Okl. Weak satellite peaks can be observed in several (0 2 /) planes (b)
reflections of #k0 showing no satellite peaks (c) reflections on the 40/ showing a threefold
twinning and satellite peak on several reflection such as (2 0 12) (d) projection of the

superstructure IMIPbBr3; down the a-axis.

As the temperature decreases, IMIPbBr3 undergoes a phase transition which takes on a
superstructure and is also typically accompanied by a three-fold twinning. The
superstructure can be immediately seen by the doubling of the Cmcm b-axis from 15.7
A to 31.1 A in the P2,2:2 phase and from the precession image of the XRD scan in
Fig 6.4, which shows the presence of a main peak, accompanied by satellites.
Furthermore, from Fig 6.4 (c), a threefold twinning can be observed on top of the

structural modulation. Structurally, a very slight modulation on the cavity can be seen
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in Fig 6.3 (a), where there are two very subtly different connectivity of the lead bromide
octahedra. Further cooling of IMIPbBr3 would cause a phase transition to the Pnma
phase. Here, the system returns to ‘normal’ structure where the lattice parameters
decrease which is consistent with decreasing temperature. When the P212:2; structure
is compared against the higher temperature Cmcm phase, as in Fig 6.3 (b), or against
the lower temperature Pnma phase, as in Fig 6.3 (c), it can be seen that neither the
Cmcem nor Pnma phase shows the unique behaviour of the modulation of octahedra

connectivity.

When the phase transition is examined more closely and taking a symmetry perspective,
a transition from Cmcm to P212121 to Pnma is not allowed from a group-subgroup
relation. However, a transition from Cmcm to P212121 via Pnma is allowed, with an
index of 4 as shown in Fig 6.5 (f). This agrees with P21212; being an intermediate phase
as has also been observed with sodium-potassium niobate solid solution system by
Ahtee and Glazer!”. In the Nag 9sKo2NbOj3 system, the intermediary phase G only exists
over a narrow 50 K range, and similarly, in IMIPbBr3, the intermediary P2:212 phase,

as seen on DSC in Fig 6.5 (e), exists in a temperature range of around 40 K.

From a structural perspective, it is likely that the phase transition involves the gradual
ordering of the imidazole A-site cation. In the asymmetric unit cell at room temperature
(Cmcm), there are two imidazole rings, and is likely to be spinning in plane, like a
turntable. With a decrease in temperature, one of the imidazole gains partial ordering,
and hence takes on a superstructure. With even greater cooling, this partially ordered
imidazole then becomes fully ordered while the other imidazole remains disordered and
continues spinning in-plane. Hence, another phase transition is expected to occur, but
this cannot be observed experimentally because the crystal always fractures

catastrophically.

The phase transition would also be expected to be observed through powder XRD, and
the diffraction results are shown in Fig 6.5 (a) for decreasing the temperature from room
temperature to 100 K and (b) for warming the sample from 100 K to room temperature.
Detailed analysis showed that only the transition from Cmcm to P21212; s observed but
IMIPbBr3; remains in the P2:212; phase even when cooled to 100 K, even though the

phase transition temperature as recorded and observed through DSC and single crystal
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XRD is at 180 K. However, upon heating back from 100 K to room temperature, the
diffraction pattern and refinement details showed that IMIPbBr; still remains in the
P212,2; phase. Due to the presence of an impurity IMI2PbBr4 the unit cell volume is
seen to increase gradually with increasing temperature and there was no sudden changes
in either the diffractogram or refinement parameters. Similarly, Rietveld refinements of
the P212121 phase, as seen in Fig 6.5 (d), shows a gradual increase of Rwp with increasing
temperature and an increasing unit cell volume with increasing temperature. This all
indicates that instrumental temperature control effects or artefacts form the radiation
source can be ruled out. Hence, this would therefore indicate that the sample either has
degraded upon exposure to radiation or has undergone an irreversible phase transition,
which showed very close resemblance to a P212:2; symmetry, or both. Time did not

permit the study of this phenomenon in greater details.

For the second polymorph, IMI:PbBr4, each repeating unit has two lead halide
octahedra connected through an edge, with only one stacking sequence, and linked
between the layers through corner sharing only. It would therefore take on the notation
of 2E-1-C, as discussed in the earlier section. From a structural perspective, this
polymorph does not exhibit any phase transition, even when cooled to extreme

temperatures or heated to degradation.

In the third polymorph IMI3PbBrs, the structural configuration is similar to that in
IMI2PbBr4, but in this structure would be a true 1D perovskite, taking the notation of
1-1-C. Similar to IMI2PbBr4, it also does not exhibit any phase transition even when

taken to cryogenic temperatures.

It is interesting to note that such polymorphism is only a function of the initial imidazole
to lead concentration, where the highest imidazole to lead concentration (4:1 molar ratio)
yields IMI3PbBrs, and the impurity IMI;PbBr4, and the lowest (1:1 molar ratio)
produces IMIPbBr3, and the impurity IMI;PbBrs. Hence, this gives an indication that
the chemistry of the A-site cation should not be overlooked. Imidazolium cations are
known to take on different resonance structures'® and this might contribute greatly to
the polymorphism. Furthermore, the Goldschmidt tolerance factor should also be
examined closely. During the formulation of the semi-empirical Goldschmidt tolerance

factor, it was largely applied to oxide perovskites where the approximation of A-site
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cations being spheres is valid. However, in the field of hybrid perovskites, the
versatility of the A-site cation has shown to be the origin of many structural engineering
effects where the Goldschmidt tolerance factor is not directly applicable. Time did not
permit the study of the origin of polymorphism, including whether it arises from

chemical activity or structural geometry.

Physically, IMIPbBr3; and IML.PbBrs were always produced from the precursor solution,
with an imidazole to lead ratio of 1:1, in a ratio of approximately 60% IMIPbBr3; and
40% IMI2PbBr3, as determined by powder XRD. Further attempts to isolate the systems
into the individual phases through chemical means were not successful, and hence, the
crystalized samples were separated under a polarizing microscope. Since IMIPbBr3 and
IMLPbBr4are in different crystal systems, orthorhombic for the former and triclinic for
the latter, the crystals were first screened through their shapes and then through their
response under polarized light. IMIPbBr3 generally appears to be a triangular rod with
corrugated edges while IMI,PbBr4 generally appear to be a flat block, but with non-
perpendicular edges. The physical separation allowed further analysis to be carried out,

by solid state NMR and optical characterization.

However, there are no discernible physical differences between IMI>PbBrs and
IMI5PbBrs. This is largely because these two polymorphs are both in the triclinic phase
and form very similar flat blocks with non-perpendicular edges. Even their responses
to polarized light are indistinguishable to the eye. The only noticeable difference is the
brittleness of the crystals, wherein some (probably IMI;PbBrs) crystals seemed to be
subtly more brittle and cleave with lesser force being applied, but even so, this is not a
definitive way of differentiating the crystals and being destructive, cannot be used for
their physical separation. From powder XRD analysis, the bulk sample contains
approximately 37% IMLPbBrs and 63% IMI3PbBrs. Hence, further analysis must be
carried out on a physical mixture of IMI,PbBr4 and IMI3PbBrs, and the contributions
from IMI>PbBr4 then subtracted from the bulk sample to obtain an approximation for
the spectral results from pure IMI3PbBrs. Although inadequate, under these conditions

this is the best that can be achieved.
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Figure 6.6 (a) powder XRD pattern of IMIPbBr; from 300 K to 100 K, in steps of 10 K for
clarity. The pattern shows a clear transition at around 220 K. (b) powder XRD pattern from
100 K to 300 K, in steps of 10 K for clarity, but the diffractogram shows that IMIPbBr3 does
not undergo any phase transition. The hkl indices of the respective phases are labelled with
black (Cmcm IMIPbBr3) red (P2:2:2; IMIPbBr3) and green (IMI>PbBrs). (c) the theoretical
XRD pattern of the various phases of IMIPbBr; as predicted from the single crystal XRD results.
The inclusion of the contaminant IMI,PbBr4 shows the presence of a peak at 7.18° and is
observed in the experimental XRD plots (d) the plot of refinement Ry, against temperature
showing the stability of the sequential refinements. The plot of IMIPbBr3 P212;2; unit cell

volume against temperature with increasing temperature shows that logical validity of the
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refinement (e) differential scanning calorimetric study of IMIPbBr3;, showing a first phase
transition between 236 K and 244 K and a second phase transition between 193 K and 225 K
(f) Group subgroup relation, from Cmcm to P2:2:2; with index 4. Since P2:2:2; is a
superstructure, it would have twice as large a Z value than the Cmcm phase. Don(mmm) would

have order 8 while D»(222) would have order 4.

6.3.3 Nuclear Magnetic Resonance Characterization

In the fully relaxed, and hence quantitative, 'H spectra as seen in Fig 6.6, three main
peaks can be observed in that of IMIPbBr3, and four main peaks in those of IMI2PbBry4
and IMI3PbBrs. In the *C spectra, it can be seen clearly that there are three peaks for
IMIPbBr3, four peaks for IMI,PbBr4 and three peaks for IMI3PbBrs. Since the MAS
conditions and magnetic field are identical, the considerably narrower peak widths in
'H spectra of IMIPbBr; compared to IMI,PbBrs and IMIsPbBrs indicates a more
efficient averaging of the 'H — 'H dipolar interaction, and hence, indicates a more
dynamic imidazolium cation. In the 2°’Pb spectra, a single peak is observed from all
three polymorphs and agrees with the single Pb site seen in the asymmetric unit cell as

determined from single crystal XRD.

Notably, in the spectra of IMIPbBr3; and IMI,PbBr4 the peaks between 8 ppm and 10
ppm appear to be a split peak rather than two individual peaks. Concurrently, this effect
is also seen in '3C spectra for the peaks between 130 ppm and 136 ppm of IMIPbBr3
and IMLLPbBr4. Therefore, 2D heteronuclear and homonuclear correlation experiments
were carried out to ascertain the identity of these peaks. Also, the integral of the 'H
peak centred around 11.5 ppm indicates that it could be a convolution of two peaks,

could also be distinguished in 2D correlation experiments

In constructing the model from single crystal XRD results, an imidazole is placed in
the cavity and can be seen to sit on a special positions, for example, cutting across a
mirror plane for IMIPbBrs in Cmcm phase, or sitting on the inversion centre for
IMI3PbBrs. Furthermore, the light carbon and nitrogen atoms are almost equally weak
in scattering X-rays whose scattering has been dominated by the heavy atoms, lead and

bromine, so in the hybrid perovskite, the accuracy of the imidazole position cannot be
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ascertained. Therefore, to further provide conclusive evidence for the position of the

imidazole, solid state NMR was carried out and where the NMR dynamics would

provide an indication of the presence of disorder.
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Figure 6.7 Multinuclear Solid State Nuclear Magnetic Resonance (SSNMR) studies of (a)
IMIPbBr; (b) IML,PbBrs and (c) IMI;PbBrs, where {H spectra is shown on the left and '3C
spectra on the right. In the 'H spectra, the experimental spectra are fitted to the deconvolution

of peaks, and the details are shown in Table 6.2. In the '*C spectra, the insert shows the zoomed
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in section of each peak, which is split for IMIPbBr; and IMLPbBrs. The °’Pb Hahn Echo
spectra are seen for (d) IMIPbBr3, (¢) IML,PbBrs and (f) IMI;PbBrs. 'H and '*C are referenced

to alanine and 2°’Pb referenced to PbNO:s.

From the homonuclear NOESY experiments, as seen in Fig 6.7, the 'H peak centred at
11.2 ppm is indeed a convolution of two peaks for all of the IMIPbBr3, IMI,PbBrs and
IMI3PbBrs systems. These peaks are therefore assigned to the two 'Hs attached directly
to nitrogen atom in the imidazole ring. For IMIPbBr3, the lone peak at 7.7 ppm also has
an integral corresponding to two 'H atoms and the NOESY experiment indicated that
this is a single site, indicating some form of chemical equivalence or exchange. Lastly,
the integral of the double peak at 8.6 ppm and 8.7 ppm sums up to one 'H atom and the
consistent correlations of the integral for the other sites (e.g. 'H-3 with 'H-7 or 'H-3
with 'H-1,2) indicates that this is a peak splitting effect rather than from two
independent sites. Similarly, the same can be said for the double peak between 9 ppm
and 10 ppm in IMI,PbBr4, and is also consequently assigned to 'H-3, while the double
13C peak between 130 ppm and 140 ppm is assigned to '3C-3.

The T, relaxation dynamics of the individual 'H are given in table 6.2 and variable
field 7 relaxation times are listed in table 6.3. The main difference between the two
techniques revolves around the regime of motion of the nuclei. Ti, are sensitive to
motion in the kilohertz regime while 77 are sensitive to motion in the megahertz to
gigahertz regime. From table 6.2, 'H T, in IMIPbBr3 is around 6 to 20 times greater
than that in IMI;PbBr4 and is around 4 times greater than that in IMIzPbBrs. Looking
at the variable field 71 dynamics, a lower field would give a lower 77 and follows a

well-established trend observed by Bloembergen et al. '8

and seen in Figure 2.X. Based
on the interpretation of 77, it is likely that the long 77 in IMI;PbBr4 and IMI3PbBrs
indicate that the relative motion of 'H is much lower than IMIPbBr3, as is the case to
the right of the minimum point. Furthermore, from 2D homonuclear NOESY
experiment as seen in Fig 6.7, 6.8 and 6.9, with the same contact time of 500 ms, there
is a much lower correlation intensity in IMIPbBr3; than in IMIPbBr4 or IMI3PbBrs.
Since NOE effect depends on the dipolar interaction between the 'H atoms, the lower
correlation indicates that the 'H in IMI,PbBrs and IMIsPbBrs are likely to be more

subdued, consistent with that observed in 71 and T1,.
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Table 6.2 Table showing experimental and theoretically predicted values of the 'H and '3C

chemical shifts based on XRD results, the relative intensities of each 'H peak and the T, results

of each identity peak. Since '*C CPMAS is carried out, the *C spectra do not provide any

quantitation. The experimental deconvolution for 'H is seen in Figure 6.6.

IMIPbBr3 lMlzP_bBr4 lMlJP_bBI'S
(Cmem) (PT) (PT)
Rel. Rel. Rel.
1 . 1 ’ 1 A
e How  HO g How Lo How D% Ing,
H Expt Calec. 1% Tip Expt Calc. Y Tip Expt Calc. Y Tip
site P pFT °  /ms P pFT °  /ms Pt prT °  /ms
ppm & /pm - m G N
1%) 1%) 1%)
1 7.7 6.5 40.3 144 6.5 6.4 20.4 14 6.6 6.4 38
2 7.7 7.4 9.0 84 204 7.1 81 7.1 27
3 8.6/ 9.3 20.4 124 8.9/ 9.7 18.5 20 8.9/ 10.0 28
8.5°% 9.3% 9.5°
8.7/ 8.8/ 8.4/
9.0¢ 9.4°¢ 9.1¢
11.1 10.6 20.3 - 11.2 11.2 20.3 - 11.3 13.7 20.1 -
11.3 14.1 19.9 - 11.5 13.5 20.3 - 11.7 12.6 20.8 -
13C 13C l3C
13 13
13C 13C Jiso Jiso &C Jiso ac Jiso
site Expt  Cale. E;O ¢ Cale E;o ¢ Cale
/jppm  DFT b I:n DFT b l:n DFT
/ppm pp /ppm PP /ppm
1 121.9 120.1 120.0 121.5 120.0 109.8
2 121.9 121.9 122.1 128.4 122.1 126.6
3 133.7/ 1351 134.9/ 130.8 1349/ 139.2
134.2 135.9 135.9
Table 6.3 Comparison of variable field 71 for IMIPbBr3;, IMLLPbBrs and IMI;PbBrs. The
decreasing T with decreasing magnetic field follows a well-established trend observed by
Bloembergen et al.'®
IMIPbBr; IMI>PbBr4 IMI;PbBrs
(Cmem) (PT) (PT)
T T T
H Jiso T TH Jiso T TH diso T
1 1 1
.H Expt. 164T /s 71T H Expt. 164T /s 71T H Expt. 164T /s 71T
site Jopm (*25) /s site Jopm (&55) /s site Joom (&55) /s
PP (£2s) PP (£3s) PP (+3s)
1,2 7.7 174 15.7 1 6.5 375 26.2 1 6.6 44.5 30
2 9.0 37.8 26.4 2 8.1 39.3 31
8.6/ 8.9/ 8.9/
8.5¢ 9.3¢ 9.5%
3 8.7/ 17.0 15.7 3 8.8/ 38.6 26.9 3 8.4/ 41.1 30
9.0° 9.4¢ 0.1¢
8 11.1 14.3 14.8 8 11.2 38.3 26.4 8 11.3 42.1 32
7 113 143 14.8 7 11.5 38.3 26.4 7 11.7 42.1 32
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Figure 6.8 2D NMR correlation of IMIPbBr; (a) 'H-"H homonuclear NOESY, with a relatively
short contact time of 500 ms, (b) NOESY with a relatively long contact time of 2000 ms. The
NOESY results provide evidence for the presence of two peaks, 'H-7 and 'H-8, between 11
ppm and 12 ppm, while the peak, 'H-3, is a split peak. (¢) 'H-'H BABA homonuclear
correlation boosts the confidence in peak assignment (d) The heteronuclear FSLG correlation
shows a clear correlation for 'H-1,2 with '3C-1,2 and 'H-3 with '3C-3 and provides further

evidence to support the assignments.
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Figure 6.9 2D NMR correlation of IM,PbBrs (a) 'H-'H homonuclear NOESY, with a

relatively short contact time of 100 ms, (b) NOESY with a relatively long contact time of 500

ms. The NOESY results provide evidence for the presence of two peaks, 'H-7 and 'H-8,
between 11 ppm and 12 ppm, while the peak, 'H-3, is a split peak. (c) 'H-'H BABA

homonuclear correlation boosts the confidence in peak assignment (d) The heteronuclear FSLG

correlation shows a clear correlation for 'H-1 with '*C-1, 'H-2 with '*C-2 and 'H-3 with *C-3.

The correlation for 'H-7 with 3C-3 and 'H-8 with '3C-3 is not unexpected because of the close

proximity of the atoms.
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Figure 6.10 2D NMR correlation of a 63% IMIsPbBrs — 37% IMLPbBrs mixture (a) 'H-'H
homonuclear NOESY, with a relatively short contact time of 100 ms, (b) NOESY with a
relatively long contact time of 500 ms. (¢) 'H-'H BABA homonuclear correlation boosts the
confidence in peak assignment (d) The heteronuclear FSLG correlation shows a clear
correlation for 'H-1 with *C-1, 'H-2 with *C-2 and 'H-3 with *C-3. The correlation for 'H-7

with 13C-3 and 'H-8 with '3C-3 is not unexpected because of the proximity of the atoms.
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Table 6.3 Comparison of variable field 71 for IMIPbBr3;, IMLLPbBrs and IMI;PbBrs. The
decreasing T with decreasing magnetic field follows a well-established trend observed by

Bloembergen et al.'®

IMIPbBr; IMI:PbBr4 IMI;PbBrs
(Cmcm) (P1) (P1)
T T1 T
H Jiso T: lH Jiso T: 1H Jiso T
I.H Expt. 164T/s 71T I.H Expt. 164T /s 71T I.H Expt. 16.4T /s 71T
site /ppm (£25) /s site fppm (£55) /s site fppm (£55) /s
(£2s) (£3s) (£3s)
1,2 7.7 17.4 15.7 1 6.5 37.5 26.2 1 6.6 44.5 30
2 9.0 37.8 26.4 2 8.1 39.3 31
8.6/ 8.9/ 8.9§7
8.5¢ 9.3¢ 9.5
3 8.7/ 17.0 15.7 3 8.8/ 38.6 26.9 3 g 4/ 41.1 30
9.0° 9.4¢ 9.1¢
8 11.1 14.3 14.8 8 11.2 38.3 26.4 8 11.3 42.1 32
7 11.3 14.3 14.8 7 11.5 38.3 26.4 7 11.7 42.1 32

In Fig 6.10, the variable field dependence of the peak profiles can be seen. With the
presence of two quadrupolar '*N neighbours surrounding '*C-3 and 'H-3, the origin of
the peak splitting can be better analysed from the variable field study of the spectra.
The two main interactions to consider here would be chemical shift anisotropy (CSA),
and the perturbation from the second order quadrupolar interaction. With an increasing
field strength, a CSA dominated peak profile would become narrower while the second
order quadrupolar dominated peak profile would become broader. From the 1*C-3 peak
profiles between 132 ppm and 138 ppm, the peaks can be observed to become narrower
with increasing field strength. Furthermore, if the peak splitting were to originate from
the J-coupling of *C with N, the '*C peak would become split into a doublet with a
1:2 ratio. The coupling frequency would have an inverse relationship with the magnetic
field strength and the peak profile would also take on an asymmetric profile as predicted

theoretically'’.
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Figure 6.11 'H and '3C spectra compared against variable field strength. Since both 'H and '3C

peaks become narrower with increasing field strength, CSA is the dominant process in the NMR

spectra.
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Hence, from this variable field 'H and '*C spectra, it can be concluded that there are
slight differences in the chemical environment of the imidazolium ions in the
framework. In all three polymorphs, IMIPbBr3, IMI:PbBrs and IMI3PbBrs, there are
two imidazolium cations in the asymmetric unit cell. Therefore, the observed 'H-3 and
13C-3 “doublets” with 1:1 ratio in IMIPbBr3; and IMI,PbBr4 are likely to originate from
the slight differences between the chemical environment of the 'H-3 and !*C-3 of the
two unique imidazolium cation. With an increasing field strength, the chemical shifts
of the “doublet” remain about the same but the splitting becomes broader since CSA is
being reduced. Therefore, sufficient resolution is gained, and this “doublet” can be more
appropriately identified as two chemically distinct sites. Although the similar peak
splitting is not experimentally observed in IMI3PbBrs, it should be considered that these
are subtracted spectra, and thus, the fine features of the peak splitting would likely be
lost. Should a sufficiently pure sample be obtained, it is likely that the peak splitting

features would also be seen.

6.3.4 Band structure predicted by Density Functional Theory and validated

experimentally through steady-state absorption and photoluminescence

Like in Chapter 5, the DFT calculations for DOS and JDOS are based on the single
crystal XRD results using the obtained CIF files, and the results are shown in Fig 6.11
with a summary of the calculated band gap in Table 6.4. Notably, for IMIPbBr3, the
room temperature Cmcm and intermediate P2:2121 phase has a direct band gap. The
low temperature Pnma phase along with IMI.PbBr4 and IMI3PbBrs has an indirect band
gap with a small momentum mismatch of around 0.01 eV and has flat dispersion
relation around the valance band to conduction band transition region. The results
shown here is also consistent with that seen in the chapter 5, where the inclusion of
SOC effects would lower the energy levels of Pb and Br p-orbitals, thus, obtain a band
gap closer to experimental values shown in Table 6.5. Since PBE functionals are known
to underestimate the band gaps in hybrid perovskites®, the different band gap values
predicted by rSCAN and PBE functionals are expected. When SOC effects are
accounted in the rSCAN functional, it is likely that the calculated band gap values
would agree closely with experimental results. Nevertheless, the DFT calculations

provides a good benchmark against the obtained experimental values.
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Figure 6.12 The density of states (left) and joint density of states (right) of the three phases of

IMIPbBr3;, IMLPbBr4 and IMIzPbBrs as calculated by Density Functional Theory (DFT) using
the Perdew—Burke-Ernzerhof (PBE) with Spin Orbit Coupling (SOC) functional.
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Table 6.4 Band gaps of the IMIPbBr3;, IMI,PbBrs and IMI;PbBrs systems obtained from DFT

calculations. The inclusion of SOC effects gives a more accurate estimate of the predicted band

gaps.
E /eV E /eV E /eV E /eV
Sample g & ¢ £,

(rSCAN) (PBE) (PBE + S0OC) (Experimental)

IMIPbBr, (Cmcm) 3.22 2.88 1.98 3.03 (30 °C)
IMIPbBr, 319 584 Lol 3.08 (-60 °C)

(P2,2,2)) ' ' '

IMIPbBr, (Pnma) 3.32 2.96 2.13 3.16 (-150 °C)

IMLPbBr, (P1) 3.16 2.92 2.33 3.00(30°C)

IMI,PbBr, (P1) 3.18 2.81 2.33 3.00 (30 °C)

Linear absorption and steady state photoluminescence measurements were carried out
and the results are presented in Fig 6.12. Even though the Pnma phase of IMIPbBr3,
IMI>,PbBrs4 and IMI;PbBrs are not a direct band gap materials, the small momentum
mismatch of around 0.01 eV coupled with the almost flat band dispersion near the
valance band to conduction band transition, it is fair to approximate the systems as
direct band gap materials. Hence, a corresponding Tauc plot is utilized to extract the
band gap values, which are then plotted against the temperature and shown in the insert
of Fig 6.12. Photoluminescence measurements were carried out under challenging
experimental conditions using an excitation energy of 290 nm; under such high
excitation energy conditions even the traditionally non-fluorescent CaF, windows

become fluorescent thus contributing to the strong background.

In IMIPbBr3, while increasing the temperature from -150 °C to 100 °C, it can be seen
that there is an abrupt jump in the band gap value between -90 °C and -60 °C, and this
corresponds well with the phase transition from Pnma to P212121, at between -80 °C
and -50 °C. Subsequently, it can be observed that the band gap value gradually
decreases with increasing temperature. But from the absorption spectra, it can be
observed that there is a slight jump in the onset of absorption edge from the curve
between -30 °C to 0 °C, and this also corroborates well with the known phase transition
from P212121 to Cmcm phase at around -30 °C. Notably, the excitonic absorption peak
is only observable in the low temperature Pnma phase and disappears upon the

transition to P212121 and Cmcm phase. From the photoluminescence spectra, the strong
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background is seen to be on approximately the same order of magnitude as the

photoluminescence signal originating from the sample, thus meddling with any

definitive conclusions. Combined with the experimental absorption spectra, the peak at

410 nm is likely to be an excitonic emission the broadband emission centre estimated

to be centre at 480 nm, with a full width half maximum (FWHM) of around 20 nm.
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Figure 6.13 Steady state absorption of (a) IMIPbBr3, (¢) IMI:PbBr4, and (d) a physical mixture
of 63% IMI;PbBrs— 37% IMIL:PbBrs and photoluminescence of (b) IMIPbBr3, (d) IMI,PbBr4,
and (f) a physical mixture of 63% IMI3PbBrs— 37% IMIPbBrs. The insert on the absorption
plot (a, ¢, d) shows the extracted band gap values taken from the Tauc plot of the absorption
spectra at different temperatures. Due to experimental limitations in photoluminescence
measurement, the peak at 290 nm arising from the second order effects of the monochromator

cannot be completely filtered and is marked with an asterisk.

Table 6.5 Table of key optical properties extracted from photoluminescence results

IMIPbBr; lMlzP_bBr4 IMI;P_bBrs
(Cmcm) P1) (P1)
Excitonic Excitonic Excitonic
emission 410 emission 410 emission 410
peak/nm peak/nm peak/nm
PL centre 480 PL centre 480 PL centre 530
/nm /nm /nm
PL FWHM 20+10 PL FWHM 80+10 PL FWHM 100420
/nm /nm /nm
T/°C Eg/eV T/°C Eg/eV T/°C Eg/eV
-180 3.16 -180 2.96 -180 2.96
-150 3.16 -150 2.97 -150 2.97
-120 3.15 -120 2.98 -120 2.98
-90 3.13 -90 2.98 -90 2.98
-60 3.08 -60 2.99 -60 2.99
-30 3.06 -30 2.99 -30 2.99
0 3.04 0 3.00 0 3.00
30 3.03 30 3.00 30 3.00
60 3.01 60 3.01 60 3.01
90 2.99 90 3.01 90 3.01
100 2.99 100 3.01 100 3.01

In IMLLPbBr3, there is a gradual decrease in the band gap with an increasing temperature
from -150 °C to 100 °C. From the absorption spectra, an excitonic absorption peak can
be seen at the onset of the absorption edge and the intensity of excitonic absorption

gradually decreases with increasing temperature. Notably, a hint of excitonic absorption
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persist even up to room temperature. Since IMI2PbBr4 does not undergo any phase
transition across this temperature range, difference in the absorption profile below 380
nm is likely due to indirect transitions which are not favoured at lower temperatures.
From the photoluminescence spectra, a profile similar to IMIPbBr3; can be seen, with
an excitonic emission peak at 410 nm and the broadband emission centre estimated at

480 nm, with a FWHM of 80 nm.

In IMI3PbBrs, the sample could not be separated into its pure form and thus, the work
presented here is a physical mixture of IMI;PbBrs and IMI:PbBr4, at a ratio of 63% to
37% respectively, as determined through pXRD. Hence, the accuracy of the
experimentally determined band gap should be taken with some caution. Notably, the
absorption profiles of the two samples are similar, showing a strong excitonic peak
absorption at low temperatures which gradually decreases with increasing temperature.
From the photoluminescence results, a strong excitonic emission peak is also seen at
415 nm but the broadband emission profile is much more sensitive to the temperature.
The broadband emission centred at 530 nm increases gradually from 100 K to the
maximum at 220 K then continues to decrease steadily until 380 K. This is in contrast
with the photoluminescence profile in pure IMI2PbBr4 where the broadband component
remains somewhat similar from 100 K to 380 K. Therefore, it is likely for the broadband

component of IMI3PbBrs to respond to the temperature effect as outlined earlier.

One common theme which runs across all three polymorphs of imidazole lead bromide
is the presence of broadband photoluminescence emission. In other reduced
dimensional hybrid perovskite and perovskitoid systems, broadband emission has very
often been linked to the geometrical considerations, like octahedra tilting and distortion
2126 From other similar <110> oriented perovskites, including IEAPbBr4 which was
studied in the previous chapter, evidence has been seen for the broadband emission
originating from self-trapped charge carriers. Furthermore, in an earlier chapter,
experimental evidence was also provided to show that the lead — halide bonds are
relatively soft and prone to local distortion. Hence, it would not be surprising for the
lead — bromide bonds to also follow the trend of local distortion in these three imidazole
lead bromide polymorphs. Therefore, the experimentally observed broadband emission
in all three imidazole lead bromide polymorphs would also be likely to originate from

self-trapped charge carriers. Unlike IEAPbBr4, where the excitonic absorption can be
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observed even at room temperature, the excitonic absorption profile in the three
polymorphs shown here have varying degree of sensitivity to temperature, but the
broadband emission profile persists even into high temperature. Therefore, it is likely
that other charged species, like electron and holes are self-trapped giving rise to the

range of recombination energy, and thus, broadband emission.

6.4 Conclusion

In conclusion, this chapter first demonstrated the need for a new naming nomenclature
to give more clarity to the comparison of 1D perovskitoids. The three systems studied
in this chapter are different polymorphs of imidazole lead bromide and this shows the
significance of A-site chemical activity. When the side group activity is supressed,
through an alkyl group substitution as in the previous chapter, such polymorphism is
not seen. Furthermore, work of this chapter also showed the limitations of the
Goldschmidt tolerance factor in hybrid perovskites, where the A-site cation takes on

geometries other than the ideal spherical shape.

The structural properties of each polymorph are characterized thoroughly and only
IMIPbBr; exhibits a series of phase transformation. From a structural symmetry
perspective, the phase transition from the room temperature to low temperature phases
goes through an unusual superstructure intermediate route. The remaining two
polymorphs, IMI;PbBrs and IMI3PbBrs does not show any phase transition upon
extreme cooling and demonstrates the robustness of the inorganic framework up to
thermal disintegration. Further analysis from NMR showed conclusively the presence
of an imidazolium cation in all three polymorphs. The NMR T, relaxation dynamics

provided an indication of the presence of dynamic disorder, particularly in IMIPbBrs3.

First principles DFT calculations were also carried out by starting from the structural
model as determined in XRD, where several experimental observations are in good
agreement with the calculations. The chemical shifts predicted by DFT are consistent
with the experimentally observed 'H and '*C chemical shifts. DFT was also used to

predict the optical band gap and has seen close agreement with the experimental values.
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Remarkably, in the analysis of the optical properties of the three polymorphs,
broadband photoluminescence emission is seen in all the samples. Such behaviour is
typically seen in self-trapped states, and hints at the existence of self-trapped charge
carriers. The excitonic absorption peak, has expectedly, diminishes with increasing
temperature for all three samples studied in this chapter and thus, gives an indication
that the self-trapping mechanism is different from the <110> oriented 2D layered

perovskite examined in the previous chapter.
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Chapter 7

Conclusions and Recommendations

Hybrid organic-inorganic perovskites have proven to be an extremely
rich field of underexplored chemistry and physics. In chapter 4, the
physics of MAPbI; was studied in detail through the optical signature
charge transport of polarons. 2D layered <110> oriented perovskites
were studied in chapter 5, particularly the pioneering APIPbBr, and
recently discovered IEAPbBr,. Thorough structural characterization
shows APIPbBry to exist as a polymorph APIPb;Briy, where the
cation dynamics is distinct from IEAPbBr,. Chapter 6 explores the
less studied 1D perovskite and ‘perovskitoid’, where a new naming
nomenclature is proposed. The polymorphism seen in imidazole lead
bromide demonstrates the importance of the perovskite A-site cation
chemistry. The presence of white light emission across all the reduced
dimensional perovskite systems hints at the presence of self-trapped

states.
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7.1 Summary of thesis

The aim of this thesis was to study the effects and implications of the local structural
distortion upon the localization effect of charge carriers in hybrid perovskites, and the
resultant bulk effects. This commenced with the well-studied prototypical 3D MAPDI;,
in chapter 4, through examining vibrionic features in the infrared and visible regions.
The experimental observations were further substantiated through first principles DFT
simulations. In chapter 5, the focus then moved onto <110> oriented 2D layered hybrid
perovskites, APIPbBrs and IEAPbBr4 which has only recently been reported. In an
unexpected result, APIPbBr4 was shown to exist as a previously unknown polymorph
APLPbsBrio. In chapter 6, three different polymorphs of imidazole lead bromide were
studied, of which one takes on a 3D structure closely resembling a 4H perovskite
polytype while the remaining two are clearly 1D perovskites. Thus comparisons have

been made of effects in 3D, 2D and 1D perovskites.

7.2 Contributions and Implications

In chapter 4, direct evidence for the existence for polarons is presented, starting from
an ab initio DFT calculation. The accuracy of the DFT model is first checked against
steady-state absorption and steady-state photocurrent measurements. Following the
accurate estimations, DFT predicted the existence of an energy state within the band
gap arising from the electron-phonon coupling, which would give rise to the formation
of a polaron. Concurrently, DFT also predicted the modulation of several vibrionic
features in the infrared regime which can be attributed to mode softening. These
predictions are further validated though steady state photoinduced absorption
measurements. The formation and decay dynamics of polarons are then studied through
transient absorption in the visible regime and through fast transient photocurrent
measurements. Since neutral species, like excitons, do not contribute to photocurrent,
the two fast spectroscopic techniques showed clearly that the charge carriers are
coupled with phonons to form large polarons. The formation of large polarons would

thus reconcile several anomalous charge transport properties observed in MAPbI3.

Moving to reduced dimensional perovskites, chapter 5 focuses on <110> oriented 2D
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layered hybrid perovskite, APIPbBrs and IEAPbBr4. The most important conclusion of
this chapter is showing that the former exists as a polymorph which does not take on
the <110> oriented 2D layered hybrid perovskite. The inorganic framework instead
form a truncated 1D chain where the API cation spreads out the charges along the 1D
chain instead of across two layers. API;Pb3Bro is seen to take on a phase transition at
lower temperatures and always forms a twin. Such a phase transition is not observed in
IEAPDBr4 and shows the robustness of the inorganic perovskite framework. Evidences
from NMR and optical characterization shows distinct differences across a variety of
spectrum, from the cation dynamics to the optical band gap. Notably, the excitonic
absorption and emission peak is seen in [EAPbBr4, which matches well with other <110>
2D layered perovskites reported in literature'. Notably, IEAPbBrs has also
demonstrated the limit to the correlation of octahedra distortion with the broadness of

the emission.

Chapter 6 explores 1D perovskites which can be obtained by using unsubstituted
imidazolium cation and shows that three different polymorphs can be obtained, based
on the starting ratio of imidazole to lead oxide. This chapter starts off by examining and
proposes a new classification regime for 1D perovskitoids. During the structural
analysis, the need for complementary analysis is highlighted in IMIPbBr3, which was
shown clearly to take on an orthorhombic crystal lattice. Dynamics disorder of the
imidazolium ring across all three polymorphs were studied through NMR and can be
elucidated that IMIPbBr3 is likely to be spinning like a turntable in the imidazole ring
plane while motion in IMIPbBrs and IMI3PbBrs is likely to be restricted. The NMR
spectral feature which shows an apparent split peak in both the '*C and 'H spectra is
likely to be of structural origin arising from two unique imidazole rings in one

asymmetric unit cell.

7.3 Future work and direction

From the detailed studies carried out from the thesis, a thorough optical characterization
and analysis of the new structures examined in chapter 5 and 6, like IEAPbBr4 and
IMIPbBr3, by optical methods utilized in chapter 4, such as photoinduced absorption

and transient fast spectroscopy, would shed more light on the nature of these materials.
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This is because IEAPbBrs shows evidences of self-trapped excitons even at room
temperature, which is highly unusual in many materials. The study on polymorphs of
imidazole lead bromide would help to shed light on the mechanism of self-trapping and
whether charge carriers or neutral species contribute more towards the broadband
emission. However, moving onto such optical studies would also present itself several
challenges; the greatest would be regarding the type of sample because a thin film
sample might end up structurally different from the bulk and the effect of grain
boundaries might dominate the observed spectroscopic effects. Conversely, pellet
pressing of the samples with KBr would also be equally challenging due to the well

observed phenomena of ion exchange in hybrid perovskites™.

Chapter 5 and 6 also demonstrated the significance of the perovskite A-site cation.
While Goldschmidt tolerance factor has provided a good reference in predicting the
perovskite crystal structure, it was developed by assuming that all the ions are spherical.
While this would remain accurate in oxide perovskites, hybrid perovskites have shown
instances where the tolerance factor would fail, particularly in the formation of 2D
hybrid perovskites by using a long or bulky side chain. From a surfactant chemistry
perspective, the micelle critical packing parameter has been utilized to predict the
packing shape and micelle structure formed by considering the contributions from the
head and tail group. Such an approach could possibly modify the Goldschmidt tolerance

factor to also include organic cations and aid the structural engineering of perovskites.

Another area for further investigation which the results in chapter 5 and 6 has
demonstrated is the significance of the perovskite A-site cation. In lead halide
perovskites, the A-site cation is typically monovalent (i.e. +1) for the structure to
maintain charge neutrality. From IEAPbBr4 and all three polymorphs of imidazole lead
bromide, the chemical activity in the perovskite A-site cation chemistry is demonstrated.
To further probe the validity of this hypothesis, a comparison with pyrrolium based
perovskite or perovskitoids to examine the importance of the chemical activity by the
lone pair of electrons on imidazolium cations. Alternatively, studies can also start off
from the system based on pyridinium based hybrid perovskite °, and then compared

against pyrazine and pyrimidine-based hybrid perovskites.
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Figure A.1 (a) 'H and (b) *C{'H} NMR spectra of IEABr; in DMSO-d6. Chemical

shift values (8 in ppm) were referenced against residual protic solvent peaks.
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Appendix B

Table B1 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A?x10°) for API,Pb3Bri¢ at 298 K. Ueq is defined as 1/3 of of the trace of

the orthogonalised Uy tensor

Atom X y b4 U(eq)
Pb(2) 10000 4707.9(6) 5000 42.68(11)
Pb(1) 6721.2(2) 4975.0(3) 4596.4(2) 39.91(7)
Br(2) 5000 2401.4(14) 5000 50.1(3)
Br(6) 11339.0(8) 7398.2(11) 5817.7(5) 53.2(2)
Br(5) 8039.9(7) 4835.7(15) 6082.4(4) 60.4(2)
Br(3) 5905.0(7) 5228.7(12) 3028.1(4) 56.6(2)
Br(1) 5000 7598.6(14) 5000 56.8(3)
Br(4) 8445.5(9) 2404.1(12) 4068.5(6) 60.3(2)
N(Q2) 2219(5) 5592(9) 1637(3) 48.8(15)
N(1) 3482(6) 4772(13) 852(4) 65.1(19)
C() 4000(6) 4988(15) 1549(4) 59(2)
C(@3) 2408(7) 5154(13) 923(4) 57(2)
CQ) 3194(7) 5468(12) 2013(4) 56(2)
C4) 1131(7) 6183(11) 1945(5) 49.9(18)
C(5) 273(7) 4846(15) 1933(5) 68(2)
C(6) -872(7) 5414(13) 2214(6) 64(2)
NQ3) -1736(7) 4200(13) 2131(7) 98(3)

Table B2 Anisotropic Displacement Parameters (A?x10%) for APL,Pb3Brio at 298 K

Atom Un U2 Uss Uzs Uis Uiz
Pb(2) 36.66(16) 51.5(3) 39.87(17) 0 -1.9513) 0
Pb(1) 37.28(11) 44.38(14) 38.07(12) 0.63(11) -1.90(8) -2.17(12)
Br(2) 47.7(6) 39.0(5) 63.5(7) 0 -4.3(6) 0
Br(6) 57.0(5) 50.5(5) 52.1(5) -6.9(3) -1.5(4) 7.1(4)
Br(5) 65.0(4) 82.5(6) 33.9(3) 0.0(4) 3.7(3) -7.4(6)
Br(3) 55.4(4) 67.9(6) 46.3(4) 2.0(4) -11.8(3) -3.1(4)
Br(1) 66.5(9) 38.1(6) 65.9(8) 0 -3.3(7) 0
Br(4) 66.2(6) 51.8(5) 62.9(5) -13.44) 0.7(4) 5.6(4)
N(2) 453) 59(4) 43(3) 6(3) 2(3) 4(3)
N(1) 58(4) 86(6) 52(3) -13(4) 9(3) 5(5)
C(1) 37(3) 85(6) 53(4) 11(5) -1(3) 6(5)
C3) 514 78(6) 41(3) 0(4) -8(3) 1(5)
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C2) 434 90(7) 36(3) 1(4) -2(3) 1(4)
Cé4) 444 57(5) 49(4) 3(3) 5(3) 3(3)
Ci5) 494) 80(6) 74(5) -7(6) 11(4) -3(6)
C6) 42(4) 64(6) 86(6) -9(5) 7(4) 3(4)
N@3) 62(5) 75(6) 157(9) -28(6) 16(6) -6(5)

Table B3 Bond Lengths for API;Pb3Brio at 298 K

Atom Atom Length/A Atom Atom Length/A
Pb(2)  Br(6)'  3.0435(10) Pb(1)  Br(d)  3.0446(9)
Pb2)  Br(6)  3.0434(10) NQ2)  C(3) 133609

Pb2)  Br(5)  3.0063(7) NQ2)  CQ)  1.32909)

Pb2)  Br(5)  3.0063(7) NQ2)  C@) 1.471(9)

Pb(2)  Br(d)  3.0826(11) N() () 1.390(11)
Pb(2)  Br(4)  3.0826(11) N()  C3) 1.305(10)
Pb(1)  Br2)  2.9825(@8) (1) c) 1.314(10)
Pb(1)  Br(6)  3.0892(9) c4)  Ci) 1.474(13)
Pb(1)  Br5)  3.0627(8) c5)  C6)  1.507(11)
Pb(1)  Br(3)  2.9546(8) C(6) NQ3) 1.417(13)

Pb(l)  Br(1) 3.0106(8)

12-X,+Y,1-Z

Table B4 Bond Angles for API;PbsBrio at 298 K

Atom Atom Atom Angle/ Atom Atom Atom Angle/’
Br(6) Pb(2) Br(6)'! 89.39(4) Br(3) Pb(l) Br(l) 87.681(19)
Br(6) Pb(2) Br4)! 82.25(3) Br(3) Pb(l) Br(4) 88.33(3)
Br(6)! Pb(2) Br(4) 82.25(3) Br(1) Pb(l) Br(6)' 96.38(2)
Br(6)! Pb(2) Br4)' 171.63(3) Br(1) Pb(l) Br(5) 99.16(2)
Br(6) Pb(2) Br(4) 171.63(3) Br(1) Pb(l) Br(4) 175.78(2)
Br(5) Pb(2) Br(6)'! 83.42(3) Br(4) Pb(l) Br(6)! 82.12(2)
Br(5) Pb(2) Br(6) 93.78(3) Br(4) Pb(l) Br(5) 84.56(3)
Br(5)! Pb(2) Br(6) 83.42(3) Pb(1)*> Br(2) Pb(l) 92.11(3)
Br(5)! Pb(2) Br(6)'! 93.78(3) Pb(2) Br(6) Pb(l)! 79.56(2)
Br(5)' Pb(2) Br(5) 176.08(5) Pb(2) Br(5) Pb(l) 80.563(16)
Br(5) Pb(2) Br4)' 97.50(3) Pb(1) Br(l) Pb(1)*> 91.01(3)
Br(5) Pb(2) Br(4) 84.86(3) Pb(l) Br(4) Pb(2) 79.65(2)
Br(5)! Pb(2) Br(d) 97.50(3) C(@3) N2) C“) 125.8(7)
Br(5)! Pb(2) Br4)! 84.86(3) C(2) N2) C@3) 108.3(7)
Br(4)! Pb(2) Br(4) 106.11(4) C(2) N2) C“) 125.9(6)
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Br(2)
Br(2)
Br(2)
Br(2)
Br(5)
Br(3)
Br(3)
Br(3)

12-X+Y,1-Z; 21-X+Y,1-Z

Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)

Br(6)"
Br(5)
Br(1)
Br(4)
Br(6)'
Br(2)
Br(6)"
Br(5)

175.02(2) C(3)
96.28(2) C(2)
88.44(2) N(1)
93.16(3) C(1)
81.74(3) N(2)
93.206(19)  C(4)
88.27(3) N@3)
168.43(2)

N(1)
)
CB3)
CQ)
C4)
)
C(6)

C()
N(1)
N@©)
NQ@)
C(5)
C(6)
C05)

107.9(6)
106.3(7)
108.4(7)
109.2(7)
110.7(7)
112.7(9)
113.4(8)

Table B5 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10°) for API,Pb;Brio at 298 K

Atom
H(T)

H(1A)
H(@3)

H(2)

H(4A)
H(4B)
H(5A)
H(5B)
H(6A)
H(6B)
H(3A)
H(3B)
H3C)

X
3811.14
4763.97
1866.91
3290.69
860.14
1243.59
537.06
191.59
-805.86

-1094.39
-1741.14
-2408.69
-1602.55

y
444421

4824.55
5127.6
5687
7117.55
6560.85
3932.1
4437.23
5707.42

6407.73
3826.24
4651.35
3358.88
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Z

447.05

1664.81

540.9
2522.4

1649.33
2457.35
2243.27
1422.51
2741.13

1940.99
1660.15
2237.37
244452

U(eq)
78
70
68
68
60
60
81
81
76

76

118
118
118
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Appendix C

Table C1 Fractional Atomic Coordinates (x10%*) and Equivalent Isotropic
Displacement Parameters (A2x10%) for APL,PbsBryo at 240 K. Ueq is defined as 1/3 of

of the trace of the orthogonalised Uy tensor

Atom x y 4 U(eq)
Pb(1) 6717.2(6) 6242.8(6) 2141.3(4) 29.33(15)
Pb(2) 10000 10000 5000 29.02(18)
Br(3) 6195.9(17) 7933.0(15) 4567.0(12) 34.4(3)
Br(4) 10963.0(18) 7492.4(16) 4182.5(12) 35.4(3)
Br(2) 5721.5(19) 3914.5(16) 2929.9(12) 38.3(3)
Br(5) 11926(2) 10957.1(17) 8050.7(13) 43.2(4)
Br(1) 2610.1(17) 5190.7(16) 391.6(12) 37.5(3)
NQ2) 11676(14) 8763(12) 10520(9) 30(2)
N(1) 13450(16) 9133(13) 12527(10) 37(3)
C(1) 14269(18) 10226(17) 12348(12) 40(4)
CH4) 10157(18) 8043(16) 9116(12) 38(3)
C3) 11874(18) 8213(15) 11417(12) 33(3)
NQ@3) 7644(16) 5196(13) 6376(10) 44(3)
CQ2) 13170(17) 10047(15) 11075(12) 36(3)
C(6) 9357(19) 6434(17) 6681(12) 44(4)
C(5) 10797(19) 7191(18) 8165(12) 47(4)

Table C2 Anisotropic Displacement Parameters (A2x10°) for API,PbsBrig at 240 K

Atom Un U2 Uss Uzs Uiz Uz
Pb(1) 25.5(22) 35.2(3) 252(2) 11.33(19) 10.44(18) 11.8(2)
Pb(2) 27.04) 32.0(5 27.03) 12.2(3) 10.7(3) 11.9(3)
Br(3) 29.8(6) 42.8(9) 32.5(6) 14.9(6) 17.2(5) 14.7(6)
Br(4) 30.9(7) 46.6(9) 39.7(7)  23.9(6) 16.9(5) 22.5(7)
Br(2) 42.0(8) 38.7(9) 41.4(7)  19.7(6) 20.4(6) 20.5(7)
Br(5) 54.7(9) 54.2(10) 38.8(7)  30.5(7) 23.4(6) 30.7(8)
Br(1) 27.7(7) 46.2(9) 37.2(7)  13.6(6) 13.5(5) 18.1(6)
N(Q2) 36(6) 32(7) 32(5) 19(5) 16(5) 18(5)
N(1) 49(7) 43(8) 34(6) 27(5) 18(5) 25(6)
C(1) 25(7) 61(12) 29(6) 14(6) 8(5) 21(7)
C4) 32(7) 50(10) 36(7) 20(6) 12(6) 22(7)
C@3) 37(7) 36(9) 36(7) 21(6) 23(6) 13(6)
N@3) 49(7) 43(9) 37(6) 8(5) 18(5) 23(6)
C12) 30(7) 40(9) 39(7) 22(6) 11(6) 15(7)
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C6)  448)  46(10) 37(7) 16(6) 7(6) 21(8)
C5)  36(8)  68(13) 34(7) 16(7) 17(6) 21(8)

Table C3 Bond Lengths for API,Pb;Brjo at 240 K

Atom Atom Length/A Atom Atom Length/A
Pb(l)  Br(3)  3.0084(13) Pb2)  Br(5)  2.9976(13)
Pb(l)  Br(4)  3.1034(14) NQ2)  C@)  1.470(15)
Pb(1)  Br2)  2.9486(17) NQ2)  C() 1.324(15)
Pb(1)  Br(5)  3.0732(18) NQ2)  CQ) 1.372(17)
Pb(1)  Br(l)  2.9592(14) N(I)  C()  1.305(19)
Pb(l)  Br(1)  3.0789(13) N()  CG3)  1.324(16)
Pb2)  Br(3)  3.0360(14) cl) €)Y 1363(16)
Pb2)  Br(3)'  3.0360(14) c4  Co) 1.507(17)
Pb2)  Br(4)  3.0454(14) NG)  C(6) 1.494(19)
Pb(2)  Br(4)  3.0454(14) c6)  CG5)  1.510(16)

Pb2)  Br(5)  2.9976(13)

12-X,2-Y,1-Z; >1-X,1-Y ,-Z

Table C4 Bond Angles for API.Pb3Brio at 240 K

Atom Atom Atom Angle/ Atom Atom Atom  Angle/
Br(3) Pb(l) Br(4) 85.04(4) Br(5)' Pb(2) Br(3) 83.33(4)
Br(3) Pb(l) Br(5)' 82.52(4) Br(5) Pb(2) Br(3) 96.67(4)
Br(3) Pb(l) Br(1)*> 173.63(5) Br(5) Pb(2) Br(3)' 83.33(4)
Br(2) Pb(l) Br(3) 87.38(4) Br(5) Pb(2) Br(4) 96.14(4)
Br(2) Pb(l) Br(4) 91.73(4) Br(5) Pb(2) Br(4)' 83.86(4)
Br(2) Pb(l) Br(5)' 168.35(4) Br(5)' Pb(2) Br(4)' 96.14(4)
Br(2) Pb(l) Br(l) 88.07(4) Br(5)' Pb(2) Br(4) 83.86(4)
Br(2) Pb(1) Br(l1)*> 98.98(4) Br(5)' Pb(2) Br(5)  180.00(6)
Br(5)! Pb(1) Br(4) 81.65(4) Pb(1) Br(3) Pb(2) 79.93(3)
Br(5)' Pb(1) Br(1> 91.11(4) Pb(2) Br(4) Pb(l) 78.31(3)
Br(1) Pb(l) Br(3) 90.06(4) Pb(2) Br(5) Pb(l)! 79.51(4)
Br(1) Pb(l) Br(4) 175.104) Pb(1) Br(l) Pb(1)> 89.44(4)
Br(1)> Pb(1) Br(4) 94.30(4) C(3) N2) CH“) 124.3(13)
Br(1)  Pb(1) Br(5)' 97.70(5) C(3) N2) C(2) 109.3(11)
Br(1) Pb(1) Br(1)> 90.56(4) C(2) N(2) C@“) 126.2(11)
Br(3) Pb(2) Br(3)' 180.0 C(1) N(1) C@3) 110.8(10)
Br(3)! Pb(2) Br(4) 94.42(4) N(1) C() C@ 108.2(13)
Br(3) Pb(2) Br(4)! 94.42(4) N(2) C4) CO) 109.0(10)
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Br(3)
Br(3)!
Br(4)
Br(5)!

12-X,2-Y,1-Z; *1-X,1-Y ,-Z

Table C5 Hydrogen Atom Coordinates (Ax10*) and Isotropic

Pb(2) Br(4)
Pb(2) Br(4)!
Pb(2) Br(4)'
Pb2) Br(3)!

85.59(4)
85.58(4)
180.0

96.67(4)

N(1)
C(1)
N@)
C(4)

Parameters (A?x10%) for APLPb3Bri at 240 K

Atom
H(T)

H(1A)
H(4A)
H(4B)
H(3)

HG3A)
H(3B)
H3C)
H(2)

H(6A)
H(6B)
H(5A)
H(5B)

X
13880.41
15418.66
9887.25
8986.36
11053.69
6932.14
6947.42
8022.16
13388.02
8927.37
9993.09
11049.33
11997.55

y
9024.16

11003.11
8727.61
7431.83
7338
4744.64
5481.86
4617.64
10667.6
7093.58
6125.36
6506.25
7810.18

211

C3) N@)
C2) N@
Cce©) €O
Co5)  C(6)

<
13273.88
12985.98
8807.04
9103.49
11291.23
5460.89
6804.44
6678.91
10667.06
6424
6099.85
8481.72
8219.03

106.7(13)
105.0(13)
115.0(12)
113.4(11)

Displacement

U(eq)
44
48
45
45
40
53
53
53
43
53
53
57
57
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Appendix D

Table D1 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A%x10°) for IEAPbBr4 at 298 K. Ugq is defined as 1/3 of of

the trace of the orthogonalised Uy tensor

Atom
Pb01
Br02
Br03
Br04
Br05
NO006
NO007
C008
C009
NOOA
C00B
coocC
C4

X
2629.6(2)
4872.0(6)
3160.7(9)
889.1(8)
-38.9(8)
7870(5)
5940(7)
8694(7)
8443(7)
7470(6)
7839(7)
7145(7)
7435(7)

y
7199.9(2)

6583.0(6)
9721.0(5)
7737.6(7)
7229.8(7)
4492(4)
4783(5)
5420(6)
5743(6)
5020(6)
3859(6)
4269(7)
4551(7)

3z
3374.9(2)
4142.6(3)
3355.2(3)
4275.3(4)
2608.2(4)
4209(2)
3149(3)
4317(3)
4850(3)
5052(3)
3672(3)
4676(3)
3177(4)

U(eq)
25.37(7)
38.09(16)
46.20(19)
51.72)
54.6(2)
34.0(12)
48.5(16)
41.2(17)
42.6(16)
48.5(17)
44.3(18)
44.9(17)
49(2)

Table D2 Anisotropic Displacement Parameters (A2x10°) for IEAPbBr4 at 298 K

Atom Un U2z Uss Uzs Uis Uiz
Pb01  25.38(11)  23.52(11)  27.20(11)  -0.25(10)  0.98(9)  1.85(8)
Br02  34.5(3) 47.4(4) 32.4(3) 4.5(3) -4.5(3) 1.1(3)
Br03  66.7(5) 20.7(3) 51.2(4) -0.4(3) 2.1(4) -2.33)
Br04  46.2(4) 54.2(4) 54.5(4) -21.1(4) 25.6(4)  -13.3(3)
Br05  60.9(5) 48.8(5) 54.0(5) -12.4(4) -29.6(4) 18.6(3)
N006  35(3) 32(3) 35(3) -3(3) -3(3) -1(2)
N007  63(4) 37(3) 46(4) -1(3) -13(3) 4(3)
C008  37(3) 43(4) 43(4) -3(4) 3(3) -13(3)
C009  46(4) 39(4) 43(4) -1(4) -2(4) -9(3)
NOOA 52(4) 61(4) 33(3) 1(3) -1(3) -7(3)
CO00B  42(4) 36(4) 55(5) -12(4) -4(4) 6(3)
C00C 45(4) 46(4) 43(4) 9(4) -1(4) -11(3)
C4 49(4) 59(5) 40(4) -14(4) 4(4) -1(4)
Table D3 Bond Lengths for [IEAPbBr4 at 298 K

Atom Atom Length/A Atom Atom Length/A
Pb01 Br02 2.9105(7) N006 C00B 1.479(8)

Pb01 Br03 3.0368(7) N006 Co0C 1.334(9)
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Pb01
Pb01
Pb01
Pb01
N006

Br03!
Br04
Br052
Br05
C008

3.0399(7)
2.7837(7)
3.2296(7)
3.1385(7)
1.380(8)

1/2-X,-12+Y +Z; 212+X +Y,1/2-Z

N007
C008
C009
NOOA
C00B

Table D4 Bond Angles for [IEAPbBr4 at 298 K.

Atom
Br02
Br02
Br02
Br02
Br03
Br03
Br03!
Br03!
Br03
Br04
Br04
Br04
Br04

Atom
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01
Pb01

Atom Angle/°

Br03
Br03!
Br05?
Br05
Br03!
Br052
Br05
Br05?
Br05
Br02
Br03!
Br03
Br05?

97.70(2)
87.13(2)
86.73(2)
165.26(2)
174.902(14)
82.07(2)
78.40(2)
99.90(2)
96.69(2)
91.20(2)
94.85(2)
83.47(2)
164.97(2)

Atom
Br04
Br05
Pb01
Pb01
C008
CcooC
CcooC
C009
C008
CcooC
NO006
NOOA
NO007

C4
C009
NOOA
Co0C
C4

Atom
Pb01
Pb01
Br03
Br05
NO006
NO006
NO006
C008
C009
NOOA
C00B
CcooC
C4

1.461(8)
1.344(10)
1.355(9)
1.300(10)
1.484(11)
Atom  Angle/°
Br0S  87.30(2)
Br05%  98.393(8)
Pb01®  155.85(3)
PbO1*  169.12(3)
CO00B  125.2(6)
C008  107.6(6)
CO00B  127.1(6)
N006  107.5(6)
NOOA  106.0(6)
C009  110.9(7)
C4 113.8(6)
N006  108.0(6)
CO00B  113.3(6)

N/2-X,-124Y +Z; 124X +Y,1/2-Z; 3172-X,12+Y +Z; *-1/2+X,+Y,1/2-Z

Table D5 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for IEAPbBr4 at 298 K.

Atom
HOOA
HOOB
HOO0C
HO008

HO009

HOOD
HOOE
HOOF

HO0G
H4A

X

5759.46
5676.1
5473.91
9309.93
8852.9

71

14.81

7186.64
8756.21

65

18.23

7936.71

y
5207.38

5146.1

4137.1

5760.15
6340.89
5053.68
3238.87
3540.68
3679.18
5260.14
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4

2848.78
3460.07
3122.85
4066.07
5041.99
5385.16
3707.84
3604.19
4723.91
3191.19

U(eq)
58
58
58
49
51
58
53
53
54
59
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H4B 7715.53 4162.55 283542 59
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Appendix E
Table E1 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A?x10%) for IMIPbBTr3 at 298 K. Ueq is defined as 1/3 of of the trace of the

orthogonalised Uy tensor.

Atom X y z U(eq)
Pb(1) 5000 6666.8(2) 11062.9(2) 51.98(15)
Br(1) 5000 8111.3(8) 12500 54.1(3)
Br(2) 2832.3(9) 5944.1(6) 12500 53.9(2)
Br(3) 5000 5000 10000 90.8(5)
Br(4) 7500 7500 10000 91.1(4)
C(2AA) 6130(20) 7119(11) 7500 55(8)
C(1AA) 6083(15) 6266(13) 7831(18) 81(13)
N(1) 4610(15) 5975(11) 7750(30) 93(16)
C(0AA) 3748(16) 6650(15) 7370(30) 112(15)
N(2) 4690(30) 7357(12) 7220(20) 102(12)
C4) 10000 5160(30) 9270(20) 120(10)
C(2) 8960(40) 4750(20) 10270(30) 80(6)
C(1) 9160(40) 4620(30) 9680(30) 92(7)
C@3) 10000 4332(19) 10230(30) 103(7)

Table E2 Anisotropic Displacement Parameters (A?x10%) for IMIPbBr; at 298 K

Atom Un U2z Uss Uz Uz Uz
Pb(1) 60.8(2) 58.3(2) 36.84(18)  0.12(13) O 0
Br(1) 58.2(7) 42.0(6) 62.3(7) 0 0 0
Br(2) 48.2(4) 52.5(5) 61.1(5) 0 0 -5.93)
Br(3) 108.0(13)  88.0(12)  76.4(10) -37.09) O 0
Br(4) 96.0(8) 101.1(9)  76.3(7) 18.0(7) 32.7(6) -8.8(7)
C(2AA) 56(17) 45(13) 70(20) 0 0 6(10)
C(1AA) 3412 71(14) 140(40) 28(16) 6(12) -13(9)
N(1) 42(14) 100(14) 140(50) 7(16) -26(14)  -24(7)
C(0AA) 48(10) 160(20) 130(40) 30(30) 10(20)  19(13)
N(2) 80(20) 108(14) 120(30) 4(14) -14(15)  30(10)
C4) 130(20) 150(30)  72(16) 18(16) 0 0

C(2) 73(13) 79(17) 89(14) -27(12) -16(11)  -41(8)
C(1) 86(15) 100(20)  85(14) -48(12) -31(9) -45(11)
C(3) 126(16) 74(16) 110(19) -5(14) 0 0
Table E3 Bond Lengths for IMIPbBr3 at 298 K

Atom Atom Length/A Atom Atom Length/A
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Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
C(1AA)
N(1)
N(1)
N(1)
N(1)
N(1)
N(1)

Br(1)
Br(2)
Br(2)!
Br(3)
Br(4)
Br(4)?
C(1AA)
C(1AA)
N(1)*
N(Y
C(0AA)’
C(0AA)*
N©2)*
N(2)
N@)*
N2y
C(1AA)
C(1AA)*
N(1)
N(1)?
N(1)*
Ny
C(0AA)
C(0AA)*
N2y’
N(1Y
N(1)*
N(1)*
C(0AA)
C(0AA)*
C(0AA)

3.0209(9)
3.0229(7)
3.0229(7)
3.0076(4)
3.0089(2)
3.0089(2)
1.420(16)
1.4200
1.954(9)
1.954(17)
0.768(7)
0.768(4)
0.92(4)
1.4200
1.420(15)
0.92(4)
0.92(5)
1.97(3)
1.4200
1.63(4)
0.79(2)
1.12(5)
0.684(15)
0.889(5)
1.86(2)
0.99(5)
0.70(7)
0.71(3)
1.331(10)
1.91(2)
1.4200

N(1)
C(0AA)
C(0AA)
C(0AA)
C(0AA)
C(0AA)
NQ@)
NQ©)
N@)
C4)
C4)
C4)
C4)
C4)
C4)
C4)
C4)
C4)
C4)
CQ2)
CQ2)
Q)
CQ)
Q)
CQ2)
CQ2)
Q)
()
()
C()
C()

C(0AAY
C(0AA)®
N@)y’
N@y’
NQ©)
N(@2)*
N(@)*
NE@)y’
N@y’
C(2)°
C2)
C2)*
CQ)
C(1)°
C()
c(1)’
C(1)?
CB3)
CG3)°
c(2y*
C(2)
C(1)°
()
C(1y’
C(1)?
CB3)
CG3)°
C(1y’
C(1)?
CB3)
C3)°

1.84(2)
0.35(8)
1.51(2)
1.89(5)
1.4200
1.82(4)
0.57(5)
0.78(6)
0.97(5)
1.16(4)
1.80(5)
1.16(4)
1.80(5)
1.67(4)
1.28(5)
1.28(5)
1.67(4)
1.87(5)
1.05(5)
1.09(7)
1.90(7)
1.98(4)
0.85(5)
1.90(4)
1.02(4)
1.15(4)
1.87(4)
1.53(8)
1.48(7)
1.17(5)
1.82(4)

N-X4+Y,5/2-Z; 2-1/24X,3/2-Y 2-Z; 3+X +Y,3/2-Z; 1- X +Y +Z; °1-X,+Y ,3/2-Z; ©2-
X,1-Y,2-Z; "2-X +Y +Z; 3+X,1-Y 2-Z

Table E4 Bond Angles for IMIPbBr3 at 298 K

Atom
Br(1)
Br(1)
Br(2)!

Atom Atom
Pb(1) Br(2)
Pb(l) Br(2)!
Pb(1) Br(2)

Angle/®
81.352(19)
81.353(19)
81.40(3)
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Atom
N(2)
N(2)
N(2)

Atom Atom
C(0AA) N(1)’
C(0AA) N(1)®
C(0AA) N(2)’

Angle/
90.3(5)
87.1(7)
14.4(9)
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Br(3)  Pb(l) Br(l)
Br(3)  Pb(l) Br(2)
Br(3)  Pb(l) Br(2)!
Br(3)  Pb(l) Br(4)
Br(3)  Pb(l) Br(4)
Br(4? Pb(l) Br(l)
Br(4)  Pb(l) Br(l)
Br(4)  Pb(l) Br(2)
Br(4? Pb(l) Br(2)
Br(4)  Pb(l) Br(2)!
Br(4? Pb(l) Br(2)!
Br(4? Pb(l) Br(4)
Pb(1* Br(l) Pb(l)
Pb(1* Br2) Pb(l)
Pb(1) Br(3) Pb(l)*
Pb(1)  Br(d) Pb(1)’

C(1AA)® C(2AA) C(1AA)

C(1AA)® C(2AA) N(1)
C(1AA) C(2AA) N(1)
C(1AA)® C(2AA) N(1)®
C(1AA) C(2AA) N(1)®
C(1AA)® C(2AA) N(2)°
C(1AA)® C(2AA) N(2)
C(1AA) C(2AA) N(2)°
N(1)  CQAA) N(1)}

C(0AA)” C(2AA) C(1AA)°
C(2AA) C(1AA)°
C(2AA) C(1AA)
C(0AA)” C(2AA) C(1AA)

C(0AA)S
C(0AA)®

C(0AA)® C(2AA) N(1)
C(0AA)Y C(2AA) N(1)}
C(0AA)® C(2AA) N(1)®
C(0AA)” C(2AA) N(1)
C(0AA)®
C(0AA)® C(2AA) N(2)}
C(0AA)® C(2AA) N(2)
C(0AA)® C(2AA) N(2)°
C(0AA)” C(2AA) N(2)®
C(0AA)” C(2AA) N(2)°
C(0AA)’ C(2AA) N(2)
C(0AA)® C(2AA) N(2)

C(2AA) C(0AA)

168.099(19)
89.650(17)
89.649(17)
98.093(7)
98.093(7)
89.666(13)
89.666(13)
168.118(14)
89.606(15)
89.607(15)
168.118(14)
98.152(10)
82.39(3)
82.32(2)
180.0
180.0
37.6(19)
34.4(16)
19.9(7)
19.9(11)
34.4(17)
108.0(8)
97.5(7)
97.5(8)
20.6(19)
112)
33.7(6)
112)
33.7(6)
28.5(18)
28.5(18)
37.2(14)
37.2(14)
27(2)
1142)
117(2)
109(2)
127(3)
117(2)
109(2)
127(3)
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N(2)°
N(2)°
NQ2)
NQ2)
N()’
C(2AA)
C(2AA)
C(2AA)®
C(2AA)
C(2AA)
C(2AA)
C(2AA)®
C(2AA)®
C(2AA)
C(2AA)
C(2AA)
C(1AA)®
C(0AA)
C(0AA)
C(0AA)®
C(0AAY
C(0AA)
C(0AA)
C(0AA)°
C(0AA)
C(0AA)®
C(0AA)
N(2)°
N(2)°
N()’
N()’
N@2)}
N()’
N(2)°
NQ)}
N(2)°
N()’
N@2)}
N@2)}
N(2)°
N()’

C(0AA) N(2)
C(0AA) N(2)
C(0AA) N(2)°
C(0AA) N(2)
C(0AA) N(2)

N@)
N@)
N@)
N@)
N@©)
N@)
N@)
N@)
N@)
N@©)
N@)
N@)
N@)
N@)
N@©)
N@)
N@)
N@)
N@)
N@©)
N@2)
N@)
N@)
N@)
N@©)
N@)
N@)
N@)
N@)
N@©)
N@2)
N@)
N@)
N@)
N@©)
N@2)

C(2AA)
C(1AA)®
C(1AA)®
C(0AA)®
C(0AA)
C(0AA)®
C(0AA)®
C(0AA)
C(0AA)
C(0AA)®
NQ)}
C(0AA)®
C(2AA)
C(1AA)®
C(1AA)
C(1AA)
C(0AA)°
C(0AA)®
C(0AA)®
C(0AAY
C(0AAY
C(0AA)®
C(2AA)®
C(2AA)
C(2AA)
C(2AA)
C(2AA)
C(1AA)®
C(1AA)®
C(1AA)
C(0AAY
C(0AA)
C(0AA)®
C(0AA)
C(0AA)
C(0AAY

14.3(12)
32.1(17)
30.8(19)
29.8(10)
24.3(10)
121.6(16)
96.7(8)
48.3(14)
21.3(5)
29.6(18)
103.0(11)
104.0(8)
109.6(8)
23.6(5)
23.9(9)
97(2)
75.6(5)
108.0
18.7(19)
28.3(6)
74.6(5)
13(3)
10.7(9)
83.1(9)
88.5(6)
87.0(7)
86.9(6)
65(3)
74.0

22.4
144.0(16)
40(2)
112.2(10)
92(2)
104.5(18)
83.20(9)
127.1
46.9(17)
103.3(14)
81.3
38.6(6)
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C(0AAY
NQ@)*
NQ@)*
NQ@)’
N@)’
N(Q)
NQ©)
NQ©)
NQ@2)°
NQ@)°
NQ@)*
N@)’
NQ@)’
NQ@)*
N@)’
NQ@)*
NQ©)
NQ@)*
NQ@)’
NQ@)*
C(2AA)
C(2AA)
C(2AA)
C(1AA)S
C(1AA)S
C(1AA)S
C(1AA)S
C(1AA)S
C(1AA)S
N(1)
N(1)’
N(1)?
N1’
N(1)*
N(1)
N(1)’
N(1)°
N1’
N()?
N(1)
N(1)’

C(2AA) N(2)

C(2AA) C(1AA)
C(2AA) C(1AA)°
C(2AA) C(1AA)
C(2AA) C(1AA)°
C(2AA) C(1AA)

C(2AA) N(1)
C(2AA) N(1)}
C(2AA) N(1)}
C(2AA) N(1)
C(2AA) N(1)
C(2AA) N(1)
C(2AA) N(1)}
C(2AA) N(1)}
C(2AA) N(2)°
C(2AA) N(2)
C(2AA) N(2)°
C(2AA) N(2)
C(2AA) N(2)
C(2AA) N(2)°

C(1AA) C(1AA)Y

C(1AA) N(1)°
C(1AA) NQ2)®

C(1AA) C(2AA)
C(1AA) C(1AAY

C(1AA) N(1)}
C(1AA) N(1)
C(1AA) N(1)*
C(1AA) N(2)*

C(1AA) C(2AA)
C(1AA) C(2AA)
C(1AA) C(2AA)
C(1AA) C(1AAY
C(1AA) C(1AAY
C(1AA) C(1AAY
C(1AA) C(1AA)°
C(1AA) C(1AA)Y

C(1AA) N(1)
C(1AA) N(1)
C(1AA) N(1)*
C(1AA) N(1)}

114(2)
102.8(9)
120(2)
119.7(15)
102.8(12)
108.0
88.4(7)
82.8(11)
88.4(10)
82.8(8)
91.0(13)
99.8(17)
91.0(16)
99.8(19)
42(2)
50(3)
32(2)
42(3)
13.5(17)
13.5(19)
91.8
97.5(10)
29.0(11)
71.2
90.0
44(3)
85.6
60(2)
88.0(11)
108.0
122.0(9)
99.9(15)
36.7(12)
56(2)
19.3
82.0(2)
34.7(18)
17.4(12)
44(3)
25(2)
38(3)
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N@)*
N@)?
N@)Y’
N(@2)°
N(2)°
NQ@)Y’
N(@)°
N@Y’
N@Y’
C(2y’
C(2y’
C(2)10
C(2)10
C(2y’
C(2)11
C(2y’
C(2y’
C(2)10
C(2)10
C(z)lO
C(2y’
C(2)10
C(2y’
Q)
C(z)lO
C(2)11
C(2y’
C(1y’
()
C()
C( 1)1 1
C(l)lo
C(1y’
C( 1)10
C( 1)1 1
C(1y’
()
C( 1)1 1
C( 1)1 1
C()
C()

N@)
N@)
N@)
N@)
N@©)
N@)
N@)
N@)
N@)
C4)
C4)
C(4)
C4)
C(4)
C4)
C4)
C(4)
C(4)
C(4)
C4)
C4)
C(4)
C(4)
C(4)
C4)
C4)
C(4)
C(4)
C(4)
C4)
C4)
C(4)
C(4)
C(4)
C4)
C(4)
C(4)
C(4)
C(4)
C4)
C4)

C(0AA)® 92(3)
C(0AA) 56.4(17)
C(0AA)® 41.3(7)
C(0AA)® 68(3)
C(0AA)® 72.5(9)
C(0AA)® 124.4(8)

N@)*
N@)*
N(@)°
C(z)lO
CQ2)
C(2)11
CQ)
C(2)ll
CQ2)
C()
C(l)ll
()
C(l)ll
c(1y’
C(l)lo
C(l)lo
C(1y’
CB3)
CB3)
CB3)
C3)
Q)
Q)
C(2)11
C(2)11
Q)
C(2)ll
C(2)ll
CQ2)
C(l)lo
C(l)lo
C(l)lo
c(1y’
C(l)ll
c(1y’

36(2)
54(2)
90.0
110(5)
93(3)
93(3)
35(3)
35(3)
64(2)
109(4)
49(2)
49(2)
109(4)
82(3)
82(3)
28(3)
28(3)
36.5(14)
72(2)
36.5(14)
72(2)
69.5(19)
25.7(17)
74(2)
25.6(17)
33.8(16)
33.8(16)
69.5(19)
74(2)
54(3)
58(3)
91(2)
58(3)
73(5)
91(2)
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N(1)Y  CIAA) N(1)*  27.0(17)
N(1)*  C(IAA) N(1)*  21.1(12)
N(1)  C(1AA) C(0AA) 115.7(17)
N(1)  C(1AA) N@2*  103(2)

N(1)*  C(AA) N@2)*  86.0(16)
N(1)*  C(IAA) N@2)*  98.0(13)
N(1)  C(AA) NQ2)®  86.4(16)
C(0AA)® C(1AA) C(2AA) 13(2)

C(0AA)” C(1AA) C(2AA) 28.6(5)

C(0AA)” C(1AA) C(1AA)® 44.5(3)
C(0AA)” C(1AA) C(1AA) 99.9(18)
C(0AA)® C(1AA) C(1AA)® 66(2)
C(0AA)® C(1AA) C(1AA) 103(2)
C(0AA)® C(1AA) N(1)  118(2)
C(0AA)® C(1AA) N(1)®  103(3)
C(0AA)” C(1AA) N(1)¥  82(2)
C(0AA)® C(1AA) N(1)®  101(4)
C(0AA)® C(1AA) N(1)”  130(3)
C(0AA)” C(1AA) N(1)  109.1(17)
C(0AA)” C(1AA) N(1)°  89(2)
C(0AA)® C(1AA) C(0AA) 21(2)
C(0AA)® C(1AA) N(2)®  41.7(18)
C(0AA)” C(1AA) N2)®  53.9(7)

N(@2)

C(1AA)® N(1)
C(1AA)® N(1)
C(1AA) N(1)
C(1AA)” N(1)
C(1AA) N(1)

C(1AA) C(1AA) 67.8(15)

C(2AA)®
C(2AA)® 45.7(14)
C(2AA)® 92.5(14)
C(2AA)® 38.0(12)
C(1AA)® 34.1(15)

86.4(12)

C(1AA)® N(1)
C(1AA)” N(1)
C(1AA)® N(1)
C(1AA)” N(1)
C(1AA)” N(1)
C(1AA)” N(1)
C(1AA)” N(1)
C(1AA) N(1)
C(1AA)” N(1)
C(1AA)® N(1)
C(1AA)” N(1)
C(1AA)® N(1)

C(1AA)® 90(3)
C(1AA)® 54(3)
C(1AA)

C(1AA)
N(1)
C(0AA)® 23(3)

C(0AA)® 19.2(6)
C(0AA)” 110.1(8)
C(0AA)® 41.4(9)
C(0AA) 34.3(4)
C(0AA)® 28.9(5)

117(2)
C(1AA)® 124.4(10)
124.0(12)
132.0(18)

C(1y’
C(l)ll
()
C(l)lo
cG3y’
cG3y
cG3y’
cG3y’
cG3y’
c3y’
c3y’
cG3y’
cG3y’
C(4y’
C4y’
C4)
C(4y’
C4)
C(4y’
C4)
C4)
C(4y’
C(2)10
C(2)10
C(z)lO
C(z)lO
C(2)11
C(2)10
C(2)ll
C(z)lO
C(z)lO
()
C(l)lo
C(l)lo
C()
C()
C(l)lo
C(l)lo
()
C()
C()

C4)
C(4)
C(4)
C(4)
C4)
C4)
C(4)
C(4)
C(4)
C4)
C4)
C(4)
C4)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)

CB3)
CB3)
CB3)
CB3)
CQ2)
C(2)11
C(2)10
C(2y’
C(l)lo
C(1y’
C()
C(l)ll
CB3)
C4)
C(2)11
C(2)11
c(1y’
C(l)ll
C(l)ll
c(1y’
c3y
cG3y’
C4)
C(4y’
C(2)11
C(1y’
c(1y’
C(l)ll
C(l)ll
c3y’
CB3)
C(4y’
C4)
C(4y’
C4)
C(2)11
C(2)11
C(2)10
C(2)10
c(1y’
C(l)ll

62(2)
38(2)
38(2)
62(2)
77(3)
77(3)
63(3)
63(3)
44(2)
44(2)
102(3)
102(3)
93(3)
87(3)
35(3)
58.2(12)
38(2)
40.4(16)
61(2)
52.3(16)
33.4(16)
72(2)
38.0(19)
107(3)
90.00(3)
69.7(18)
30.3(13)
78(2)
25.9(12)
35(2)
113(4)
112(5)
66(3)
72(4)
41(3)
77(4)
79(3)
47(3)
62(4)
88(3)
52(4)
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C(1AA) N(1)
C(1AA)® N(1)
C(1AA)” N(1)
C(1AA)® N(1)
C(1AA)® N(1)
C(1AA)® N(1)

N N
ND® N
N N
N N()
N N(D)
N N
ND® N
N N
N N(D)
N N()
N N
ND* N
ND® N
N N(D)
N(D° N1
N N
N N
N N
N N()
N(® N
N N
ND® N
ND® N
N(D® N
N N()
N N(D)
N N
N N
N N(D)

C(0AA) N(1)
C(0AA)” N(1)
C(0AA)® N(1)
C(0AA)® N(1)
C(0AA)® N(1)
C(0AA) N(1)

C(0AA)’
C(0AA)
C(0AA)®
C(0AA)
C(0AA)®
C(0AA)’
C(2AA)®
C(2AA)®
C(2AA)®
C(1AA)
C(1AA)
C(1AA)°
C(1AA)
C(1AA)°
C(1AA)
C(1AA)
C(1AA)®
C(1AA)°
C(1AA)®
C(1AA)
N(1)®
N(1)
N(1Y
C(0AA)®
C(0AA)’
C(0AA)’
C(0AA)
C(0AA)
C(0AA)°
C(0AA)®
C(0AA)°
C(0AA)°
C(0AA)
C(0AA)®
C(0AA)’
C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(1AA)°
C(1AA)

26.2(5)
90.9(19)
109.2(8)
28(2)
98.9(18)
20.4(10)
110.2(13)
97.0(15)
79.7(12)
124(3)
98.0(2)
60.3(15)
52(3)
34.7(13)
19.3
143.3(12)
44(3)
21.0(9)
84(5)
94.4
45(3)
45(3)
90.0
35.7(5)
38.4(5)
41.2(17)
123.5
98(2)
109(3)
49.9(14)
126.1(3)
83(3)
68.3
84.6(9)
74.0(2)
19.1(14)
73.1(9)
74.5(9)
16.0(15)
101.4(19)
108.0
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C()
C(l)ll
C(l)lo
C(l)lo
C(l)lo
C()
()
C(l)lo
CB3)
CB3)
c3y’
CB3)
cG3y’
CB3)
cG3y
CB3)
CB3)
C4)
C4)
C4y’
C4)
C(4y’
C4)
C4)
C4y’
C4)
C(2)10
C(2)10
Q)
CQ2)
CQ2)
C(2)10
Q)
C(2)10
C(2)11
CQ2)
C(2)10
C(2)10
Q)
CQ2)
C(z)lO

CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)

C(l)lo
c(1y’
C(l)ll
C(1y’
CB3)
c3y’
CB3)
cG3y’
C4)
c@y’
C(2)11
C(2)11
C(1y’
c(1y’
C(l)ll
C(l)ll
cG3y’
C(4y’
C(2)ll
C(2)11
C(2y’
C(2y’
C(l)lo
C(l)ll
cG3y’
c3y’
C4)
C(4y’
C4)
cy’
C(2)11
C(2y’
C(2y’
C(2)ll
C(2y’
C(z)lO
C(l)lo
C(l)ll
C(l)lo
C(l)ll
CB3)

105(5)
45(2)
88(3)
49(4)
114(4)
74(4)
69(5)
34(3)
75(3)
54(3)
59.4(14)
34.5(19)
35.1(15)
65(2)
57.8(17)
35(3)
90(3)
89(2)
66(2)
37.0(13)
33.5(18)
58.2(17)
74(3)
53(2)
64.4(18)
35(2)
59(3)
80(3)
114(4)
40(3)
77(4)
70(4)
92(3)
92(3)
32(2)
71(5)
34(3)
101(3)
42(3)
103(4)
117(4)
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C(0AA)® N(1)
C(0AA) N(1)
C(0AA)® N(1)
C(0AA) N(1)
C(0AA)® N(1)
C(0AA)® N(1)
C(0AA) N(1)
C(0AA)® N(1)

C(1AA)

C(1AA)
C(0AA)
C(0AA)®
C(0AA)®
C(0AA)

C(0AA)
C(0AA)

C(2AA)® C(0AA) C(1AA)

C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(2AA)®
C(1AA)®
C(1AA)®
C(1AA)®
C(1AA)®
C(1AA)
C(1AA)®
C(1AA)
C(1AA)
C(1AA)
C(1AA)E
C(1AA)
C(1AA)®
C(1AA)
C(1AA)®
C(1AA)
C(1AA)
C(1AA)®
C(1AA)®
N(1)®
N(1)
N(1)®
N(1)
N(1)®
N(1)

C(0AA) N(1)
C(0AA) N(1)®
C(0AA) N(1)®
C(0AA) N(1)
C(0AA) N(2)
C(0AA) N(2)
C(0AA) N(2)°
C(0AA) N(2)}

C(0AA) C(2AA)®
C(0AA) C(1AAY

C(0AA) N(1)°
C(0AA) N(1)
C(0AA) N(1)}
C(0AA) N(1)}
C(0AA) N(1)®
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(2)
C(0AA) N(2)
C(0AA) N(2)
C(0AA) N(2)°
C(0AA) N(2)}
C(0AA) N(2)°
C(0AA) N(2)
C(0AA) N(2)®
C(0AA) N(1)®
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(1)}
C(0AA) N(1)
C(0AA) N(1)

108.03(14)
93.5(7)
10.6(9)
89.0(6)
90.4(7)
14(3)
85.1(5)
89.0(9)
118(3)
124(3)
117(3)
136(3)
111(3)
36(3)
48(2)
29(3)
42.1(18)
156(6)
70(6)
27.1(18)
51(5)
62(2)
43.1(15)
57(3)
29.9(14)
44.8(13)
56(3)
1112)
120(4)
122.5(14)
133(3)
93(2)
98(2)
108(4)
118(3)
18.2(7)
18.1(5)
30(2)
32.4(17)
29(3)
21(2)
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CQ2)
CQ)
C(2)10
C(l)lo
C(l)ll
C(l)ll
C(l)lo
C(l)ll
C(l)lo
C(l)lo
C(l)lo
C(l)ll
CB3)
CB3)
cG3y
CB3)
CB3)
c3y’
CB3)
CB3)
CB3)
C(4y’
C(4y’
C(4y’
cy’
c@y’
C(4y’
C(4y’
C(4y’
cy’
C(2y’
C(2)11
Q)
C(2)10
C(2)11
CQ2)
C(2y’
C(2)ll
Q)
C(2)11
C(2)11

C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)

CB3)
cG3y’
cG3y’
C(4y’
cy’
C(2y’
C(2)11
C(2)ll
C(2y’
C(l)ll
c3y
cG3y’
C(4y’
C4)
C(2)11
C(2)11
C(2y’
C(2y’
C(l)lo
C(l)ll
c3y’
C4)
C(2y’
CQ)
C(2)11
C(z)lO
()
C(l)lo
c(1y’
C(l)ll
C4)
C4)
C4)
C4)
CQ2)
C(2y
C(2)10
C(2)10
C(2)10
C(2y’
C(l)ll

67(4)
80(3)
35(3)
47(2)
62.9(15)
30.3(13)
70.5(15)
25.9(12)
64.7(16)
89.999(19)
40(2)
65.2(14)
39(2)
99(3)
60.1(15)
34.6(19)
67(2)
34.9(14)
86(3)
49(2)
92(2)
87(3)
70(3)
63(2)
63(2)
70(3)
98(3)
44(2)
44(2)
98(3)
36.1(13)
69(3)
69(3)
36.1(13)
111(4)
90(3)
61(3)
90(3)
33(3)
33(3)
43(2)
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N(1)°
N(1)°
N(1)®
N(1)°
N(1)°
N(1)
N(1)
N(1)
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
C(0AA)®
NQ2)}
N()’
N(2)°
N(2)°
N()’
N(Q2)

C(0AA) N(2)
C(0AA) N(2)}
C(0AA) N(2)}
C(0AA) N(2)°
C(0AA) N(2)
C(0AA) N(2)
C(0AA) N(2)°
C(0AA) N(2)*

C(0AA) C(2AA)®
C(0AA) C(1AA)®

90.7(10)
93.7(14)
76.0(13)
107.6(11)
104.5(6)
94.0(9)
95.6(9)
85.0(10)
77(3)
114(6)

C(0AA) C(1AA) 44.5(3)

C(0AA) N(1)®
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(1)}
C(0AA) N(2)}
C(0AA) N(2)
C(0AA) N(2)°
C(0AA) N(2)
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(1)
C(0AA) N(1)}
C(0AA) N(1)}
C(0AA) N(1)

97(3)
68.3
74.02)
95(2)
72.5(9)
96.81(15)
63(2)
98.74(7)
69.9(11)
76.1(11)
82.1(6)
90.0(11)
73.0(12)
108.0

C(2)11
C(2)11
C(2)ll
CQ)
CQ2)
CQ2)
Q)
()
c(1y’
C(l)ll
C(l)lo
C(l)ll
C(1y’
()
C(l)lo
C(l)ll
()
C(1y’
C(l)lo
c(1y’
C()
()
C(l)ll
C(l)ll
C(l)ll

CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)
CB3)

C()
c(1y’
C(l)lo
()
C(l)lo
C(l)ll
C(1y’
C4)
C4)
C4)
C4)
C(2)10
C(2)10
C(2y’
C(2y’
C(2y’
C(2)10
C(2y’
C(2)10
C(l)lo
c(1y’
C(l)lo
C(l)lo
()
C(1y’

110(4)
31(2)
80(3)
43(2)
31(2)
110(4)
80(3)
43(2)
54.0(18)
43(2)
54.0(18)
78(3)
62.1(18)
78(3)
62.1(18)
29(2)
29(2)
26.7(15)
26.7(15)
50(3)
88(2)
54(3)
88(2)
82(5)
54(3)

N-X,+Y,5/2-Z; 2-1/24X,3/2-Y 2-Z; 3+ X +Y,5/2-Z; *1-X,1-Y ,2-Z; °3/2-X,3/2-Y ,2-Z;
54X, +Y,3/2-Z; "1-X,+Y +Z; 81-X,+Y,3/2-Z; °2-X,1-Y 2-Z; "9+ X,1-Y 2-Z; '12-X,+Y +Z

Table ES Atomic Occupancy for IMIPbBr3 at 298 K

Atom
C(2AA)
C(0AA)
C2)

Occupancy
0.25
0.25
0.25

Atom
C(1AA)
N@2)
C(1)
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Occupancy
0.25
0.25
0.25

Atom
N(1)
C(4)
C@3)

Occupancy
0.25

0.5

0.5
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Appendix F
Table F1 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A?x10%) for IMIPbBTr3 at 220 K. U is defined as 1/3 of of the trace of the

orthogonalised Uy tensor

Atom X y 4 U(eq)
Pb(1) 2238.0(7) 11440.3(5) 4573.4(2) 31.53(14)
Pb(2) 1983.8(6) 8564.1(5) 4620.7(2) 30.38(14)
Pb(3) 2667.4(6) 6413.2(5) 2958.2(2) 31.75(15)
Pb(4) 2369.4(6) 3567.3(5) 2852.4(2) 31.83(15)
Br(8) 285.3(16) 5026.7(15) 3261.8(5) 34.3(4)
Br(4) 4325.4(17) 9900.7(14) 4227.2(5) 34.6(4)
Br(2) 11.8(17) 10088.6(16) 4200.3(5) 36.2(4)
Br(9) 2574.6(17) 5120.7(13) 2177.6(6) 37.7(4)
Br(10) 4603.0(18) 4823.3(14) 3298.6(6) 37.9(4)
Br(3) 2093.6(18) 10096.4(12) 5320.7(5) 37.7(4)
Br(7) 259(2) 7655.5(16) 2592.4(7) 53.3(6)
Br(6) 2294(3) 7438.6(16) 3804.6(6) 53.1(5)
Br(11) 2267(3) 2442.7(16) 3690.2(7) 55.5(5)
Br(1) -137(2) 12613.9(18) 4969.4(8) 57.4(6)
Br(12) 4729(2) 2480.9(18) 2392.1(8) 61.1(7)
Br(5) 4357(3) 7449.5(19) 5036.8(9) 68.4(7)
C(7) 2010(20) 4782(13) 4197(5) 81(8)
N(6) 3255(15) 4528(13) 4445(7) 142(11)
C(9) 3000(20) 4824(14) 4876(6) 137(14)
C(8) 1590(30) 5262(12) 4895(6) 119(12)
N(5) 980(14) 5237(13) 4475(7) 140(11)
C(1n 6330(20) 6923(14) 3908(6) 96(9)
C(12) 7640(30) 6595(13) 3713(7) 120(10)
N(8) 8454(17) 7420(20) 3580(7) 194(17)
C(10) 7640(20) 8259(13) 3693(7) 112(10)
N(7) 6326(19) 7951(14) 3896(5) 94(7)
C(2) 2110(20) 9893(12) 3279(5) 70(6)
C(3) 3444(16) 9646(12) 3070(6) 85(8)
N(2) 3350(20) 9963(14) 2636(5) 123(9)
C(1) 1960(30) 10407(13) 2577(6) 133(13)
N(1) 1197(14) 10364(12) 2975(9) 140(11)
C(5) 4062(17) 7163(15) 1316(8) 151(15)
NQ@3) 3220(20) 7570(14) 1655(5) 109(8)
C4) 1840(20) 7842(13) 1483(6) 103(10)
N(4) 1830(20) 7602(15) 1039(6) 141(10)
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C(6) 3200(30) 7182(16) 936(6) 138(14)

Table F2 Anisotropic Displacement Parameters (A?x10%) for IMIPbBr3 at 220 K

Atom Un U2 Uss Uzs Uis Uiz
Pb(1)  33.2(3) 23.3(3) 38.2(3) -0.4(3) 2.4(3) -0.6(3)
Pb(2)  32.3(3) 24.7(3) 34.2(3) 0.1(3) 1.0(3) -0.6(3)
Pb(3)  32.9(3) 25.7(3) 36.7(3) -2.4(3) 3.003) -1.0(3)
Pb(4)  33.1(3) 24.7(3) 37.7(3) -2.2(3) 4.1(3) -0.2(3)
Br(8) 30.9(8) 35.8(10)  36.2(10)  0.6(8) 3.9(7) 0.6(8)
Br(4) 31.8(8) 349(10)  37.2(10)  -1.6(8) 4.1(7) 0.1(8)
Br(2) 32.2(8) 39.8(11)  36.6(10)  -0.8(9) -4.0(7) -1.5(8)
Br(9) 43.3(9) 39.6(11)  30.2(9) -1.1(7) 3.4(7) 0.1(9)
Br(10) 33.9(9) 36.9(12)  43.0(11)  -0.9(9) -5.1(7) -0.3(8)
Br(3) 42.7(9) 39.8(11)  30.5(9) 1.2(7) 0.7(7) -0.2(9)
Br(7) 52.2(12)  49.4(14) 58.5(14) 10.4(10) -9.6(10) 12.6(10)
Br(6) 60.9(12)  49.9(12) 48.5(11)  -19.5(9) 2.4(10) -4.8(10)

Br(11) 69.8(13) 43.2(11) 53.6(12) 17.7(10)  -0.4(11)  -3.6(10)
Br(1)  56.4(13) 49.2(14) 66.6(14) -11.8(11)  6.1(11) 19.5(11)
Br(12) 53.8(13) 47.7(13) 81.7(18) -11.5(12) 16.8(12)  14.0(11)
Br(5) 57.0(14) 54.2(14) 94.0(18) 15.7(12)  -262(13)  15.0(12)

C(7)  80(15)  11020)  50(13)  -2(13) 9(11) 25(16)
N(6)  68(14)  180(30)  180(20)  0(20) 10(15) 23(17)
C(9)  20030)  100(30)  110(20)  -20(20) -90(20) 30(20)
C(8)  190(30)  80(20)  84(18)  14(17) 78(18) 40(20)
NG5)  64(14)  160(30)  190(30)  10(20) 25(16) 44(16)
C(11)  100(20)  80(16)  110(20)  28(17) 0(16) 2(15)
C(12) 15030)  130(20)  90(20)  -21(18) -28(18) 50(20)
N@®)  160(30)  190(30)  230(40)  30(30) 12030)  50(20)
C(10) 14020y  81(18)  120(20)  3(17) -35(18) -51(16)
N(7)  88(15)  103(15) 89(16)  -9(14) 18(13) 41(13)
C2)  112(17)  49(14)  50(13)  6(10) 38(12) 7(14)
C3)  76(16)  66(17)  114(19)  26(16) 7(14) 18(14)
N@2)  190(20)  10020)  73(16)  12(13) 45(16) -30(20)
C(1)  20030)  80(20)  120(20)  40(20) -90(20) -40(20)
N(1)  77(15)  80(20)  260(30)  -10(20) -32(17) 14(14)
C(5)  150(30)  140(30)  170(30)  20(30) 20(20) 80(30)
N@3)  140(20)  102(19)  88(16)  24(13) 29(14) -11(16)
C@)  78(17)  12020)  107(19)  -17(19)  46(15) 36(17)
N@)  12020)  20030)  106(18)  10(20) -25(17) 30(20)
C(6)  100(20)  170(40)  150(30)  -60(30)  45(19) -10(20)
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Table F3 Bond Lengths for IMIPbBr3 at 220 K

Atom  Atom Length/A Atom  Atom Length/A
Pb(1)  Br(4) 3.0504(19) Pb(4)  Br(1l)  3.032(2)
Pb(1)  Br(2) 2.9925(19) Pb(4)  Br(12)  2.989(2)
Pb(l)  Br(3) 2.9752(18) c7) N6 1.4200
Pb(1)  Br(1))  3.074(2) o7 NG 1.4200
Pb(1)  Br(l) 2.973(2) NG6)  CO) 1.4200
Pb(1)  Br(1y? 3.076(2) cO)  C®) 1.4200
Pb2)  Br(4) 3.0769(18) c®) NG 1.4200
Pb2)  Br(2) 3.062(2) c(1l)  C(12)  1.4200
Pb(2)  Br(3) 3.0358(18) (1l N@) 1.4200
Pb(2)  Br(6) 2.987(2) C(12)  N(@8) 1.4200
Pb(2)  Br(5) 2.955(2) N@®)  C(10)  1.4200
Pb2)  Br(5) 2.973(2) C(10)  N(7) 1.4200
Pb(3)  Br(8) 3.0463(18) ce)  CE) 1.4200
Pb(3)  Br(9) 3.0123(18) ce) NI 1.4200
Pb(3)  Br(10) 3.009(2) c3)  NQ) 1.4200
Pb(3)  Br(7) 3.011(2) NQ)  C() 1.4200
Pb(3)  Br(6) 3.006(2) cay N 1.4200
Pb3)  Br(12)*  3.0002) c5)  N@) 1.4200
Pb(4)  Br(8) 3.0489(19) G5y C6) 1.4200
Pb(4)  Br(9) 3.005(2) NG)  C@) 1.4200
Pb(4)  Br(10) 3.0141(19) C(4)  N@) 1.4200
Pb(4)  Br(7)’ 3.041(2) N@4)  C6) 1.4200

X 4Y 4Z; 21/24X,5/2-Y,1-Z; 3-1/2+X,3/2-Y,1-Z; *1-X,1/2+Y,1/2-Z; >-X.-
1/2+Y,1/2-Z

Table F4 Bond Angles for IMIPbBr3; at 220 K

Atom Atom Atom Angle/* Atom Atom Atom Angle/®
Br(4)  Pb(l) Br(11)! 89.62(6) Br(9) Pb(4) Br(10) 82.43(5)
Br(4)  Pb(l) Br(1)*> 88.41(6) Br(9) Pb(4) Br(7)° 91.57(6)
Br(2)  Pb(l) Br(4)  81.54(5) Br(9) Pb(4) Br(ll) 165.07(6)
Br(2)  Pb(l) Br(11)! 86.60(6) Br(10) Pb(4) Br(8) 81.37(5)
Br(2)  Pb(l) Br(1)*> 166.51(6) Br(10) Pb(4) Br(7)° 168.70(6)
Br(3)  Pb(l) Br(4)  82.44(5) Br(10) Pb(4) Br(11) 85.44(6)
Br(3)  Pb(l) Br(2)  83.30(5) Br(7)> Pb(4) Br(8)  88.34(5)
Br(3)  Pb(l) Br(11)! 167.96(6) Br(11) Pb(4) Br(8) 87.76(6)
Br(3)  Pb(l) Br(1)> 86.49(6) Br(11) Pb(4) Br(7)° 98.86(7)
Br(11)! Pb(l) Br(1)> 102.39(7) Br(12) Pb(4) Br(8)  168.75(7)
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Br(1)
Br(1)
Br(1)
Br(1)
Br(1)
Br(2)
Br(3)
Br(3)
Br(6)
Br(6)
Br(6)
Br(5)?
Br(5)
Br(5)?
Br(5)
Br(5)*
Br(5)
Br(5)
Br(5)?
Br(5)
Br(9)
Br(10)
Br(10)
Br(10)
Br(7)
Br(7)
Br(6)
Br(6)
Br(6)
Br(6)
Br(12)*
Br(12)*
Br(12)*
Br(12)*
Br(12)*
Br(9)

Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(1)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(2)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(3)
Pb(4)

Br(4)
Br(2)
Br(3)
Br(11)!
Br(1)*
Br(4)
Br(4)
Br(2)
Br(4)
Br(2)
Br(3)
Br(4)
Br(4)
Br(2)
Br(2)
Br(3)
Br(3)
Br(6)
Br(6)
Br(5)*
Br(8)
Br(8)
Br(9)
Br(7)
Br(8)
Br(9)
Br(8)
Br(9)
Br(10)
Br(7)
Br(8)
Br(9)
Br(10)
Br(7)
Br(6)
Br(8)

168.85(6)
90.29(6)
89.11(6)
97.50(7)
98.363(19)
80.02(5)
81.02(5)
81.15(5)
84.77(6)
92.93(6)
165.35(6)
169.95(7)
88.68(6)
90.13(6)
167.30(7)
95.63(7)
91.44(7)
91.78(8)
97.79(7)
100.916(19)
81.79(5)
81.49(5)
82.38(5)
167.60(6)
87.35(6)
90.74(6)
86.80(6)
168.58(6)
95.88(6)
88.82(7)
170.45(7)
91.21(6)
91.20(6)
99.28(6)
100.12(7)
81.86(5)

Br(12)
Br(12)
Br(12)
Br(12)
Pb(3)
Pb(1)
Pb(1)
Pb(4)
Pb(3)
Pb(1)
Pb(3)
Pb(2)
Pb(4)
Pb(1)
Pb(4)
Pb(2)
N()
C()
C®)
C®)
C(7)
N(7)
C(11)
C(10)
N()
C(11)
N(1)
C@2)
C)
N(2)
C(2)
C(6)
C
N#)
C4)
C5)

Pb(4)
Pb(4)
Pb(4)
Pb(4)
Br(8)
Br(4)
Br(2)
Br(9)
Br(10)
Br(3)
Br(7)
Br(6)
Br(11)
Br(1)
Br(12)
Br(5)
C(7)
N(6)
C)
C(®)
N(5)
C(11)
C(12)
N(8)
C(10)
N(7)
C(2)
CG3)
N(2)
C(1)
N(1)
C(5)
NQ@3)
C(4)
N4)
C(6)

Br(9)
Br(10)
Br(7)’
Br(11)
Pb(4)
Pb(2)
Pb(2)
Pb(3)
Pb(4)
Pb(2)
Pb(4)°
Pb(3)
Pb(1)’
Pb(1)®
Pb(3)’
Pb(2)!°
N(6)
C)
N(6)
N(5)
C(3)
C(12)
N(8)
C(12)
N(7)
C(10)
C(3)
N(2)
C(3)
N(1)
C(1)
N(@3)
C(5)
N(@3)
C(6)
N4)

88.81(6)
91.22(6)
98.24(6)
100.14(7)
80.84(4)
81.02(4)
82.20(4)
82.11(5)
82.00(5)
82.92(5)
169.48(9)
176.64(9)
175.76(9)
172.04(10)
172.18(9)
173.16(11)
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0
108.0

X 4Y 4Z; 21/24X,5/2-Y,1-Z; 3-1/2+X,3/2-Y,1-Z; *1-X,1/2+Y,1/2-Z; >-X.-
1/24Y,1/2-Z; -X,1/2+Y ,1/2-Z; "+X,-1+Y +Z; -1/2+X,5/2-Y,1-Z; °1-X,-1/2+Y,1/2-Z;
101/2+X,3/2-Y,1-Z
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Table F5 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement Parameters
(A?x10%) for IMIPbBr;3 at 220 K

Atom X y z U(eq)
H(7) 1879.69 4670.34 3900.93 97
H(6) 4038.09 4240.13 4349.1 171
H(9) 3649.86 4744.26 5108.17 165
H(8) 1149.55 5523.44 5141.58 142
H(5) 124.34 5459.79 4401.4 168
H(11) 5589.64 6528.59 4025.22 115
H(12) 7929.19 5945.7 3677.33 144
H(8A) 9301.43 7414.4 3451.31 232
H(10) 7920.24 8904.14 3642.79 134
H(7A) 5639.33 8326.79 3995.86 112
H(2) 1878.16 9767.54 3568.61 84
H(3) 4246.22 9327.24 3196.8 103
H(2A) 4027.29 9897.63 2441.15 147
H(1) 1611.89 10681.89 2320.53 160
H(1A) 320.56 10586.84 3023.16 168
H(5A) 5022.63 6922.49 1340.1 181
H(3A) 3497.49 7641.23 1920.35 131
H(4) 1062.02 8129.33 1636.56 123
H(4A) 1103.61 7695.48 860.64 169
H(6A) 3493.29 6957.15 663.11 166
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Appendix G
Table G1 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A2x10°) for IMIPbBr3 at 180 K. Ucq is defined as 1/3 of of

the trace of the orthogonalised Uy tensor

Atom X y 4 U(eq)
Pb(1) 6711.0(2) 6196.1(2) 5148.7(2) 18.14(6)
Br(1) 5000 5000 5000 30.28(17)
Br(4) 5676.9(5) 7500 7044.3(7) 28.88(17)
Br(5) 8292.7(5) 7500 5561.3(8) 31.10(18)
Br(2) 7381.1(4) 5105.5(4) 7851.7(5) 29.76(13)
Br(3) 6195.8(5) 7500 2671.0(7) 33.5(2)
N(2) 6817(4) 3212(4) 5229(6) 48.0(14)
C(3) 6291(4) 2940(4) 6409(6) 40.7(15)
C(1) 7145(7) 2500 4504(9) 49(2)
N(@3) 4577(7) 5284(11) 8921(8) 57(4)
C(5) 4627(8) 4396(8) 9483(16) 46(3)
C(6) 5221(8) 4399(5) 10768(14) 34(3)
N#4) 5539(6) 5289(8) 11000(7) 39(3)
C4) 5141(8) 5836(4) 9859(12) 29(2)

Table G2 Anisotropic Displacement Parameters (A?x10%) for IMIPbBr; at 180 K

Atom Un U2 Uss U2 Uis Uz
Pb(1) 22.25(10) 13.59(10) 18.57(9)  -2.26(6) -1.06(6) -0.36(7)
Br(1) 28.8(4) 29.1(4) 33.0(4) -2.6(3) -4.2(3) -1.2(3)
Br(4) 32.2(4) 28.9(4) 25.6(3) 0 12.7(3) 0
Br(5) 17.3(3) 46.4(5) 29.7(3) 0 -3.9(3) 0
Br(2) 33.8(3) 24.6(3) 30.9(3) -0.1(2) -5.1(2) 2.4(2)
Br(3) 25.7(4) 56.3(6) 18.5(3) 0 -4.6(3) 0

N(2) 62(4) 21(3) 61(3) 14(2) -6(2) -8(3)
C@3) 34(3) 44(4) 44(3) -14(3) 6(2) 5(3)
C(1) 65(7) 59(6) 23(4) 0 7(4) 0

N@3) 70(9) 62(8) 40(6) -21(6) -29(6) 1(7)
C(5) 42(8) 58(7) 38(8) -25(6) -14(6) -4(7)
C(6) 30(7) 46(6) 27(6) -3(5) -6(4) 13(5)
N#4) 53(7) 42(6) 24(5) 14(5) -20(4) 11(5)
C4) 36(7) 32(5) 18(5) 7(4) -11(4) 9(5)

Table G3 Bond Lengths for IMIPbBr3 at 180 K
Atom Atom Length/A Atom Atom Length/A
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Pb(1)  Br(l) 3.0206(2) N(2) C(1) 1.328(8)
Pb(1)  Br(4) 2.9651(5) C(3) Cc(3)? 1.317(12)
Pb(1)  Br(5) 2.9974(6) N(@3) C(5) 1.4200
Pb(l)  Br(2) 3.0540(5) N(@3) C(4) 1.4200
Pb(1)  Br(2)!  3.1001(5) C(5) C(6) 1.4200
Pb(1)  Br(3) 3.0293(5) C(6) N(4) 1.4200
NQ2) C(3) 1.350(7) N(4) C(4) 1.4200

13/2-X,1-Y ,-12+Z; +X,1/2-Y +Z

Table G4 Bond Angles for IMIPbBr3 at 180 K

Atom Atom Atom Angle/ Atom Atom Atom Angle/’
Br(1) Pb(l) Br(2)! 86.252(11) Br(3) Pb(l) Br(2)! 91.511(15)
Br(1) Pb(l) Br(2) 88.240(12) Pb(1)*> Br(1) Pb(l) 180.0
Br(1) Pb(l) Br(3) 98.896(13) Pb(1)> Br(4) Pb(1) 82.194(18)
Br(4) Pb(l) Br(l) 90.866(13) Pb(1) Br(5) Pb(1)> 81.123(19)
Br(4) Pb(l) Br(5) 82.801(18) Pb(1) Br(2) Pb(1)* 169.10(2)
Br(4) Pb(l) Br(2)'! 172.899(18) Pb(1)*> Br(3) Pb(l) 80.094(17)
Br(4) Pb(l) Br(2) 93.388(16) Cl) N2 C3) 109.3(6)
Br(4) Pb(l) Br(3) 82.516(16) C3)Y C3B) N(@) 107.5(4)
Br(5) Pb(l) Br(l) 173.566(14) N(2)® C() N2 106.5(8)
Br(5) Pb(l) Br(2) 90.990(16) C5) N3 C“ 108.0
Br(5) Pb(l) Br(2)! 100.169(17) N3) C() C(6) 108.0
Br(5) Pb(l) Br(3) 81.463(17) N@4) C6) C(5) 108.0
Br(2) Pb(l) Br(2)'! 93.009(6) C6) N4 CH 108.0

Br(3) Pb(l) Br(2) 171.791(15) N@3) C@) N@)  108.0

13/2-X,1-Y -1/24Z; 21-X,1-Y,1-Z; 34X,3/2-Y +Z; *3/2-X,1-Y,1/2+Z; +X,12-Y +Z

Table G5 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10°) for IMIPbBr; at 180 K

Atom X y z U(eq)
H(2) 6925.74 3772.26 4979.27 58
H(A) 5978.06 3316.25 7111.16 49
H(1) 7537.61 2499.99 3637.61 59
H(3) 4253.19 5461.11 8130.3 68
H(5) 4316.75 3888.62 9071.02 55
H(6) 5379.09 3894.3 11366.76 41
H®4) 5916.32 5470.01 11724.4 47
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H(4A)

Table G6 Atomic occupancy for IMIPbBr3; at 180 K

Atom
N(@3)
H(5)
N(4)
H(4A)

5234.6

Occupancy
0.5
0.5
0.5
0.5

6461.45

Atom

HQ3)
C(6)
H(4)

Occupancy

0.5
0.5
0.5
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C(5)
H(6)
C(4)

34

Occupancy
0.5
0.5
0.5
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Appendix H
Table H1 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic
Displacement Parameters (A?x10%) for IM.PbBrs at 50 K. Ueq is defined as 1/3 of of

the trace of the orthogonalised Uy tensor

Atom X y z U(eq)

Pb01 4792.4(2) 4288.5(2) 1698.8(2) 5.64(2)
Br02 9693.6(4) 4077.3(3) 1643.0(2) 7.97(5)
Br03 5080.7(4) 2738.3(3) 21.8(2) 7.05(5)
Br04 4595.1(5) 5960.6(3) 3365.4(2) 8.14(5)
Br05 4896.5(4) 1440.4(3) 3297.5(2) 8.20(5)
NO006 1433(4) 8619(3) 1826(2) 10.4(4)
NO007 -622(4) 10593(3) 1317(2) 10.9(4)
NO008 11669(4) 3234(3) 5081(2) 10.3(4)
NO009 8803(4) 2357(3) 4613(2) 12.7(5)
CO00A -1720(5) 9466(3) 1107(2) 11.9(5)
C00B 10178(5) 3473(4) 4360(2) 12.4(5)
Co00C 9447(5) 1372(4) 5532(2) 12.3(5)
C0o0D 1275(5) 10056(3) 1755(2) 11.5(5)
CO0E -419(5) 8223(3) 1433(2) 11.1(5)
COOF 11258(5) 1915(3) 5823(2) 11.5(5)

Table H2 Anisotropic Displacement Parameters (A?x10%) for IMI,PbBr4 at 50 K

Atom Un U2 Uss Uzs Ui Uiz
Pb01  4.81(4) 5.90(5) 5.70(4) -0.60(3) -0.42(3)  -0.73(3)
Br02  5.40(10) 8.40(12) 9.87(12) -1.99(10) -0.61(8)  -0.66(8)
Br03 8.31(11) 6.14(12) 6.45(11) -1.15(9) -0.97(8)  -0.46(9)
Br04  9.54(11) 7.71(12) 7.09(11) -1.41(9) -1.93(9)  -1.05(9)
Br05 8.52(11) 7.29(12) 7.83(11) 0.32(9) 2.14(9) -2.36(9)
N006  10.4(10) 9.9(11) 10.1(11) -1.4(9) -1.1(8) -0.2(8)
NO07  13.0(11) 7.5(11) 12.3(11) -3.009) -0.4(9) -0.7(8)
NO008  9.2(10) 11.0(12) 11.3(11) -3.7(09) -0.9(8) -1.2(8)
N009  9.5(10) 19.1(14) 11.4(11) -6.6(10) -3.6(9) -1.3(9)
CO0A  12.4(12) 12.5(14) 11.4(13) -3.4(11) -2.5(10)  -2.0(10)
C00B  15.5(13) 11.8(14) 9.1(12) -1.3(10) -1.6(10)  -1.1(10)
Co0C  13.1(12) 12.1(14) 10.7(13) -1.6(11) 3.4(10) -3.5(10)
C00D  10.6(12) 13.3(14) 9.9(12) -1.7(11) -0.2(9) -3.9(10)
COOE  12.1(12) 7.8(13) 12.8(13) -2.0(10) 0.5(10) -2.2(10)
COOF  12.4(12) 12.2(14) 8.9(12) -1.3(10) -2.0(10)  0.5(10)

231



Appendix

Table H3 Bond Lengths for IMI,PbBr4 at 50 K

Atom Atom Length/A Atom Atom Length/A
P01 Br02  2.92753) N0O07  CO0A  1.379(4)
POl Br02'  3.077103) N007  COOD  1321(4)
PbOI  Br03  2.9828(3) N008  COOB  1321(4)
PbO1  Br032  3.0884(3) N008  COOF  1.378(4)
P01 Bro4  3.0528(3) N0O09  COOB  1.325(4)
PbO1  Br05 2.9260(3) N0O09  CO0C  1.380(4)
NO006 C00D 1.328(4) CO0A COOE 1.351(4)
N006  COOE  1.370(4) CO0C  COOF  1347(4)

LI4+X4Y ,+Z; 21-X,1-Y - Z

Table H4 Bond Angles for IMI,PbBrs at 50 K

Atom Atom Atom Angle/’ Atom Atom Atom Angle/’
Br02 Pb0l  Br02' 171.198(12) Br05  Pb0l  Br04 91.194(8)
Br02 Pb01  Br03? 90.530(8) Pb0l  Br02 Pb01® 171.199(12)
Br02! Pb01  Br03? 93.381(8) Pb01  Br03  Pb01* 91.532(8)
Br02 Pb0l Br03  87.080(8) CO00D NO006 COOE 109.5(2)
Br02 Pb0l Br04 91.880(8) CO00D NO007 CO0A 109.3(3)
Br03  Pb01  Br02' 85.148(8) CO0B N008 COOF 109.4(3)
Br03  Pb01 Br03? 88.466(8) CO0B N009 C00C 108.8(2)
Br03  Pb01 Br04 177.999(8) CO0OE CO0A NO07 106.6(3)
Br04 Pb0l  Br02! 96.010(8) N008 CO00B NO009 108.3(3)
Br04 Pb0l  Br03> 89.835(8) COOF CO00C NO009 107.1(3)
Br05 Pb0l Br02  86.854(8) N007 CO00D NO006 107.8(3)
Br05 Pb01  Br02! 89.082(8) CO0A COOE NO006 106.8(3)
Br05 Pb01 Br03  90.456(8) CO00C COOF NO08 106.5(3)

Br05 Pb0l  Br03* 177.218(8)

L1+X4+Y,+Z; 21-X,1-Y - Z; 214X +Y +Z

Table H5 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement
Parameters (A?x10%) for IMI,PbBr4 at 50 K

Atom X y 4 U(eq)
H006 2555.4 8013.86 2086.44 12
H007 -1107.53 11523.24 1180.47 13
HO008 12755.04 3824.16 5087.02 12

232



Appendix

H009

HOOA
HO00B
HO00C
HO0D
HOOE
HOOF

7666.8
-3118.49
10104.73
8745.57
2335.87
-729.49
12088.28

2261
9547.67
4302.57
477.88
10602.01
7259.95
1476.24
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3762
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1395.51
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Appendix I
Table I1 Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement

Parameters (A?x10°) for IMI3PbBrs at 200 K. Ueq is defined as 1/3 of of the trace of the

orthogonalised Uy tensor

Atom X y 4 U(eq)
PbO1 5000 5000 10000 20.93(19)
Br02 0 5000 10000 38.7(4)
Br03 5206.7(18) 3795.4(13) 7477.2(14) 35.5(3)
Br04 5059.9(18) 8215.7(12) 7636.1(14) 34.2(3)
N5 -1630(17) 6758(12) 5004(13) 44(3)
N3 1294(18) 7490(15) 5628(15) 56(3)
C2 700(20) 8635(15) 4337(18) 54(4)
C4 -170(20) 6410(16) 5976(16) 53(4)
Cl -1210(20) 8180(16) 3954(16) 53(4)
COAA 8480(30) 10840(20) 9590(20) 29(5)
C2AA 10460(40) 11194(15) 10110(20) 25(4)
NI1AA 11858(17) 9870(30) 10532(19) 43(6)
C3AA 10750(40) 8690(12) 10270(20) 27(5)
N4AA 8660(30) 9290(30) 9690(20) 33(5)

Table 12 Anisotropic Displacement Parameters (A%x10°) for IMI;PbBrs at 200 K

Atom Un U2 Uss Uzs Uz Uiz
Pb01 15.7(3) 22.5(3) 25.7(4) -10.1(3) -2.42) -1.5(2)
Br02 15.7(7) 60.1(11) 37.8(10) -16.1(9) 2.9(7)  0.5(7)
Br03 39.5(6) 38.3(7) 33.3(7) -18.0(6) -4.6(5)  -5.7(5)
Br04 36.7(6) 27.9(6) 34.8(8) -7.1(5) -8.1(5) -4.5(5)
N5 44(6) 47(6) 45(7) -21(6) 4(5) -8(5)
N3 45(6) 89(9) 50(8) -41(8) -12(6) -6(7)
C2 60(9) 43(8) 64(11) -26(8) 21(8) -25(7)
C4 71(10) 54(9) 26(8) -6(7) 8(7) 0(8)
Cl 65(9) 56(9) 36(9) -13(7) -18(7) 11(7)
COAA  38(8) 20(7) 33(14) -15(8) -2(8) 6(6)
C2AA  34(8) 19(7) 23(12) -9(8) 3(7) 5(6)
NIAA  44(7) 23(7) 68(15) -23(8) -13(9) 11(6)
C3AA  35(8) 21(7) 25(12) -11(7) 8(8) 3(6)
N4AA  40(8) 21(7) 44(13) -18(8) -1(8) 6(6)
Table I3 Bond Lengths for IMI3PbBrs at 200 K

Atom Atom  Length/A Atom Atom Length/A
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PbO1 Bro2!  3.0136(3) N3 C2 1.352(18)
PbO1 Br02 3.0136(3) N3 C4 1.295(17)
PbO1 Br032  3.0309(12) C2 Cl 1.358(18)
PbO1 Br03 3.0308(12) COAA  C2AA  1.4200
PbO1 Bro4>  3.0001(12) COAA  N4AA  1.4200
PbO1 Br04 3.0001(12) C2AA  NIAA  1.4200
N5 C4 1.268(15) NIAA  C3AA 14200
N5 Cl 1.349(17) C3AA  N4AA  1.4200

N+X,+Y,+Z; %1-X,1-Y,2-Z

Table 14 Bond Angles for IMI3PbBrs at 200 K

Atom Atom Atom Angle/” Atom Atom Atom  Angle/’
Br02! Pb01 Br02 180.0 Br04  PbOl Br03*  91.53(3)
Br02 Pb01 Br03? 91.42(2) Br04  PbO1 Br04*>  180.0
Br02 Pb01 Br03  88.58(2) Pb01°  Br02  Pb0l 180.0
Br02! Pb0l1 Br03* 88.58(2) C4 N5 Cl 108.7(12)
Br02! Pb01 Br03  91.42(2) C4 N3 C2 107.4(11)
Br03 Pb01 Br03* 180.000(17) N3 C2 C1 106.5(12)
Br04> Pb01 Br02  90.14(2) N5 C4 N3 111.2(13)
Br04 Pb01  Br02' 90.14(2) N5 Cl C2 106.0(12)
Br04 Pb01 Br02 89.86(2) N4AA COAA C2AA 108.0
Br04> Pb01 Br02! 89.86(2) NIAA C2AA COAA 108.0
Br04> Pb01 Br03  91.53(3) C2AA NIAA C3AA 108.0
Br04> Pb01 Br03> 88.47(3) NIAA C3AA N4AA 108.0
Br04 Pb01 Br03 88.47(3) COAA N4AA C3AA 108.0

N+X,+Y,+Z; ?1-X,1-Y,2-Z; 3-1+X +Y,+Z

Table I5 Hydrogen Atom Coordinates (Ax10*) and Isotropic Displacement Parameters
(A2x10%) for IMI3PbBrs at 200 K

Atom X y z U(eq)
H5 -2740.76 6169.96 5014.03 53
H3 2458.72 7480.67 6138.71 68
H2 1460.83 9574.76 3802.95 65
H4 -141.19 5477.38 6845.42 64
H1 -2062.5 8746.52 3116.93 64
HOAA 7249.05 11517.37 9239.69 35

235



Appendix

H2AA
HIAA
H3AA
H4AA

10783.7 12152.31
13183.25 9786.1
11302.19 7678.46
7649.59 8792.07

Table 16 Atomic occupancy for IMI3PbBrs at 200 K

Atom

C(0AA)
H(2AA)
C(3AA)
H(4AA)

Occupancy Atom
0.5 H(0AA)
0.5 N(1AA)
0.5 H(3AA)
0.5
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Occupancy
0.5
0.5
0.5

10169.28
10890.85
10453.41
9435.53

Atom

C(2AA)
H(1AA)
N(4AA)

30
51
32
40

Occupancy
0.5
0.5
0.5
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Annex J
This section provides the supplementary discussion on the classification of 1D
‘perovskites’ notation and is heavily referenced from Wong, W.P.D., Hanna, J.V. &

Grimsdale, A.C. (2021). Acta Cryst. B77, https://doi.org/10.1107/S2052520621004376.

The notation presented in Chapter 6 of this thesis is also known as the reduced notation.
The main aim of the reduced notation is to keep it simple and easy to use for non-
crystallographers. However, the limitation of the form is exposed in structures like 1-
2EE where more than one structure can take on the same notation. Hence, to overcome
this limitation, all six corners of an octahedron are labelled with the italicized number
1 to 6 as seen in Figure J1. When any corner, edge or face is defined, the lowest number

combination should be taken as the reference point.

(a) (b) (c)

Figure J1 A schematic showing the naming convention for labelling all 6 corners, with

highlighting on (a) corner /, (b) edge /2 and (c) face /25 of an octahedron.

With all vertices of an octahedron defined, the connectivity and repeat unit of such 1D
structures can now be looked in detail. For the completeness of this discussion, the
reduced notation would be re-introduced here followed by the natural development into
the extended notation due to the said weakness, namely the non-uniqueness of the

reduced notation.

In a 1D chain of connected octahedra, each layer would be perpendicular to the
direction the chain’s propogation. First, the main parameter to consider is the number

of octahedra per layer. If there is more than one octahedron per layer, the intra-layer
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connectivity would also have to be defined in parentheses. Special considerations, for
example cyclic connectivity should also include in this section if it arises from the intra-
layer connectivity. In the examples analysed, however, no such special considerations

arc scen.

The second parameter would be the number of octahedral layers required for the
stacking or connectivity sequence to repeat itself. If there are more than one octahedron
per repeat of the stacking sequence, the connectivity type should be specified: F for
face-sharing, E for edge-sharing and C for corner-sharing. The last parameter pertains
to the connectivity to the repeating sequence, with again F, E, C for face, edge, and
corner sharing respectively, or X, for no connectivity. Although materials having no
connectivity would strictly speaking not be a 1D ‘perovskitoid’, such a naming
framework would also help to describe similar systems for easy comparison. At this
point it should be obvious that if there is one octahedron per layer, and »n octahedra
making up the repeating unit, there would be a connectivity of n. In instances where the
connectivity involves only corner sharing, corner 5 should point in an arbitrary upwards
direction, and corner 6 in an arbitrary downwards direction perpendicular to the
propagation of the 1D chain. This condition is imposed to restrict any ambiguity arising

from the rotational freedom.

Thereafter, one should identify the repeating pattern in the unit cell first, then shift the
“origin” such that the naming priority would be given for corner sharing over edge
sharing over face sharing over no connectivity, i.e. C > E > F > X. Subsequently, the
notation would be reduced to the simplest repeating pattern without including the
effects of crystallographic inequivalent B — site cations (see 1-2FF, Figure J2). Hence,
this proposed naming convention, also called the reduced notation, is separated into two
parts, each defining the afore-mentioned parameters. It would take a general form of

(number, intralayer connectivity if any) — (number, interlayer connectivity).

It should be emphasized here that it is the objective of this notation to be kept simple
for even non-crystallographers to utilize with ease. However, the limitation of this
notation can be seen with certain configurations such as 1-2EE (Figure J6 and J7) which
can exhibit “isomerism” through different edge connectivity. Therefore, a full notation

which can be simplified to an extended notation is designed to address this limitation.
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A small difference between the full and extended notation will be discussed here. The
full notation would show the preceding referenced octahedra corner or edge or face
superscripted on the left of the connectivity label and following connectivity of the
referenced octahedra corner or edge or face subscripted to the right and would take the
general form of ¥ZAxy 7. By the earlier definition where the referenced corner, edge
or face would have the lowest number combination, the second octahedron in the first
repeating unit would always be referenced on corner / or edge /2 or face /25. By virtue
of repeating this naming convention to the first octahedron in the second repeating unit,
the first octahedron would therefore also be referenced on corner / or edge /2 or face
125. Therefore, the preceding reference in superscript (i.e. * ¥ %) can be dropped since it
can only be /, 12 or 125 for a corner edge or face shared octahedral. In doing so, we
would obtain the extended notation which has a general form of Ax'y'z'. Consequently,
the order of the numbering would also be meaningful where 1-2 XY/ 2IEy,;. y;. 7, X2 12
“Fx2 vz 72 and 1-2 5 BFyz0 730 y30 X Y 2Fyy 740 vy convey different meanings; the
former would mean the face connectivity between the first and second octahedra is
oriented such that corner X7’ matches with X2, corner Y/’ matches with Y2 and corner
Z1’ matches with Z2 while the latter would mean the face connectivity happens where
corner X3’ matches with X4, corner Z3’ matches with Y4 and corner Y3’ matches with
Z4. Such specificity would remove any potential room for ambiguity. During instances
where the preceding connectivity would notbe 7, /2, 125 or if the structure is connected
in a highly novel way, it is recommended to utilize the full notation instead. It should
be noted that in an X connectivity, the syntax would be slightly different for the reduced
and extended notation. Taking the example of a system which has an extended notation
of 1-3 “F.35 F34s Fy, the reduced notation is written as 1-3FFX instead of 1-3FFF or 1-
3FFFx. This is necessary because the X-connectivity must be present in the reduced
notation to convey the meaning of no connectivity beyond the third octahedron, and it
is the nature of the reduced notation to only show the connectivity style. 1-3FFF would
convey the meaning of a full continuous 1D chain of face sharing octahedra, and 1-
3FFFxwould have gone beyond the very definition of the reduced notation. At the same
time, the extended notation 1-3 “F.35 F345 Fx can be read as, “there is one octahedron in
one layer, three layers form the repeating unit (and hence three octahedra form each
repeating unit), where the reference corner /, edge /2 and face /25 of the first

octahedron is not connected to anything; face 435 of the first octahedron is connected
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to face 125 of the second octahedron; face 346 of the second octahedron is connected
to face 725 of the third octahedron. There is no further connectivity beyond the third
octahedron”. When there is more than one way of writing the connectivity, the sum of
the numbers with the smallest combination should be used (1 -1C, Figure J5). If the
sum of the numbers is equal, then the combination with the most instance of smallest
number would be used (see 1-2EE, Figure J7). In another unusual instance of more than
one connectivity from the same layer, the use of underline would be used to specify
which corner or edges are being referenced to for the subsequent connectivity (see
Figure J10). Furthermore, the use of an arbitrary “+” and “-” is also introduced in
section 2.2 (see Figure J10), but if the structure is also connected perpendicular to the
direction of the 1D structure’s propagation, the result is not likely to be a 1-D structure
and this proposed notation should not be used to describe the structure if another

chemical naming convention exists.

With the naming convention and rules being outlined as mentioned, the subsequent

section would look at several notable examples.

The most commonly observed configuration is the 1-2FF. Ignoring the crystallographic
distinct sites for Pb and octahedral distortion effects, structures like 1-6FFFFFF and 1-
4FFFF can be represented as 1-2FF. In the full notation, this structure is written as 1-2
123F 3,5 12°F346 but it can be seen that the superscripted /25 is redundant and thus, the

full notation can be simplified into the extended notation as 1-2 F34s F346.
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1-2 Fgu5 Fa4s , (1-2FF)

(a) (b)

¥ &

Figure J2 The structure shown here has one octahedron per layer, and the repeating
unit has two layers where the octahedra are connected through face sharing. The
repeating unit are connected to the next unit through a face sharing. The structure
illustrated here is taken from catena-(2-methylimidazo[1,5-a]pyridin-2-ium tris(p-
bromo)-lead) !, with the organic ligands not shown for clarity. Notably, other structures
like 1-4FFFF and 1-6FFFFFF are isostructural and can be simplified to 1-2FF when the

octahedra are idealized. The extended notation of this structure would be 1-2 F 346 F346.

The second most commonly observed connectivity is 1-3EFF. This structure has one
octahedron per layer, and it can be seen from the unit cell that there are 3 octahedra

which form the repeating unit. From Figure J3, within the unit cell, the octahedron are
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connected through face, edge, face, which would give us the reduced notation of 1-
3FEF. However, the priority is given for C > E > F > X. Thus, the sequence would be
rewritten as 1-3EFF. In the full notation, it will be written as 1-3 “?E35 *Fs46 />°F34,
which can be reduced to 1-3 E435 Fs46 F34. From the full notation, it can be read as, the
first octahedron has a preceding connectivity from edge /2, connected to the second
octahedron through face 345. The second octahedron is connected to the first
octahedron through face /25 and with the third octahedron through face 346. The third
octahedron is connected to the second octahedron through face /25 and the fourth
octahedron (i.e. the first octahedron in the next repeating unit) through the edge 34. It
should also be noted that the order of the numbering for the edges and especially for
the faces does matter. In this example, it would mean the second octahedron’s face 346
is shared with the third octahedron’s face /25, where the second octahedron’s corner 3
matches with corner / of the third octahedron, second octahedron’s corner 4 matches
with corner 2 of the third octahedron and second octahedron’s corner 6 matches with
corner 5 of the third octahedron. Again, it can be seen that in a 1D chain, by definition,
the preceding connectivity will always be *°E or /?°F or /C, thus, the extended notation

of 1-3EFF would be 1-3 Ey35 F346 F34.
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1-3 E435 F346 F34 ’ (1-3EFF)

(a)

A

Figure J3 The structure shown here has one octahedron per layer, and the repeating
unit has three layers within the unit cell with the octahedra sharing in the order of face,
edge, face sharing. With the order of priority of edge sharing over face sharing, this
sequence is rewritten as edge, face, face sharing and thus takes on the reduced notation
of 1-3EFF, or the extended notation of 1-3 E435 F345 F34. The structure illustrated here

is taken from (C12N2H14)2Pb7Bris 2, with the organic ligands not shown for clarity.

This next example seen in Figure J4 demonstrates the relevance of the notation when
the connectivity does not form a continuous chain. In this configuration, there is one
octahedron per layer and the repeat unit consists of three layers. Within the repeating
unit, the octahedra are all connected through face sharing, similar to that in 1-2FF.
However, each repeating unit, which consist of 3 octahedra, does not connect to the
next and thus form mini-rods of three face connected octahedra. Hence, such
connectivity would be written as 1-3FFX in the reduced notation, or with the extended

notation of 1-3 “Fy35 F34s Fyx.
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1-3 *F 346 F346 Fx , (1-3FFX)

(a) (b)

Figure J4 The structure shown here has one octahedron per layer, and the repeating
unit has three layers where the octahedra are connected through face sharing. The
repeating unit are not connected to the next unit, hence takes the notation 1-3FFX or in
the extended notation 1-3 *F34s F346 Fx. The structure illustrated here is taken from

[Me;TPT]2[PbsBri2]-6H>0 3, with the organic ligands not shown for clarity.

The next example seen in Figure J5 would be the only true 1D perovskite structure
examined in this thesis. In a perovskite structure, all lead halide octahedra are corner
shared to form a large 3D network. In a 1D perovskite structure, the connectivity is now
restricted to connectivity along one direction. For such connectivity, there is one
octahedra per layer and one repeating unit which are all corner connected. As such, this
would take the notation of 1-1C or with the extended notation of 1-1 Cs. Corner J is,
by convention, pointing towards an arbitrary upwards direction out of the paper since

connectivity through only the corner gives an additional degree of rotation freedom.
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1-1 C,, (1-1C)

Figure JS The structure shown here has one octahedron per layer, and the repeating
unit only has one layer. The repeating unit are connected to the next unit through a
corner shared halide, hence takes the notation 1-1C or the extended notation of 1-1 C;

The structure illustrated here is taken from [C3N¢Hs]2PbCls.Cl1 #

The following example on 1-2EE, as seen in Figure J6 and J7, would show the main
limitation of the reduced notation where the same notation can give rise to more than
one unique structure, which is similar to isomerism. Hence, the extended notation or
even full notation is necessary here to give a clear definition. In Figure J6 and J7, there
is one octahedron per layer, and it takes two octahedra for the pattern to repeat into a
1D chain. However, the connectivity is distinct in the two structures. By the earlier
defined edges of an octahedron, the extended notation for the structure shown in Figure
J6 is written as 1-2E32 E;4 whereas the structure in Figure J7 is written as 1-2Es3 Eg3. It
should be noted that the structure in Figure J7 can also be written in several different
forms, such as 1-2E3s5 Ess and 1-2E;53 Es4 but these form are less preferred. 1-2E35 Ess
is not preferred because the sum of the numbers is larger (i.e. 5+3+6+3 <3 +5+5
+ 6) while 1-2Es3; Es4 is less preferred because the smallest number (i.e. 3) is more
highly used in 1-2Es; Eg3. Notably, the difference between 1-2Es; Ess and 1-2Es; Egs
arises from which octahedron the series starts from and it is shown in Figure J8 that by
shifting the reference octahedron by one unit, both structures can be superimposed on

each other.
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1-2 E,, E,,, (1-2EE)

(c)

i/

Figure J6 The structure shown here has one octahedron per layer, and the repeating

unit has two layers, where the octahedra are connected through an edge sharing. The
repeating unit are connected to the next repeating unit through an equivalent edge and
hence takes the reduced notation of 1-2EE, or the extended notation of 1-2 E ;4 E3,. The
structure illustrated here is taken from C4N,H;4PbBrs°.
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1-2 E., Egs , (1-2EE)

(a) (b)

Figure J7 The structure shown here has one octahedron per layer, and it has two
octahedra per repeating unit which are connected through an edge. The octahedral
connectivity here is distinct from that in Figure 6, even though this structure also has a
reduced notation of 1-2EE. The extended notation of this structure is written as 1-2 Es;
Es3 which shows the difference in the edges through which the octahedra are connected.

The structure illustrated here is taken from (H2Bpy)PbBr4.°
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1-2 Es3Ees  1-2 By Egs

Figure J8 Using idealized octahedra, the two structures, 1-2 Es3 Es3 and 1-2 Es4 Ess,
initially appear to be different. However, it can be shown that the structures are the
same by shifting the “origin” by one octahedron. 1-2 Es; Es3, will therefore, be the more
preferred notation because even though the sum of the numbers for both notations are
the same, the smallest number 3 appears more frequently (i.e. two times, as compared

to just one time).
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The example shown next in Figure J9 is the only configuration which has more than
one octahedron per layer. In each layer, there are two lead halide octahedra connected
through an edge and there is only one repeating layer. The terminal octahedra are
connected with the next unit through corner sharing. Hence, such connectivity would
be labelled 2E-1(CC). Since C has a higher priority over E, the reference corner / would
be based on the corner which is connected to the preceding layer. Hence, this structure
will take on a full notation of 2 “Es> ’Ex -1(/C; /C3) which can be simplified into the

extended notation of 2 “Es, %’Ex -1(C; C3) by dropping the reference corner /.

2 XE,_, 25E, - 1('C, 'C,) , 2E-1(CC)

(b)

Figure J9 The structure shown here has two octahedra per layer which are connected
through an edge sharing and the repeating unit only has one layer. Each repeating unit
is connected to the next repeating unit through corner sharing, and hence this takes the
reduced notation 2E-1(CC) or 2 “Es> ’Ex -1 ({C3 /C3) in the extended notation. The
structure illustrated here is taken from (C10Hi2N2)2[Pb,Brs] 7

While it would be tempting to extend this notation to include other larger 2D networks,
the notation would take on an awkward form, exposing the main limitation of this
notation. Based on the unit cell, the structure shown in Figure J10 can be seen as 1-
6F(CC)FF(CC)F and based on the octahedral sharing priority rule, would be rewritten
as 1-6(CC)FF(CC)FF. In the full notation, taking the c-axis as pointing “up” (i.e.

octahedral corner 5), it will be written as 1-6 (‘Cuss5 'C325)'*Fs46 1°F3.4 ('C346, 'C236)
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123F 3,6 12F3 4. It can be seen here that the notation is on the verge of breaking down
because the two-corner shared octahedron is accompanied by a displacement in the +
b-axis. Even with a slight modification, by including + for displacement in the positive
b-axis, and — for a displacement in the negative b-axis, as well as underlining the
octahedron to specify that the subsequent connection are based on the underlined
octahedron, the full notation would be 1-6 (“*Cus5 ""C325) 2 F346 12F 3.4+ ({*Cs46, "C236)

125F346 125F3_,4+.

1-6 (CC)FF(CC)FF

€)

Figure J10 The structure of an 3-dimensional network of 1-6F(CC)FF(CC)F, which is
rewritten as 1-6(CC)FF(CC)FF. In the full notation, the structure will be written in a
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highly awkward form, 1-6 (HC435 ]'Cjzj) 1255F 346 1PF 3.4+ (HC346, ]'C236) 125F 346 ]25F3-,4+.

The “+” and “-” sign specifies the arbitrary positive direction, and the underlining
would specify which octahedron the subsequent connection would be based on. The

structure here is taken from {(CoH1aN)a[Pbsli0]}, 5.

Lastly, as discussed in chapter 6, this notation would take on a highly awkward form
when extended to frameworks like the 4H polytype and 1D tubular structure (Fig 6.1
e,f). The 4H polytype would be written as 1-4 (“‘Cs46 'C346 'C346)' 2 F3.4.6 (\Cs46 C346
!C345) 1°F 3,46 in the full notation, which is reduced to 1-4(CCC)F(CCC)F while the 1D
tubular structure would be written as cyclo[3(2 “F346 /*’Fx)-2(61 "C; 3 C5 "C, *Cs 9" C,
#Cs) ] (61 5°C; *Cs 5°C; ¥Cs5 °*C; *°Cs) in the full notation which is reduced to
cyclo[3(2F)-2(6:CCCCCC)] 6;CCCCCC. In those cases, the more established Gard or

Ramsdell notation should be utilized in the polytypes. Or in the 1D tubular structure,

this notation should be avoided altogether.
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