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Abstract

LEAD-FREE LOW-DIMENSIONAL MAIN GROUP METAL HALIDES: NEW SELF-
TRAPPED EXCITONIC EMITTERS AND THEIR APPLICATIONS

Bogdan Markovich Benin

Metal-halide based semiconductors have been in the limelight for the past few years as a
result of the outstanding performance of devices in a variety of optoelectronic applications utilizing
lead-halide perovskites. Lead-free materials based on Sb, Sn, or Bi with a three-dimensional (3D)
framework, on the other hand, have yet to provide a true alternative.

This thesis instead explores the field of low-dimensional, specifically zero-dimensional
(OD), lead-free metal-halides as luminescent materials. These 0D materials contain disconnected
metal-halide octahedra, which drastically alters their optoelectronic properties compared to fully
connected 3D structures and, prior to 2017, the library of such 0D metal-halides was exceedingly
small.

This work began with the study of the optical properties of one known yet uninvestigated
incongruently melting phase — CssSnBre. This material was found to exhibit broad yet efficient
room temperature photoluminescence (RT PL), which occurs as a result of the recombination of
self-trapped excitons (STEs). The STE emission in this phase was then found to be compositionally
tunable within the CssxAxSn(Briyly)s (A=Rb,K; x,y<1) family. The discovery of this and other
phases by the community prompted a closer look at the optical properties of various additional Sn-
based OD and 1D materials such as (CsH1aN2l)sSnle and [C(CH2)3]2SnBr4. In doing so, it became
evident that their PL lifetimes were extremely temperature dependent (~ 20 ns/K). This opened the
door to using 0D metal-halides as remote-optical thermometric and thermographic luminophores
i.e. materials which can be used to optically determine temperature. In addition to this thermal
sensitivity, this emission process was found to be intrinsic and incredibly robust with no changes
to the PL lifetime observed between synthetic batches or after partial degradation or partial
oxidation. These two factors together allowed for a thermometric precision of 13 mK.

Although this was quite impressive, the fact of the matter remained that these are still tin-
based materials and they will, inevitably, fully oxidize. This inspired the dimensional reduction of
the pnictogen halides to discover new, oxidatively stable OD materials for remote-optical
thermometry. This resulted in the Rb7Biz-3xSbaxClis (x<1) family of materials, which also exhibit
STE PL with a similar thermal sensitivity as the tin-based materials. Furthermore, these structures
contain edge-shared octahedral dimers, which were determined to be the source of RT PL and the
luminescent properties of structures containing them have not been previously investigated.

This work also led to the discovery of a new set of mixed-valent materials with the
composition RbzsM'"'7SbY,Clss (M"' = Bi, Sb). These 0D structures contain octahedra of with
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various oxidation states (3+ and 5+) and exhibit intense colors as a result of intervalent/mixed-
valent charge transfer. While non-luminescent even at 12 K, these materials do exhibit relatively
high mobility-lifetime products under X-ray illumination, suggesting that the site-to-site tunneling
through this structure may provide a potentially useful tool for new X-ray and hard-radiation
detector materials.

In summary, the work presented here has resulted in several, substantial contributions to
the low-dimensional metal-halide community, which include the synthesis and characterization of
several new materials as well as the identification and successful demonstration of remote-optical
thermometry/thermography as a new application for this class of materials. This dissertation serves
as an effective foundation for further research in the field by giving other researchers an overview
of the field as well as insights into potentially interesting avenues for investigation, both for
materials as well as possible applications.
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Zusammenfassung

LEAD-FREE LOW-DIMENSIONAL MAIN GROUP METAL HALIDES: NEW SELF-
TRAPPED EXCITONIC EMITTERS AND THEIR APPLICATIONS

Bogdan Markovich Benin

Metallhalogenid basierende Halbleiter standen in den letzten Jahren durch die
herausragende Leistung von Elementen fur optoelektronische Anwendungen, unter Verwendung
von Bleihalogenid Perowskiten, im Rampenlicht. Im Gegensatz dazu missen sich bleifreie
Materialien, welche sich auf einem dreidimensionalen (3D) Netzwerk mit Sb, Sn oder Bi basieren,
erst noch als nitzliche Alternative beweisen.

Diese Doktorarbeit erkundet das Feld der niedrigdimensionalen, insbesondere die
nulldimensional (0D), bleifreien Metallhalogeniden als lumineszente Materialien. Diese 0D
Materialien bestehen aus abgetrennten Metallhalogenid-Oktaeder, was die optoelektronischen
Eigenschaften drastisch verandert im Vergleich zu den vollkommen verknipften 3D Strukturen.
Vor dem Jahr 2017 war die Sammlung solcher 0D Metallhalogeniden &usserst klein.

Diese Arbeit begann mit der Studie der optischen Eigenschaften einer bereits bekannten,
aber noch nicht untersuchten inkongruent schmelzender Phase — CssSnBre. Dieses Material zeigt
eine breite, aber effiziente Photolumineszenz bei Raumtemperatur (RT PL), welche durch die
Rekombination von selbstfangende Exzitonen (STESs) hervorgerufen wird. Die STE-Emission in
dieser Phase kann durch Verdanderung der Komposition innerhalb der CssxAxSn(Briyly)s
(A=RD,K; x,y<1) Familie eingestellt werden. Die Entdeckung dieser und anderer Phasen von der
Gemeinschaft regte zur Untersuchung der optischen Eigenschaften von zahlreichen Sn-
basierenden 0D und 1D Materialien wie (CsH14N21)aSnls und [C(CH2)s]2SnBr4 an. Dabei wurde
ersichtlich, dass deren PL Lebensdauer extrem temperaturabhangig sind (~ 20 ns/K). Dies 6ffnete
die Tur um OD Metallhalogenide als fern-optisch thermometrisch und thermographische
Luminophore zu verwenden. Zusatzlich zu dieser Temperaturempfindlichkeit ist die Emission
intrinsisch und unglaublich robust. Kein Unterschied in der PL Lebensdauer kann im Vergleich
von mehreren Synthesen, teilweiser Zersetzung oder Oxidation beobachtet werden. Diese zwei
Faktoren zusammen erlauben eine thermometrische Prézision von £13 mK.

Dies ist zwar sehr beeindruckend, jedoch bleibt die Tatsache bestehen, dass diese Zinn
basierende Materialien unvermeidlich komplett oxidieren.

Daher stammte die |Inspiration zur  Entwicklung neuer niedrigdimensionaler
Pnictogenhalogeniden. Diese nulldimensionalen Strukturen sind stabil gegenuber Oxidation und
geeignet flr fern-optische Thermometrie. Die Rb7Bi3-3xShaxClis (x<1) Familie, welche ebenfalls
STE PL mit einer vergleichbaren thermischen Empfindlichkeit wie die Zinn basierten Materialien
zeigen, waren das Resultat dieser Untersuchung. Des Weiteren beinhalten diese Strukturen
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kantenverknupfte Oktaeder Dimere, welche als Quelle der RT PL ermittelt wurden. Die
lumineszenten Eigenschaften von Strukturen mit diesem Merkmal wurden bisher noch nicht
untersucht.

Diese Arbeit fuhrte auch zur Entdeckung von einem neuen Set aus Materialien der
Komposition RbasM"'7SbV2Clss (M"' = Bi, Sb), welche gemischte Oxidationszustande gleichzeitig
beinhalten. Diese 0D Strukturen bestehen aus Oktaedern mit den nominellen Oxidationszustanden
3+ und 5+ und zeigen eine intensive Farbung auf Grund des Ladungstransfers zwischen den
verschiedenen Zustdnden. Obwohl sie selbst bei 12 K keine Lumineszenz zeigen, besitzen sie
dennoch hohe Mobilitats-Lebenszeiten Produkte unter Rontgenstrahlung, was auf einen
Tunnelvorgang von einer Stelle zu einer anderen hindeutet. Dies macht diese Verbindungen zu
maoglichen Detektormaterialien fir Rntgen- und weiterer Hochenergiestrahlung.

Zusammenfassend zeigt die hier présentierte Arbeit zahlreiche, wesentliche Beitrage fur
die niedrigdimensionierten Metallhalogenid-Gemeinschaft, welche die Synthese und die
Charakterisierung von mehreren neuen Materialen, sowie die Identifikation und erfolgreichen
Demonstration von fern-optischer Thermometrie/Thermographie als neue Anwendung fiir diese
Klasse an Materialien beinhaltet. Diese Doktorarbeit dient als effektives Fundament flr weitere
Forschung in diesem Feld, indem es eine breite Ubersicht, sowie genauere Einblicke in die
Untersuchung und Entwicklung von Materialien und mdéglichen Anwendungen gewaéhrt.



Chapter 1. Metal-halides and their dimensional diversity

1.1. A brief history of luminescent materials

The tendency for some materials to “glow-in-the-dark” or phosphoresce, or for other
materials to exhibit colors only under certain conditions (fluorescence) has been observed,
although not understood, since at least the renaissance.! At this time, several doctors and scholars
took note of various wood-bark samples, which were collected from the then “new world” of
Mexico, that would result in a blue aqueous solution after soaking the wood. These same bark
samples would later be studied by 17" century scientists in an effort to understand the origin of
this color.?®

Figure 1.1. An image of an alkaline aqueous solution containing Eysenhardtia polystachia under
daylight illumination. Reprinted (adapted) with permission from J. Chem. Educ. 2011, 88, 6, 731-738.
Copyright 2011 American Chemical Society.

Newton even describes such a solution in his treatise on optics.® In the end, he concluded that the
blue color is a sort of reflection rather than the emission that we understand today.

By the 19" century, several additional luminescent solutions and materials were identified
such as “Bolognian phosphor” or a doped barium sulfide;? fluorospar — now referred to as fluorite
or CaF2;"® an alcoholic infusion of leaves (chlorophyll);® and quinine (a bitter antimalarial
molecule that was made more palatable with the invention of tonic water).> 10-12

It was not until 1852, however, that the term fluorescence, utilized eponymously after
fluorite, was attributed to the ability of certain materials to “... cause the sensation of light” by Sir
George Stokes.™* 4 The experiment that Stokes used to identify this property as something other
than reflection was by splitting sunlight into its components with a prism and then passing a
quinine solution through each component until he observed that the colorless area after violet
(ultraviolet) resulted in the test tube to glow blue. Around the same time, a French scientist,
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Edmond Becquerel, performed a similar experiment on calcium sulfide and discovered what he
would later term phosphorescence.> %16 Later in 1888, the general term luminescence was
introduced as an umbrella term for the emission of light from a material.}” Since then this
phenomenon has been observed in a wide variety of materials such as organic molecules and dyes,
proteins, inorganic salts, transition metal and rare-earth doped materials, diamonds, and
semiconductors. In fact, the luminescent fluorite that Stokes and others studied has since been
identified as Eu**-doped CaF,.*

Figure 1.2. A sample of blue-luminescent fluorite from the U.K. Photo by Didier Descouens - Own
work, CC BY-SA 4.0; https://commons.wikimedia.org/w/index.php?curid=7528654)

While these have all found use in some application, some of the most versatile and
important materials are semiconductors, which have been used in a plethora of applications in the
modern age: scintillation, computer displays, lasers, communication, high-speed internet — all
thanks to the ability of these solid-state materials to emit light.!®* Some of the best-known examples
of luminescent semiconductors today include Gai-xAlxN, GaAs, InP, CdSe, CdTe, PbS, and HgTe;
between these materials the entire range from ultraviolet (UV) to infrared (IR) light up to nearly
4 um is covered.?2! The utility of these materials also stems from their ability to be
compositionally tuned and made into thin-films and nanocrystals (NCs). For instance, blue light
emitting diodes (LEDs) are made with thin films of GaN, and their emission can be redshifted
through In-doping. The global adoption of this technology led to the 2014 Nobel prize in physics
being awarded to Akasaki, Amano, and Nakamura for “the invention of efficient blue light-emitting
diodes which has enabled bright and energy-saving white light sources.”?? Furthermore, materials
such as InP, CdSe, CdTe, and PbS have also been demonstrated to be excellent emitters when
prepared as quantum dots, and InP quantum dots have even been commercialized by Samsung in
their QLED™ televisions as green and red phosphors.?® As impressive as these materials are as
visible phosphors, they all continue to face considerable synthetic and regulatory barriers.

There has been a growing need for materials discovery in the solid-state and materials
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chemistry communities to discover brighter and more efficient light sources. One recent success
story, which have also inspired our own efforts, are the lead-halide perovskites.

1.2. Lead-halide perovskites

Although the perovskite classification has been known since 1839 with the discovery of
CaTiOs, these cubic structures would not enter the limelight until 2012 with the use of MAPDI3
(MA = CH3NH3") as an absorptive layer in a solar cell 24?7

The general formula for these metal-halide materials is ABXs, in which A is a large,
monovalent cation such as Cs*, MA, or CH(NH>)." (FA) that sits in the cuboctahedral voids of an
anionic framework composed of corer-sharing BXs octahedra. B is a divalent main group metal
such as Pb?* or Sn?*, and X is CI', Br-, or I (Figure 1.3).

BX % octahedra

Figure 1.3. Ideal cubic ABXs perovskite. The large, central A-site cation is a blue sphere, which is
typically Cs, MA, or FA in the case of halide perovskites; the surrounding anionic framework is shown as
corner-sharing BXg octahedra (grey and red), which are typically composed of Pb or Sn as the B cation and
Cl, Br, or | as the X halide. Structure generated using CaTiOs as a template (ICSD# 16925).

The stability of this cubic structure is dictated by a geometric restraint known as the Goldschmidt
tolerance factor:%

_ (rat+my)
T V2(rp+ry) (1)

in which r, is the radius of the A-site cation, ry, is the radius of the B-site cation, and ry is the radius
of the halide. An ideal cubic structure is therefore stable when 0.8 <t <1.0. As this value decreases
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below 0.8 the structure distorts to a lower symmetry and adopts a structure with edge shared
polyhedra similar to those present in NH4CdCls.?° This is observed in RbPbls and CsPbls (although
the Cs-analogue is able to also adopt distorted tetragonal structures as well). Values of t > 1 tend
to result in structures containing face-shared octahedra with hexagonal symmetry (Figure 1.4).

3 3
g
3 .
B D
| X3 2h

RbPbl, CsPbl, MAPDI, FAPbI,

t=0.77 t=0.81 t=0.95 t=1.03

Pnma Pbnm (RT*) Pbnm P6,mc
Pnma (RT)

Figure 1.4. The influence of cation size on the perovskite structure. These structures were generated in
Vesta using CCDC-1819569 (FA), ICSD-97851 (Cs, Pbnm), ICSD-161480 (Cs, Pnma), ICSD-194995
(MA), ICSD-6067 (Rb).2%-%

While solar cell research has been revolutionized by the utilization of lead-iodide
perovskites, lead-bromide and lead-iodide based perovskites have also launched a renaissance in
numerous other optoelectronic fields such as LEDs, lasers, scintillation, full-color imaging,
photodetection, and X-ray and hard-radiation detection.®340

The miraculous improvements that these materials bring about to these other fields is
attributable to three special characteristics of the metal-halide perovskite structure: softness/ease-
of-production, tunability, and defect-tolerance. These materials have been often referred to as
“soft” given their ionic nature and low melting points (CsPbBrs melts at 567 °C).*! This has opened
numerous possibilities for the growth of these materials as single crystals from solution,*>*® the
mechanochemical synthesis of NCs,* or as inclusions in other templates*” or matrices.*®-4°

Among the most optoelectronically relevant semiconductors (e.g. CdSe, PbS, InP), the
optical properties cannot be as easily or rapidly altered as in lead-halide perovskites.® This is
related again to the soft lattice as well as a low defect density and high ionic mobility within these
materials.*> °! As halide vacancies migrate through the structure, new anions from a surrounding
growth solution are easily incorporated, leading to fast anion exchange.®® Most importantly, the
alteration of the halide composition directly affects the band gap and the photoluminescence (PL)
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of these materials as the valence band (VB) comprises Pb 6s and X np orbitals whereas the
conduction band (CB) is composed of predominantly Pb 6p orbitals (Figure 1.5).52-%

Defect-intolerant Defect-tolerant
CdSe, GaAs APDX,
CB ‘ ! CB
"‘ \\’ l P % Pb(6p)
,’ _N_metal ,’ —_—
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II mltd-;gap ,’ 1 intra-band
states
nonmetal 7 / ysaks )
VT — I ! !
\ : ! !
\ I ]
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’,,\\\— i g Pb(6s)
| — T See—
[ T
VB ‘ VB

Figure 1.5. A comparison of the band-edge states in defect-tolerant lead-halide perovskites and
traditional defect-intolerant materials such as CdSe or GaAs. From Science, 358 (6364), 745-750.
Reprinted with permission from AAAS. Reprinted (adapted) with permission from Chem. Mater. 2017, 29,
11, 4667-4674. Copyright 2017 American Chemical Society.

This not only results in the facile bandgap variation that has been observed in such materials, but
also in the apparent defect-tolerance that these materials possess.*” 4% >3- Contrary to traditional
semiconductors such as CdSe where the transition from VB to CB occurs between predominantly
bonding and antibonding orbitals, the transition in perovskites occurs between predominantly
antibonding states. Therefore, trap states generally find themselves within or near the bands. This
is supported by calculations that suggest that the most energetically feasible defects will only form
shallow traps and that potentially deep trap states have conversely very high formation energies.>’

As promising as these materials are, they are hindered by the apparent toxicity of the lead.
The amount of heavy metals such as Pb that can be incorporated into a device is now regulated by
the European union.>® While these quantities may be attainable in some applications, the discovery
of suitable lead-free alternatives is preferable from the both the standpoint of public health and
safety as well as regulatory restrictions.

1.3. Lead-free alternatives

The selection of potential replacements to lead are rather limited. This is especially true if
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the number of beneficial properties for light emission exhibited by perovskites are to be
maximized. Central to these is the ns? lone pair of the Pb?* cation, which forms the valence band
along with the halide np orbital and has been implicated in its role in contributing to the effective
defect-tolerance.>* °"->® Therefore, the selection of main-group metals that retain this lone pair and
lie close to Pb in the periodic table are In*, TI*, Sn?*, Ge?*, Sb*", and Bi®**. Of course, we will not
consider TI" containing materials any further as a result of its acute toxicity. The remaining five
elements have all been investigated as replacements for Pb?* in a three-dimensional (3D) structure.

1.3.1. AMX; alternatives

The only ns?-containing elements that can satisfy the APbXjs stoichiometry of the lead-
halide perovskites, and themselves form true-perovskite phases, are the divalent Sn?* and Ge?*.%%-
®1 Although the Sn?* analogue demonstrates some of the properties expected from the metal-halide
perovskite phase such as narrow PL, both elements fail to be suitable replacements as they are
intrinsically unstable in the 2+ oxidation state as a result of the weaker inert pair effect in lighter
elements.®? This tendency to oxidize rapidly degrades the optoelectronic performance of these
materials as a result of the increased carrier concentration due to self-doping from the increasing
M(IV) concentration.

1.3.2. Double perovskites — In*, Sb%*, and Bi®*

In order to achieve a three-dimensional structure, while still sticking to the other parameters
such as the presence of the ns? lone pair, the 2+ charge of the Pb can be effectively replaced by a
monovalent and a trivalent cation, together:

AM”X3 — AQMIVXG — AzMIM“IXG

These structures are known as “double-perovskites” due to the fact that they maintain a cubic
structure with alternating M' and M"' corner-sharing octahedra as well as the doubling of the
original AMXz stoichiometry. These materials were initially investigated as potential replacements
in solar cells with Cs,AgBiCls and Cs2AgBiBrs (Figure 1.6).63% However, these have materials
tend to have indirect bandgaps and are non-emissive at RT. Further work has since been carried
out experimenting with various combinations of M(I) and M(IIl) cations to better emulate the
properties of the 3D perovskites with several direct band gap materials being discovered:
Cs2AgInCle, Cs2AgTIBrg, and (MA),TIBiBrg.%%%8



BiCI6 octahedra

AgCl, octahedra

Cs,AgBICl,
Fm-3m
Figure 1.6. A,M'M""'Cls Elpasolite (double perovskites) Cs,AgBiCls

Additionally, since the report of weak, broadband orange PL from Cs,AgInCls, various studies
have expanded on the potential for double perovskites to be either themselves emissive or to be
the host lattice for emissive dopants.®® As far as pure and undoped bulk materials go, the only other
double perovskite to have reported emission is Cs2AgBiBrs with broad PL centered around 2 eV.%
%9 While unimpressive, this opened the door to studies on the use of these materials as host-lattices
for doping with luminescent transition metal cations (Mn, Cr)"®"2 and main group ns? ions (Sn, Bi,
or Sb).”*7® These most recent additions that utilize dopant quantities of Bi or Sb have been found
to demonstrate room temperature PL quantum vyields (RT PLQYs) of 86% for
Cs2(Ago.sNao4)InCle:Bi and 93% for CszKIno.gsCle:Sbo.os.”* " While impressive, these materials
are still broad emitters with wide bandgaps and require careful control over doping and substitution
as a result of concentration quenching effects.

Aside from the above-mentioned combinations of Ag, Tl, Sb, In, and Bi, one recent report
studied the combination of In* and In®*.”" Interestingly this combination does form a cubic double
perovskite at elevated temperatures, but distorts into a “twisted” tetragonal structure upon cooling
and is non-emissive at RT.

However promising the recent advances in the field of double perovskites, the search for
true, viable, lead-free replacements for APbXs perovskites has thus far only cemented the
importance of lead-halide perovskites for optoelectronic applications that require excellent charge
transport or bright, narrow emission. Rather than focus on attempting to find such 3D alternatives,
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we have chosen to focus on lower structural dimensionalities, which are comparatively less
investigated.

1.4. Lowering dimensionality

14.1. General trends

In chemistry and physics, dimensionality can have two meanings. It can be related to the
morphology of a material (i.e. quantum dots/wells, nanorods/wires, thin films), but it can also refer
to the connectivity of the structure.”®"® In this context, 3D structures contain connected polyhedra
that result in an infinite framework that extends along all crystallographic directions. 2D structures
are therefore achieved by effectively breaking some of these connections to create layers of
polyhedra. These layers can be of varying thickness (n) up to the 3D case where n = « (Figure
1.7).

Low dimensional materials
! 1D oo !

Decreasing Dimensionality

Increased Self-trapping

Figure 1.7. Structural dimensionality. As polyhedra such as the octahedra shown become increasingly
disconnected, the dimensionality of the structure decreases.

Further disconnection results in the formation of so-called low-dimensional structures in which
the polyhedra are formed into one-dimensional (1D) chains or OD isolated units. Although 2D, 1D,
and 0D crystal structures can all be considered as low-dimensional, 2D structures tend to share
more in common with 3D structures than 1D and 0D structures. We will therefore consider 1D and
0D as truly low-dimensional. Furthermore, the decreased dimensionality brings about new
properties and opens the door to niche applications where 2D and 3D materials are less suitable.
One well known way in which dimensionality will affect the optical properties of
semiconductors in in the appearance of their absorption spectra (Figure 1.8).”° The increasing
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confinement with decreased dimensionality gradually reduces the optical transitions and increases
their energy.

=1

Absorption —
I

A -~ A~ A A -

Figure 1.8. The effect of dimensionality on semiconductor absorption spectra for a) 3D, b) 2D, c) 1D,
and d) 0D crystal lattices. Reproduced from Three- and low-dimensional inorganic semiconductors, 25(3),
Papavassilou, G.C.; Prog. Sol. State Chem., 125-270, © 1997, with permission from Elsevier.

Of course, the schematic representations of the various dimensionalities in Figure 1.7 are
simplified (any cations acting as spacers have been omitted) and idealized. There are numerous
transitional cases that span the 3D-to-0D range.’® For example, 2D structures may be very thick
and planar (as mentioned above) or they may be thin with a high degree of corrugation, or zig-
zagging, resulting in significantly decreased conductivity and blue shifted absorption spectra akin
to that observed in 1D chain-like structure.8°-82

1.4.2. Self-trapped excitons

1.4.2.1. Excitons

Excitons are neutral quasiparticles that exist as an electron-hole pair. These appear after
photoexcitation in a semiconductor, and these are made energetically more stable than free carriers
by the coulombic attraction between oppositely charged particles. The degree to which these
oppositely charged particles are attracted to one-another is termed the exciton binding energy, Eb.
The magnitude of this exciton stabilization is a key parameter in understanding why some
semiconductors are emissive at RT and why others may not be.

The key for excitonic PL is the recombination of the electron and hole to generate light.
The probability of this occurrence increases when the two charge-carriers stay bound to one
another as an exciton, and this occurs when Ep > kgT.8 For example, traditional 111-V and 11-VI
semiconductors such as InP and CdSe only exhibit sharp, narrow excitonic PL at cryogenic
temperatures,3* and they have very small E, values of <20 meV.88 This tendency for excitons to
dissociate increases the probability that charge carriers become localized around defects, which
may form deep, mid-gap trap states. This defect trapping is often associated with decreased QY
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and may result in broadened PL, if any at all. This mechanism is particularly important in many
luminescent 3D semiconductors such as CdSe or InP but is less important in halide perovskites
(defect tolerance) and low-dimensional systems (high Eg; increased exciton localization).

1.4.2.2. Wannier-Mott and Frenkel excitons

Two primary classes of excitons exist, and their classification is dependent on the degree
of exciton-lattice coupling or, in other words, the extent to which the exciton can delocalize.? In
the Section 1.4.1, the excitons found in traditional semiconductors (IV, 11-VI, and 111-V) were
mentioned, and these are typically referred to as Wannier-Mott excitons. Such excitons are
delocalized over many unit cells, and they tend to have lower binding energies.®° These are the
predominant class of exciton in 3D crystal lattices. The optical processes in semiconductors with
these excitons can be considered as a transition from the valence band to the conduction band
across the band gap (absorption/excitation) followed by emission from the top of the conduction
band back to the valence band (emission) with a small Stokes shift and a emission lifetime that is
inversely proportional to the band gap for a given lattice (Figure 1.9).%°

Conduction
band

Energy

Valence
band

Ar

Figure 1.9. Wannier-Mott excitons. a) absorption and emission between the conduction and valence
bands. b) A 1D configurational coordinate diagram depicting the same process.

This same process that occurs from one dispersive band to another can also be considered
in a 1D configurational coordinate diagram (CC; Figure 1.9b). Here the wells no longer represent
the infinite states of the electronic bands of the semiconductor but rather the local bonding
environment of the highest occupied molecular orbital (HOMO; bottom) and lowest unoccupied
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molecular orbital (LUMO; top) in the lattice. The x-axis represents the change in atomic position
that occurs during after an electronic transition as a result of different orbital occupancies. The
horizontal lines represent vibrational energy levels. Therefore, unlike in Figure 1.9a where the
solid arrows refer primarily to changes in electronic state, the arrows in Figure 1.9b indicate
vibronic transitions. In the case of Wannier-Mott excitons and the emission that is typically
observed from APbX3 perovskites, the top and bottom wells would be only very slightly displaced
from one another illustrating the very small change in bonding that occurs and the concomitantly
small Stokes shift between absorption and emission; furthermore, the emission is expected to be
very narrow.%

In materials such as organic molecular crystals or ionic crystals, the exciton can be so
strongly confined that it may only exist in the space of a single unit cell or an even smaller volume
such as an atom or a molecule. Such localized excitons are known as Frenkel excitons.®*2, The
effect of this localization is that the electron and hole become strongly bound resulting a high
exciton binding energy, and the exciton and the lattice strongly interact.

1.4.2.3. The Importance of phonons and polarons

Although the image of the exciton as a delocalized quasiparticle in a static lattice may be
suitable at times, it is too simplistic when attempting to rationalize the origin of various optical
features in semiconductors. In reality, the crystal lattice is like a living, breathing entity which is
always dynamic with its constituent atoms vibrating about an equilibrium position.*® However,
just like molecules, the lattice of crystal is also subject to collective motions or vibrations known
as phonons. These not only transmit thermal energy through the lattice, but they are also able to
interact with excitons. Importantly, phonons can impart momentum and assist in forbidden or
indirect optical processes.

When these phonons couple to charge carriers or excitons, they form a quasiparticle known
as a polaron. Polarons are, in other words, excitons dressed in phonons that deform the surrounding
lattice. These screen carriers from one another and, in doing so, increase their effective mass. This
increased effective mass decreases their mobility and can even immobilize the exciton.8 % The
extent to which a polaron is spread out over the structure, or the extent to which a polaron deforms
the lattice, determines whether it is considered a large (Frohlich) or small polaron.

1.4.2.4. Self-trapped excitons

When a lattice supports the formation of localized Frenkel excitons, the resulting exciton-
phonon coupling or polaron can severely deform the lattice and immobilize the exciton in the
newly generated potential well. This is conceptually different from an exciton becoming trapped
in the potential well of a permanent defect (Figure 1.10a), wherein the potential well of the
deformation is always present and can be investigated using steady-state methods. In the case of a
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self-trapped exciton, the ground-state lattice is the same as that of the perfect, ideal crystal lattice,
and the deformation occurs only upon excitation and exciton creation (Figure 1.10b).
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Figure 1.10. Self-trapped excitons. a) The trapping of an exciton by a permanent defect; b) an exciton
deforming the surrounding lattice to form a self-trapped exciton; ¢) a CC diagram depicting the
absorption and emission from a self-trapped exciton. Reprinted (adapted) with permission from Acc.
Chem. Res. 2018, 51, 3, 619-627. Copyright 2018 American Chemical Society.

In 3D semiconductors such as 1V, 11-VI, or 11I-V materials, no self-trapped state exists. Broad
emission is therefore from defects or of an extrinsic origin i.e. dopants or impurities. In some 3D
lattices such as thallous halides or silver halides, these two states can coexist depending on
composition and temperature.® In other 3D systems, such as alkali halides and doped alkali halides
where self-trapped phenomena were first studied and related to the formation of color (F) centers
and halide (H) center, the self-trapped exciton is the primary mechanism for PL .89 949

The tendency for a self-trapped exciton to form in a material depends on two factors: lattice
rigidity/deformability and dimensionality.?® % These together determine if there is a potential
barrier to trapping, how large it might be, and the energy that the lattice may expend when relaxing
to the new excited state minimum (top well in Figure 1.10c). The dimensionality of the structure
is therefore a critical aspect that can be controlled to influence the electronic properties, the
bandgap as well as band-dispersion, the type of exciton that may form, and the luminescence
(intrinsically narrow or broad) from the structure.

1.4.3. Two-dimensional metal-halides

2D systems span the entire range of properties based on their thickness and connectivity.®”
% Systems with thick layers tend to be more planar and behave like their 3D counterparts; as a
result, they are more likely to exhibit lower resistivities and possibly the presence of narrow,
excitonic emission. This has been demonstrated in several lead-based materials and the
Cs2AgBiBrs double perovskite, most notably in long-chain alkylamines and alkyldiamines.%®1%

As mentioned before, systems with very thin layers (e.g. n = 1 or 2) will have larger band
gaps (as a result of increased quantum confinement); this was demonstrated by the same group of
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authors who also explain the broad emission at low temperatures.®®®” 1% The decreased
temperature favors the STE state as there is no longer enough thermal energy to cross the potential
barrier that separates FE and STE states.

The connectivity or the construction of these thin layers begins to play a significant role in
the height of the thermal barrier and the observed luminescence. 2D systems begin to favor the
formation of STEs at higher temperatures through thin-layers and corrugation.®” Corrugation is a
structural feature in which the layers are no longer flat planes like those found in the (001)
perovskites. Instead, the layers exhibit regular kinks or turns that effectively decrease band
dispersion even further and this effectively impedes the transport of charges through the layer and
restricts exciton delocalization. These are effectively quasi-2D systems that begin to exhibit STEs
at RT and have been demonstrated to emit white light with a PLQY of up to 9%'% or in one case
even 17%.103

Although the majority of earlier works on luminescent 2D metal-halides has been
conducted on lead-halides,'% 194111 an increasing body of work has also emerged regarding tin-
halides.8-8% 112 Interestingly, these lead-free materials can in some cases have more efficient STE
emission as evidenced by their PLQY reaching values over 80%.13-114

The field of quasi-2D and lower dimensional materials is not restricted, as previously
mentioned, to materials or elements that can form and stabilize slices or portions of a cubic
perovskite framework. These relaxed parameters allow for the exploration of other combinations,
and a strict adherence to a divalent or an average divalent B-cation is no longer required although
the utilization of ns? cations is still preferred. Therefore, by utilizing only an M(111) cation (i.e.
Sb3* or Bi*) on the B-site, a series of related 2D “3-2-9” structures can be obtained.

Although a structural departure from the perovskite family, these can still be considered in
the broader framework of vacancy ordered perovskites in which a 1-1-3 stoichiometry can still be
attained. This stems from the fact that the vacancies correspond to one-third of the trivalent metal
sites thereby resulting in an overall 3-3-9 ratio of A, B, and X sites.*'%11® A greater amount of the
corresponding alkali cation must be introduced to charge balance the trivalent cation, and the
material adopts a (111) oriented 2D structure (Figure 1.11).117-118
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Figure 1.11. The generation of 2D perovskites by removing (100), (110), or (111) planes to generate
the corresponding structure. These structures were generated by cutting the respective plane from an
ideal structure (based on CaTiOs3).

These (111) type structures are found for the majority of AsB2Xo (A =Rb, Cs; B = Sb, Bi; X = Br,
) structures (N.B. Cs3B2lg forms a OD structure). The quasi-2D nature of these materials has been
demonstrated in RbsSh2lg by its weak, strongly Stokes shifted, broadband RT PL which increases
in intensity with cooling and a total lack of narrow excitonic emission.!'® Similar observations
have been made for the isostructural CssB2Clg (B = Sh, Bi).!°

1.4.4. One-dimensional materials

Further dimensional reduction from the varying types of 2D sheets results in the formation
of 1D chains. Here again, the connectivity and chain thickness play a role in dictating the optical
properties; however, the number of known structures is lower, and their corresponding optical
properties have been investigated to a much lesser degree.!?12! Again, as in the case of 2D metal-
halides, 1D Pb-X materials have been studied far more intensively in the past 20 years than their
lead-free counterparts.*?! As of 2020, at least 21 unique 1D Pb-halides have been discovered and
investigated; the structural motifs most commonly include corner-, edge-, and face-shared
octahedra.'?*% Although not all have been extensively characterized in terms of their optical
properties, several structures have been demonstrated to exhibit broad-STE emission with
relatively high QYs at RT.'?® This is possible due to the lack of a thermal barrier separating



15

delocalized Wannier-Mott excitons and localized Frenkel excitons in these systems; as a result, all
excitons become trapped and distort the lattice.®®

Given these promising results, the investigation into lead-free 1D systems has slowly
increased although at the time of writing this dissertation only four luminescent 1D systems have
been described in the literature: C4N2H14SnBrs (Figure 1.12a),'3" [C(NH2)3].SnBrs (Figure
1.12b),1*8 (CH3)3SSnl3,*° and (CsH14N2)2[Sb2Clio]-H20.140

Figure 1.12. Luminescent 1D tin-halides: a) C4N2H14SnBr*" 41 and b) [C(NH2)3]2SnBr4**®. Tin-
bromide polyhedra are grey with the red-brown spheres representing bromine atoms. The blue and grey
lines in a represent the ethylenediammonium cation whereas the brown triangle in b represents the
guanidinium cation. In both cases hydrogen atoms have been omitted for clarity.

The former (Figure 1.12a) is composed of chains of edge shared SnBrs octahedra and is non-
emissive at standard temperature and pressure. This material does begin to exhibit broad STE
emission once the pressure is increased to 2.06 GPa.'?> ! The underlying mechanism, as
explained by the authors, involves a phase transition in which the individual octahedra distort with
off-centering of the Sn atom.'*! This off centering and octahedral distortion alters the Br-Sn-Br
angle further from 180°. This may potentially reduce the orbital overlap between adjacent
octahedra and decrease dispersion throughout the chain, effectively dimensionally reducing the
1D chain and enhancing the PLQY. The latter example has intrinsically poor dispersion, which
was supported by DFT calculations; this 1D structure may therefore be closer to a pseudo-1D
structure. This is furthermore supported by the fact that it exhibits broad yellow emission with a
PLQY of 2% at RT, which increases to 75% at 77 K.1*

In both cases, these materials have shown the ability to exhibit efficient, broad STE
emission when cooled or pressed. This is unlikely to be coincidence, and it is rather symptomatic
of a general trend among lead-free metal-halides: dimensional reduction, however it may occur,
increases PL.
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1.45. Zero-dimensional materials

1.4.5.1. Overview

The OD case represents the limit to this structural disconnection or dimensional reduction.
At this point all the metal-halide building blocks are spatially separated or isolated from one
another, and these polyhedra are generally restricted to trimers, dimers, and single isolated
polyhedra.

Historically, these phases have received little-to-no widespread attention in the broader
scientific community even though the various phases in the ternary metal-halide compositional
space have been studied since at least the late 19" century.'#>1%® Later reports in the mid-20%"
century observed that the CssPbXs materials, which could form alongside the 3D ABX3
perovskites, exhibited vastly different optical characteristics from their 3D counterparts.}4+14" The
optoelectronic properties of such 0D phases were not actively investigated further until the latter
half of the 20" century with studies on the absorption and conductivity of Sn?* materials
(CsaSnBrg), 148149 as well as the first studies on the luminescence of 0D Te*" materials
(Cs2TeXe). 10 These initial articles focusing on Sn?* described the both the wide-bandgap and high
resistivity that can be expected from these disconnected, 0D structures. The work on Te**, on the
other hand, provided the first look at such materials as phosphors, which exhibit broadband,
strongly Stokes-shifted PL at cryogenic temperatures. These initial observations of PL inspired
several groups to look deeper at the structures and optical properties of 0D materials with Te(IV),
Sb(111), and Bi(lIl) given their common ns? electronic configuration. These studies sought to link
the ground state crystallographic structure, and the extent to which metal-halide octahedra are
disordered, to the PL width and Stokes shift.1>1°3 Interestingly, they found that these systems are
intrinsically broad emitters with varying Stokes shifts and features in the PL spectra based on the
strength of exciton-phonon coupling and the degree to which the excited state could distort.
Briefly, more strongly coupled systems would be expected to have more Stokes shifted emission
with weaker intensity and less features.*>* In general, these studies laid the framework upon which
we continue to build and discuss such 0D materials.

Aside from these initial advances, very little has been done prior to 2017 in luminescent
materials discovery with only two antimony-chloride based OD materials effectively
characterized.'®>1% In fact, the relatively small library of investigated and characterized materials
speaks to the young state of this field.X>” With the perovskite-era, these 0D curiosities have since
undergone renewed interest as their light emission has become an attractive lure. Looking at their
structures, several motifs can be identified in most 5s? and 6s? metal-halides (Figure 1.13).
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Figure 1.13. Structural motifs found in 0D metal-halides: a) polynuclear units, b) mononuclear
polyhedra.

The preferred motif for a specific material may affect its tendency to be emissive at RT and is
dependent on several factors: metal center, organic vs. inorganic “A” cations, stoichiometry, and
lone pair stereoactivity. The metal-center and more specifically its group (i.e. tetrel, pnictogen,
chalcogen) has a significant effect on the coordination geometries that it can adopt, mostly as a
result of the charge required to maintain the ns? electronic configuration. These trends are evident
in the 5s2 metals viz. Te(1V), Sb(l11), Sn(ll). The high charge of Te(IV) requires a greater number
of ligands to create a stable ternary metal-halide. As a result, the known catalogue of 0D Te(IV)
materials is, for the most part, restricted to octahedra (AXs). Sb(l11), on the other hand, is able to
also adopt geometries containing fewer ligands such as square pyramids (AXsE). Finally, Sn(ll),
having the lowest charge, adopts these geometries as well as disphenoids or “see-saws” (AX4E).
The adoption of these various geometries in different structures appears to be strongly influenced
by the size and structure-directing ability of the “A” cation. Although no general rules or strategies
currently exist for the design of structures, it can be observed that coordinatively unsaturated
metals are only available via one of two approaches: the selection of large, bulky organic cations
or the use of halide anions with very different sizes (e.g. CI- and I").25"1%8 Furthermore, the extent
to which these various polyhedra are distorted is associated with a phenomenon known as the lone-
pair effect.

This is related to the stereoactivity or the physical presence of the lone pair in a structure.
In coordinatively unsaturated systems such as disphenoids or square pyramids, the lone pair is
expressed. In octahedral cases, the expression of this lone pair appears to be correlated with the
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underlying symmetry and density of the structure. In high symmetry, fully inorganic systems such
as CssSnBrg (or even the 3D CsSnBrs) the octahedra may appear undistorted, masking the lone
pair.®® This may be attributed to crystal lattice effects related to site symmetry or the reported
interaction of the ns? pair in this structure with the d-orbitals of the Br.1%° At the opposite end of
this spectrum lie the [SnXs]* octahedra of (C4aN2H14)4SnXg, which appear very distorted with bond
lengths ranging from 3.17 A to 3.27 A 16!

As these various factors determine the structural motif adopted by the metal-center, they
also determine the appearance or absence of PL at RT and its PLQY. While no general trends exist
that can be used to predict the resulting properties of a structure, empirical observations can be
drawn from examples in the literature to predict which materials and elements may be the most
likely to result in efficient RT emitters. Interestingly, most, if not all, of these motifs have
luminescent examples as of 2020. The factors that appear to most often quench PL in these systems
are the use of 6s? cations such as Pb%* or Bi?* and heavier halides such as Br- or I', depending on
the system. An excellent set of examples for this comes, in part, from our discoveries in Chapter
2 and Chapter 3 of this dissertation. From these chapters, several AsSnXe materials can be
compared along with their fully inorganic 6s? counterpart — CssPbBres (Figure 1.14).

Figure 1.14. The unit cell of Cs4PbBrs.

This material, known since the early 20" century,’® 47 has an aristotypical 0D structure with
disconnected [PbBrs]* octahedra separated by Cs* cations. The 0D nature of this structure is
reflected in its optical and electronic properties, with initial reports describing the material as white
(wide bandgap) and very resistive with cryogenic PL in the UV.14% 162-167 Thjs s clearly at odds
with recent articles that have erroneously identified this phase as having narrow, green emission,
which could be expected from free-exciton recombination but seems highly unlikely for the self-
trapped excitonic recombination that should take place in a 0D material.'®® More recent reports
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have found that this narrow emission originates from nanocrystalline impurities of CsPbBr3,
whereas the CssPbBre phase is non-emissive at RT and may possess UV-blue emission at
cryogenic temperatures.*® 18171 This is in stark contrast to the isostructural CssSnBrs, which
exhibits broadband RT PL centered at 540 nm with a QY of 15£5% (presented in Chapter 2).

This remarkable difference in optical activity, as well as recent articles on Sb(lll) and
Bi(l1) based metal-halides, demonstrates that 5s?> metal ions tend to be red-shifted and more
emissive than their heavier 6s? counterparts, given the same cation and coordination.*® 172 This is
the first of two empirical generalizations on 0D metal-halides which we can currently make.

The second so far only applies to octahedrally coordinated metal centers, as it stems from
the comparison of CssSnBrs to (CsN2H14)aSnBrs. Between these it can be seen that the fully
inorganic structures tend to feature symmetric octahedra with reduced lone pair stereoactivity,
whereas the hybrid organic-inorganic counterparts have increased distortion and increased lone
pair expression. This observation is paired with the fact that hybrid organic-inorganic materials
are routinely more emissive (15% compared to >80%, respectively).

While the optical performance of hybrid materials is many cases superior to those of their
fully inorganic counterparts, the search for new, fully inorganic 0D metal-halides is a necessary
step towards understanding these materials and finding ways to utilize them. One instance in which
fully inorganic materials may provide a distinct advantage, is in the synthesis of NCs. Several
articles on CssPbXs NCs and other fully inorganic 0D systems have already been published, 6% 173
177 and only one year after our report on the RT PL of Cs4SnBrs (Chapter 2), two publications
reported the successful preparation of these NCs.2"®1"® To date no hybrid organic-inorganic 0D
materials have been successfully prepared.

Another unexplored area within the realm of OD metal-halides, which we sought to
investigate was the optical properties and potential uses of polynuclear 0D metal-halide clusters.
At the time of starting this work, the most prominent example of such a system came from the
CssMzlg (M = Sb%*, Bi®*; Figure 1.15).118. 180-181

¥

Figure 1.15. The crystal structures of a) CssShzls and b) CssBi:le.
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These materials have been demonstrated to exhibit very weak RT PL, which has been difficult to
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observe in fully inorganic systems containing heavy halides such as Br~ or I". Furthermore, in the
past two years, examples of luminescent hybrid organic-inorganic materials with bi-nuclear or tri-
nuclear lead-halide clusters have emerged and drawn increasing attention.'®28 Our own
contribution to this growing body of work can be found in Chapter 4.

1.4.5.2. Applications for 0D metal-halides

The properties of 0D metal-halides that have been described so far include broadband
emission, long PL lifetimes, temperature dependent PLQY, and generally sub-400 nm excitation
bands. These properties are ill suited for most, popular optoelectronic applications such as solar
cells, and light emitting diodes for both consumer electronics (displays) and solid-state lighting
(SSL). Even more recent and niche applications such as solar concentrators that benefit from their
large Stokes shift also appear to be a poor match (Table 1.1).

Table 1.1. Properties and applications for 0D metal-halides.
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Displays are clearly a poor choice for these materials. Their broad emission, long lifetime, thermal
quenching, and UV emission are incongruent with the requirements for the next generation of
displays. It should come as no surprise that these materials have therefore not been considered in
the literature for this use. More surprising is the potential use of 0D metal halides as solar cell
materials.'® For example, Cs,Snlg has a vacancy-ordered double perovskite structure; a cubic 0D
structure with alternating octahedra and voids common to ternary tetravalent metal-halides; and
has been used in solar cells.*¥” With the 0D Cs;Snls as a hole-blocking layer in a dye-sensitized
solar cell, a power conversion efficiency (PCE) of between 4% and 8% could be achieved.'8-1%
The use of this material will likely be restricted to hole blocking or electron blocking layers, as the
low carrier mobilities (given the 0D crystal structure) would make it an inefficient absorbing layer.
This has in fact been shown with Cs;TiBrs, Cs2PdBrs, and the AsM2lg materials which all possess
0D crystal structures (cubic vacancy ordered double perovskites for Ti*" and Pd**; face sharing
dimers for AsM:lg). Solar cells constructed utilizing Cs2TiBre as an absorptive layer exhibit PCE
<4%,%87 and those utilizing AsMzls (A=Rb, Cs, MA; M=Sb,Bi) exhibit PCE < 1.5%.116: 19119 Thg
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poor performance of these materials is most likely due to their low electronic dimensionality which
results in increased effective carrier masses. For this reason, Cs,PdBrs is not expected to achieve
high PCE values and has not been utilized in a solar cell.*%

Many articles in the OD metal-halide field rather focus on their use as potential SSL
phosphors. 1% 161.197-199 The ytimate goal for SSL is to achieve bright, low-cost, white light that
effectively matches the solar spectrum. Daylight is composed of a continuous spectrum of
wavelengths that peak in the visible range around 500-600 nm. As a result, the colors that we see
are effectively rendered by subtractive color mixing. Pigments in the world around us absorb
swathes of the visible spectrum and appear as a mixture of the reflected or unabsorbed light. Any
gaps or deviations from the solar spectrum in this incident light spectrum alters the color we can
perceive. For this reason, not all light sources are created equally. For example, lasers which are
effectively line sources (emitting monochromatic light) could be made to additively emit white
light through the combination of a red, green, and blue laser. This would qualify as a white-light
LED, but it would have an abysmal color rendering index (CRI).

The CRI is one of the figure-of-merit (FOM) for SSL.>® It effectively communicates how
well a given light source can reproduce the colors of an object. The tricolor Laser approach
mentioned above, would only generate roughly 8 colors by various combinations of reflected red,
green, and/or blue light. In spaces where colors are critical, such as museums, galleries, stores,
etc., a much higher CRI is required.

Another often cited FOM for SSL is color temperature.?® For a given white color, the hue
is related to the equivalent temperature of a blackbody emitter. Therefore, white light sources with
a blueish appearance have high temperatures whereas more red tones have lower temperatures.

To achieve high CRIs with pleasant color temperatures broadband emitters are required.
Several approaches to achieve this have been described in the literature: tricolor LEDs, UV LEDs
with RGB phosphors, and partial conversion. The tricolor LED approach is effectively the same
as the RGB laser approach except that each color should be broad with its center in the appropriate
spectral range i.e. broad red, broad green, and broad blue.?°*2%2 The benefit of this approach would
be the ability to tune the color temperature during operation, as well as the higher efficiency of
directly converting current to light without down conversion losses. However, the majority of
materials that could be suited for electroluminescence are relatively narrow emitters. This makes
this approach highly sought after in the display industry, but it would result in low CRI values in
lighting (ca.70-80).2°! Rather than rely on electroluminescence the next two approaches utilize
down conversion or PL. The approach that would naturally lend itself to higher CRI values would
be the combination of UV or “purple” (405 nm) LEDs with RGB phosphors. While this may be
technologically feasible, it is far from perfect and it may be economically unsatisfactory for several
reasons. First, the industry standard has been and still is blue excitation.?® Second, materials that
emit in the blue and green may suffer from reabsorption by the red phosphor. Third, the effect of
phosphor heating during operation may not affect all phosphors equally, and this may result in a
slow change in the color temperature over time. These numerous engineering obstacles stand in



22

the way of this method. The final and most common approach for SSL is known as partial
conversion. This approach typically utilizes a blue LED to excite a yellow phosphor (e.g. Ys.
xCexAlsO12) while still allowing some of the blue light to pass through; the combination of the
broad blue and yellow produce white.?%%-21 These LEDs typically produce colder colors as a result
of the weaker red emission. Today, some groups have found that this approach can result in high
CRIs with warm temperatures through the addition of red phosphors such as Sr.SisNs:Eu?* or
Sr(LiAlsNa):Eu?*.200-201. 204 However, higher QY phosphors with high absorption coefficients,
which are potentially free of rare-earth elements altogether, are still necessary to further improve
device efficiencies.205-206

While many of the known, lead-free 0D metal-halides (particularly organic-inorganic
hybrids) exhibit broad PL with high PLQYSs at RT, these materials would nonetheless be ill suited
as SSL phosphors for two primary reasons: UV peak excitation and thermal sensitivity. The first
of these is apparent from the absorption and PL excitation (PLE) spectra of the majority of studied,
luminescent 0D metal-halides. Typically, these materials have molecular-like excitation spectra
that peak below 400 nm and absorption spectra that cut-off near or below this same value. This
severely reduces the potential light output from any device even with the use of 405 nm purple
LEDs. This effectively disqualifies the vast majority of emissive 0D metal-halides, though a few
remain which exhibit RT emission. These, however, face the issue of phosphor heating. In Chapter
3, we discuss the extreme thermal sensitivity that the PLQY and lifetime of these materials share,
which further dampens the potential performance of these materials.2%"-2%8

1.5. Thesis outline

In summary, the goal of this Ph.D. was to expand the emerging field of emissive, lead-free 0D
metal-halides. To do so, we first set about re-discovering known 0D lead-free metal-halides by
investigating their ability to emit light. We then sought to broaden our knowledge of their
properties and attempt to apply these materials in new ways. Finally, we investigated the
properties and use of polynuclear 0D metal-halide clusters and the potential influence of
intervalent and metal-metal charge transfer on excitation.

Although metal-halide perovskites have been in vogue since 2014 after their introduction
as absorptive layers in solar cells and 2D metal-halides have been intensively studied since the
early 1990’s, little-to-no results or studies had been published focusing on the light-emissive
properties of 0D metal-halides until 2017. Then in 2018, the first results in the field of lead-free
0D metal-halides were published concurrently with the CssSnBres material presented in Chapter
2. Here we demonstrated CssSnBre to be an efficient source of PL at RT. Furthermore, we
attributed the broad-PL that this material exhibits to the formation and subsequent radiative
recombination of self-trapped excitons as discussed in Section 1.4. We then explored the optical
tunability of this phase and the structural changes that this tuning brings about through the
combination of XRD and optical studies to fully describe the Css-xAxSn(Briyly)s (A=Rb,K; x,y<1)
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family. Finally, we were able to rationalize our experimental observations through the use of DFT
calculations and found that STE emission can be influenced through anisotropic unit cell
compression. This family of materials offered a first glance at the broader field of luminescent 0D
lead-free-metal-halides in our group that became the focus of this dissertation.

In Chapter 3, we expanded our work on the Cs4SnBre material to investigate the influence
of temperature on PL lifetime and discovered a niche application for low-dimensional metal-
halides altogether. We had previously observed drastic variations in the average lifetime that
appeared to shift from day-to-day, and in carefully investigating this behavior discovered that the
lifetime indeed exhibits a strong dependence on temperature. In fact, the steepness of the PL
lifetime variation around RT was one of the steepest (~ 20 ns/K) at the time of this publication in
2019. From this point we realized that this trend may indeed be a general feature found amongst
other STE-emitting low-dimensional metal-halides, and we found this to be true in
(C4N2H141)4Snls (OD) and [C(NH2)3]2SnBr4 (1D). Finally, we collaborated with the Swiss Center
for Electronics and Microtechnology (CSEM) to demonstrate successful remote-optical
thermography or thermal imaging using CssSnBre as a thermally sensitive phosphor. However, we
were aware of the oxidative instability of our Sn-based phosphors and so we began to search for
oxidatively stable OD alternatives based on similar ns? lone-pair containing metals.

This lead to the work presented in Chapter 4, in which we discovered the Rb7Biz-3xSbsxClis
(x<1) family of materials. These all exhibit unusual OD structures comprised of isolated octahedra
and edge-shared octahedra in the form of dimers. Again through the use of a combination of
structural analysis, spectroscopy, and DFT calculations we demonstrate that these materials have
the potential to be excellent thermometric/thermographic agents and that the unusual edge-shared
dimers may be the key to unlocking RT PL for OD, inorganic pnictogen-halides.

At this point, we saw that one of the consistent drawbacks of these 0D metal-halides is
their lack of absorption of blue light. In fact, these materials tend to be excitable only with UV
light, and any effort to narrow the bandgap of these materials through the alloying of heavier
halides such as Br™ or I tends to effectively quench their PL.

The results of the previous chapters demonstrated that 0D metal-halides exhibit unique
properties, promising for optoelectronic applications such as thermometry and thermography.
While previous publications have also demonstrated the utility of such materials in high-energy
excitation applications such as X-ray scintillation, the vast majority of optoelectronic applications
use blue excitation sources. However, most 0D metal-halides have sub-400 nm excitation maxima
with only weak 450-460 nm absorption. Therefore, finding suitable strategies to narrow the band
gap of these materials are required. One obvious possibility is of course to substitute with heavier
halides such as Br  or I. This strategy, while easy to implement, is hindered by decreased
guenching temperatures and concomitantly lower PLQY values.

One potential solution that we sought to investigate in Chapter 5 was through the use of
0D mixed-valent materials. These tend to have broad absorption bands that extend into the visible
range, giving many of these materials red or even black colors. Given this strong visible absorption,
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we were determined to see if any such materials may be luminescent at any temperature as no
reports existed on the topic. Furthermore, we identified a yet-to-be-answered question within the
literature regarding the existence and structure of the “RbSb'"'SbYCl12” and “Rb255SbClg” phases.

Therefore, we synthesized this phase and found the stoichiometry to be Rb23Sb'"'7SbY>Clsa,
with an orthorhombic structure (Cmcm) and red color. No low temperature PL was observed;
however, we were able to discover a series of new materials once the Sb'" was partially or even
fully substituted with Bi'"". These instead crystallize in a trigonal crystal system with a R32 space
group. Incidentally, this belongs to one of the piezoelectric space groups and suggests that these
phases may exhibit piezoelectricity or second harmonic generation. To confirm this space group,
we performed SHG measurements and found strong evidence of its existence. Regarding optical
properties, the charge transfer bands for these materials blue shift as the amount of Bi'"" increases
compared to the Sbh-only phases, but still no PL was observed at any temperature down to 12 K.

The dissertation concludes with a brief summary as well as outlook on the field of OD lead-
free metal-halides as emissive materials and their niche applications.
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Chapter 2. Highly Emissive Self-Trapped Excitons in Fully

Inorganic Zero-Dimensional Tin Halides

Figures and excerpts reprinted with permission from Benin, B.M.; Dirin, D.N.; Morad, V.; Worle,
M.; Yakunin, S.; Raino, G.; Nazarenko, O.; Fischer, M.; Infante, I.; Kovalenko, M.V. “Highly
Emissive Self-Trapped Excitons in Fully Inorganic Zero-Dimensional Tin Halides”, Angew.
Chem. Int. Ed., 2018, 57 (35), 11329-11333; Angew. Chem., 2018, 130 (35), 11499-11503.
Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.

2.1. Abstract

In this chapter, we made our first foray into low-dimensional, and specifically 0D
materials. Through the use of solid-state methods, we were able to grow phase-pure powders of
the incongruently melting CssSnBre phase. We were the first to discover that this phase exhibits
efficient RT PL (RT QY = 15% + 5%), and we sought to investigate both the origins and the
tunability of this luminescence.

To our initial surprise, the PL was observed to be very broad with a full-width-at-half-
maximum (FWHM) of 0.51 eV (120 nm) and highly Stokes shifted (1.2 eV). In agreement with
the structure-property relationships observed in other metal-halides, the excitation and emission
could be shifted via anion substitution; however, the substitution was limited to iodide only,
expanding the formula to CssSn(Briyly)s (y<1). Furthermore, iodide substation past CssSnBrsl3
could be measured crystallographically, but no longer resulted in RT luminescent phases.

We then discovered that the emission and Stokes shift could be tuned through the partial
substitution of Cs™ with smaller cations such as Rb* and K* to yield the final formula, Csa-
xAxSn(Briyly)s (A=Rb,K; x,y<1). Briefly, smaller cations blueshift the PL and decrease the Stokes
shift. This is contrary to what has been observed for higher-dimensional metal-halides such as the
3D APDbX3 perovskites, in which the A-site cation indirectly influences both the bandgap and the
emission wavelength by altering the Pb-X-Pb angle and decreasing the band width as the structure
deviates from an ideal cubic one.?® However, in both cases the large, monovalent cations do not
contribute to the density-of-states (DOS) at the bandgap.

To determine the structural origin of this effect in the 0D CssxAxSn(Briyly)s, density
functional theory (DFT) calculations were utilized. First, the STE state was modelled and
determined to occur as a Jan-Teller like distortion of a [SnXes]* octahedron. With partial
substitution of some of the Cs atoms for Rb and K, the unusual PL trend was also investigated. By
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relaxing the structure in the excited state, the PL energy could be determined from the energy
difference between the STE state and the ground state. The results fit very well with what was
observed experimentally, and they described a situation in which the smaller unit cell effectively
restricts the space into which the [SnXs]* octahedra can distort. The spatial restriction decreases
the energy that can be lost towards octahedral distortion, effectively blue shifting PL and
decreasing the Stokes shift.
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2.2. Introduction

Interest in low-dimensional metal-halide semiconductors,: 101 105 109112, 209216 gnq
ultimately their 0D counterparts,6® 170 217 has been spurred by the increasing interest in 3D lead
halide perovskites.> 170218219 | recent years, lead-halide perovskites have risen to prominence in
the field of optoelectronics with their use in full-color imaging,® photodetection,®® 22 X-ray
imaging,??! hard-radiation detection,®**! solar cells,?>2® and light-emitting diodes, owing to their
defect-tolerant photophysics and charge transport.5® 222223

As the dimensionality decreases, the metal halide octahedra become progressively less
connected and the optical and electrical properties shift away from those of a delocalized, 3D
network towards 0D, molecular-like, isolated octahedra. In such structures, self-trapped excitons
(STEs) form due to the local deformation of the crystal lattice upon photoexcitation. This strong
spatial localization, and the absence of electronic trapping processes that are inherent in
electronically extended (higher dimensionality) solids, favors radiative recombination. Previously,
the spatial confinement of carriers in 3D perovskites has been attained through crystal size control
at the nanoscale (i.e. top-down and bottom-up synthesis of NCs).46-47: 52.224-226 | the case of 0D
materials, such elaborate crystal size engineering is not required as the optical properties are
instead governed by their structural dimensionality. Highly localized Frenkel-like excitons are
formed instead of Wannier-Mott type excitons.

The library of 0D metal halides with octahedral building units includes both lead-based
and lead-free compounds: Ti(IV),*¥” Hf(1V),%2228 Zr(1V),?2° Pd(IV),*% Pb(11),2° Sn(1V),88 1%
Te(1V),150-15L 231-232 gpy(|1),155 233-234 gnd Bi(111).2% However, only several of these examples
exhibit PL at RT; and this emission is seldom characterized by a high PLQY. The first examples
with high QYs in excess of 50% were demonstrated only recently: (C4N2H14Br)sSnBrs (QY =
95%:+5%) and (CsN2H14Br)sSnls (QY = 75%+4%).16% 197 Both structures are constructed from
disconnected [SnXs]* octahedra, separated by large organic cations with a distance of >1 nm
between Sn?* centers.

Given the high PL QY of these hybrid materials and their novel approach towards exciton
localization, we chose, herein, to pursue fully inorganic analogues such as CssSnBrs. While several
studies have reported on the structure and basic properties of CssSnBrs, none have observed PL at
RT.1% 2% Recently, calculations have shown that the Cs4SnBrs phase should have a bandgap of
3.37 eV.Z7 We prepared CsaxAxSn(Briyly)s (A = Rb, K) materials using a simple solid-state “heat-
and-beat” approach, characterized them structurally and found them to be luminescent at RT.

2.3. Experimental details

For detailed experimental details regarding materials, synthetic procedures, and
characterization techniques, see chapter 7. Materials and Methods.
Further details on the crystal structure investigation(s) may be obtained from the
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Fachinformationszentrum  Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the depository number CSD-
434641, 434642, 434643, 434644, 434645, 434646, and 434647.

2.4. Results and Discussion

According to the CsBr-SnBr2 pseudo-binary phase diagram (Figure 2.1Figure 2.1a),
CssSnBrs melts incongruently and competes with the decomposition into the black CsSnBr3 and
CsBr. Therefore, phase pure CssSnBre cannot be obtained by cooling from a melt of this
composition. Instead, solid pellets of a mixture of CsBr (4.5 eq.) and SnBr2 (1 eq.) were repeatedly
heated to 350 °C for 60 hours and reground in a glovebox between heating cycles. The highlighted
green region in Figure 2.1a represents the experimental conditions that were found to yield the
purest materials, i.e. at temperatures below the decomposition point of CssSnBrs (Figure 8.1,Figure
8.2; Table 8.1. Refinement of Cs4SnBr6.,8.2). Single crystals of CssSnBrs were obtained by
tempering a solid pellet at 350 °C. CssSnBrs crystallizes in a trigonal crystal system (R-3c space
group, Figure 2.1b, Table 8.3-8.9), wherein [SnBrs]* octahedra are separated by Cs* cations. The
Cs"™ cations occupy two distinct crystallographic positions (Figure 8.3).
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Figure 2.1. (@) The pseudo-binary CsBr-SnBr, phase diagram.}*® The highlighted green region
represents the experimental conditions found to yield the purest CssSnBrs material. (b) The crystal
structure of CssSnBrg viewed along the (111) axis with [SnBrg]* octahedra (grey with green bromine
atoms) separated by Cs* cations (blue). (c) PL and PLE spectra for CssSnBrs (at RT).

Unlike the isostructural CssPbBrs, which shows narrow excitonic PL only at low
temperatures and at wavelengths <400 nm,*®* Cs4SnBrs exhibits broad-band green-yellow PL at
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RT from STEs (peak maximum at 540 nm, Figure 2.1c). Upon measuring the PL excitation (PLE)
it was found that CssSnBres resembled a molecular material with a sharp excitation peak at 340 nm
yielding a large Stokes shift of ca. 1.2 eV. These results are, however, at odds with the off-white
visual appearance of our CssSnBrs powders. To investigate this inconsistency, absorption spectra
were measured in diffuse reflectance to determine the effective band-edge of this CssSnBre
material as well as any impurities that may be present (Figure 2.2).
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Figure 2.2. Absorption (Kubelka-Munk, or K-M in the Figure) spectra of CsisSnBrs with a
comparison to other CsSnBr3; absorption spectra (inset).

In agreement with the measured PLE, the absorption spectrum demonstrates an absorption edge
that ends at roughly 400 nm. It was also observed that a tail extends towards longer wavelengths
and may be the culprit behind the visually off-white appearance. This shoulder is expanded in the
inset to Figure 2.2 and a shoulder at 670 nm is observed. This shoulder likely results from an
impurity of CsSnBrs that, although too small (in amount and in size) to be measurable by XRD,
slightly discolors the otherwise white powder giving it an off-white appearance. This is plotted in
comparison to bulk and nanocrystalline CsSnBrsz in the inset. The colloidal NCs of CsSnBrg,
plotted in red, are reported as being 10.7 nm % 6.4 nm in diameter and these exhibit the most blue
absorption edge in agreement with their size (data taken from Ref.?3) Furthermore, films prepared
from CsSnBrz nanocubes also have absorption edges that are blue shifted from that of bulk
CsSnBrs and near to that of colloidal CsSnBrs NCs (data taken from Ref.2%). Given this optical
data, the tail and shoulder observed in the absorption spectrum of CssSnBre are ascribed to
CsSnBrs. Even with this minute impurity, a PLQY of 15+5% was measured at RT.
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The PLE and PL spectra were found to be tunable through the partial substitution of both
A-site cations (Cs with Rb, K) and the halide anions (Br with I). Na was not observed to substitute
Cs; instead, a mixture of NaBr, CssSnBrs, and CsSnBr3 are produced (Figure 2.3).
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Figure 2.3. Substitution with Na. Cations smaller than K* do not substitute Cs* in CssSnBrs. The
addition of Na resulted in a mixture of CssSnBrs, CsSnBrs; (ICSD# 4071), CsBr (not shown), and
NaBr (ICSD# 61672).

In (CaN2H14Br)aSnXs (X = Br/1),16:1%7 the addition of iodide red-shifts both the excitation
and STE emission spectra. Similarly, the PL of CssSnXs shifts to 620 nm (orange emission) at a
Br:I ratio of ca. 1:1 (Figure 2.4a). In agreement with Vegard’s law, a linear change in both the a
and c lattice parameters was observed over the range of compositions from CssSnBrs to CsaSnle
(Figure 8.4, Figure 8.5; Table 8.10,Table 8.11). Samples with greater than 50% substitution by
iodide, however, did not exhibit PL at RT and were not investigated further.

While bromide and iodide occupy the same general position within the structure of
CsaSnBrs, Rb™ and K* could potentially substitute two distinct crystallographic positions of Cs*
(Figure 8.3). Substitution by Rb™ or K™ occurred only on the smaller Cs(2) site (1/4 of all Cs, six-
fold coordination, Figure 2.4b, Figure 8.6; Table 8.12, Table 8.13). This preferential substitution
explains the experimentally observed 25%-limit for substitution (Figure 8.7). Furthermore, much
higher loadings tend to yield samples with greater amounts of impurities such as the darkly colored
CsSnBrs.

Plotting the lattice constants against the molar fractions of K* or Rb* ions, estimated from
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the Rietveld refinement and energy-dispersive X-ray spectroscopy (EDS), yields a seemingly
linear trend for the ¢ parameter, in agreement with Vegard’s law, whereas the a parameter increases
only slightly (Figure 2.4c, Figure 8.7-Figure 8.9). The larger error bars for the samples with Rb-
substitution in Figure 8.9 come as a result of the smaller differences in electron density between
Cs and Rb than between Cs and K.

The site affected by substitution is part of an infinite chain of [SnBrs]* octahedra separated
by Cs/Rb/K ions. Since the chain is oriented parallel to the c-axis, substitution by Rb or K will
cause the largest effect along this axis resulting in a decrease in the ¢ parameter.

The substitution of Cs™ by Rb* or K* results in a blueshift of the PL maximum. This shift
is dependent on both the degree of substitution and on the identity of the substituting cation. For
25% substitution, Rb* shifts the PL peak to 519 nm, whereas K™ yields a PL peak at 500 nm (Figure
2.4d). Strikingly, the PLE remains unaffected. The same scenario was observed for the other
examined Br:l ratios (ca. 5:1, 2:1, 1:1, Figure 2.4e, Figure 8.10; Table 8.14,Table 8.15).
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Figure 2.4. Structural and optical characterization of CssxAxSn(Br,1)s compounds (A=K, Rb). (a) PL
and PLE spectra of CssSn(Br,1)s. (b) Crystal structure of Cs3;2KosSnBrg determined by Rietveld
refinement. (c) The change in the a and c lattice parameters upon Cs* substitution by Rb* and K*. (d)
PL and PLE spectra for Rb* or K* substituted compounds. () Image of CssxA«Sn(Br,l)s powders
under 365 nm UV light. (f) TRPL of CsiSnBrg, Cs32KosSnBrs, and CssSnBrsls at 200 K.
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Temperature-dependent PL spectra were measured down to 6 K (Figure 8.11, Figure 8.12).
It was found that the PL intensity increased with decreasing temperature and, in the case of
Cs4SnBr6, the emission intensity reached a maximum at ca. 200 K. Given a RT QY of 15+£5%,
the QY of Cs4SnBr6 is estimated to be near unity at 200 K (Figure 8.13a). No higher-energy
emission, i.e. from free excitons, could be observed in Cs4SnBr6 or Cs4SnBr3I3 at any
temperature (Figure 8.12). However, the integrated PL vs. temperature plot indicates that there are
two regions present: region 1 and region 2. Region 1 involves a PL increase, and is related to an
increasing QY since any decrease in absorption in Region 1 is still met with an increase in the PL
intensity. Region 2, however, demonstrates a loss of PL with decreasing temperature, which is also
observed in Figure 8.12a,b. This loss is explained by Figure 8.13b with PLE measured at 78 K. As
the temperature decreases, it is observed that the excitation peak narrows and that the peak position
slightly blue shifts. These two effects inhibit the material from being efficiently excited with a 355
nm laser. The slight blue shift in the PLE can be explained by the lattice contraction observed in
Table 8.3. Furthermore, the average Sn-Br distance decreases from 2.9939 (7) A to 2.9854 (6) A
when cooled from 273 K to 100 K.

The time-resolved PL (TRPL) of Cs4SnBr6 at RT exhibits a monoexponential decay with
an average lifetime of 540 ns (Figure 2.5). TRPL decays were then recorded at 200 K (the
temperature that corresponds to highest QY, Figure 2.4f,Figure 8.13), and it was observed that the
lifetime increased to 1381 ns (1424 ns for K-substitution), while remaining monoexponential
(Figure 2.4f1).
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Figure 2.5. Time-resolved PL spectra. (a) Changing temperature results in a lengthening of the PL
lifetime. (b) The addition of iodide shortens the average PL lifetime. (c) Preparing CsisSnBrg with
different CsBr:SnBr; ratios yields materials with equivalent average lifetimes. Furthermore, the PL
lifetime is intensity- independent. (d) Encapsulation with a UV-curable epoxy also does not affect the
measured PL lifetime.

Substitution with iodide accelerated the average lifetime (600 ns at 200 K for Cs4SnBrsls, Figure

2.4f; see Figure 2.5b for RT comparison). It should be noted that this acceleration in PL decay
occurs concomitantly with an apparent reduction in the PL intensity at the same temperature. This
may indicate that substitution with heavier anions increase the non-radiative relaxation rate. The
radiative lifetime was also found to be insensitive towards dilution with CsBr, excitation intensity,
crystallinity and encapsulation within a UV curable epoxy (Figure 2.5c,d) indicating a lack of
surface effects on PL properties in these 0D materials.

Broad-band, strongly Stokes shifted emission with relatively long radiative lifetimes
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indicates the formation of STEs (Figure 2.6a). As in molecular complexes and similarly small
entities, structural changes occur between the ground state and the excited state. Emission from
STEs is then somewhat similar to an indirect-gap optical transition since coupling to phonons is
required.?*® Besides OD-tin halides,*®! emission from STEs has also been observed in 1D- and 2D-
layered materials,10% 125 241

To rationalize the effect of A-site substitution observed in these materials, calculations of
the partial density of states (DOS) by density functional theory (DFT) were utilized (Figure 2.6b,
Figure 8.14; Table 8.16).

A 1x1x1 unit cell (66 atoms) was used as a model system for Cs4sSnBrs, CssRbSnBrg, and
Cs3KSnBrs materials. The electronic states were found to be highly localized in all three
compositions and the band gap was found to consist of Sn 5s, Br 5p (conduction band/LUMO) and
Sn 5p, Br 5p orbitals (valence band/HOMO). A-cation orbitals do not significantly contribute to
HOMO and LUMO states (Figure 8.14). This is corroborated by the experiment given that A-site
substitution did not substantially affect the PLE spectra.
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Figure 2.6. (a) Generic CC diagram depicting formation illustrating the origin of STE PL in Cs,.
ASN(Briyly)s. (b) Ground state and excited state (STE) HOMOs and LUMOs. (c) Experimental and
theoretical results demonstrating that PL energy varies linearly with the ratio of c-axis to a-axis
length. Variable temperature measurements (three data points; black circles) are plotted for
CssSnBrs at 100 K, 200 K, and 273 K

It was previously shown that both tin- and lead-halide octahedra distort significantly upon
photoexcitation in low dimensional materials.?*2-2*3 By modeling the excited state and ground state
geometries, we find that the extent of distortion was the principle reason for the Stokes shift (Figure
2.6b). A pseudo-Jahn-Teller distortion was observed with elongation of up to 17% in the axial Sn-
Br bonds, and a contraction of up to 7% in the equatorial bonds. This distortion was found to be
greatest in CssSnBrs and decreased from Cs* to Rb* to K™ (Table 8.17). In other words, the energy
required for distortion correlates well with the measured Stokes shift. Larger distortion is allowed
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by greater distance between the octahedra; primarily along the c-axis. The ratio between the
lengths of the c- and a-axes was found to correlate most strongly with PL energy, experimentally
and in calculations (Figure 2.6¢). On the other hand, isotropic changes to the unit cell (i.e.
contraction during cooling) do not affect the PL (Table 8.18).

2.5. Conclusion

In summary, several new 0D Sn-halides with the general formula CssxAxSn(Bri.yly)s have
been found to exhibit broad-band RT PL that is tunable from 500 nm to 620 nm. The PL peak
position and Stokes shifts can be concomitantly adjusted by the substitution of Cs* with either Rb*
or K" as well as Br™ by I". PL properties were rationalized by the DFT analysis of STEs. Future
studies might concern applications of such materials in luminescent solar concentrators and light
emitting devices, harnessing their structural tunability and fully inorganic compositions.
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Chapter 3. High-resolution remote thermometry and thermography

using luminescent low-dimensional tin-halide perovskites

Figures and excerpts reprinted with permission from Yakunin, S.; Benin, B.M.; Shynkarenko, Y ;
Nazarenko, O.; Bodnarchuk, M.I.; Dirin, D.N.; Hofer, C.; Cattaneo, S.; Kovalenko, M.V. “High-
resolution remote thermometry and thermography using luminescent low-dimensional tin-halide
perovskites”, Nat. Mater., 2019, 18, 846-852; Copyright 2019 Nature Publishing Group.

3.1. Abstract

During our investigation of the luminescent properties of the CssxAxSn(Briyly)s (A=RDb,K;
x,y<1) family of materials (Chapter 2), we noticed that the PL lifetime of these phases exhibited a
very strong thermal dependence. We set about investigating this further and discovered that these
phases exhibit extremely temperature sensitive PL lifetimes and PLQYSs. Furthermore, this trend
appeared to be general for other known low-dimensional tin-halides such as [C(NH2)3].SnBr4 and
(C4N2H14|)4SI’]|6.

While the thermal dependence of the PLQY in these materials was initially viewed as a
disadvantage, we later understood that the PL lifetime could be a route towards utilizing these
materials as optical thermometers. The PL lifetime, unlike PL intensity, was found to be consistent
regardless of external surrounding, oxidation, impurities, etc. This effectively gave us an intrinsic
probe of the material’s thermal environment. To our surprise, these low-dimensional materials
exhibit thermal sensitivities on par with the best remote-optical thermometric materials to date (~
20 ns K1),

This finding opened the door for a new class of remote-optical thermoluminophores as this
field has predominantly made use of rare-earth or transition metal dopants in oxide host lattices,
in which the PL intensity varies with temperature. While the sensitivity of such materials can be
high, they require very precise control over dopant concentration and their PL lifetimes can be too
long for easy measurement. To characterize the thermometric performance and precision of these
materials, we measured a series of lifetime traces while maintaining a fixed sample temperature.
In doing so, we were able to estimate a thermometric precision of +13 mK over 51 traces.

To further improve upon this discovery, we collaborated with CSEM who had developed
a prototype time-of-flight (TOF) fluorescent lifetime imager (FLI). With this we were able to
demonstrate the first example of remote-optical thermography with full-motion video utilizing our
low-dimensional tin-halides.
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3.2. Introduction

Remote thermal imaging or thermography, lends itself to numerous applications ranging
from medicine?** and defense, to biological research?, or the diagnosis of technical failures?*. In
all these applications, remote thermal detection falls into two main categories: IR or visible.

IR-based detectors exploit the long-wave IR emission (LWIR, e.g. thermal emission) of a
studied object using the fact that the integral radiation intensity emitted from the blackbody scales
with its temperature (T) as ~T*. This emission can be recorded with rather costly photodetector
arrays composed of narrow bandgap semiconductors (InSb, InixGaxAs and Hgi1-«CdxTe)?*"-2# and
this method is predominantly used for scientific and military purposes. Alternative and less
expensive bolometric detectors, owing to advancements in MEMS-technologies (Micro-Electro-
Mechanical Systems) 2492 have already entered the consumer electronics market, and are able
to record thermal images with both high speed and high resolution. However, their thermographic
performance, based on measurements of IR radiation intensity, is inherently limited by the
transparency and emissivity/reflectivity of an observed object and, more importantly, by any
material and medium (window, coating, matrix, solvent etc.) situated within the path between the
detector and an object (Figure 3.1). As one of the major consequences, IR thermography cannot
be easily combined with conventional optical microscopy or other enclosed optical systems such
as cryostats or microfluidic cells.
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Figure 3.1. Visible-light and IR thermography comparison. Differences in transmittance for visible
and IR light are demonstrated in (a) photograph, and in (b) IR thermogram captured using a
commercial LWIR bolometry camera. (¢) The transparency ranges of two ubiquitous optical media.
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An alternative method for remote thermography, which is unhindered by enclosures or IR-
absorptive media, utilizes temperature sensitive luminophores (i.e. fluorophores or phosphors)
with PL in the visible spectral range (Figure 3.1c) that are deposited onto, or incorporated into, the
object of interest as temperature probes?!2*°. To probe an object’s temperature, the luminophore
is then excited by an ultraviolet or visible (UV-Vis) pulsed source (e.g. laser or light-emitting
diode) and the temperature-dependent PL lifetime decay is then analyzed by time-resolving
detectors. This PL-lifetime approach exhibits several benefits: the excitation power and,
consequently the PL intensity, can be adjusted to a value appropriate for the dynamic range of the
detector. Additionally, the use of UV-Vis light, rather than mid- to long-wavelength IR radiation,
allows for the direct integration of this method with conventional optical spectroscopy and
microscopy applied in biological studies and materials research. Furthermore, higher spatial
resolutions can be obtained with visible light (400-700 nm) as the diffraction-limit is ca. 20-times
sharper than for LWIR (7-14 um); this potentially extends the utility of remote thermography to
intracellular, in vitro, and in vivo studies®®.

To promote the advancement and widespread use of remote thermography, a much broader
portfolio of luminescent, thermally sensitive, and temperature-range tunable materials is required.
These emitters must exhibit a fully reproducible radiative lifetime vs. temperature dependence and
demonstrate an invariant behavior towards excitation-light intensity. While emitters satisfying
these conditions do exist, the precision of thermometry utilizing them was so far reported to be
only in the 0.1-1 °C range®?2°8. 261 This level of thermometric precision (the reproducibility with
which a single point’s temperature can be measured) can be again attributed to two factors: the
often moderate thermal sensitivity of available luminophores?®!, and the PL lifetime measurement
techniques that have been traditionally applied in industry. On the other hand, thermographic
precision is related to the reproducibility of temperatures across an entire image, which adds spatial
resolution as an additional parameter, as well as different detection hardware (suitable for
recording images). As a result, progress in the development of PL-lifetime thermography has
suffered from the exclusive use of expensive, bulky techniques that are in fact single-point
measurements, which prohibit fast image acquisition. To address these shortcomings, we present
(i) a family of low-dimensional tin-halide luminophores well-suited for remote thermography due
to their strongly temperature-dependent, compound-specific PL lifetimes, (ii) thermometric
precision down to 0.013 °C with operation in a broad temperature range from -100 to 110 °C, and
(iii) a thermographic method utilizing ToF cameras?%2-263 for cost-effective, high-resolution, fast
thermal imaging.
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3.3. Experimental details

For detailed experimental details regarding materials, synthetic procedures, and
characterization techniques, see chapter 7. Materials and Methods.

3.4. Results and Discussion

Low-dimensional tin-halide perovskite-derived luminophores. In the search for
suitable thermographic luminophores, we analyzed the potential of lead- or tin halides with
perovskite or lower-dimensional perovskite-like crystal structures. These compounds are formed
by metal-halide polyhedral anions, typically MXg* octahedra (M = Pb, Sn), which are either fully
isolated and surrounded by positively-charged counterions (so-called OD-compounds) or
connected into extended one-, two- or three-dimensional (1D-3D) frameworks through corner-,
edge- or face-sharing®3!: 264, In particular, 3D lead-halide perovskites, have recently emerged as
prominent optoelectronic materials for photovoltaics and photodetectors?® 34 265267 'hard-radiation
detection®3 221288 a5 well as bright light emitters®® 269271 Although bright luminescence has been
reported at all dimensionalities for metal-halides, we have found that only OD- and 1D-compounds
exhibit a suitable set of optical characteristics for remote thermography.

In low-dimensional, and specifically 0D metal-halides, the electronic structure evolves
from disperse electronic bands in 2D-3D materials to more localized states (molecule-like) in OD-
1D compounds®3!. Stemming from this, the mechanism of luminescence is also drastically
different, and ranges from rather large, delocalized Wannier-type excitons in 3D materials to ultra-
small Frenkel-like self-trapped excitons (STESs) in the 0D-compounds®?> 137:217.272 \\e have tested
a range of highly-luminescent, fully-inorganic and hybrid organic-inorganic 0D and 1D tin-halide
compounds for their suitability for thermography in the range of -40 to 120 °C. Based on
temperature-dependent PL and PL-lifetime measurements, three suitable candidates have been
shortlisted: [C(NH2)3]2SnBrs [C(NH2)3 = guanidinium]*®, CssSnBre?”® and (CsN2H14l)4Snlet®
(Figure 3.2;

Table 3.1). All of these compounds exhibit temperature-dependent PL lifetimes in the
range of 1 ns — 1ys, and thus ideally match the optimal modulation range for most commercial
ToF sensors (e.g. from tens of kHz to tens of MHz). This is in sharp contrast to the thermographic
luminophores based on rare-earth-doped oxides?®2 2°6: 259 274-275 '\yhjch are characterized by much
slower emission that is typically in the ms-range. Furthermore, the absorption coefficients of tin-
halides for the UV-A range (315-400 nm, convenient for optical excitation) are high, and they are
comparable to the bandgap absorption values (Figure 3.2) as each octahedron within the structure
can act as an absorber/emitter. In contrast, the UV-A range absorption of rare-earth-doped oxide
luminophores is weak due to a limited concentration of dopants (activator) or absorbing centers?®.

Both solid-state and solution-based methods were used to prepare the three types of
luminophores utilized within this work. The fully-inorganic, 0D CssSnBrs was synthesized
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through a solid-state approach in which a mixture of CsBr and SnBr2 were repeatedly pressed and
heated at sub-melting temperatures as described in our recent report?’. CssSnBrs (R-3c space
group) is composed of [SnBrs]* octahedra separated by Cs* cations (Figure 3.2a)4°. A 1D hybrid
organic-inorganic compound, guanidinium tin-bromide, [C(NH.):].SnBr4 (Pna2: space group),
was crystallized from a solution of the respective ions in concentrated HBr. Its tin-halide backbone
consists of corner-sharing [SnBrs].> square pyramids (Figure 3.2b). Another OD hybrid
compound, (CaN2H14l)4Snle, was prepared by co-precipitation from a dimethylformamide solution
according to Ref.?6! (C4N2H141)2Snls comprises isolated [Snls]* octahedra surrounded by large,
organic cations (Figure 3.2c). Powder X-ray diffraction patterns of all three materials indicate high
phase-purity (Figure 8.15-Figure 8.17).
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Figure 3.2. Crystallographic structures and basic optical properties of select thermographic
luminophores. Crystal structure of (a) CssSnBrs, (b) [C(NH2)3:]2SnBr4 and (¢) (CsN2H141)4Snlg and
their corresponding absorption (Kubelka-Munk transformed spectrum), PL, and PLE spectra.
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Optical properties of low-dimensional tin-halides. Although diverse in their
compositions, structures and syntheses, all present materials are qualitatively unified by their
broadband and highly Stokes-shifted PL. Their optical absorption behavior was determined
through the measurement of both PL excitation (PLE) and absorption via the application of the
Kubelka-Munk (K-M) transformation to diffuse reflectance spectra (Figure 3.2d-f). The absorption
of OD tin-halides, CssSnBrs and (C4N2H141)4Snls, appears as molecular-like bands that coincide
with the PLE spectra. Additionally, both materials exhibit absorption features at shorter
wavelengths that do not contribute to emission (Figure 3.2d,f). This differs from the 1D compound,
[C(NH2)3]2SnBr4, which instead exhibits a continuous PLE spectrum (Figure 3.2e). Such behavior
can be associated with the partial band dispersion that occurs along the polyhedral chain in 1D
metal-halides'?,

These molecular-like characteristics of the absorption spectra of low-dimensional
compounds are reflected in their emission. Unlike CsSnBr3 (a 3D perovskite semiconductor) that
exhibits weakly Stokes shifted and narrow PL (as a result of excitonic-recombination) with very
low PLQY?Z%:276 Cs,SnBrs shows RT, green broadband PL centered at 535 nm, with a FWHM of
120 nm, and a QY of about 20% (Figure 3.2b,

Table 3.1). Such broadband and highly Stokes shifted emission has been observed for other
low-dimensional metal-halide compounds such as [C(NH2)z]2SnBrs, (C4N2H14Br)sSnBrs, and
(C4N2H14l)4Snls, and is commonly associated with STE recombination (Figure 3.2b,d,f and Figure
8.18)12% 137, 217, 2712 Recent studies 1% 161 217 have considered low-dimensional tin-halides as
promising down-conversion phosphors for solid-state-lighting. Herein, we focus rather on the
existence and practical utility of thermally activated and sensitive non-radiative relaxation
pathways in these materials. Furthermore, we see that the temperature ranges, at which these
pathways appear, are material specific. These two findings will assist other researchers striving to
optimize these materials for lighting-based applications.

Table 3.1. Structural and optical characteristics of tin-halide thermographic luminophores.

o

3 = Stokes QY Temp.

— >
Composition ?? S Abs. max Em. Max Em-FWHM  “oit RT) range

s B

» nm eV nm eV nm eV eV % °C
[C(NH2)s.SnBrs  Pna2; 1D 350 355 555 224 125 05  1.31 2 [-100, -30]

Cs4SnBrg R-3c 0D 345 3.6 535 2.32 120 0.51 1.28 20 [-30, 40]

(CaNaHul)iSnls  P-1(#2) OD 400 311 630 20 125 04 114 75  [40,110]
(CaNoHwul)sSnBrs P-1(#2) OD 335 371 575 218 107 04 154  ~100 N/A

The materials typically used in remote thermometry are either rare-earth-doped or
transition-metal-doped phosphors exhibiting intracenter dopant emission?>? 2% 258 or transition
metal oxides with STE based emission?’’. As a result of thermal de-trapping, the emission from
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thermographic luminophores is generally mono-exponential and strongly dependent on the
material's temperature; the typical relaxation time for this process is in the range of us to ms. With
the low-dimensional tin-halides, presented here, we have also found the emission lifetime strongly
temperature-sensitive, and we associate this with STE de-trapping. The corresponding energy
diagram in Figure 3.3a depicts this process: upon photon absorption (1), an electron is promoted
to an excited state and, after its thermalization (2), is trapped (3) in a long-lived STE state. This
trapping is then followed by a radiative recombination with broadband emission (4). A thermally
assisted de-trapping pathway (5), followed by fast non-radiative recombination, is also present and
plays a key role in the temperature-dependence of the PL characteristics. During de-trapping, a
distorted lattice around a STE can be returned back to its original state through exciton-phonon
coupling. Thus higher temperatures facilitate de-trapping and assist relaxation via a fast non-
radiative channel. In agreement with this mechanism, a strong thermally-driven acceleration of the
PL lifetime is observed (measured with time-resolved PL, TRPL, Figure 3.3b-d). Furthermore,
the PL intensity scales with the change in PL lifetime (Figure 8.19), and its change is fully
reversible with temperature (Figure 8.20).
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Figure 3.3. Thermal effects on PL lifetime variation of self-trapped excitonic (STE) emission in low-
dimensional tin-halides. (a) Energy diagram depicting the STE processes: 1 - photon absorption, 2 -
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thermalization, 3 - trapping, 4 - radiative recombination, 5 -thermally-assisted de-trapping followed
by non-radiative recombination. (b) Temperature evolution of TRPL traces for Cs.SnBrg excited at
355 nm. (c) PL lifetime temperature dependence for [C(NH2)3].SnBr. (blue curve), CssSnBrg (green
curve), (CaN2H141)2Snls (red curve). (d) The response of PL lifetime to a controlled temperature step
of 0.05 °C. Repeated measurements yield a PL lifetime and temperature standard deviation of £0.04
ns and £0.013 °C, respectively.

The absolute PL QY's within the thermal sensitivity range vary between ca. 100 % at temperatures
below -40 °C to less than 1% at temperatures above 100 °C. Aside from the high sensitivity of
such STE-based emitters, other aspects also prove useful for thermometric or thermographic
applications. These include the independence of PL lifetime from excitation intensity (Figure 3.4)
and the fact that the PL lifetime is the same throughout the whole emission band (Figure 3.5).
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excitation power densities. (b) Corresponding lifetime values. Inset shows a thermogram captured
with a bolometric camera depicting the excitation-induced heating effect for a sample under 11 W
cm laser excitation. The green arrow depicts the level of excitation power density used in the
measurements shown in Figure 3.3d, Figure 3.11, and Supplementary Videos 1,2; the green rectangle
shows the intensity range for the ToF-FLI setup.
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The independence of the lifetime on excitation power (up to nearly 0.1 W cm™ power
density) demonstrates that these materials may be potentially applicable as thermographic
luminophores with a wide assortment of measurement instrumentation. Furthermore, the lifetime
deviation at higher excitation densities can be traced back to sample heating (Figure 3.4b). This
indeed agrees with previous reports that such materials emit through transient STE states rather
than permanent defects. 118273

The independence of the PL lifetime on emission wavelength is not only a useful feature
in an application as it could provide flexibility in the measurement itself, but it also suggests that
the previous report?’3 was correct in proposing one STE state responsible for the observed
broadband emission (Figure 3.5). It should be noted that the observed variation in lifetime is most
likely the result of thermal fluctuations.
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Figure 3.5. Spectrally resolved PL emission lifetimes for Cs,SnBre.

In addition, the PL lifetime is also independent of the material’s environment (freestanding
or immersed within a polymer matrix, Figure 8.21), and it is highly reproducible from batch-to-
batch (Figure 8.22) despite differences in the degree of crystallinity and purity. Even more
impressively, the lifetime remains unchanged after partial oxidation (Figure 3.6). This suggests
that the origin of the temperature-dependence is not related to the freezing-out of defect or trap
states, but rather a phonon-assisted de-trapping process that is followed by fast non-radiative
relaxation. This set of PL characteristics is clearly advantageous over semiconductive metal-
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halides with delocalized electronic structures (2D, 3D-compounds), wherein the PL decay is a
complex function of the density, types, and depths of defect states, as well as the electronic doping
level, the state of the surface, and size-quantization. As a result, there is often high batch-to-batch
variability, even within similar synthetic methods.
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Figure 3.6. Invariance of PL lifetime of (C4N2H141)sSnls on oxidation and long-term (about 1-year)
storage. Inset shows the corresponding non-oxidized (2) and oxidized (various levels of oxidation with
point 3 having less and point 4 having more) samples under ambient and UV illumination. Trace 1
depicts the PL lifetime from the as-synthesized (CiNzHi41)sSnlg sample. Measured lifetimes vary
mostly as a result of RT fluctuation.

Such behavior of the STE emission, in terms of PL lifetime and PL QY, is not unique to
Cs4SnBres, but is also shared by the other tested OD and 1D metal-halides (Figure 3.3c). Due to the
phonon-assisted thermal effect, the temperature range for thermal sensing can be compositionally
and/or structurally engineered to either higher or lower temperatures than in the case of CssSnBre.
In the temperature range from -200 °C to 110 °C, [C(NH2)3]>SnBr4 begins to exhibit PL lifetime
acceleration at the lowest temperatures, with a sensitivity range of -100 to -30 °C; CssSnBres has a
sensitivity range from -30 °C to 40 °C, whereas (C4N2Ha14l)4Snlg exhibits sensitivity from 40 °C
up to 110 °C (these ranges are shown as colored areas in Figure 3.3c). While (CaN2H14Br)4SnBrs
also exhibits broadband STE emission, our measurement setup was not able to reach the thermally
sensitive range. This suggests that this range lies at much higher temperatures (Figure 8.23), and
the use of this material as a thermographic luminophore would be rather limited by its thermal
stability.
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Highly reproducible variation of the PL lifetime, by several orders of magnitude (e.g. 2
orders over a 100 °C range for CssSnBrg), makes these metal-halides potent luminophores with
high thermometric precision. To assess the practically achievable resolution for thermographic
applications, we tested the variation of the PL lifetime of a single encapsulated sample of CssSnBre
in response to a temperature step of 0.05 °C (Figure 3.3d), and we could clearly observe this
temperature change and determine the thermometric precision of our method from the measured
PL lifetime. Within the constant temperature range (at T = 76.84 °C), the PL lifetime was found
to have a standard deviation of 0.04 ns over 51 measurements, and was confirmed by repeating the
whole experiment 2 times; this yields a high thermometric precision of 0.013 °C, which is several
times better than previous estimates for fluorescent lifetime thermography?®*.
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Figure 3.7. Specific sensitivity. The dependence of specific sensitivity on temperature for
[C(NH2)3]2SnBr3 (blue), CsaSnBrs (green), (CaN2Hu4l)aSnls (red).

Furthermore, an additional FOM for thermographic luminophores is the specific sensitivity, a =

1drt

—— which in the case of low-dimensional tin-halides reaches values of 0.06 °C* (Figure 3.7).

This is among the highest reported values for thermographic luminophores?’®, Higher resolutions
have been demonstrated, but only for a specific case where operation was limited to a narrow
temperature range around a phase transition. Further work is needed to shed light into the physics
of the STE emission of these metal-halide luminophores. Herein, we have applied several models
to fit the experimental temperature-dependencies of PL lifetime (Figure 8.24-Figure 8.26; Table
8.19-Table 8.21). Although they all provide a satisfactory fit, each has difficulties providing
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physically meaningful fitting parameters. For instance, the Mott model, commonly used for
thermal luminophores??, results in rather unphysical values for the activation temperature/energy,
whereas the exciton-phonon scattering model?’® suggests the participation of up to 13 phonons per
single de-trapping event.
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Figure 3.8. Demonstration of the principles for remote thermography based on ToF sensors. (a) 3D
depth image acquired with a commercial ToF camera showing a depth resolution of 2 mm in the
inset. This is equivalent to a precision of about 10 ps in the time-domain. (b) Recalculation of phase-
locked intensities to a phase-shift in the frequency domain. (c) Thermographic image of a sample that
consists of encapsulated CsisSnBrs powder placed between patterned 1TO and a glass coverslip, and
then acquired with a commercial LWIR bolometry camera equipped with a ZnSe lensed macro-
objective. The image was taken as a current passed through the 1TO resulting in resistive heating.
(d) ToF-FLI thermogram of the same sample under the same heating conditions from (c). Scale bars
in (c) and (d) are 3 mm.

Time-of-flight thermography using low-dimensional tin-halides. Although several
time-resolved measurement techniques like PL decay trace-measurements, TCSPC (Figure 3.3b-
d) or phase fluorometry (frequency domain time-resolved fluorescence) could be used to precisely
measure the PL-lifetime of these materials, all of these have traditionally been limited by the fact
that they only use a single channel detector?®°. Consequently, lengthy acquisition through point-
by-point scanning is required, and this severely limits the thermographic image capture rate.

As a solution to this problem, we adopted the use of ToF-FLI262263 _ 3 frequency domain
time-resolved technique that can be used to acquire a 2D map of PL-lifetimes?®! — and combined
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it with thermally sensitive luminophores. ToF-FLI is thus used for thermographic imaging. This
approach offers both the rapid acquisition speed and the excellent depth precision of ToF detectors
such as those found in consumer electronics (e.g. the Kinect 2.0), which we confirmed to be several

mm at a distance of about 2 m (inset to Figure 3.8a; Figure 8.27)%%2,
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Figure 3.9. Scheme describing optical ToF measurements. (a) The estimation of distance x by the
measured phase shift 4¢. (b) Similar ToF hardware principles apply to the estimation of PL decay.

By converting this depth variation into an equivalent delay time (Figure 3.9), we find that such a
technique could have a precision in the range of tens-to-hundreds of picoseconds, and this
suggested that lifetime precisions approaching those of conventional TCSPC methods were
possible. Furthermore, this level of precision is achieved in real-time with video recording. Briefly,
the working principle for such a ToF-FLI image sensor is based on the acquisition of four, phase-
locked images at 0°, 90°, 180° and 270° phase differences with respect to the excitation signal (lo,
11, 12 and I3 on Figure 3.8b) followed by the recalculation of the average intensity I, modulation

depth M and phase delay, 4¢.
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Figure 3.10. Compact stand-alone ToF-FLI prototype developed by CSEM (Switzerland) for real-
time, wide-field fluorescence lifetime imaging in the nano- to micro-second range. Detailed
description of image sensor architecture can be found in Ref. 283

To demonstrate the concept of affordable ToF-FLI thermography with low-dimensional
tin-halides, we used a compact, stand-alone prototype developed by some of the co-authors from
CSEM (Switzerland), in which all the necessary hardware components for wide-field frequency-
domain FLI were incorporated (Figure 3.10, Note 8.1). As a test of the thermographic performance
of our system, we deposited a CssSnBrs powder over a resistively heated pattern and enclosed the
material with a glass coverslip, and then measured the resulting lifetime image of the heated
pattern. Compared to a conventional bolometric thermogram (Figure 3.8c,d), the ToF-FLI method
showed a much higher lateral thermographic resolution. The blurring observed in the bolometric
thermogram of the sample is mostly due to absorption by the coverslip in the mid- to far-IR range
(compare Figure 3.8c with the bolometric thermogram of the uncovered ITO pattern during heating
in Figure 8.28). These absorption effects highlight a major obstacle, i.e. absorption of thermal
emission by glass and similar media, which prevent the combination of bolometric thermography
with conventional optical systems that utilize glass or quartz elements.

While a still image demonstrates the ability of this system to precisely measure a 2D map
of PL-lifetime, observing dynamic processes requires the ability to record video and to measure at
sufficiently high rates. To demonstrate the potential of our ToF-FLI prototype — whose sensor can
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record with a rate of up to 100 frames per second — for thermographic video acquisition, we
recorded a video of the thermal response of a (C4N2Hu14l)aSnls powder through 1 mm of a glass
substrate to the brief contact of a soldering pin (temperature at the apex was approx. 120 °C; ToF-
FLI specifications in Note 8.1; Supplementary Video 1 available from Ref. %4). Indeed, it was
possible to observe the dynamic temperature changes that occurred as well as the heat transfer
through and along the substrate - a challenge for pixel-by-pixel scanning technologies. To
furthermore benchmark our approach, we analyzed the pixel-to-pixel variation in a single frame
taken from Supplementary Video 2 (available from Ref. 284), where a homogenous temperature
source (32.5 °C) was applied over the entire area of a single encapsulated sample of CssSnBre
sample (Figure 3.11).
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Figure 3.11. Histogram of pixel-to-pixel temperature variation in a still image (shown in the inset)
taken from a ToF-FLI thermographic video recorded for a homogenously heated sample of CsisSnBr.
The evaluated image area contains roughly 2200 pixels.

From the pixel vs. temperature histogram, a FWHM of 0.75 °C was obtained from an area of over
2000 pixels.



52

3.5. Conclusion

In summary, we discovered that the de-trapping process of STEs in low-dimensional tin-
halides exhibits extreme thermal sensitivity over a compositionally tunable range of temperatures.
In particular, such emission is characterized by monoexponential decays with a steep dependence
of PL lifetime on temperature (up to 20 ns °C™). We then applied these features to high-precision
thermometric measurements over a wide temperature range (-100 °C to 110 °C), and furthermore
demonstrated an approach to remote optical thermography by combining these low-dimensional
tin-halide luminophores with ToF-FLI. By doing so, we have succeeded in achieving low-cost,
precise, and high-speed PL-lifetime thermographic imaging which approaches that of commercial
IR bolometric cameras operating at RT.
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Chapter 4. The Rb7Bi3.3xSb3xClis family: A Fully Inorganic Solid

Solution with Room-Temperature Luminescent Members

Figures and excerpts reprinted with permission from Bogdan M. Benin, Kyle M. McCall, Michael
Worle, Viktoriia Morad, Marcel Aebli, Sergii Yakunin, Yevhen Shynkarenko, and Maksym V.
Kovalenko “The Rb7Biz.3xSbxClis  family: A Fully Inorganic Solid Solution with Room-
Temperature Luminescent Members”, Angew. Chem. Int. Ed., 2020, 59, 2-10; Angew. Chem.,
2020, 132, 2-10. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA.

4.1. Abstract

Low-dimensional ns2-metal halide compounds have recently received immense attention
for applications in solid-state lighting, optical thermometry and thermography, and scintillation.
However, these are based primarily on the combination of organic cations with toxic Pb?" or
unstable Sn?*, and a stable inorganic luminescent material has yet to be found. Herein we present
the OD Rb7SbsClis phase, which is comprised of isolated [SbCls]* octahedra and edge-sharing
[Sb2Clio]* dimers and demonstrates RT PL centered at 560 nm with a PLQY of 3.8+0.2% at 296 K
(99.4% at 77 K). The temperature dependent PL lifetime of this material rivals that of previous
low-dimensional materials with a specific temperature sensitivity above 0.06 K at RT,
showcasing it as an excellent thermometric material. Utilizing both density-functional theory
(DFT) and chemical substitution with Bi** in the Rb7Biz-3xShaxClis (x<1) family, we present the
edge-shared [Sb2Clio]* dimer as a design principle for antimony-based luminescent materials
discovery.
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4.2. Introduction

Low-dimensional metal-halide semiconductors, especially their 0D counterparts, 68 170.217
exhibit vastly different properties as compared to the 3D metal-halide perovskites.> 218219 While
3D metal-halide perovskites have advanced the field of optoelectronics with significant
improvements in full-color imaging,®* photodetection,®® 22° X-ray imaging,?? hard-radiation
detection,® %! solar cells,>>?® and light-emitting diodes,® in part due to their defect-tolerant
photophysics and charge transport properties,® 22222 their low-dimensional counterparts have
found their niche in complementary fields such as solid-state lighting,% 28 scintillation, 2 and
remote optical thermometry (ROT) and thermography.?®* ROT and thermography are critical
methods in several fields ranging from the diagnosis of technical failures to medical diagnostics
in which thermal fluctuations or temperature deviations must be precisely identified.?44 246

Many previous examples of luminescent 0D materials have focused on tetrel group metals
(i.e. Pb%*, Sn?*, and Ge?*).124 161 172, 273 Of these, materials containing Sn?* octahedra and
disphenoids have been demonstrated to have RT PLQYSs of up to 20% in fully inorganic cases®’®
and above 80% in hybrid organic-inorganic ones.!’?> 28¢ Regardless of their performance, these
materials are still hindered by their oxidative instability, which necessitates post-processing to
shield them from the environment. This challenge is exacerbated for finely dispersed forms of
these materials; for example, CssSnBre NCs are stable for only several hours before significant
degradation is observed.'’8

Further progress in the field of 0D optoelectronics requires the discovery of oxidatively
stable and thermally robust phosphors that exhibit either of the two most useful features of their
tetrel counterparts: high RT PL from the relaxation of self-trapped excitons (STEs) for solid-state
lighting, or temperature-dependent lifetimes for ROT. The closest ns-analogue to the tetrel-STE
emitters are the trivalent pnictogens (e.g. Sb®" and Bi®*).28” While several hybrid organic-inorganic
low-dimensional pnictogen-halide phases are known,?3 their fully inorganic counterparts, such as
the A3B2Xo (A = Rb, Cs; X = Cl, Br, I) family of compounds and the A,B'B""Xs (A = Rb, Cs; B!
= Na, Ag; B"' = Sh, Bi; X = CI) double perovskites exhibit either no, or very inefficient, RT PL.5®
118-119, 177, 288

It was found that Sb**-doped and Bi%*-doped structures are photoluminescent at RT, and
that these are efficient STE emitters.”® 28920 This is true despite the higher structural
dimensionality of many of these materials, as the doping provides isolated environments for the
Sb3* and Bi®* centers, effectively reducing the electronic dimensionality to 0D.%%! We posited that
0D structures with isolated ns? centers, as observed in the hybrid organic-inorganic perovskites
based on Sb**23* would be the most effective fully inorganic solid-state emitters. We thus sought
to replicate such a 0D environment through dimensional reduction of the pnictogen halide family
through the exploration of alkali-halide-rich structures.

Herein we present the synthesis, structural tunability, and characterization of several new
low-dimensional pnictogen chlorides of the Rb7BizxShs-3xClis family that exhibit RT PL. These
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compounds were first prepared by Wells as early as 1897,2%22%% put their structures and optical
properties remained undetermined until a recent report on Rb7BisClis NCs.!™ This article
suggested that these Bi-based NCs should exhibit blue PL; however, we find compelling evidence
that this maybe incorrect and that these are red emissive at cryogenic temperatures and that the Sh-
analogue is a oxidatively stable, yellow emissive material at RT (Figure 4.1).

4.3. Experimental details

For detailed experimental details regarding materials, synthetic procedures, and
characterization techniques, see chapter 7. Materials and Methods.

Further details on the crystal structure investigation(s) may be obtained from the
Fachinformationszentrum  Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the depository number CSD-
1990675, 1990676, 1990672, 1990673, 1990674, 1990680, and 1990681.

4.4. Results and Discussion

The antimony based Rb7SbsClis was synthesized solvothermally from Sb.Oz and RbCl in
concentrated HCI at 160 °C. After holding this temperature for 24 hours, the reaction was slowly
cooled to RT at a rate of 5 °C/hr. The contents of the reaction were separated by vacuum filtration
to yield clear, colorless hexagonal platelets as the only product.

Single crystal X-ray diffraction at RT reveals that Rb7SbzClys crystallizes in the hexagonal
space group P-62m, with lattice parameters a = b = 12.9802(4) A, ¢ = 34.2522(11) A (Figure 4.1a;
Table 8.22Table 8.31), with powder X-ray diffraction confirming that the product is phase pure
and structurally stable over months (Figure 8.29,Figure 8.30). This quasi-OD structure is comprised
of alternating layers of isolated [Sb2Clio]* edge-shared dimers and [SbCle]*- octahedra; these
layers are stacked along the c-axis. Intriguingly, the [Sb2Clio]* edge-sharing dimer unit is distorted
with a slight bend towards one side, which might be a consequence of the lone pair of the central
Sh(111) cations, as suggested by Ruck et al. for the similar compound, Tl7Bizl16.2%
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Figure 4.1. (a) The crystal structure of Rb;SbsClys as viewed along the [100] axis contains [Sb2Clio]*
dimers and [SbCl]* octahedra (green with green chlorine atoms) separated by Rb* cations (purple).
(b) RT PL and PLE spectra for Rb7SbsClss. (c) dT-PLE spectra of Rb;Sbs;Clis measured at the PL
max for each temperature. (d) dT-PL spectra for Rb;SbsClis measured at the PLE-max at each
temperature. (e) The proposed CC diagram for Rb;SbsClis. (f) A comparison of the integrated PL
intensity from subpanel (d) and the average, intensity weighted, lifetime for Rb;SbsCl.

Every other dimer layer exhibits 3-fold rotational disorder in the a-b plane, with equal one-third
occupancy for each possible rotation providing the best structural refinement (Figure 4.2; Figure
8.31). The dimers are ordered by orienting along one of three possible orientations as demonstrated
by the yellow dimer in Figure 4.2c.
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Figure 4.2. Disorder in the Rb;SbsClss structure. a) The Rb;SbsClys structure with color-coded
ordered (yellow) and disordered (blue) units. Rubidium atoms are colored red. b) A view of the same
structure down the c-axis depicting the three possible positions for the Rb (1/3 occupancy). ¢) A side-
by-side comparison of the ordered and disordered [Sb.Clio]* dimers (ellipsoids indicate 50%
probability).

This asymmetry in the dimer layers also affects the adjacent [SbCls]*" octahedral layers, as the
thermal parameters of the neighboring Cl atoms are significantly higher than those on faces
neighboring the ordered dimer layer (Figure 4.3).
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Figure 4.3. Thermal parameters of Cl atoms in the [SbCl¢]* octahedra in the layer next to the
disordered layer. Ellipsoids indicate 50% probability.

Interestingly, this disorder appears to be intrinsic to this compound, as cooling to 230 K or 100 K
yields isostructural refinements with decreasing lattice parameters and no changes to either the
rotational disorder or the unit cell ordering (Figure 8.32; Table 8.22-Table 8.31).

By obtaining single crystals of Rb7SbsClis, we were also able to measure an absorption
coefficient of ~150 cm™ for these materials (Figure 4.4; Figure 8.33). Additionally, Rb7SbsClse is
most likely a direct bandgap material and the bandgap was determined to be 3.27 eV (inset to
Figure 4.4). We found this surprising, given the fact that the measured absorption coefficient for
Rb7ShsClis is only 3x higher than that of Mn(1l) coordinated by iodide (~50 cm™; forbidden
transition),?® and it is several orders of magnitude smaller between 350 nm and 400 nm than that
of other direct-gap semiconductors such as CdSe, InP, PbS, or CsPbBrs, which range from 10* cm-
! to 10° cm, respectively.?®32 We were, however, able to reconcile these two, initially
contradictory pieces of evidence by again considering the structural dimensionality of Rb7SbsClie.
The effective structural disconnection that occurs with dimensional reduction is expected to
effectively increase the dielectric constant and may result in a decreased absorption coefficient
even though the material retains a direct band gap (similar to the size-dependent absorption
coefficient observed in quantum dots).3% 303-305 |t s also worth noting that there have been no
other reports on the absorption coefficient of such low-dimensional metal-halides even though it
is critical for numerous optoelectronic applications.
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Figure 4.4. Absorption spectrum for Rb;SbsClis. Inset: Tauc plot for direct-gap semiconductor.

Exposing Rb7ShsClse crystals to ultraviolet (UV) light at RT results in yellow PL centered
at 560 nm with a FWHM of 0.53 eV, and a RT (viz. 296 K) PLQY of 3.8+£0.2% (Figure 4.1b) and
a PLQY of 99.4+0.5% at 77 K (Figure 4.5). The drastic increase in PLQY with cooling has been
observed to be a general feature of such 0D materials.?® Furthermore, the PLQY remains stable
over a course of 2 months after storage under ambient conditions.
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Figure 4.5. PLQY comparison at a) RT and b) 77 K.

The PLQY at both RT and 77 K follows the PL excitation (PLE) spectrum, with a molecular-like
peak in the UV, which is typical for 0D STE phosphors. This UV peak in the PLE results in a large

Excitation wavelength / nm

Stokes shift of 1.16 eV, which is again symptomatic of STE emission in 0D metal-halides.

To further characterize these properties and gain insight into the source of emission in
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Rb7ShsClis, we first conducted a series of steady-state spectroscopic experiments: excitation-

power dependent PL (dW-PL) at RT (Figure 4.6), temperature dependent PLE (dT-PLE) and PL

(dT-PL) experiments from RT down to 12 K (Figure 4.1c,d; Figure 8.34).
The RT PL and PLE shown in Fig. 1b are typical for STE-emissive 0D materials. Further
evidence for this mechanism was obtained by performing power-dependent PL measurements
from an average excitation power of 2 uW to 2 mW (Figure 4.6).
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Figure 4.6. dW-PL of RbsSbsClis: a) Log intensity vs. Log power, b) dW-PL spectra. The fitted line
in (a) has a slope of m = 0.95 and R? = 0.998.

The clearly linear behavior (slope = 0.95, R? = 0.998) supports the STE hypothesis, as permanent
defects may be saturated at sufficiently high excitation intensities.!'® This also provides a base
reference for later thermometric experiments, as the excitation intensities utilized are insufficient
to increase non-radiative thermal quenching and do not cause any spectral shifting. It is important
to note that the deviation in PL lifetime away from a flat, horizontal line is the result of thermal
fluctuations at RT.

A clear blueshift in the main excitation peak is observed in the PLE as temperature
decreases, along with the appearance of several additional bands (Figure 4.1c). These additional
peaks appear strongly overlapped and convoluted, but can be approximately placed at 270 nm,
290 nm, 305 nm, and 330 nm. As the temperature increases, these either disappear due to
quenching or merge until only the PLE max at 365 nm is recognizable. The multiple peaks at
cryogenic temperatures hint at the diversity of Sb(l11) environments present within this structure,
suggesting their mutual involvement in the observed spectra.

The dT-PL spectra were then measured by exciting at each of the PLE peak positions listed
above as they evolved with temperature (Figure 4.1d; Figure 8.34). Excitation at the PLE max was
used to measure the PL spectra in Figure 4.1d as a function of temperature. These spectra exhibit
three discernable trends: PL intensity saturation below 40 K, a PL redshift with decreasing
temperature, and PL broadening as temperature increases.

The integrated PL intensity of these spectra could be fit with an Arrhenius model
containing two activation energies to investigate the quenching of each peak with temperature
(Figure 8.35). While an exact description for these energies (<30 meV and >200 meV) cannot be
given, we suggest that the large activation energy is related to thermal quenching of the STE state
and the <30 meV may be the activation energy that corresponds to transfer between different triplet
sates of the Sb3* cation, as previously determined for Cs3Bi>Clo.!!°

The PL redshift with decreasing temperature occurs concomitantly with an increasing
Stokes shift (1.21 eV at RT to 1.43 eV at 12 K) and maybe the result of an altered lone-pair
stereoactivity.*®® This same behavior is observed in the dT-PL spectra originating from 290 nm
and 330 nm excitation (Figure 8.34).

To probe these observations, the FWHM of the three sets of dT-PL spectra were fit with
the Toyozawa model to determine the phonon energy associated with the observed temperature
dependent broadening (Figure 4.7,Figure 4.8).



0.26
A= ~-360 nm
0.24 _ E 1,2
w(T) = 2.36VS Epy Imrn (2 k"“TJ‘
B
0.22 4 o
=~ e
D2 L~
= d
g 0.18 .i
.'".-
0.16 o F
,'"j
.~
0.14 4 !.__l"" E., =20.1 meV
a v R*=0.99
0.12 T T T T T T
Q S0 100 180 200 250 300

Temperature / K

62

Figure 4.7. Temperature dependent broadening data from Rb7SbsClis (excitation at PLE max) fitted
with the Toyozawa model.
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Figure 4.8. Temperature dependent broadening data from Rb;Sbs;Clys fitted with the Toyozawa
model with excitation at a) 320 nm to 330 nm and at b) 290 nm.
An energy of 20.1+0.5 meV (ca. 165 cm™) was extracted from the broadening of the main

emission peak (ca. 360 nm excitation). The same analysis, when applied to the dT-PL spectra at
290 nm excitation, reveals a higher effective phonon energy of 39+1 meV while the dT-PL spectra
at 330 nm excitation is discontinuous and requires two phonon energies of 19.4+0.9 meV and
38.6+0.5 meV to model, suggesting the overlap of features associated with both [Sb2Clio]* dimers
and [SbCle]* octahedra (Figure 4.8). The agreement of these energies implies that there are two
distinct emission features with characteristic phonon energies near 39 meV and 20 meV; however,
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these effective phonon energies represent an average energy and are not always the result of a
single vibrational mode. Nevertheless, they can be often correlated to the Raman spectrum of a
material.

The Raman spectrum for Rb7SbsClss is quite complex, as there are vibrational modes from
both the octahedral and dimeric units with additional peak splitting due to the bent dimers that
break the D2n symmetry of a perfect dimer unit (Figure 8.36). Therefore, while a small peak at
160 cm™ (19.8 meV) and the most intense peak at 306 cm™ (37.9 meV) match the energies
extracted from the Toyozawa fits of FWHM vs. T from the dT-PL spectra, the large number of
vibrational modes precludes any definite identification of the structural origin for these features.

These observations are further corroborated by PL-PLE maps measured at 12 K, 100 K,
and 200 K (Figure 4.9). At the lowest temperature, a diagonal trend in the map can be observed
indicating the presence of two distinct, yet overlapped, bands. As the temperature increased, these
features continued to overlap and then fade until only a single peak in the PL-PLE map could be
observed. We consider that the blue-shifted and quicker-to-quench band likely originates from the
octahedral [SbCle]* units.
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Figure 4.9. PL-PLE maps for Rb7Sbh;Cli;s measured at 12 K, 100 K, and 200 K.

With these observations in mind, we propose a qualitative CC diagram for Rb7ShsClis
(Figure 4.1e). Unlike previous models for STE-emitters, it includes two ground states and two
excited states. The two separate ground states were drawn to reflect the suspected contribution of
both the [Sb2Clio]* dimers and [SbCle]* octahedra, while the separate excited states are based on
the existence of two strongly overlapped emission peaks at cryogenic temperatures and indicate
the STEs that may form on these isolated structural features. The wavy lines that originate from
the intersection of ground and excited states represent thermally activated (phonon-assisted)
guenching processes which compete with radiative recombination at temperatures near to RT.

As depicted in the CC diagram, the spectral features originating from [Sb2Clio]* dimers



64

and [SbCle]* octahedra may have different lifetime-temperature behaviors. Therefore, dT-time-
resolved PL (dT-TRPL) was measured from RT to 12 K (Figure 4.1f). While RT TRPL
demonstrates a monoexponential trace similar to those observed in other STE emitting systems
(Figure 4.10),%* the average lifetime becomes biexponential as the temperature decreases
indicating the existence of two different radiative processes. This behavior occurs concomitantly
with the average lifetime becoming strongly wavelength dependent (Figure 4.10c).
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Figure 4.10. TRPL of Rb7Sbhs;Clis a) TRPL of Rb;Sbs;Clis measured at various temperatures close to
RT. b) Average, intensity-weighted, lifetime values for Rb7SbsClis measured at two different emission
wavelengths. c) Average, intensity-weighted, lifetime values for Rb;SbsClis measured at different
wavelengths and at different temperatures.

These two observations are similarly tied to the efficient radiative recombination of STES
at both [SbCle]* octahedra and [Sb.Clig]* dimers at low temperatures. We investigated this
observation further by performing a time-resolved emission spectroscopy (TRES) experiment
(Figure 4.11). The psuedocolor 2D TRES intensity plot closely matches the RT steady state PL
spectrum. Upon close inspection, a small, very fast component can be identified with very weak
blueshifted PL further indicating that these are two non-interacting, monoexponential processes
that have spectral overlap thus supporting the hypothesis that two emissive centers may exist

except that one clearly dominates in intensity.
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Figure 4.11. TRES for Rb7SbsClis: a) 2D TRES plot, c¢) lifetime slices at 400 nm and 700 nm,
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b) spectral slices of the fast (<50 ns) and slow components from the TRES experiment.

This strong dependence of the PL lifetime on temperature has been previously
demonstrated to be a general feature of other OD and 1D Sn-halides, and showcases such materials
as exceptional thermometric agents.?®* The outstanding suitability of such materials towards
thermometry and thermography stems from three main factors: the very steep dependence of their
PL lifetime on temperature, the fact that these PL lifetime values fall in an easy-to-measure range
that spans several nanoseconds to several microseconds, and the intrinsic nature of the PL lifetime
as it is only affected by temperature and remains unaltered by other factors such as impurities or
partial degradation. Therefore, the average lifetime versus temperature behavior of Rb7Sh3Clis was
evaluated to screen its potential thermometric performance. By comparing the integrated PL
intensity with the average lifetime, two distinct temperature-sensitive regimes can be identified:
radiative-nonradiative competition (quenching) near RT and radiative only (non-quenching) below
100 K. The quenching regime behaves analogously to Sn-based STE emitters, with the PL-
intensity and average lifetime varying directly due to competition between radiative and non-
radiative channels.?®* The non-quenching regime demonstrates temperature-dependent lifetimes
without a significant decrease in PL intensity, indicating a direct variation in the radiative lifetime.
This feature has been previously observed in Bi(lll) based systems and is attributed to a change in
the emission characteristics due to transfer between different luminescent triplet states. In both
regimes (cryogenic temperatures and close to RT), the observed lifetime shifts may be significant
enough to have potential applications in ROT. Furthermore, Rb7SbsCl1s exhibits excellent thermal
stability with complete reversibility in PL intensity and PL lifetime up to 150 °C (423 K; Figure
8.37).

The FOM for this application is the specific thermometric sensitivity, where higher specific
sensitivities indicate greater thermometric precision as smaller thermal deviations are required to
alter the average PL lifetime. These can be calculated using the following formula:

_ dr 1 "
= dT T (1)

where o is the specific sensitivity in inverse temperature, t is the average PL lifetime, and
T is the temperature.?’® 234 The specific thermometric sensitivity for Rb7ShsClis is shown in Figure
8.38. Although the non-quenching regime (T < 100 K) yields rather low values for o (< 0.01 K1),
o exceeds 0.06 K near RT, equaling that of the exceptional Sn-halide-based STE thermographic
materials?® and highlighting the potential of this compound as a stable inorganic thermometric
material.

Given this excellent thermal sensitivity, we sought to determine which structural feature
([SbCle]* octahedra or [Sh2Clio]* dimer) was responsible for, or dominant in, the observed RT
PL. From the dT-PL/PLE/TRPL and Raman experiments, we could already infer that both
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structural units within the Rb7SbsClye structure contribute to its PL. To help determine which Sb-
site in Rb7ShsCl1e can be assigned to the PL and PLE max for this material, we performed density
functional theory (DFT) calculations of the partial density of states (DOS) and compared the
energies of these transitions (Figure 4.12a). The disorder in the complex Rb7ShsClss structure was
unable to be modeled through a tripled supercell along the c-axis, as the resulting structure was
too large to utilize in computational studies. A new ordered model was therefore generated in
Materials Studio from the 230 K Rb7Sh3zCls structure, maintaining the original unit cell size and
using the other partially ordered layer as a template to arrange the disordered [Sb2Clio]* dimers.
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Figure 4.12. (a) Partial density of states for Rb7SbsClss. (b) Occupied (lower) and unoccupied (higher)
molecular orbitals belonging to [Sb2Clio]* dimers. (c) Occupied (lower) and unoccupied (higher)
molecular orbitals belonging to [SbCls]* octahedra.

The electronic states were found to be localized on both the [SbCle]*- octahedra and the

[Sb2Clio]* dimers, with no states near the HOMO-LUMO gap extending over incongruent
structural features (Figure 4.12b,c). The states near the valence band/HOMO are comprised of Sh
5s and CI 4p orbitals, whereas the conduction band/LUMO consists primarily of Sb 5p, Cl 4p
orbitals (corresponding to an sp to p allowed transition). As is the case with other main-group
metal halides,%7-3% the alkali cation (Rb*, purple) does not significantly contribute to the DOS
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near the bandgap.

Unexpectedly, the DFT calculations indicated that both [Sb2Cli0]* dimers and [SbCle]*
octahedra had energetically feasible transitions lying close to one another. Although most low-
energy transitions belong to the [Sb2Clio]* dimers, the HOMO is octahedral. While our model is
far from definitive, it suggests that [Sh2Clio]* dimers are the predominant source of PL and
therefore that the mutual optical activity, especially at low temperatures, is likely to be the result
of numerous possible transitions occurring on effectively isolated structural features.

The inability to effectively distinguish between these sites computationally inspired us to
take a chemical approach and investigate the Rb7BisxSbxClis family — where optical changes
could, ideally, be tracked back to discrete structural modifications. Previously, it was reported that
Rb7BisClis exhibits blue PL when prepared as NCs.!* Given the observation of bright STE
emission from single crystals in other 0D systems as well as in Rb7Sh3Clis, we expected that we
would be able to study these same optical properties in single crystals of Rb7BizClye.
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Figure 4.13. (a) The crystal structure of Rb;BisClys as viewed along the [100] axis contains Bi dimers
and octahedra (blue with green chlorine atoms) separated by Rb* cations (purple). (b) The crystal
structure of RbsBi»6Sbho4Clis as viewed along the [100] axis contains mixed Sh/Bi dimers and
octahedra (cerulean with green chlorine atoms) separated by Rb* cations (purple). (c) The crystal
structure of Rb;BiSh,Clis as viewed along [110] contains mixed Sb/Bi dimers and octahedra
(aguamarine with green chlorine atoms) separated by Rb* cations (purple). (d) The normalized RT
PL (solid) and PLE (dashed) spectra of Rb7Bis.3xShsxCls.

Single crystals of the Rb7BisClis phase were grown solvothermally from a solution
containing a 1:1 ratio of Rb:Bi to avoid the formation of the Rb3BiCls phase. Although the structure
was confirmed to have similar motifs to that of its Sh-analogue (bismuth chloride dimers and
octahedra), it was observed to have additional superstructure reflections in the diffractograms that
were not fully described by the disordered model isostructural to the Sb-endmember (Figure 8.39;
Table 8.32-Table 8.35). Instead, the Rb7Bi3Clis phase crystallizes in the R-3c space group, with a
tripled c-axis to yield unit cell parameters of a = b = 13.10250(10) A and ¢ =102.9084(17) A
(Figure 4.13a). As shown in Figure 8.39, the unwrapped images of the diffraction pattern exhibit
weak superstructure that remains unaccounted for with the P3:c space group, which results in a
disordered structure. Furthermore, the R-3c solution accounts for these weak points and has lower
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correlation matrix values than the disordered solution.
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Figure 4.14. Absorption spectra of Rb;Bi;Clis with Tauc plot shown in the inset. The absorption
spectrum was measured in diffuse reflectance and recalculated using the K-M transformation.

Contrary to the Sb-analogue, Rb7BizClis did not exhibit PL under blue or UV-excitation at
RT although it is a direct-gap semiconductor analogous to RbSbsClis (Figure 4.14). Furthermore,
pattern matching the solved structure confirms the product to be phase pure Rb7BizClsg, ruling out
the possibility of any parasitic impurities such as RbsBiCle that might absorb UV light without re-
emission (Figure 8.40-Figure 8.43). By cooling Rb7BisClis to 12 K, red PL centered at 610 nm
was observed; however, the PL rapidly quenched and red-shifted with increasing temperature until
it had completely vanished around 200 K (Figure 4.15; Figure 8.44). The observed red PL also
suggests that [Bi.Clio]* dimers, rather than [BiClg]* octahedra (which should emit blue), are key
to the observed luminescence.®?
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Furthermore, the PLE exhibits a much simpler spectrum than Rb7ShsClis with only one major peak
at 355 nm and a smaller feature located around 290 nm. We attributed these two features to the
bismuth-chloride dimers and octahedra, respectively, and suppose that their relatively weak
intensity is due to a low-temperature quenching regime (radiative/non-radiative competition) for
this material. We confirmed this with dT-TRPL and found that the center of the quenching regime
was at ~100 K (Figure 4.16; Figure 8.45). As the observed emission was still firmly within the
quenching regime at these temperatures, no wavelength dependence in the PL lifetime was

observed as in Rb7SbsCls.
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Figure 4.16. Normalized PL lifetime and PL intensity vs. temperature for Rb;BisCl.

By characterizing the two compositional endmembers, we could see that the Bi®*
effectively acts as a “knock-out element” for RT PL. Any changes to the RT PL and PLE spectra
should therefore be related to the changing environment around Sh.

Two intermediate compositions containing both Sb and Bi were then prepared (additional
synthetic information can be found in the Supplementary Information). The Sb-rich composition,
Rb7BiSh,Cl1s, was found to be isostructural with Rb7SbsClis with the Bi atoms forming a solid
solution with partial occupancy of both the octahedra and dimer sites (Figure 4.13b; Figure 8.46;
Table 8.36-Table 8.39). The Bi-rich compound, Rb7Bi26Sbo.4Clis, on the other hand, exhibits a
fully ordered structure isostructural to Rb7BisClis (Figure 4.13c; Figure 8.47; Table 8.40-Table
8.43).

These four structures, although visually dissimilar based on unit cell parameters alone, all
constitute a single isostructural ““7-3-16” structure family. The three-fold rotational symmetry that
masquerades itself as disorder in the dimer layer of the Sb-rich and Sb-only structures is unmasked
in the Bi-rich and Bi-only phases. Furthermore, these materials adhere to Vegard’s law (when axis
tripling is accounted for) and suggest a solid-solution between Sb and Bi (Figure 8.48).

Although it had been expected that these two cations, having different sizes (0.76 A for
Sb® and 1.03 A for Bi®**),%* might occupy different sites within these structures, the structure
solutions indicated similar alloying across all sites. This was also strongly supported by solid-state
nuclear magnetic resonance (ssNMR) experiments. 8’Rb was selected as the nuclei of choice as
8RD, 121Sh, 12Sh and 2%°Bi all possess large quadrupolar moments, and the multitude of different
chlorine species (even in the compositional endmember materials) excluded **Cl and *’CI. The 1D
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experiments (Figure 8.49) for Rb7SbzClis and Rb7BisClie exhibit signals that are broadened by a
second order quadrupole interaction. The mixed materials, however, only show broad overlapping
signals. To improve the resolution, multi-quantum-magic-angle spinning (MQMAS) experiments
were used (Figure 8.50). This technique effectively separates the anisotropic quadrupole
interaction from the isotropic chemical shift thus allowing for the identification of individual
species (i.e. atomic environments). The mixed-metal materials exhibit signals around 70 ppm that
are spread along the chemical shift axis and are not present in the spectra of Rb7SbsClie or
Rb7Bi3Clie. This chemical shift distribution supports the formation of a solid solution due to the
stochastic distribution of Sb and Bi among all crystallographic sites.

Optically, the substitution of Sb®* with Bi** quenches the emission of these materials, and
blueshifts both the PL and PLE with respect to Rb7SbsClis (Figure 4.13d). Concomitant to the
blueshift of the Bi-rich PLE spectrum, the width of the PLE peak sharply narrows. This is possibly
related to the quenching of any mixed [Bi2xSh2xCl10]* (x<1) dimers as the alloying with Bi would
be expected to decrease phonon energies and therefore lead to lower quenching temperatures.

These two materials were then investigated by dT-PL/PLE/TRPL; their specific
sensitivities were also determined and compared to both Rb7SbsClis and Rb7BizClis (Figure 4.17-
Figure 4.21). Analogously to Rb7BisClis, the PLE spectra of both RbsBiSb2Clis and
Rb7Bi2.6Sho4Clis exhibit fewer peaks vis-a-vis Rb7SbsClie. Furthermore, they both feature a
prominent PLE max around 355 nm and a second weaker feature around 300 nm-320 nm (Figure
4.17,Figure 4.19). Excitation at these two set of wavelengths results in two separate emission
bands, with similar emission energies but different intensities (Figure 4.18, Figure 4.20Figure
4.21). As a result, the intensity ratios between these two sets of wavelengths are both emission
wavelength and temperature dependent (Figure 8.51). By comparing the excitation-peak intensity
ratios with temperature, an inverse relationship between high energy and low energy transitions
could be observed for the Sb-rich phase. However, this relationship is not observed in the Bi-rich
phase, indicating that energy transfer between high and low energy transitions is unlikely, which
is in agreement with the computational prediction that there are no viable dimer-to-octahedra
transitions near the HOMO-LUMO gap for Rb7SbsClis (Figure 8.52; Figure 4.12).2’2 A more
plausible interpretation is that the higher and lower energy excitation peaks are respectively
associated with octahedral and dimer environments.
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Figure 4.17. dT-PLE spectra for Rb;BiSb.Clis. Measured by detecting light emitted at a) 660 nm and
b) 540 nm
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Figure 4.18. dT-PL spectra for Rb;BiSb,Clis. Measured by exciting at a) 300 nm and b) 360 nm
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Figure 4.19. dT-PLE spectra for RbsBi.sSbo.4Clis. Measured by detecting light emitted at a) 580 nm
and b) 540 nm.
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Figure 4.21. 12 K PL and PLE comparison for Rb7BiSb,Cls.

The comparison of PL and PLE spectra of all materials at 12 K demonstrates that the
mixed-metal materials have larger band gaps than the compositional endmembers (Figure
4.22,Figure 4.23). However, the PL for both substituted materials is blue shifted from both
Rb7ShsClis and Rb7BisClis, suggesting that they emit from a similar structural feature. By
comparing the PL and PLE spectra at 200 K, we can see Rb7Bi3Clis has already quenched,
indicating that any [BiCls]* octahedra or [Bi.Clio]* dimers should be optically silent. Therefore,
we expect mixed-Sb/Bi dimers to be dark as well; this leaves the Sb-octahedra as the source of the
weak and blue-shifted emission which is observed in the mixed-metal systems, especially the Bi-
rich Rb7Bi2.6Sho.4Clis. While the PLE shows that the peak position for the mixed-metals matches
that of Rb7SbhsClis (agrees with previous PL/PLE maps), the PL demonstrates a monotonic shift in
peak emission wavelength with the Bi-rich phase having the most blue-shifted emission as a result
of weak [SbClg]*" octahedra emission. This agrees with our assignment of [SbaClio]* dimer-
centered emission as the predominant source of PL in Rb7SbsCl6 at RT.
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Figure 4.22. PLE comparisons for the Rb;Bis.3xSbsxClis family at a) 12 K and b) 200 K.
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Figure 4.23. PL comparisons for the Rb7Bis3:SbsxClis family at a) 12 K and b) 200 K.
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Figure 4.24. Average PL lifetimes with respect to temperature for the Rb7Bis.5ShsxClis family.

To judge the potential of these substituted materials as thermometric luminophores, as well
to determine whether Sb/Bi alloying is an effective way to alter the thermometric sensitivity
regime, the PL lifetimes of the two mixed-metal materials were measured to determine their
specific sensitivities. In both cases, the mixed-metal compositions demonstrate lifetimes that are
intermediate between those of Rb7ShsClis and Rb7BisClis (Figure 4.24). However, the additional
Bi®* in these structures appears to quench the emission without increasing the steepness of the
lifetime vs. temperature curve. This widening of the quenching regime (radiative vs. nonradiative
competition) decreases specific sensitivity values, showing that the Sh/Bi substitution does not
lend itself towards thermographic utilization (Figure 8.53)

Given the increased Bi content of these materials, as well as previous works on the use of
low-dimensional materials as detectors, we characterized the electronic properties and measured
the X-ray photoresponse of Rb7SbsClis and Rb7Bi26Sho.4Clis, which had yielded the largest
crystals (Figure 8.54-Figure 8.56). As expected from their 0D structure, these materials exhibit
very low conductivities (hundreds of pS cm™). These materials also demonstrate a weak
photocurrent response under X-ray illumination, with Rb7ShsClis having a pt product of 1.3x10°
>cm? ST V1 (Figure 8.55), on par with that of the pnictogen AsMzls compounds.®® The Bi rich
structure has an improved X-ray photoconductivity with a put of 1.75x10° cm? St V1 (Figure
8.56).

As a final example of the numerous synthetic possibilities for this system, we also explored
the substitution of Rb* for K*. This resulted in the formation of a related 0D structure; however,
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the main product phase was KCI with only small amounts (~3-5%) of K7Sb3Clse.

L.

Figure 4.25. Structure of K;Sbs;Clis at 298 K.

This material was found to crystallize in a P6/mmc space group, and also contains an ordered
octahedral layer and a disordered dimeric layer (Figure 4.25,Figure 4.26; Table 8.44-Table 8.47).
The disordered P6zmmc solution is an acceptable model for this structure, but ultimately not the
most correct solution. There is insufficient data to satisfactorily apply a more ordered model to
this data as was done for Rb7Bi3Clis. However, this data set shows the same features that led us to
the adoption of the larger, ordered model as described for Rb7Bi3Clss.

This phase also exhibits RT PL, which is centered at 590 nm with a Stokes shift of 1.2 eV
and a FWHM of 0.53 eV (Figure 4.27). This indicates an unexpected reversal in the trend observed
in Chapter 2 for the effect of the A-cation on the PL from a 0D metal-halide. As a brief reminder,
the substitution of Cs with Rb or K in CssSnBrg blue shifts the PL without altering the PLE. Here,
the substitution of Rb with K redshifts the PL. This may be explained by our suggestion that the
dimers are the emissive species at RT. Since we expect the local environment surrounding the
octahedra in K7ShsClie to be shrunk compared to those of Rb7ShsClie, we would expect the result
in the same trend as in CssSnBrs if octahedra were more emissive.
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Figure 4.26. PXRD of K;SbsCls. The synthesis of K;SbsClis typically resulted in the presence of large
guantity of KCI; however, KCI is a non-emissive salt under UV excitation and therefore does not

interfere in the investigation of optical properties such as PL.
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Analogously to Rb7ShsClys, this phase exhibits similar temperature dependent properties
and is another promising thermometric luminophore. dT-PLE and dT-PL measurements both
demonstrate the same features that were previously discussed for Rb7ShsClss, such as increasing
PL intensity with decreasing temperatures, decreased FWHM, a redshift in the PL, and a blueshift
in the PLE (Figure 4.28,Figure 4.29). These trends were not explored further but are expected to
have strong similarities to those of the Rb-analogue.
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Figure 4.28. dT-PLE of K;SbsCle.
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Figure 4.29. dT-PL of K;SbsCls.



6000 -

5000

PL lifetime / ns

2000 -

1000

4000 4

3000

T
50

T T T
100 150 200
Temperature / K

T
250

300

Specific Sensitivity / K™

0.02

0.00

(=]

[=1

@©
1

e

(=]

@
1

0.04

0

50

T T T
100 150 200
Temperature / K

T
250

T
300

Figure 4.30. dT-TRPL of K;Shs;Cle. a) Average lifetime with temperature. b) specific sensitivity.

80

To determine whether such a material could also serve as a potential thermometric material,

the dT-TRPL was measured and the specific sensitivity was determined (Figure 4.30). The same
two-region trend was observed from fitting the dT-TRPL data for this phase just as in Rb7SbzClis
The specific sensitivity for the RT region may in fact reach values of up to 0.1 K%, which may be
some of the best sensitivities for RT thermoluminophores.

Finally, we subjected several of our samples, as well as RbzSbzlg, to X-ray excitation in an
effort to determine whether these could also function as scintillator materials, similar to the
(bmpip)2SnBrs  and  (bmpip)2PbBrs  (bmpip = 1-butyl-1-methyl-piperidinium) samples
demonstrated previously in our group (Figure 4.31).172
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RT Rb,Bi,,Sb,.Cl, RT Rb,Sb,Cl,

LowT Rb,Bi,,Sb,Cl, LowT Rb,SbCl,

Figure 4.31. X-ray scintillation images of RbsSbzls, Rb7Bi24ShosClis, and Rb;SbsClis at various
temperatures.

To our disappointment, no RT scintillation could be observed; however, visible scintillation could
be captured upon cooling with liquid nitrogen. Unsurprisingly, the scintillation intensity rapidly
decreased as the samples warmed to RT, mirroring their behavior under UV excitation. While
cryogenic scintillation is increasingly researched as an application, it requires, preferably,
materials with fast decay times.3!® Low-dimensional materials, as we have shown previously,
exhibit increasing PL lifetimes with decreasing temperature, which makes them less than ideal for
this application.

4.5. Conclusion

In summary, through the synthesis and substitutional investigation of the Rb7BizxShs-3xClis
material family, we found three RT Iluminescent OD Sh-halides that exhibit excellent
thermographic sensitivities around RT while remaining oxidatively stable. Furthermore, through
a combination of DFT analysis and temperature dependent optical studies, we find evidence
suggesting that the efficient RT PL originates from the structures’ edge-shared [Sb2Clio]* dimers.
This structural motif has not received significant attention to date, but these results show that such
dimers may be an excellent coordination to target for the discovery of luminescent 0D pnictogen-
halides.
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Chapter 5. Intervalent and mixed-valent zero-dimensional metal-

halides of the Rb23Sb'!7Bi'""xSbY>Cls4 family (x <3.5)

Excerpts and figures from this chapter may appear in the upcoming manuscript:

Benin, B.M.;* McCall, K. M.;¥ Worle, M.; Borgeaud dit Advocat, D.; Sakhatskyi, K.;
Yakunin, S.; Kovalenko, M.V., “Intervalent and mixed-valent zero-dimensional metal-halides in
the Rb2sM"'7SbY,Clss family (M"' = Sh, Bi)”, manuscript in preparation 2020.

5.1. Abstract

The results of the previous chapters demonstrated that zero-dimensional metal-halides
exhibit unique properties, promising for optoelectronic applications such as thermometry and
thermography. While previous publications have also demonstrated the utility of such materials in
high-energy excitation applications such as X-ray scintillation, the vast majority of optoelectronic
applications use blue (~450 nm) excitation sources. However, most 0D metal-halides have sub-
400 nm excitation maxima with only weak 450-460 nm absorption. Therefore, finding suitable
strategies to narrow the band gap of these materials are required. One obvious possibility is of
course to substitute with heavier halides such as Br or I. This strategy, while easy to implement,
is hindered by decreased luminescence quenching temperatures and concomitantly lower PLQY
values.

One potential solution that we sought to investigate was through the use of 0D mixed-
valent materials. These tend to have broad absorption bands that extend into the visible range,
giving many of these materials red or even black colors. Given this strong visible absorption, we
were determined to see if any such materials may be luminescent at any temperature as no reports
existed on the topic. Furthermore, we identified an open question within the literature regarding
the existence and structure of the “RbaSb'"'ShYCl12” and “Rb2.67SbCls” phases.

Therefore, we synthesized this phase and found the correct stoichiometry to be
Rb23Sh"'7SbV2Cls4, with an orthorhombic structure (Cmem) and red color. No low temperature PL
was observed; however, we were able to discover a series of new materials once the Sb""' was
partially or even fully substituted with Bi'""". These instead crystallize in a trigonal crystal system
with a R32 space group. Incidentally, this belongs to one of the piezoelectric space groups and
suggests that these phases may exhibit piezoelectricity or second harmonic generation. To confirm
this space group, we performed SHG measurements and found strong evidence of its existence.
Regarding optical properties, the charge transfer bands for these materials blue shift as the amount
of Bi'"' increases compared to the Sb-only phases, but still no PL was observed at any temperature
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down to 12 K.

5.2. Introduction

Vacancy-ordered double perovskites are a well-known 0D system in which octahedra are
separated by regular vacancies.3''3*2 This structure can be derived from the 3D AM'X; halide
perovskite through the splitting of the M" site into a combination of vacancies and M' octahedra,
where every other site is occupied to yield a 0D cluster compound consisting of M'VXs octahedra
and A-site cations arranged in an antifluorite structure. In these systems, the metal-halide octahedra
typically have M"Y metal centers with an overall formula of A2M'VXs (A = K, Rb, Cs; MV = Sn,188
190 T¢,115 pp 313 T 187 pg 1% pt 313 Hf 227228 71229 X = CI, Br, I1).31* Several main group metal
halides with this structure type were luminescent, including the series Cs,TeXs, with the most
efficient luminescence found in the chloride analogue, as expected.®*® However, the first main
group metal chloride with a low bandgap was the intensely colored indigo Cs.SbCle, first reported
in 1882.31% The strong color of these compounds was unexpected because undoped, low-
dimensional ternary chlorides containing either pnictogen (I11) or pnictogen (V) metal-centers,
tend to be colorless both in solution and in the solid state.

The intial reports on such phases described the blue-black Cs,SbCle and, later, the black
Cs2ShBrs, as containing a tetravalent Sb cation, however this oxidation state is unknown for Sb.
Hence it was proposed that the M' site was shared by M'"" and MV octahedra to generate a mixed-
valent ordered double perovskite structure with the formula AsM'"'MVXi,, often written as
A:M"osMVosXs to maintain the connection to the parent structure type.3'’-1° Magnetic
measurements later demonstrated these materials to be diamagnetic, thereby confirming the
mixed-valent composition Cs4Sh'"'SbYX1,,3%° and the optical features of this mixed valency, based
on optical measurements, were first described in 1963 by Peter Day.3%!

These materials were intensely investigated in the 20" century as a prototypical example
of this charge-transfer in the solid state, due in part to their optical properties lying in the visible
spectrum.322

At this point, a growing library of mixed-valent materials began to develop with groups
investigating the structure and properties associated with various combinations of SbY and Bi'",
In" TIM Fe'' and Rh"'as well as bromides and chlorides.3'" 321-325 This allowed for comparative
studies based on optical and electrical properties as well as structures. It was demonstrated that the
charge transfer occurs from the ns? orbital of the M"" cation to the 5s° orbtial of the ShY cation
thereby explaining the shift in the charge transfer band, and the change from a Robin-Day type Il
to type | system, as the M'" cation changes from Sb and Bi to In and T1.321-322328 Additionally, it
was shown that the intensity of the charge-transfer band was at its maximum intensity when the
[M""]:[MV] = 1 in both the solid state as well as in solution.3??

The through-space or outer-sphere nature of the energy transfer was supported by both
electrical conductivity and resistivity measurements as well as structural analysis. These materials
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form disconnected structures with nearly cubic symmetry, and the phases all tend to adopt either
cubic structures, in which M"" and Sb" sites are identical, or tetragonal structures with unique sites
for M"" and SbY (Figure 5.1; Table 5.1).3% Importantly, given that these are OD structures there
are no extended paths or chains through the structure for charge transfer; additionally, there are no
aggregates such as dimers or timers that could provide an inner-sphere charge transfer
mechansim.3?232" This mechansism was further supported with the observation of high resistivities
(10°-10° Qcm) and negligible photoconductivity. 23 328-329

b
Rb,Sb**Sb**Br., Rb,In**Sb**Cl.,
[InO.SSbOASCIG]Z—
[SbBr J* #
-’ [SbCL]
[SbBrJ &
('« o
Cs* [BiCI]*
Cs,Sb**Sb**Br,, Cs,Bi**Sb>Cl.,

Figure 5.1. Previously reported mixed-valent metal halides at RT: a) (Rb/Cs)sSb*Sb%Bri,; b)
Rb4InSbCly2; ¢) Cs4BiSbCly,.

Table 5.1. Known A;M''SbVX;, phases.

- Abs.
Composition Space T (K) a bs. max Ref.
group (nm)

CsiSb"'SbVCly, | 14i/amd 298  10.4650 (2) 21.0095 (7) 540.5 326, 330-331
CsiBi"'Sb'Cli, | 14/amd 298  10.4928 (2) 21.1017 (6) 417 830-331
Cssln"SbCl, | Fm3m 47  9.9093 (1) - 590 326,330
Rbsn"Sb'Cl,, | Fm3m 4.7  10.0613 (1) - - 330
Rb,Sb™MSbVBri, | 14/amd 4.7 10.706 (3) 21.695 (22)  “black” 317, 324
CsiSb"'Sb¥Bri, | 14/amd 300  10.842 (3)  21.91(15) “black” 320,330,332

(NH,)sSb"SbBry, | 141/amd - 10.66 21.52 1053 317,331, 333

“RbaSh"'Sh"Cly, - 298  10.14(2) - 5102 817,326,331

Although there is a large body of work related to the structures and properties of this
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material family, the structure and properties of the Rb-Sb''-Bi''-SbV-CI phases remain
underexplored. While the tetragonal Rb4Sb'"'SbVBr12 is known (Table 5.1),323-324 the corresponding
chloride has been observed to be either cubic,®!’ cubic yet slightly disordered,?° or to decompose
into a reportedly monoclinic Rb2s7SbCls phase for which the structure is unknown.3?" 330
Furthermore, no reports exist on RbsBi"'SbVCl1, or any related phase.

Herein we present that the cubic RbsSb''SbVCli2 is unstable and that the monoclinic
Rb2.67SbCls phase is instead most correctly described as the red, orthorhombic Rb2sSh"'7SbV2Clsa.
Additionally, this composition serves as a template for substitution with Bi®* to generate a series
of new structures within the Rb23Sb"'7«Bi'"xSbY2Clss (x<3.5) family, which exhibit very large,
trigonal unit cells (V =~ 16,000 A3), tunable charge transfer bands, and second harmonic generation
(SHG).

5.3. Experimental Methods

For detailed experimental details regarding materials, synthetic procedures, and
characterization techniques, see chapter 7. Materials and Methods.

5.4. Results and Discussion

Red, hexagonal plates of Rb2sSb"'7SbY2Clss were grown solvothermally from an HCI
solution (Figure 5.2a). The crystals tend to grow together and stack, resulting in varying color
intensities. Previously, two phases, the cubic RbaSh'"'SbYCli, and the monoclinic Rb2.67SbCls (a
stoichiometry of Rb24SbheClss, which is not far off the true stoichiometry), were reported to form
in the Rb-Sh'""V-CI compositional space. While the former was suggested to be cubic, it was also
reported to decompose spontaneously at RT to the monoclinic phase, which was observed to grow
as hexagonal platelets. At first glance, this agrees with the appearance of our crystals except that
ours do not interact with polarized light, which would suggest a higher symmetry axis such as that
found in a nearly cubic system. By measuring single crystal XRD, we were surprised to discover
that the material adopts an orthorhombic structure with the Cmem space group (a = 22.2915 A, b
=12.8759 A, ¢ = 36.9787 A; Figure 5.2b; Table 8.48-Table 8.51).

This structure significantly deviates from those observed for other M"'-SbY systems, in
which the structures adopt a cubic or tetragonal unit cell with all octahedra effectively aligned
along one of the unit cell axes (Figure 5.1a). The octahedra in Rb23ShY7Sh"'>Cls, on the other hand,
arrange into layers stacked along c, still comprised of 0D octahedra separated by Rb*, but the
octahedral orientation shifts across each layer in a repeating ABCABC stacking sequence. In this
stacking, the CA layers resemble a slice of the tetragonal A2MXs structure while the B layers
(comprised entirely of Sb'''Cls octahedra) pack along a different orientation, and while the A and
C layers mirror each other across individual ABC blocks, adjacent ABC-ABC blocks have flipped
orientation such that the octahedra zigzag along the c-axis i.e. they form a disconnected, corrugated
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chain (best viewed along the (210) plane; Figure 5.2b). Within these zig-zagged layers the [SbCls]
octahedra occupy unique sites surrounded by six [SbCls]* octahedra, with an average Sb---Sb
distance of 7.48 A with no Rb cations directly between them (Figure 5.3). The octahedra are clearly
distinguished by size and shape, with the SbY octahedra being mostly undistorted (shortest Sh-Cl
bond of 2.303 (16) A vs. a longest Sb-Cl bond of 2.355 (16) A), with an average Sb-Cl bond length
of 2.3388 A. In contrast, the lower charge of Sb"' results in a larger octahedron with an average
Sb-CI bond length of 2.6398 A; moreover, the 5s? lone pair of the Sb** cation is stereoactive and
distorts the octahedron, resulting in three shorter bonds (2.499-2.528 A) and three longer bonds
(2.747-2.795 A; Figure 5.4). The Sb"'-CI bond lengths correlate well with those found for the
[SbCls]* octahedra in Rb7ShsClis (average bond length = 2.6373 A), but the octahedra in
Rb23SbY7Sh'"',Cl4 are slightly more distorted than those in Rb7SbsClis suggesting greater lone-pair
stereoactivity.33*
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Figure 5.2. Structure and KM spectrum for Rb2sSh"';SbY,Clss. a) Photo of the crystalline material
obtained from a typical solvothermal synthesis; scale bar is 1 mm in length. b) The unit cell viewed
along the (210) plane; [SbCls]* octahedra (orange), [SbCle]- octahedra (purple), rubidium cations
(grey). ¢) PXRD pattern comparing the measured pattern (black) with that of the simulated patterns
for Rby3Sb'"'7SbV,Clss (red) and RbSbCls (blue). d) KM transformed diffuse reflectance spectrum
with the absorption edge roughly fit with a gaussian peak to estimate the peak width and position.

The deeply colored appearance of these crystals arises from charge transfer that is expected
to occur from the 5s? state of the Sb'" to the 5s° of the SbY.3% While clearly separated, this distance
is within reason for outer sphere electron transfer®®® as distances of up to 20 A can be surmounted
in biological systems through this process.®¥” However, the rates of electron transfer typically have
an inverse exponential dependence.®*® For this reason, the shortest donor-acceptor distance, or in
this case Sbh'"---SbY distance, is likely to be more important. While the Sh"'---SbY distance within
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a pseudo-layer is ca. 7.42 A, the Sb""--ShV distance between layers containing Sb" cations can be
as low as 7.072 (3) A (Figure 5.5a). Additionally, the octahedra between these two layers are
aligned with respect to one-another whereas they appear to have different orientations when
compared with the Sb'"'-only layer.

This seems to arise as a cooperative effect from the lone-pair stereoactivity in the Sh'
octahedra which expresses itself away from the ShY layers towards the Sb''-only layers. This
expansion appears to push the SbY octahedra slightly out of the plane, closer to one-another, and
closer to the adjacent layer’s Sb'"-octahedra. This is further shown by highlighting the bonds
lengthened by lone-pair expression in Figure 5.5b.
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Figure 5.3. Single Iayer of 0D [SbCls]* and [SbCl¢] octahedra viewed along the c-axis.

[SbCIJ* [SbCL]

Figure 5.4. Comparison of [SbClg]* and [SbCls] octahedra.
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Figure 5.5. [SbCle]" and [SbCIe]* layer environments. a) Polyhedra viewed along the b-axis. b) The
same section of the structure shown in a ball-and-stick fashion. Sb-Cl bonds shorter than 2.6 A are
grey whereas Sb-Cl bonds longer than 2.6 A are red.

Powder XRD (PXRD) demonstrates that the measured crystals of Rb23Sh'"'7SbY,>Clss were
representative of the entire reaction (Figure 5.2c). However, in our initial attempts to synthesize
single crystals of Rbz3Sh""';ShV,Cls4, it became evident that the choice of oxidant during the
synthesis plays a crucial role in obtaining a phase-pure product. Nitric acid, for example, is known
to be a powerful oxidant. When used for the synthesis of Rb23Sb'"'7SbV2Clsa, it results in large,
colorless rods as a side product. These were found to be the RbSbCle phase (Figure 5.7; Table
8.52-Table 8.55). To avoid this over oxidation, the oxidant was substituted for H20, which could
be more readily decomposed.
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Figure 5.6. PXRD of Rb23SbhgClss synthesized with HNOj3 as the oxidant.

Figure 5.7. Crystal structure of RbSbCl.

Given that the previously mentioned and published mixed-valent structures all exhibited
either cubic or tetragonal unit cells at RT, we created a structure field diagram to observe how this
new orthorhombic structure could be related to the other known compositions. This was prepared
by comparing the A/X and B/X size ratios for different symmetries and compositions (Figure
5.8a).3% Based on this diagram it is clear that Rb23Sh'"'7SbV2Clss occupies an otherwise empty
region distinct from the other cubic and tetragonal phases.

By further substituting Sb®* with Bi**, we sought to investigate the otherwise empty
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compositional space above this orthorhombic structure as well as to observe how the charge
transfer band would be altered by the expected change in unit cell size, octahedral separation, and
electronic configuration.

Our initial attempts were centered on obtaining Sb* rich phases and occasionally resulted
in crystals with a dirty, metallic appearance. Upon closer examination, it became clear that two
phases were present and that Rb7BiSh.Clis crystals had nucleated and served as a substrate for the
growth of smaller, red crystals (Figure 5.8b).>%*

These red crystals have a strong absorption band in the visible regime, unlike that of either
pure Sb(I11) or Sb(V) materials, suggesting that this was another mixed-valent composition (Figure
5.8¢) Furthermore, the peak absorption wavelength in the visible range was centered at roughly
450 nm. This is considerably blue shifted from that measured for Rb23Sb''7SbY2Cls4, further
implying that a mixed Sb''/Bi'' phase was grown.

The structure of this material was determined by single crystal X-ray diffraction on a
crystal similar to that shown in Figure 5.8b. This material was found to crystallize in a trigonal
crystal system with the R32 space group with an unexpectedly large unit cell (a = b = 12.95670
(10) A, ¢ =111.7130(14) A, V = 16241.4 (3) A3) for a fully inorganic material (Figure 5.8d; Table
8.56-Table 8.58). We determined the stoichiometry to be Rb23Bi250Sbes0Clsa. Unlike the Rb7Bis.
3xSbaxClis family of structures, which contain edge-shared dimers, the structural units within this
phase are restricted to ordered and disordered octahedra of varying sizes depending on their
composition and oxidation state. The smallest of these octahedra are again those containing only
Sb®*, which have nearly the same average bond length of ca. 2.33 A as those in the
Rb23Sh"'7SbV,Cls4 phase. The other octahedra increase according to their Sb*:Bi®* ratio with the
largest units being Bi®* rich. The overall structure appears to have several repeating layers, one
three-layer block resembling that of Rb2sSbh'''7SbY,Clss and a second three-layer block with
disordered octahedra sandwiched by octahedra with large thermal parameters, these units arrange
into disconnected zig zags similar to RbzsSb"'7SbV2Clss (Figure 5.8e,f). The largest, Bi** rich
octahedra create layers between which the smaller octahedral layers are found; additionally, these
Bi-rich layers serve as turning points for the superstructure corrugation.

Given the apparent solid solution that exists amongst the M3* octahedra between Sh** and
Bi**, we synthesized several additional materials with full and variable Bi** substitution. These
samples were found to crystallize in the same trigonal space group as the mixed-metal samples,
with the lattice parameters following Vegard’s law (Figure 5.9a; Table 8.59-Table 8.62).
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Figure 5.8. Structural and optical properties of the Rb2sBi2s0Sh'"'450SbV-Clss phase. a) Structure field
diagram of known mixed-valent metal-halide phases and Rb23Biz.«SbxSbhY>Clss phases. b) optical
image of the red, szsBiz,soSb'“4,5oSbV2C|54. C) KM spectrum for szsBi Sh SbV2C|54 with 3
contributing sub-peaks. d) the unit cell of Rb23Bizs0Sb'"'450SbY2Clss displayed along the (210) plane.
e) an alternative view on 1/3™ of the unit cell to demonstrate the 0D layers and the individual
octahedra it comprises. f) Comparison of Bi-rich, Sb-rich, and SbY octahedra.

Structurally, very little changes between the Bi®* only, Bi** rich, and Bi®* poor samples.
The Sb®* octahedra remain in the same position and the overall superstructure corrugation is still
observable. The changes to composition are, however, enough to affect the energy of the charge
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transfer band that gives these phases their intense colors (Figure 5.9b). For example,
Rb23Bi7Sh2Clss is a light-yellow crystal (inset image in Figure 5.9a); this can also be observed
from the KM spectra measured for a series of compositions in the RbzsBi7xSb'"'«Sh2Cls4 series

(Figure 5.9Db).
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Figure 5.9. Tunability, resistivity, X-ray photoconductivity and SHG: a) compositional tunability in
the Rb3Biz-«SbxSbY,Clss family, inset images are of measured crystals; b) KM spectra of various
members of the Rb23Bi7-«SbxShY,Clss family with differing Bi**:Sb®* ratios; ¢) SHG spectra with
increasing laser power; d) Power dependent SHG intensity measurement; inset photo demonstrates
SHG; e) I-V curve for Rb23Bi;SbY,Clss; f) X-ray photoconductivity.



94

From these, it can be concluded that Bi®*-Sb®" and Sh**-Sb°* charge transfer interactions occur at
visibly different energies, and this can be further illustrated by comparing the gaussian fits for each
charge transfer band (Figure 5.10). Although a peak shift is observed, the broadness and overlap
of these peaks precludes any determination of the individual contributions of each transition to the
overall spectral shape.
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Figure 5.10. Charge-transfer band tunability.

Given the unusually large structure of the structures in the Rb2sBiz-xSb"'xSb,Cls4 series, we
measured second harmonic generation (SHG) to check whether we had correctly ascribed the R32
space group to RbzsBizShY2Clss. Briefly, the R32 space group is one of the piezoelectric space
groups, which simply implies that the unit cell is polar with an intrinsic dipole moment. Effects
such as piezoelectricity and SHG are related to the symmetry of the structure rather than the
chemical composition and hence serve as a good check for noncentrosymmetry in a structure.
SHG, specifically, is a process in which some photons entering a material are effectively
upconverted from frequency, o, to 2m while conserving the total energy i.e. the number of photons
is halved after conversion. Experimentally, for the fundamental emission from a YAG:Nd laser,
this appears as 1.064 um — 532 nm conversion where the invisible IR beam becomes green.

To examine this property, we exposed a polycrystalline powder of Rb23BizSbV2Clss to a
1.064 pum laser pulse. A powder is well suited as it contains all possible crystal orientations thus
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there will be some grains where crystal axes orient towards the incident beam according to a phase-
matched condition, required for the SHG process. While scanning the focused laser beam across
the sample, some areas would produce visible green spots. Spectrally, this SHG emission occurs
as a sharp line located exactly at 532 nm (Figure 5.9c). Furthermore, the intensity of this peak is
expected to have a quadratic power dependence. When log(intensity) was plotted against power, a
line with a slope of 2 was found further confirming the presence of non-centrosymmetry in
Rb23Bi7Sh2Clss (Figure 5.9d).340-34

Having confirmed the structures of these materials and having observed charge-transfer
band tunability, we turned our attention towards potential applications for these materials.
Previously, Day et al. had characterized the electrical properties for several AsM'""MV X1, phases
and investigated photoconductivity as well as photocatalysis.®?® They found that all the phases that
they investigated were highly resistive with conductivity that increased with temperature,
effectively identifying these materials as wide-gap semiconductors. However, no significant
photoconductivity or changes under O2 or Hz were observed (Table 5.2).

Additionally, we considered the utility of these phases in X-ray detection. In several recent
reports, highly resistive metal-halides such as the 0D CssBizlg or the 2D (NHa)3Bi2lg have been
presented as possible alpha-particle and X-ray detector materials, respectively.?% 342343 The
benefit of using low-dimensional and 0D materials of this type with high resistivities is that these
will have very low noise under bias as a result of their intrinsically high resistivity. 8 334

I-V curves were only measured for Rb23BizSbY,Clss as single crystals of suitable size could
not be grown for other compositions. This material was found to be very resistive (1.0x10'° Qcm),
as expected from previously reported values (Figure 5.9¢e). While slightly less resistive than other
mixed-valent materials, the resistivity is on par with values measured for other pnictogen-halide
based low-dimensional materials such as Rb7SbsClie or the AsM2Xg series.

Table 5.2. Reported resistivities for mixed-valent A;M''"MVX;, materials.

Composition R (Qcm) Ref.
Cs4Bi"'ShVCly, 6.06x10 328
Cs4Sh"'ShVCly, 2.74x101 328
Cs4ln'”SbVCI12 1.06x10% 328

Rb4Sb2C|12 3.3X1012 328
(N H4)4Sb'”SbVBr12 1X107 323

Exposing a single crystal of Rb23BizShY>Clss, with a thickness of 0.36 mm, to X-rays
resulted in a measurable photoresponse that could be fit with the Hecht model (Figure 5.9f). Doing
so yields a pt product of 8.0x107° cm? st VL. Surprisingly, this is only 10x lower than the best-to-
date pt product reported for CssBizlg.3% 342 Photoconductivity was also examined, but again no
significant response could be detected.

Considering the existence of the visible charge transfer band, we further examined if any
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of these materials exhibited PL. While no reports have indicated that M"'/SbY mixed-valent
materials exhibit any PL, previous studies on Wolfram’s red salt (WRS),
[Pt""(C2HsNH2)4][Pt'"V(C2HsNH2)4Clz]Clas4H,0O,  and  N,N-dimethylaminobenzylidene-1,3-
indandione (DMABI) have found evidence of emission from localized self-trapped charge-transfer
excitons (STCTES). In the case of DMABI, this was observed around 2.5 eV at RT; whereas, WRS
exhibited an emission peak around 1.15 eV at 4.2 K.34-3% In both cases, the emission was reported
to be very weak (<0.1% for DMABI).34

As no visible PL was observed in our materials down to 12 K, we also examined the
possibility of IR emission at 77 K. Samples were cooled in a cryostat and illuminated with a Xe
lamp. An IR detector (In1-xGaxAs) was utilized with several long pass filters to exclude scattered
light from the lamp. No emission was observed from any Rbz3Biz-xSbxShV2Clss samples. Given the
lack of visible emission in these systems, we also investigated the dilution of Sb®* centers with
both In®" and Bi** by targeting the RbzsBiz-x-yInkSbyShY2Clss system. One reaction incidentally
yielded a new oxychloride phase, Rb2SbClsO (Figure 5.11; Table 8.63-Table 8.66). Aside from
this, pure phases seldom formed, and no PL was observed down to 77 K in all cases.

Figure 5.11. Unit cell of Rb,SbCIs0.

5.5. Conclusion

After over a century of research on the AsM'"'"MVX1, family, new phases can still be
discovered within this compositional space. We demonstrated that the combination of Rb, Sb'",
SbVY, and Cl results in the orthorhombic Rb23Sh"'7ShY>Clss, while the addition of Bi'"' generates a
family of Rb23Bi'"'7.x<Sb'"'xSbY>Cls4 (x<7) materials that crystallize in the non-centrosymmetric R32
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space group. This non-centrosymmetry was confirmed by the observation of SHG with a
1064 nm laser.

Going further, we examined the possibility of using such mixed-valent phases for X-ray
detection. A clear photoresponse was observed with a ut product of 8.0x10° cm? s* V1, These
results clearly indicate that further studies on the use of such mixed-valent materials in high-energy
radiation detection applications are warranted. While the exact benefit of the intervalent or metal-
metal charge transfer is not yet certain, it may be possible that the rate with which carriers are able
to hop or move through a material is improved through the expected outer-sphere electron transfer
mechanism as compared to single oxidation state low-dimensional materials.
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Chapter 6. Summary and Outlook

6.1. Summary

In summary, this dissertation has served to present several new additions to the growing
family of luminescent, lead-free metal-halides. We have focused specifically on 0D materials,
which were previously a relatively unexplored compositional space in terms of optical properties
and applications. First, by demonstrating that the CssxAxSn(Bri.yly)s (A=Rb, K; x<1; y<1) family
are tunable, luminescent STE emitters. Second, by showcasing the ability of these materials as
well as hybrid organic-inorganic 0D materials and 1D lead-free metal halides to act as extremely
temperature sensitive phosphors for time-resolved remote-optical thermography. Third, by
expanding the catalogue of oxidatively stable 0D metal-halides with the discovery of the fully
inorganic Rb7Biz-3xShsxClis family of materials and demonstrating their potential as thermographic
luminophores. Finally, by reinvestigating the field of low-dimensional mixed valent materials to
discover the Rb23Bi'"'7xSb""'xSbY>Clss (x<7) series of materials.

6.2. Outlook

By exploring all of these different materials, we have demonstrated the unique optical
properties exhibited by 0D metal-halides. While our research, as well as the research of other
members in the Kovalenko group, has shed light on applications where these materials have proven
useful (e.g. thermometry and scintillation), there is still room for further exploration. One way that
we can consider novel applications of these materials may be to grade material properties against
application requirements (Table 6.1).

In doing so, we can rationalize why certain applications are not ideal and where material
improvements can be focused. For example, literature reports still attempt to sell the dream of 0D
metal-halide based SSL, the current state of the field is far from any useful transition towards
lighting.
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Table 6.1. New and potential applications for 0D metal-halides.
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Of course, this is not without a reason. 0D metal halides, as mentioned in Section 1.4.5.2, have
several highly sought after optical characteristics when it comes to solid state lighting: broadband
and tunable PL and large Stokes shifts that would minimize self-absorption. In addition, their long
PL lifetimes, which would be a drawback in some applications, is not a problem for lighting.
However, for all their promise, the hopes of these materials as white-light phosphors are still
marred by several, currently inescapable, characteristics: their strongly temperature dependent
optical properties, and their predominantly UV excitation maxima.

In fact, heating these 0D metal-halide phosphors by only 10 °C can reduce their PLQY by
to 25% or 30% depending on composition, and since the surface of an LED may reach
temperatures of up to 70 °C, this thermal quenching represents a significant hurdle. This effect
disqualifies any remaining 0D metal-halides in our current library of known materials from
participating as a useful SSL phosphor. Furthermore, the majority of commercially available
excitation sources are currently blue LEDs rather than violet or UV.

For any significant contribution towards SSL phosphor materials, future OD metal-
halides would need to be designed with high temperature quenching regimes (ideally above 70° C)
and blue (440-460 nm) PLE maxima. As of writing in 2020, no material fits this stringent set of
requirements.

Alternatively, X-ray scintillation and thermometry/thermography as demonstrated by the
Kovalenko group are either less affected by such characteristics or even make use of them. So
what about new or previously unexplored research directions? Where might 0D metal-halides fit
in the future? Table 6.1 also includes the same properties-requirements analysis for several
potentially fruitful applications in optoelectronic research.

To start, we can consider more imaging or scintillation related applications. Obviously, y
radiation can be detected by a scintillator, but the lighter elements that compose most luminescent
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0D metal-halides are not ideal for this. Instead, elements such as Cs, Tl, Pb, Bi, and | should be
utilized. Instead, neutron imaging via recoil protons could be an excellent application with the use
of NCs of these materials as self-absorption is generally an unwanted and parasitic process.
Therefore, the large Stokes shifts of these materials would be useful. Furthermore, most of the
other properties of 0D metal-halides would not be detrimental.

6.2.1. Luminescent solar concentrators

Another application that could utilize some of the properties of 0D materials, when
prepared as NCs, without being bogged down by their electrical shortcomings is the luminescent
solar concentrator.*"-4 This technology relies on luminescent materials to concentrate indirect or
diffusely scattered light in the environment onto a solar cell. Since their conception, these devices
have predominantly used organic dyes as luminophores as a result of their typically high PLQYSs.
Such devices have so far demonstrated PCEs of up to 3.4% (with organic dyes and Si) although
the theoretical maximum is as high as 26.8% thus illustrating the importance of additional factors
in luminophore choice and LSC construction.®%%3 The general requirements for ideal
luminophores include broad spectral absorption with high absorption efficiency (large absorption
coefficients), large Stokes shifts (minimal absorption/emission overlap), high PLQY, and matched
emission wavelength and PV spectral response (i.e. 1.1 eV for Si or 1.4 eV for GaAs).352 3%

Given these demanding requirements, few luminophores are able to satisfy all criteria.
While dye molecules have shown promising performance, they tend to have non-negligible
emission/absorption overlap, narrow absorption bands, and limited photostability. Various
quantum dots (e.g. CdSe/CdS, CdSe/ZnS, CulnS; and perovskite NCs have also been recently
utilized in this system, and while these have achieved efficiencies up to 9%, they too suffer from
similar drawbacks as well as decreased solubility in the host matrix.35® 355-31 Therefore, 0D metal-
halides with PLQY’s of up to 90% and large Stokes shifts may be promising contenders in this
field. No reports have currently shown a working 0D-based luminescent solar concentrator, and
any attempts will require a broader library of 0D, luminescent metal-halides as our current
materials share many of the drawbacks of molecular dyes and quantum dots: narrow absorption
bands, limited visible absorption, potentially decreased matrix solubility, and non-PV-resonant
emission energy. Furthermore, Rb7SbsClye is currently the only OD metal-halide for which the
absorption coefficient has been reported (~150 cm™), and it may not be large enough for this
application.®* However, the lack of investigation on this topic precludes any further general
statements except that meaningful research on the topic of LSCs will require this value to be
measured and considered.

The final two future applications are also best served by NCs, but they also make use of
the greatest number of material features without being detrimentally affected by other
shortcomings. The first of these is fluorescent-lifetime encoded security tags or quick read codes.
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6.2.2. Fluorescent-lifetime encoded security tags

The essence of this application is in creating covert security features to protect consumer items
from counterfeiting by printing an image or code with two NC inks that exhibit unicolor emission
but have measurably different PL lifetimes. At the time of writing, this has been effectively
demonstrated once with carbon dots.*®? Although carbon dots have excellent stability, their
emission is likely permanent defect related, and this may hinder batch-to-batch reproducibility as
well as scalability (hydrothermally synthesized). We have recently submitted a manuscript
detailing the use of perovskite NC with ethylene diamine inclusions as alternatives for this same
purpose. However, in this work we found it difficult to achieve truly unicolor emission due to
varying FWHMs of the emission peaks from the two different nanocrystal compositions.
Therefore, 0D metal-halide NCs could provide a remedy to the problems faced in both situations.
First, it has been demonstrated in this dissertation that 0D metal-halides have intrinsic, structurally
and compositionally determined emission wavelengths and emission lifetimes. In some cases, such
as CssxAxSn(Briyly)s these properties can be varied almost independently e.g. by compensating
the blueshift from K addition by adding a small amount of I, a green-emitting powder could be
generated with a similar emission wavelength to CssSnBre but with faster emission. In addition to
this, and solving the problem faced by perovskite NCs, STE emitting OD materials have
intrinsically broad emission that would render decoding an image via color settings difficult, if not
impossible.

The final application, which we have already conducted some preliminary studies towards,
is the use of OD metal-halides as stimulated emission depletion microscopy (STED)-like
fluorophores.

6.2.3. “STED” microscopy and FLIM-nanoscopy

STED microscopy is a super resolution microscopy technique that allows for sub-250 nm
resolution thus enabling imaging of cellular organelles, cytoskeletal features such as actin, or
viruses.33-%% Typically, this is achieved through the use of a 2-laser system; one laser for
excitation and one for depletion.3%® The depletion laser is donut shaped and aligned to the excitation
beam; this laser effectively depletes any fluorophores in its path. The remaining pinhole leftover
from this 2-beam arrangement is abbe diffraction unlimited and has been demonstrated to result in
resolutions down to 20-30 nm.364

0D STE-emitting metal-halides may be useful due to their large Stokes shifts, which
significantly inhibit re-excitation by the depletion laser and allows for a broader selection of
depletion laser wavelengths to be utilized.

Our initial studies found that the depletion process that plays a role in normal STED is
instead a quenching process for 0D metal-halides akin to what we observed in Chapter 3 (Figure
6.1). In other words, we found that the STED depletion laser heats the 0D metal-halide resulting
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in localized quenching. This was demonstrated with a powder film of (TMEDA)4Snls.

confocal

— confocal — STED
Figure 6.1. Confocal and STED comparison of a group of (TMEDA).Snls crystals. The spectra
numbered 1-4 correspond to the numbered yellow lines. The sample was excited with a continuous
wave (CW) 405 nm laser and depleted with a 592 nm CW laser

This can be observed by comparing the intensity spectra along various lines in images taken in
both confocal and STED configurations (yellow-lines and spectra numbered 1-4). Initial results
indicate that these materials are able to act as fluorophores for STED imaging. Already, with a
commercial system we were able to observe an improvement in the resolution with the ability to
discern closely spaced crystallites (Figure 6.1). Furthermore, preliminary studies have shown that
these materials, like semiconductors, are stable under excitation and can be reversibly excited and
depleted for numerous cycles without bleaching. In contrast, commercially available dyes tend to
require packaging in dark containers and storage in dark, refrigerated environments. From an initial
perspective, 0D metal-halide fluorophores appear to combine the benefits of traditional molecular
dyes with the robust stability of bulk semiconductors.

An added benefit of this approach that we noticed whilst measuring is that this local thermal
depletion can be achieved with very little power. This could be of benefit if samples are potentially
sensitive to the heating effects of the depletion laser. During the course of these initial studies, we
still faced several issues that require further investigation: limited blue absorption and large
particle sizes with high polydispersity. This first challenge may or may not be important depending
on the samples being investigated and the STED-imaging system being utilized. Our commercial
system was limited to 405 nm excitation, but systems exist with 355 nm excitation and great
customizability. The second challenge, however, is critical for moving towards a true proof-of-
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concept for STED and towards another potential spin-off — FLIM nanoscopy.

This would be effectively a super-resolution microscopy form of thermography. This
approach would require a 2-laser STED system in which the excitation laser could also be pulsed
and synced to a TCSPC system. This could yield diffraction unlimited thermal images with which
modern circuits, composed of billions of nanometric transistors could be potentially investigated.
This concept could be potentially extended towards biological studies if future materials or
morphologies were found to be stable in biological media.

Given these widely differing applications that could be approached utilizing these
materials, | believe that these materials have only just begun to be explored. Furthermore, materials
discovery within the solid-state and materials chemistry communities is needed to find
compositions that can answer the many requirements of applications yet unfulfilled by our current
materials library.
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Chapter 7. Materials and Methods

7.1. Materials

Cesium bromide (CsBr, 99%), cesium chloride (CsCl, 99.9%), and rubidium bromide
(RbBr, 99.8%) were purchased from ABCR. Cesium bromide (CsBr, 99%) and tin (I11) bromide
(SnBr2, 99.2%) were purchased from Alfa Aesar. Tin (I1) iodide (Snl2, 99%) was purchased from
STREM Chemicals, Inc. Cesium iodide (Csl, 99.9%), rubidium chloride (RbCl, 99+%), and
hydrogen peroxide (H202, >30%) were purchased from ACROS. Potassium bromide (KBr), silver
bromide (AgBr), and antimony (111) oxide (Sh203, >98%) were purchased from Fluka. Sodium
bromide (NaBr, >99.5%), potassium chloride (KCl, >99.5%), nitric acid (HNOs3, >65%), antimony
(11) oxide (Sh203, 99%), and bismuth (I11) oxide (Bi2Os, 99.9%) were purchased from Sigma
Aldrich. Hydrochloric acid (HCI, 37%) was purchased from VWR. Indium (l1l) oxide (In20s3,
99.999%) was purchased from Koch-Light Laboratories.

All chemicals were stored and handled, and all manipulations were performed, under
ambient conditions. All chemicals were used as received without further purification

Pyrex tubes (DURAN®) were purchased from Schott AG (12.00 £ 0.16 mm outer diameter
with 1.50 + 0.07 mm thickness). These were made into ampules and sealed using an oxygen-
hydrogen flame.

Stainless steel autoclaves from Parr instruments and Amar Equipments were utilized with
PTFE containers for all solvothermal syntheses

7.2. Synthetic procedures

7.2.1. CssSnBre synthesis

CsBr and SnBr, were mixed in a 4.5:1 molar ratio, mortared, and pressed together into a
pellet (> 5 tons of pressure, 12 mm die). The pellet was then sealed under vacuum (10 — 103
mbar) in a Pyrex tube and heated to 350 °C for 60 hours. The tube was opened in the glovebox,
and the above process was repeated once more. The previously reported pseudo-binary phase
diagram shows that CssSnBre undergoes a peritectic decomposition when heated above 380°C.
Accordingly, cooling a melt with this composition, the resulting product consists of a mixture of
CsBr, CsSnBrs, and CssSnBrs. Therefore, a phase pure synthesis of CsaSnBrs can only be achieved
by annealing a solid mixture of CsBr and SnBr.
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7.2.2. CssxAxSN(Briyly)s (4 = Rb, K; x < 1, y < 1) synthesis

The synthesis of mixed cation, mixed anion, or mixed cation and anion phases was
conducted using the same general procedure as above. For A-site substitution: CsBr was replaced
with RbBr or KBr. The total, molar quantity of Cs, Rb, and K was at least 4.5x that of Sn. For X-
site substitution: iodide was introduced into the system by exchanging CsBr for Csl. In the case of
Cs4Snls, SnBr2 was replaced with Snl,. Briefly, mortared samples were pressed at pressures >5
tons in an Ar-filled glovebox, sealed in evacuated Pyrex tubes, and heated to 350 °C. This was
repeated at least twice until a visually off-white material was obtained after grinding. Further
heating is possible, but not necessary after this point. Single crystals were grown by subjecting a
previously prepared sample of CssSnBrg to additional heating cycles. The length of each heating
cycle was extended to 100 hrs. Through this approach small crystals, 20-40 microns in size, were
successfully grown.

7.2.3. Rb7SbsClis synthesis

In a typical synthesis, Sb203 (1.5 mmol) was dissolved in HCI (5 mL) while stirring. Once
a clear solution was obtained, RbCI (7 mmol) was added directly to the Sb2O3z/HCI solution and
the autoclave was sealed and placed into a muffle furnace. The autoclave was then heated to 160 °C
at 50 °C/hr and kept at this temperature for 24 hours before cooling to RT at a rate of 5 °C/hr. The
contents of the reaction were then separated by vacuum filtration without washing.

7.2.4. K7ShsClis synthesis

In a typical synthesis, Sb203 (1.5 mmol) was dissolved in HCI (5 mL) while stirring. Once
a clear solution was obtained, KCI (7 mmol) was added directly to the Sb203s/HCI solution and the
autoclave was sealed and placed into a muffle furnace. The autoclave was then heated to 160 °C
at 50 °C/hr and kept at this temperature for 24 hours before cooling to RT at a rate of 5 °C/hr. The
contents of the reaction were then separated by vacuum filtration without washing.

7.2.5. Rb7BisClis synthesis

In a typical synthesis, Bi2O3 (1.5 mmol) was dissolved in HCI (5 mL) while stirring. Once
a clear solution was obtained, RbCI (3 mmol) was added directly to the Bi.Os/HCI solution and
the autoclave was sealed and placed into a muffle furnace. The autoclave was then heated to 160 °C
at 50 °C/hr and kept at this temperature for 24 hours before cooling to RT at a rate of 5 °C/hr. The
contents of the reaction were then separated by vacuum filtration without washing.
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7.2.6. Rb7Bi3z-3xShaxClis synthesis

Sbh203 and Bi>O3 were combined in the desired ratio (total of 1.5 mmol combined) and
dissolved in HCI (5 mL) while stirring. Once a clear solution was obtained, RbCI (7 mmol) was
added directly to the Sb203/Bi>O3s/HCI solution and the autoclave was sealed and placed into a
muffle furnace. The autoclave was then heated to 160 °C at 50 °C/hr and kept at this temperature
for 24 hours before cooling to RT at a rate of 2-5°C/hr (slower rates gave larger crystals). The
contents of the reaction were then separated by vacuum filtration without washing.

71.2.7. Rb23Bi''7.4Sb!"ShV,Clss synthesis

The synthesis of Rb23Bi'"'7.xSb"'«SbV>Clss was adapted from previous reports.**? To control
the Bi'":Sb'"" ratio and to retain the stoichiometry with Sb" several solutions are utilized. The first
solution, containing Sb(V), is prepared by dissolving the appropriate amount of Sb,O3 in HCI
(typically 1 mL, 0.6 M in Sb®"). Once a clear solution was observed, the Sb(l11) was oxidized to
Sb(V) by the addition of a large molar excess of H.O2. As the oxidant is added, the solution
changes color to yellow, indicating the coexistence of Sb(lll) and Sb(V). To ensure complete
oxidation, the solution was heated to 80-100 °C. After 20-30 min the solution becomes nearly
colorless, indicating the successful oxidation of Sb(lll) to Sb(V). This solution was then left to
cool to RT.

At this time two additional solutions were prepared, one containing Sh203 and Bi2Os (their
relative ratio determined by the desired stoichiometry) dissolved in HCI (2 mL, 1.04 M in
Sb3*/Bi%*) and another containing RbCl dissolved in HCI (4 mL, 1.71 M). The solution containing
Sb(I11)/Bi(111) was added to the Sh(V) solution to again produce a yellow solution; this additional
step allows for more precise control of the Sb(111) amount in the reaction.

This solution, containing Sh(111)/Bi(111) and Sh(V), was then slowly pipetted into the
RbCI/HCI solution resulting in the formation of a colored or white (most likely RbsBiCle)
precipitate. In the case of the white precipitate, the solution was again heated until all the
precipitate had redissolved. Once a clear solution was once again obtained, the solution was
allowed to slowly cool to RT to obtain powders varying in color from yellow to dark red depending
on the Sb(111):Bi(ll) ratio.

To obtain single crystals, the powders were not separated from the mother liquor. Instead,
the entire mixture was added to a Teflon lined autoclave and heated to 160 °C at 50 °C h™. This
temperature was held for 48 h before cooling back to RT at 2-5 °C h.

The resulting crystals could be separated from the mother liquor by vacuum filtration. To
ensure that they were dry enough for storage, the crystals were kept under dynamic vacuum for a
minimum of 30 minutes or until they were visibly dry and free flowing.
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7.3. Structural Characterization

7.3.1. Powder X-ray Diffraction

Powder diffraction patterns were collected on a STADI P diffractometer (STOE & Cie
GmbH, Darmstadt, Germany) in transmission mode (Debye-Scherrer geometry). The
diffractometer is equipped with a silicon strip MYTHEN 1K detector (Fa. DECTRIS) and a curved
Ge (111)-monochromator (CuKou, A=1.54056 A).

7.3.2. Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction measurements were conducted on Bruker Smart, Bruker
Smart Apex 2, Oxford Xcalibur S, and a Bruker D8 Venture each equipped with a molybdenum
sealed tube X-ray source (MoKa; 1=0.71073 A) and graphite monochromators. Crystals were tip-
mounted with paraffin oil or Lithelen high vacuum grease

Absorption correction was performed with Multi-scan CrysAlis PRO 1.171.39.31d (Rigaku
Oxford Diffraction, 2017). Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm. Data was processed and refined with
CrysAlis PRO 1.171.39.31d (Rigaku OD, 2017), SHELXS,%" XL,*" and Olex2.3¢®

7.3.3. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

Scanning electron microscopy (SEM) of the as-obtained sample was done on a Quanta
200F microscope (Thermo Fisher Scientific) operated at an acceleration voltage Vacc = 20 kV.
Energy-dispersive X-ray spectroscopy (EDS) was performed with an Octane SDD detector
(EDAX, Ametec) attached to the microscope column. For spectra recording and quantification
(ZAF correction), the software Gemini (EDAX) was used.

7.3.4. 8Rb NMR

8"Rb solid-state Magic Angle Spinning (MAS) NMR was measured on a 16.4 T Bruker
Avance Il HD spectrometer (Bruker Biospin, Féllanden, Switzerland). The instrument was
equipped with a 2.5 mm double-channel solid-state probe head. The spinning frequency was set to
20 kHz. Chemical shifts were referenced to RbCl in D20 (0.01 M).

For the 1D spectra, a one pulse experiment was used with an excitation pulse of 1 ps.
Between 128 and 1024 transients were acquired with a recycle delay of 0.5 s.

The 2D multi quantum MAS (MQMAS) spectra were acquired using a Bruker 3Q MAS
pulse program for odd half integer spin nuclei, using 3 pulses with full echo acquisition (mp3qdfs).
The 90-degree pulse was set to 4.1 ps and 2048 transients were acquired. To cover the whole
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spectral range, the transmitter offset was set to 25 and 75 ppm. Variable echo build up times (15
and 60 rotor cycles) were used to detect a full echo of fast and slow relaxing species.

7.4. Optical characterization

7.4.1. UV-Vis Diffuse Reflectance Measurements

Diffuse reflectance spectra of microcrystalline powders were collected using a Jasco V670
spectrophotometer equipped with an integrating sphere (ILN-725). The absorption spectra were
then calculated using a KM transformation.

7.4.2. RT PL and PLE Measurements

RT PL and PLE spectra were measured using a Fluorolog iHR 320 Horiba Jobin Yvon
spectrofluorometer equipped with a Xe lamp and a photomultiplier tube. Samples were measured
while held between quartz slides.

7.4.3. Absolute PLQY measurements

Absolute values of the PLQY were measured on a Quantaurus-QY C13534-11 Series
spectrometer from Hamamatsu with an integrating sphere. The sample was filled in the quartz petri
dish and placed in the bottom of the sphere. Excitation was scanned from 300 to 400 nm with a 10
nm step.

7.4.4. RT TRPL

TRPL traces were recorded with a 355 nm excitation source (a frequency-tripled,
picosecond Nd:YAG laser, Duetto from Time-Bandwidth). Scattered laser emission was filtered
out using dielectric long-pass filters with edges at 400 nm. Measurements were performed using a
time-correlated single photon counting (TCSPC) setup, equipped with a SPC-130-EM counting
module (Becker & Hickl GmbH) and an IDQ-1D-100-20-ULN avalanche photodiode (Quantique)
for recording the decay traces. The average radiative lifetimes were determined as 74,4, =
Xz, 12 A) 1 (X2 ;i A;) where Ajand 7 are the corresponding amplitudes and exponential
decay parameters in a bi-exponential analysis

7.4.5. Absorption Coefficient determination

The absorption coefficient of Rb7SbsClis was measured from a single crystal, which was
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taped to a 1 mm round, metallic aperture. This was placed in front of the integrating sphere of a
Jasco V770 spectrometer. The crystal’s thickness was measured using optical microscopy in both
white light and fluorescence modes from a side view of the platelet shaped crystal (Figure 8.33).

7.4.6. dT-PL, dT-PLE, dT-TRPL, TRES, dW-PL Measurements

7.4.6.1. CssxAxSN(Briyly)s (4 =Rb, K; x<1,y<1)

Temperature-dependent PL spectra were obtained by exciting the sample with a 355 nm
pulsed laser. The sample was mounted in a helium exchange cryostat and the PL was analyzed by
a 0.5m monochromator coupled to a nitrogen-cooled CCD camera. PL and PLE spectra were
measured using a Fluorolog iHR 320 Horiba Jobin Yvon spectrofluorometer equipped with a Xe
lamp and a photomultiplier tube. Samples were measured while held between quartz slides.
Variable temperature spectra were measured in a Joule—Thomson cryostat (MMR Technologies)
operated in the temperature range of 78-300 K. PL emission could be recorded with a heating rate
of approximately 5 K/min.

7.4.6.2. Rb7 Bis-3xSh3xClig and K7Sb3Clig

dT-PL, PLE, and TRPL traces were measured from 320 K to 12 K on a FluoTime 300
spectrometer from PicoQuant Gmbh that was equipped with a TimeHarp 260 PICO counting unit,
which was coupled with a CS204, closed cycle helium cryostat from Advanced Research Systems
for temperature variation.

PL and PLE spectra were measured using a Xe lamp coupled to a monochromator. TRPL
traces were recorded using a frequency tripled Nd:YAG laser (355 nm wavelength, a power
density of about 0.1 mW cm-2, a pulse duration of 10 ps). Scattered light from the excitation source
was suppressed with a 400 nm longpass filter placed before the emission monochromator. The
average radiative lifetimes were determined as intensity weighted average lifetimes.

TRES studies were performed using the above system in the TRPL configuration with a
built-in TRES wizard.

Powder dependent PL studies were performed by manually varying the excitation intensity
of the 355 nm laser. A range of average excitation powers from 2 uW to 2 mW was used.

7.4.7. Raman

Raman spectroscopy was conducted using a Thermo Scientific DXR 2 confocal Raman
microscope with 455 nm laser excitation. Each sample was measured in the range of 77.6 cm™ to
3773.6 cm™, no peaks were observed above 500 cm™
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7.4.8. DFT calculations

7481 CS4-xAxsn(Br1-y|y)6 (A =Rb, K,’ X S I,y S 1)

Calculations were carried out at the DFT level as implemented in the cp2k quantum
chemistry code. A single 1x1x1 unit cell containing 66 atoms was constructed for all materials
involved. A mixed plane-wave and Gaussian basis set approach was used to describe the wave
function and electronic density, respectively. The kinetic energy cutoff of the plane-wave basis
was set to 400 Rydberg, while a double- basis set plus polarization functions was employed to
describe the molecular orbitals. DOS, emission and excitation energies were calculated using
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. Scalar relativistic effects have
been accounted for by using effective core potential functions in the basis set. Spin-orbit coupling
effects were not included. The optical excitation and emission energies were obtained by
computing the total energy differences between the ground state and excited-state structures, at the
ground state and excited state geometries respectively. Excited state geometry optimizations were
performed with unrestricted Kohn-Sham calculations for a triplet multiplicity with fixed lattice
parameters, optimized for the ground state geometry. We assume that the triplet energy and
structure are qualitatively similar to the excited state singlet. Calculations with lattice relaxation
for the ground state geometry optimization were performed to account for statistical disorder in
the experimental crystal structures. External pressure applied for cell optimization was 100 bar.
Atomic coordinates were optimized until the force reached 0.023 eV/ A. Calculation for structures
at different temperatures were performed without geometry relaxation on the lattices obtained from
single crystal X-ray diffraction

7.4.8.2. Rb7 Bis-3xSh3xClis and K7SbsClig

Calculations were carried out at the DFT level as implemented in the cp2k gquantum
chemistry code. Using the experimentally determined and disordered Rb7SbsClis structure, a P1
unit cell with parameters a = ¢ = 12.9655, ¢ = 34.1932 containing 248 atoms was constructed by
ordering the disordered dimer layer with the ordered layer as a template. A mixed plane-wave and
Gaussian basis set approach was used to describe the wave function and electronic density,
respectively. The kinetic energy cutoff of the plane-wave basis was set to 400 Rydberg, while a
double- basis set plus polarization functions was employed to describe the molecular orbitals.
DOS, emission and excitation energies were calculated using Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. Scalar relativistic effects have been accounted for by using
effective core potential functions in the basis set. Spin-orbit coupling effects were not included.
Unit cell parameters were taken from experimental data and not relaxed, whereas atomic
coordinates were optimized until the force reached 0.023 eV/ A
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7.4.9. Conductivity and X-ray photoconductivity measurements

I-V measurements were recorded with a Keithley 236 source measurement unit. For the
characterization with X-rays, the Keithley 237 source measurement unit was used to apply a bias
voltage while X-rays were generated using the Mini—X Amptek X-ray tube with an accelerating
voltage of 50 kV and a X-ray tube current of 50 pA.
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Chapter 8. Appendix

8.1. Appendix to Chapter 2

When measuring the powder pattern of polycrystalline samples obtained with shorter
tempering time, no other phases except CssSnBre and CsBr were observed (when ratios of
CsBr:SnBr; > 4.5:1 are used). The powder pattern was measured at RT and refined using the
General Structure Analysis System (GSAS) with EXPGUI and GSASII.%%%-370 Weight fractions of
92.5% and 7.5% were found for CssSnBrs and CsBr, respectively (reflections arising from CsBr
are indicated by blue asterisks; Fig. S1, 2).

Cs,SnBr; - exp.

. LJIIIﬂ cil

Cs,SnBr, - calc.

il

10 20 30 40 50 60 70
20 / degrees

Figure 8.1. Experimental and calculated powder patterns of CsisSnBrs. The experimental powder
pattern collected from CssSnBres demonstrates that a typical reaction produces a majority of
CssSnBrs with a side product of CsBr (denoted by blue asterisks). This is expected given the slight
excess of CsBr used in the initial reaction mixture. The CssSnBrs diffraction pattern was calculated
in Vesta using the experimentally determined structure of Cs,SnBrs.
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Figure 8.2. Refinement of Cs4sSnBrs. The unit cell constants of CssSnBrs at RT were determined

through Rietveld refinement using GSASII.
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Table 8.1. Refinement of Cs4SnBr6.

Sample Cs4SnBrg
Temperature 298 K
Formula Weight 1129.73
Crystal System trigonal
Space Group R-3c
Color Colorless
a(A) 13.676354
c(A) 17.271424
Volume (A3) 2797.69

z 6.0

F(000) 2880.0
Pealc (g M) 4.023
Radiation Cu Ka (L =1.54184 A)
20 for data collection (°) 3.03-90.02
20 step (°) 0.01
Data/restraints/para-meters 8700/0/49
Rp 0.034
Rwp 0.046
Rexp 0.037

Y2 1.610
Sample Cs4SnBr6
Temperature 298 K

Table 8.2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A2) for Cs4SnBr6.

Atom Wyckoff X Y z Uiso*/Ueq
Symbol
Snl 6b 0 0 0 0.0199
®)*
Csl 18e 0.37525 0 1/4 0.0199
(12) ®)*
Cs2 6a 0 0 1/4 0.0199
®)*

Bri 36f  0.14145 0.50449 0.06624 0.0199
(17) (19) (10) (5)*
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Cs4SnBrs
Temperature (K) 272.98 (10) 199.99 (10) 100.00 (10)
Formula Weight 1129.79 1129.77 1129.77
Crystal System trigonal trigonal trigonal
Space Group R-3c R-3c R-3c
a(A) 13.6687 (3) 13.6191 (2) 13.5598 (2)
c(A) 17.2597 (5) 17.2184 (4) 17.1628 (3)
v/° 120 120 120
Volume (A3 2792.67 (16) 2765.80 (10) 2732.91 (9)
F(000) 2880.0 2880.0 2880
Pealc (9 cm3) 4.031 4.070 4.119
Radiation

20 for data collection (°)

M (mm™)
Crystal Size (mm?)

Index Ranges
Reflections Collected
Independent Reflections
Data/restraints/para-
meters

Goodness-of-fit on F?

Flinal R indexes [[>=2c
Final R indexes [all data]

argest diff. peak/hole (e
k_3g) p (

XI)J Ka (A = 1.54184

12.694-159.126

19422
683 [Rix = 0.0678,
155]

sigma = U.
683/0/19

1.164

Ry =0.0242
WR2= 0.0596

Ry =0.0244
WR2 = 0.0596

0.70/-1.79

XI)J Ka (A = 1.54184

12.73-158.642

675 [Rix = 0.0568,
152]

Rsigma = 0.
675/0/19

1.255

Ry =0.0243
WR2=0.0648

Ry =0.0245
wR2=0.0650

0.76/-1.54

CuKa (A= 154184 A)
12.776-159.604

667 [Rip = 0.0601,
166]

Rsigma = 0.
667/0/19

1.124

Ry = 0.0257
WR2=0.0678

Ry =0.0258
WR2=0.0678

1.03/-1.37

The lattice parameters were determined to be larger than those previously reported*® with a = b =
13.6687(3) and ¢ = 17.2597(5) at 273 K but in close agreement with recent computational predictions.?*’
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Table 8.4. Fractional atomic coordinates and equivalent isotropic displacement parameters (A2x10°%)
for CssSnBrs at 273 K.

Atom \S/\)//}/r‘]:'ggrf X y z U(eq)®
Csl 18e 0.62487(3) 0 1/4 30.40(15)
Cs2 6a 0 0 1/4 41.6(2)
sn1 6b 0 0 0 18.38(18)
Br1 36f 0.69510 (5) 052439 (5) 0.23286(3)  31.33(17)

[a] Ueq is defined as 1/3 of the trace of the orthogonalised U; tensor.

Table 8.5. Anisotropic displacement parameters (A?x103) for CssSnBrs at 273 K

Atom U1l u22 U33 u23 U13 U12

Csl 30.02)  26.4(2) 33.6(3) -5.37(16)  -2.69(8) 13.19(12)
Cs2 52.6(3)  52.6(3) 19.6(4) O 0 26.29(17)
snl 188(2)  188(2) 175(3) O 0 9.41(11)
Bri 34.8(3)  32.03) 314(3) 22(2) 0.2(2) 19.8(2)

[a] The anisotropic displacement factor exponent takes the form: -2n?[h?a*?U1+2hka*b*U+...].

Table 8.6. Fractional atomic coordinates and equivalent isotropic displacement parameters (A2x10°%)
for CsiSnBrg at 200 K

Atom \S/\)//)égzlgglﬁ X Y z U(eq)®™
Csl 18e 0.62475(3) 0 1/4 20.21(16)
Cs2 6a 0 0 1/4 27.8(2)
sn1 6b 0 0 0 12.06(19)
Br1 36f 0.69512 (5) 052482 (5) 0.23270(3)  21.26(18)

[a] Ueq is defined as 1/3 of the trace of the orthogonalised Uy; tensor.
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Table 8.7. Anisotropic displacement parameters (A2x10) for CssSnBrs at 200 K.

Atom U1l u22 u33 u23 u13 u12
Csl 20.1(2)  17.8(2) 21.9(3)  -356(15) -1.78(8)  8.89(12)
Cs2 355(3)  355(3) 12.6(4) 0 0 17.73(16)
sn1 12512)  125(2) 112(4) 0 0 6.25(12)
Brl 237(3)  21.83) 211(3)  15(2) 0.2(2) 13.5(2)

[a] The Anisotropic displacement factor exponent takes the form: -2n?[h?a*?U11+2hka*b*Uyo+. .. ].

Table 8.8. Fractional atomic coordinates and equivalent isotropic displacement parameters (A2x10°%)
for CssSnBrg at 100 K.

Atom \S/\{/)rlﬁlégﬁ X y z U(eq)[a]

Csl 18e ?3-‘)32455 0 1/4 8.67(17)

Cs2 6a 0 0 1/4 12.3(2)

sn1 6b 0 0 0 4.9(2)
36f 0.69516 0.52533 0.23256

[a] Ueq is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Table 8.9. Anisotropic displacement parameters (A?x10°%) for Cs,SnBrs at 100 K.

Atom  UII U2 U33 U73 UT3 ULz
Csl 852 752  970)  1goua) -085(7) 3.76(12)
Cs2 157(3) 157(3) 56(4) 0 0 7.84(14)
Sn1 50(3) 50(3) 474 0 0 2.49(13)
Bri 102(3) 9.8(3) 9.9(3)  0.65(18) 0.18(19) 6.0(2)

[a] The Anisotropic displacement factor exponent takes the form: -2n?[h?a*?U11+2hka*b*Uyo+. .. ].
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Figure 8.3. Distinct crystallographic positions of Cs. Views of the CssSnBrs structure demonstrating
the two distinct crystallographic positions of Cs within the structure. (a) Cs(2) cations are located
between [SnBrs]* octahedra in six-fold coordination with an average Cs-Br bond length of 3.5520 (3)
A. The Sn-Sn distance along the c-axis is 8.6299 (3) A. (b) Cs(1) is found between the columns formed
by [SnBre]* octahedra and Cs(2). It is in an eight-coordinate position with Cs-Br bond lengths

ranging from 3.6774 (7) A to 3.8020 (7) A.
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Figure 8.4. Bromide and iodide substitution. The substitution of bromide for iodide results in a linear
change in the a and c lattice parameters. This is in agreement with Vegard’s law and suggests a solid
solution exists between Br and | on these general positions. The R? value for the linear fit of lattice
parameter vs. molar fraction of bromide is 0.98 for both the a and ¢ parameters.
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Figure 8.5. Refinement of CssSnls. The crystal structure of CssSnls was determined through Rietveld
refinement using GSAS and EXPGUI.
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Table 8.10. Refinement of CssSnls.

Sample CssSnlg
Temperature 298 K
Formula Weight 1411.73
Crystal System trigonal
Space Group R-3c

Color Black
a(A) 14.5315 (4)
c(A) 18.1571 (8)
Volume (A3) 3028.52

VA 6.0

F(000) 3528

Peaic (9 M) 4.222
Radiation Cu Ka (L =1.54184 A)
20 for data collection (°) 5.01-75.00
20 step (°) 0.01
Data/restraints/para-meters 7000/0/43
Rp 0.028

Rwp 0.037

Rexp 0.029
Goodness-of-fit on F2 0.05787

x2 1.638
(A/o)max 0.06

Table 8.11. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for Cs,Snls.

Atom  Wyckoff X Y 4 Uiso*/Ueq
Symbol
Snl 6b 0 0 0 0.0729
(15)*
Csl 18e 0.3787 0 1/4 0.0729
&) (15)*
Cs2 6a 0 0 1/4 0.0729

(15)*

11 36f 0.1404 05044  0.0641  0.0729
4 ®) @ (15
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Figure 8.6. Refinement of Cs32KosSnBrgs. The crystal structure of Csz2KosSnBrs was determined
through Rietveld refinement using GSAS and EXPGUI.



Table 8.12. Refinement of Cs32KosSnBrs.
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Sample Cs3.20K0.80SNBrg
Temperature 298 K
Formula Weight 1054.92
Crystal System trigonal
Space Group R-3c

Color Colorless
a(A) 13.79233 (8)
c(A) 16.45368 (17)
Volume (A3) 2710.62 (3)

VA 6.0

F(000) 2708

Pealc (g cm®) 3.877
Radiation Cu Ko (A =1.54184 A)
20 for data collection (°) 5.00-75.99
20 step (°) 0.01
Data/restraints/para-meters 7100/0/24

Rp 0.033

Ruwp 0.049

Rexp 0.030

R(F?) 0.07058

¥2 2.560
(A/6)max 0.68

Table 8.13. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for Cs;2KosgSNBre.

Atom Wyckoff X Y z Uiso*/Ueq Occ.
Symbol (<1)

Csl 18e 0.37804 x 3/4 0.05625*

(11)
Sn2 6b 1/3 2/3 2/3 0.05625*
Cs3 6a 2/3 1/3 0.58333 0.05625*  0.20243
Br4 36f 0.36230 0.50857 0.55817 0.05625*

(15) (16) (8)
K5 6a 2/3 1/3 0.58333 0.05625*  0.79755
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Figure 8.7. Limited A-site substitution.
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Figure 8.8. Expanded view of the c-lattice parameter’s dependence on A-site occupancy. (a) For both
K- and Rb- substitution, a linear change in the c-lattice parameter with the molar fraction of K and
Rb ions is observed with R? values of 0.98 and 0.95, respectively. Error bars represent the standard
uncertainty as calculated from the Rietveld refinement by GSAS. (b) The composition as determined
by EDS is compared with that determined by Rietveld refinement.
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b kV:20.0 Tilt:0.00 Tkoff:36.42 Det:Octane Elite Super Re 50:126.6 Amp.T:7.68
FS : 13607 LSec:8.5 Prst:None 2-Jul-2018 13:42:39
Br
Area 8
Cs
Sn
Cs K
c Br
1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 1000 11.00 12.00 keV
C Area K wt% K, at% Sn,wt% Sn,at% Cs, wt% Cs, ath
1 5.18 15.34 19.84 19.35 74.97 65.3
2 4.83 14.41 19.74 19.4 75.43 66.19
3 4.96 14.74 19.77 19.38 75.27 65.88
4 5.11 15.14 19.95 19.48 74.95 65.38
5 5.92 17.28 19.06 18.32 75.02 64.4
6 5.06 15.02 20.17 19.72 74.77 65.26
7 5.18 15.34 20.61 20.09 74.2 64.58
8 5.31 15.67 19.85 19.31 74.84 65.02
9 4.79 14.32 17.95 17.68 77.27 67.99

[y
o

5.05 1499 1947 19.06 7548  65.96

Figure 8.9. SEM and EDS of Cs32KosSnBrs. (2) SEM images obtained from Cs;2KosSnBrg. (b) The
EDS spectrum measured from the region marked with the number 8. (c) The K, Sn, and Cs weight
percent (wt%) and atomic percent (at%o) as measured in 10 regions (individually marked in subfigure
a). This same process was repeated for all 4 points presented in Figure 8.8.
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Figure 8.10. Refinement of Cs3,KosSnBrsls. The crystal structure of Cs; 2KosSnBrslswas determined
through Rietveld refinement using GSAS and EXPGUI.



Table 8.14. Refinement of Cs32KogSnBrsls.

Sample

Cs3.28K0.72SNBrogsls 15

Temperature
Formula Weight
Crystal System
Space Group
Color

a(A)

c(A)

Volume (A3)

z

F(000)

Pealc (g €M™®)
Radiation

20 for data collection (°)
20 step (°)
Data/restraints/para-meters
Rp

Rwp

Rexp

R(F2)

Y2

(A/o)max

298 K
1209.61
trigonal

R-3c

pale yellow
14.28389 (9)
17.11201 (19)
3023.604 (33)
6.0

3064

3.986

Cu Ka (A =1.54184 A)
5.01-75.44
0.01

7045/0/7
0.029

0.044

0.024
0.09110
3.349

0.03

126


file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_chemical_formula_weight
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_space_group_crystal_system
file:///C:/Users/Bogdan/Dropbox/416_Sn/sm280917_2_1%20_space_group_name_H-M_alt
file:///C:/Users/Bogdan/Dropbox/416_Sn/sm280917_2_1%20_space_group_name_H-M_alt
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_cell_formula_units_Z
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_diffrn_radiation_type
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_diffrn_radiation_type
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_diffrn_radiation_type
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_diffrn_radiation_wavelength
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_cell_measurement_theta_min
file:///C:/Users/bbenin/Dropbox/416_Sn/sm280917_2_1%20_cell_measurement_theta_max

127

Table 8.15. Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A?) for Cs; 2KosSNBrsls.

Atom Wyckoff X Y z Uiso*/Ueq Occ.
Symbol (<1)
Csl 18e 0.38179 0 1/4 0.0607
(12) 4)*
Sn2 6b 0 0 0 0.0607
4)*
Cs3 6a 0 0 1/4 0.0607 0.27543
4)*
Br4 36f 0.14407 0.50868 0.05804 0.0607 0.47572
(12) (14) (7) 4)*
K5 6a 0 0 1/4 0.0607 0.72457
(4)*
16 36f 0.14406 0.50867 0.05804 0.0607 0.52428
(12) (14) (7) 4)*
I Cs,,K,,SnBr,
oo, Cs,.K,;SnBr.l,
SR | Cs,SnBr,
Cs,SnBr,l,
L 3 i
- :
a s &
| :: =&
| 1
o ;: .
i/
Q1 :
Z | :
‘
' )
K !
! !
!
4
\ /

300 350 400 450 500 550 600 650 700 750

Wavelength / nm

Figure 8.11. RT PL spectra of samples measured at Low T. PL and PLE spectra of the four samples
that were used for temperature dependent PL measurements down to 6 K. These spectra were

measured at RT.
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Figure 8.12. Temperature dependent PL spectra. Temperature dependent PL spectra collected from
300 K to 6 K with a 355 nm excitation laser. The composition which corresponds to the spectra is
written in the right corner of each graph.
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.-~ 300 K
\ - - - Cs,SnBr,

‘\‘ - — - Cs,SnBr,|
\ 78 K
' — Cs,SnBr|
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3(')0 350 4(I)0 450
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Figure 8.13. Temperature dependence of PL intensity and temperature dependent excitation spectra:
(a) The integrated PL intensity of CssSnBrg plotted against temperature (excitation at 355 nm), (b)
PLE vs. Temperature for CssSnBrg (black) and CssSnBr3l; (red) at 300 K (dashed) and 78 K (solid).
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Figure 8.14. Frontier orbitals (HOMO and LUMO) for ground and excited states of As<SnBrs. Color-
code: black — Cs, orange — Rb/K, blue — Sn, red — Br. Molecular orbitals for ground and excited state
obtained from single-point calculations on optimized ground and excited state geometry. The values
of HOMO-LUMO gap from single-point calculations are not reliable and are omitted. The LUMO in
excited state comprises exclusively Sn-5p and Br-4p orbitals from distorted SnBrs octahedron As
discussed, the contribution of A-site cation to the band edge is negligible (black and orange). HOMO
is comprised of Sn s-orbitals and Br p-orbitals, whereas Sn-p orbitals and Br p-orbitals contribute to
the LUMO.
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Table 8.16. Comparison of calculated energies (eV) for three different approaches: lattice fixed at
experimental values, lattice optimization for the ground state only, and the lattice optimized for both
ground and excited states; g-e — difference in total energies of ground and excited states. In general,
lattice relaxation facilitates the convergence of the excited state geometry but underestimates the real
emission and excitation energies

No lattice optimization  Lattice optimization - ground Lattice optimization - both

state states
g-e Emission g-e (eV) Emission (eV) g-e (eV) Emission (eV)
(eV) (eV)
Cs4SnBre 2.9 2.3 2.9 2.25 2.9 2.15
CssRbSnBrs 3.0 2.4 2.9 2.3 2.9 2.2
Cs3sKSnBrs 3.0 2.4 2.9 2.4 2.9 2.3
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Table 8.17. Bond distances (A) for axial and equatorial Sn-Br bonds in the optimized ground and
excited state geometries.

Compound Ground state Excited state

Axial (A) Equatorial (A) Axial (A) Equatorial (A)
Cs4SnBrs 3.049 3.049 3.658 2.88
CssRbSnBrs  3.042 3.042 3.603 2.88
CssKSnBrg 3.035 3.035 3.567 2.88

As a general trend, the axial Sn-Br bond is elongated depending on the cation, whereas equatorial bond
decreases to the same value regardless the composition.

Table 8.18. Bond distances (A) for excited and ground state, calculated emission and absorption
energies for CssSnBr¢ at different temperatures (273, 200, and 100 K).

Temperature cla Axial bond (A) Equatorial bond Calculated Calculated
(K) ratio (A) Emission Absorption
Ground Excited Ground Excited (eV) (eV)
273 1.263  3.000 3.562 3.000 2.880 2.33 3.55
200 1264 2990 3.550 2.990 2.881 2.34 3.54
100 1.266 2985  3.538 2.985 2.878 2.34 3.53

The relative change in Sn-Br bond distance is much smaller than for different compositions. The
calculations were performed with lattice parameters fixed at experimental values and relaxing only atomic
positions.
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8.2. Appendix to Chapter 3
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20 (degrees)

Figure 8.15. Powder X-ray diffraction pattern of Cs,SnBrs.
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Figure 8.16. Powder X-ray diffraction pattern of [C(NH2)3].SnBr.
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Figure 8.17. Powder X-ray diffraction pattern of (CsHwsN2l)sSnle.
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Figure 8.18. Optical characterization of (C4N2H14Br)sSnBrg: PLE (red) and PL (green) spectra.
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Figure 8.19. Temperature dependence of CssSnBrs PL emission lifetime and intensity
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Figure 8.20. Reversible thermal quenching for CssSnBrg PL emission.
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Figure 8.21. Effect of surrounding on time-resolved PL traces for Cs4sSnBrs.
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Figure 8.22. Time-resolved PL traces for several batches of (a) [C(NH2)3].SnBrs, (b) CssSnBrs, (C)
(CaN2H141)2Snls. Measured lifetimes vary mostly as a result of RT fluctuation.
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Figure 8.24. Fitting by the Mott model. PL lifetime temperature dependence for [C(NH2)3].SnBrs
(blue squares), CsaSnBrs (green triangles), (CaN2H14l).Snls (red circles) by fitting with an Mott model

To

(colored lines): (T) = 5

1+Ae T



Table 8.19. Fitting parameters for the Mott model.
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Composition 0 A Ta Ea  Temperature sensitivity range
ns K eV °C (K)

Cs4SnBrs 1669 1.9 107 4759 0.41 -30 — 40 (243 - 323)
[C(NH2)3]2SnBr4 1837 15108 2863 0.25 -100—30 (173 - 243)
(CaN2H14l)aSnls 1131 5.7 108 6945 0.6 40-110(313-383)
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Figure 8.25. Fitting by the Boltzmann-sigmoid model. PL lifetime temperature dependence for
[C(NHS.)3:].SnBr4 (blue squares), CssSnBrg (green triangles), (CsN2H141)4Snlg (red circles) by fitting

with the Boltzmann-sigmoid model (colored lines): =(T) =

To
T-Tp*
1+e AT

Table 8.20. Fitting parameters for Boltzmann-sigmoid model. Temperature sensitivity ranges are

determined as Tg+ 2AT

Composition 70 Te AT Temperature sensitivity range Epn
ns K K °C (K) meV

Cs4SnBre 1711 281 18 -30 — 40 (243 - 323) 24

[C(NH2)3]2SnBr4 1892 205 17 -100 — 30 (173 - 243) 18

(C4N2H41)sSnls 1146 345 18 40 —110 (313 - 383) 30
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Figure 8.26. Fitting by the exciton-phonon scattering model. PL lifetime temperature dependence for

[C(NH.)3:].SnBr4 (blue squares), CssSnBrs (green triangles), (CsN2H141)4Snlg (red circles) by fitting
1 _1 Tpn

with the exciton-phonon scattering model (colored lines): e RS
0 < Eph )
e kT -1

Table 8.21. Fitting parameters for the exciton-phonon scattering model.

Composition 0 Ton Epn m Temperature sensitivity range
ns 10°g? meV K °C (K)
Cs4SnBrg 1681 0.053 21.3 247 10.7 -30 — 40 (243 - 323)
[C(NH2)3]2SnBr,4 1851 0.03 15.6 181 8.7 -100 - 30 (173 - 243)
(C4N2H141)aSnle 1135 0.13 25.2 292 13 40-110(313-383)
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Figure 8.27. Photographs of the depth standard for ToF imaging in Figure 3.8.

Note 8.1. Key specifications of ToF-FLI image sensor used in the setup:
e Number of pixels: 256 x 256 pixels
e Maximum frame rate at full resolution: 100 fps
e Analog outputs (no on-chip ADC)
e Pixel size: 6.3 x 6.3 um -> Active area size 1.6 mm x 1.6 mm
e Maximum demodulation frequency: 4 x 20 MHz = 80 MHz
e Quantum efficiency (QE): 0.43@600nm, 0.21@800nm, 0.14@850nm
e Fill factor: 14 %
e Dark current: 40 e-
o Pixel saturation capacitance: 9 ke-
e Maximum SNR: 39.9 dB
e Dynamic range: 49.9 dB
e Detailed description of image sensor architecture can be found in Supplementary Ref. 23,
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Location Unavailable

Figure 8.28. A thermographic image of a patterned ITO glass slide with a bolometric camera. The
sample was heated with a passing electrical current and acquired with a commercial LWIR
bolometry camera equipped with a ZnSe lensed macro-objective. Scale bar is 3 mm.
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Table 8.22. Crystal data and structure refinement comparison for Rb;SbsClis at 300 K, 230 K, and

100 K
Empirical formula Rb7ShsClis Rb7SbsClis Rb7SbsClis
Formula weight 1530.74 1530.74 1530.74
Temperature 300 K 230(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system Hexagonal Hexagonal Hexagonal
Space group P-62m P-62m P-62m

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I1 > 20(1)]

R indices [all data]

Largest diff. peak and hole
Absolute structure

Absolute structure parameter

a=12.9802(4) A, o =90°

b=12.9802(4) A, p = 90°

c=34.2522(11) A, y = 120°

4997.8(3) A3

6

3.052 g/cm?®

13.855 mm?

4104

0.241 x 0.187 x 0.03 mm?

1.784 t0 31.572°

-18<=h<=18, -18<=k<=18,
49<=|<=49

59312

5798 [Rint =

99.9%

0.0908]

Full-matrix least-squares on F?

5798/0/ 218

1.093

Robs = 0.0818, WRops = 0.2226
Ran = 0.1037, WR4 = 0.2385
6.468 and -2.562 e-A3
Refined as inversion twin
0.46(4)

a=12.96552) A, a=90°
b =12.9655(2) A, B = 90°

a=12.85702) A, a =90°
b =12.8570(2) A, B = 90°

c=34.1932(8) A, y=120° c=34.1574(5) A, y=120°
4977.93(19) A3 4889.84(17) A3
6 6
3.064 g/cm® 3.119 g/cm®
13.910 mm™? 14.161 mm?
4104 4104
0.232 x 0.214 x 0.034 mm? 0.201 x 0.168 x 0. 084 mm?3
1.787 to 30.507° 1.789 to 30.497°
- -18<=h<=18, -18<=k<=18, - -18<=h<=18, -18<=k<=18,
48<=|<=48 50<=1<=50
297301 251406
99.9% 99.9%
Full-matrix least-squares on F?  Full-matrix least-squares on F?
5524 /0/218 5426 /0/ 208
1.216 1.109
Robs = 0.0546, WRops = 0.1492  Rgps = 0.0802, WRops = 0.2347
Rai = 0.0559, WR4; = 0.1505  Rgai = 0.0825, wR, = 0.2370
2.429 and -1.820 e-A 3.967 and -3.597 e-A

Refined as inversion twin

0.50(3)

Refined as inversion twin
0.50(3)

R = Z||Fo|-|Fc|| / Z[Fo|, WR = {Z[W([Fof* -
where P=(Fo?+2Fc?)/3

IFd2)?] / Z[w([Fo[)]}2 and w=1/[c%(F0?)+(0.1415P)%+17.7772P]
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Table 8.23. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Rb7Shs;Clis at 300 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Sb(1) -6677(1) 0 -656(1) 1 26(1)
Sb(2)  -13257(1) 0 -2499(1) 1 26(1)
Sb(4) -10000 0 -4340(1) 1 23(1)
Sb(3)  -16666.67 -3333.33  -4337(1) 1 24(1)
Rb(2) -3333.33  3333.33 0 1 34(1)
Rb(3)  -13333.33 333333  -1328(1) 1 35(1)
Rb(1) -2789(2) 0 0 1 32(1)
Rb(4)  -12882(2) 0 -1309(1) 1 39(1)
Rb(7) -10000 0 -2909(2) 1 49(1)
Rb(5)  -13333.33 333333  -2805(1) 1 62(1)
Rb(6)  -16661(2) 0 -2152(2) 1 65(1)
Rb(8)  -13334(2) -3334(2)  -3674(2)  0.6667 32(1)
Rb(11)  -13307(3)  -3307(3) -5000 0.6667 38(2)
Cl(4) 5542(3)  2370(4) -664(1) 1 33(1)
Cl(7) -13047(5)  1737(5)  -2013(2) 1 51(2)
CI(6) -11593(5) 0 -2123(2) 1 54(2)
Cl(1) -5456(6) 0 -1230(2) 1 66(2)
Rb(10)  -13813(5) 0 -3674(2)  0.3333 34(2)
Rb(9)  -13403(4)  -488(4)  -3688(2)  0.3333 34(1)
cl(3) -8076(7) 0 0 1 64(3)
Cl(2) -8092(6) 0 -1146(3) 1 68(2)
Cl(9) -13319(8)  -1645(7)  -2944(2) 1 79(2)
CI(5) -5231(8) 0 0 1 81(4)
ci(8)  -15037(7) 0 -2916(3) 1 107(4)
CI(16)  -15479(11) -1018(10) -4337(3)  0.3333 34(2)
CI(12)  -12344(9) -1087(10) -4332(3)  0.3333 31(2)
CI(13)  -14287(10) -2113(12) -4329(3)  0.3333 35(2)
Rb(12)  -13370(5)  -578(5) -5000 0.3333 36(2)
Rb(13)  -13845(6) 0 -5000 0.3333 36(2)
CI(14)  -15445(14) -2074(15) -3802(6)  0.3333 71(5)
CI(15)  -16666(9) -1872(14) -3900(6)  0.3333 66(5)
Cl(18)  -15270(20) -3370(14)  -5000 0.3333 88(11)
CI(11)  -11453(14) -1453(14) -3870(6)  0.3333 49(4)
CI(10)  -11241(13) 0 -3824(6)  0.3333 53(5)
CI(19)  -11480(20) -1480(20)  -5000 0.3333 104(18)
CI(20)  -11390(20) 0 -5000 0.3333 87(14)
CI(17)  -16590(20) -4760(20)  -5000 0.3333 102(13)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 8.24. Anisotropic displacement parameters (A2x10%) for Rb7ShsClis at 300 K with estimated
standard deviations in parentheses.

Label Un U2 Uss U Uis Uzs
Sh(1) 28(1) 28(1) 20(1) 14(1) -1(1) 0
Sh(2) 26(1) 29(1) 23(1) 15(1) 1) 0
Sh(4) 24(1) 24(1) 22(1) 12(1) 0 0
Sh(3) 23(1) 23(1) 27(1) 11(1) 0 0
Rb(2) 40(2) 40(2) 21(2) 20(1) 0 0
Rb(3) 44(1) 44(1) 18(1) 22(1) 0 0
Rb(1) 32(1) 30(2) 35(2) 15(1) 0 0
Rb(4) 52(2) 37(2) 24(1) 18(1) 0() 0
Rb(7) 58(2) 58(2) 30(2) 29(1) 0 0
Rb(5) 69(2) 69(2) 47(2) 35(1) 0 0
Rb(6) 60(2) 37(2) 88(3) 19(1) -2(2) 0
Rb(8) 31(2) 31(2) 32(2) 14(2) 2(1) 2(1)
Rb(11) 34(2) 34(2) 42(3) 16(2) 0 0
Cl(4) 33(2) 34(2) 29(2) 14(2) 0(2) 2(2)
CI(7) 91(3) 46(2) 32(2) 45(2) 11(2) -1(2)
Cl(6) 51(2) 104(5) 25(2) 52(3) 1(2) 0
Cl(1) 70(3) 95(6) 41(3) 47(3) 17(2) 0
Rb(10) 37(2) 24(3) 37(3) 12(2) :3(2) 0
Rb(9) 30(2) 34(2) 37(2) 16(2) -2(2) 2(2)
cI(3) 36(3) 33(4) 121(9) 16(2) 0 0
Cl(2) 59(3) 39(3) 99(5) 20(2) -46(4) 0
Cl(9) 132(6) 70(4) 68(3) 74(4) 113)  -32(3)
CI(5) 52(4) 112(10) 100(8) 56(5) 0 0
CI(8) 71(3) 202(12) 93(6) 101(6) -20(4) 0
Cl(16) 37(5) 32(5) 34(4) 19(4) -2(4) -3(4)
CI(12) 25(4) 25(5) 35(4) 6(4) 0(4) 0(4)
CI(13) 25(4) 44(6) 35(4) 18(5) 0(4) 5(5)
Rb(12) 27(3) 25(3) 52(4) 11(2) 0 0
Rb(13) 26(3) 28(4) 53(5) 14(2) 0 0
CI(14) 52(8) 58(8) 100(13) 27(8) 40(9)  -39(9)
CI(15) 29(6) 50(8) 109(13) 13(5) 7(6) -44(9)
CI(18) 54(13) 19(8) 190(30) 19(8) 0 0
Cl(11) 44(6) 44(6) 66(11) 27(7) 20(8) 20(8)
CI(10) 39(6) 60(11) 67(12) 30(6) 19(7) 0
ClI(19) 23(8) 23(8) 270(60) 13(9) 0 0
CI(20) 32(9) 45(16) 190(50) 22(8) 0 0
CI(17) 68(17) 34(10) 210(40) 29(11) 0 0

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy; + ... + 2hka’b"Us2]
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Table 8.25. Selected bond lengths [A] for Rb;SbsClys at 300 K with estimated standard deviations in

parentheses.

Label Distances
Sh(1)-Cl(4) 2.665(4)
Sh(1)-CI(1) 2.525(6)
Sh(1)-CI(3) 2.890(6)
Sh(1)-ClI(2) 2.487(6)
Sb(2)-Rb(4) 4.105(2)
Sh(2)-CI(7) 2.705(5)
Sh(2)-CI(6) 2.515(7)

Sh(2)-Rb(10) 4.090(6)
Sh(2)-Rb(9) 4.113(5)
Sh(2)-CI(9) 2.591(6)
Sh(2)-CI(8) 2.715(9)
Sh(4)-Cl(12) 2.638(10)
Sh(4)-ClI(11) 2.479(17)
Sh(4)-CI(10) 2.390(17)
Sh(3)-CI(16) 2.603(11)
Sh(3)-CI(13) 2.675(11)
Sh(3)-ClI(14) 2.440(15)
Sh(3)-CI(15) 2.417(13)
Rb(2)-Rb(1) 4.7199(16)
Rb(2)-Cl(4) 3.371(3)
Rb(2)-CI(5) 3.7590(8)
Rb(3)-Rb(4) 4.6477(15)
Rb(3)-CI(7) 3.273(5)
Rb(1)-CI(5) 3.170(10)
Rb(4)-CI(7) 3.379(5)
Rb(4)-CI(6) 3.252(6)
Rb(7)-CI(6) 3.395(6)
Rb(7)-CI(9) 3.733(6)

Rb(7)-CI(10) 3.52(2)
Rb(5)-CI(7) 3.545(5)
Rb(5)-CI(8) 3.7665(9)
Rb(6)-CI(8) 3.360(11)
Rb(8)-CI(9) 3.321(6)

Rb(8)-ClI(12) 3.387(11)

Rb(8)-CI(13) 3.322(12)

Rb(8)-CI(11) 2.531(18)

Rb(11)-CI(13) 3.357(11)

Rb(11)-CI(18) 2.51(3)

Rb(11)-CI(19) 2.37(3)

Rb(10)-Rb(9) 1.011(8)

Rb(10)-CI(8) 3.046(12)

Rb(10)-CI(16) 2.954(12)

Rb(10)-CI(13) 3.353(12)

Rb(10)-Cl(14) 2.495(16)

Rb(10)-CI(15) 3.349(13)

Rb(10)-CI(10) 3.377(18)
Rb(9)-CI(9) 2.990(9)

Rb(9)-CI(16) 3.290(12)

Rb(9)-CI(12) 2.901(11)

Rb(9)-CI(13) 2.857(12)
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Rb(9)-CI(14) 2.441(16)
Rb(9)-CI(11) 3.396(7)
Rb(9)-CI(10) 2.591(17)
CI(16)-Rb(12) 3.378(12)
CI(16)-Rb(13) 2.931(11)
CI(16)-CI(14) 2.30(2)
CI(16)-CI(15) 2.03(2)
CI(12)-CI(13) 2.185(17)
CI(12)-Rb(12) 2.886(11)
Cl(12)-CI(11) 2.147(18)
CI(12)-CI(10) 2.25(2)
CI(13)-Rb(12) 2.880(11)
CI(13)-Rb(13) 3.399(12)
CI(13)-CI(14) 2.37(2)
Rb(12)-Rb(13) 1.186(10)
Rb(12)-CI(18) 3.205(18)
Rb(12)-CI(19) 3.203(8)
Rb(12)-CI(20) 2.28(3)
Rb(13)-CI(20) 3.18(3)
CI(14)-CI(15) 1.76(2)
CI(18)-CI(17) 1.76(3)
CI(11)-CI(10) 1.772(13)
CI(19)-CI(20) 1.869(18)

Table 8.26. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
Rb7Sh;Clis at 230(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”
Sb(1) 6676(1) 0 5657(1) 1 26(1)
Sb(2) 10000 3252(1) 7500(1) 1 24(1)
Sh(3) 10000 0 9342(1) 1 20(1)
Sh(4) 6666.67 3333.33 9340(1) 1 20(1)
Rb(1) 2786(2) 0 5000 1 26(1)
Rb(2) 6666.67 3333.33 5000 1 31(1)
Rb(3) 6666.67 3333.33 6328(1) 1 28(1)
Rb(4) 10000 2884(2) 6310(1) 1 31(1)
Rb(5) 10000 0 7912(1) 1 40(1)
Rb(6) 6666.67 3333.33 7806(1) 1 53(1)
Rb(7) 10000 6674(2) 7154(2) 1 64(1)
Rb(8) 10000 6661(2) 8677(1) 0.6667 33(1)
Rb(9) 10000 3833(4) 8678(2) 0.3333 32(1)
Rb(10) 9532(3) 2940(4) 8693(1) 0.3333 33(1)
Rb(11) 10000 3848(5) 10000 0.3333 33(2)
Rb(12) 9418(4) 2789(4) 10000 0.3333 33(1)
Rb(13) 10000 6696(3) 10000 0.6667 32(1)
cl() 7909(2) 2371(2) 5663(1) 1 27(1)
cl2) 5457(4) 0 6230(2) 1 52(2)
Ccl3) 8109(4) 0 6134(2) 1 55(2)
Cl(4) 8077(5) 0 5000 1 58(2)
Cl(5) 5212(5) 0 5000 1 75(3)



CI(6)
CI(7)
CI(8)
Cl(9)
CI(10)
cl(11)
CI(12)
CI(13)
Cl(14)
CI(15)
Cl(16)
CI(17)
Cl(18)
CI(19)
CI(20)

8255(3)
10000
8359(6)
10000
7868(12)
8117(10)
8555(10)
10000
8912(8)
7894(9)
8991(7)
8063(14)
8156(14)
10000
8600(16)

3032(4)
1586(3)
1671(5)
5053(6)
3368(10)
4787(10)
0
1237(10)
1255(8)
2189(8)
4474(8)
4704(14)
3404(16)
8532(16)
8600(16)

7015(1)
7123(2)
7951(2)
7923(2)
8770(4)
8880(5)
8845(4)
8801(4)
9331(2)
9329(2)
9341(2)
10000
10000
10000
10000

I

0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
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41(1)
43(1)
83(2)
115(4)
55(3)
64(4)
39(2)
48(3)
32(2)
34(2)
33(2)
63(5)
78(7)
65(7)
67(8)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.27. Anisotropic displacement parameters (A2x10%) for Rb;SbsClys at 230(2) K with estimated

standard deviations in parentheses.

Label U1 () Uss U U3 Uz
Label Uu U2 Uss Up Uis Uz
sb(1) 29(1) 28(1) 21(1) 14(1) (1) 0
sb(2) 28(1) 23(1) 23(1) 14(1) 0 1(1)
sb(3) 19(1) 19(1) 21(1) 10(1) 0 0
Sh(4) 18(1) 18(1) 25(1) 9(1) 0 0
Rb(1) 22(1) 24(1) 33(1) 12(1) 0 0
Rb(2) 35(1) 35(1) 23(2) 17(1) 0 0
Rb(3) 32(1) 32(1) 19(1) 16(1) 0 0
Rb(4) 28(1) 37(1) 25(1) 14(1) 0 0(L)
Rb(5) 47(1) 47(1) 28(2) 23(1) 0 0
Rb(6) 59(1) 59(1) 22(2) 30(1) 0 0
Rb(7) 34(1) 56(2) 95(2) 17(1) 0 -4(2)
Rb(8) 35(2) 35(1) 30(2) 18(1) 0 1(1)
Rb(9) 27(2) 34(2) 34(2) 14(1) 0 1(2)
Rb(10) 36(2) 41(2) 30(2) 25(2) 4(2) 5(2)
Rb(11) 25(3) 26(2) 47(4) 12(2) 0 0
Rb(12) 27(2) 27(2) 46(3) 14(2) 0 0
Rb(13) 34(2) 30(2) 32(2) 17(1) 0 0
cl() 31(2) 27(2) 26(1) 15(1) 2(1) 0(L)
cl(2) 29(2) 66(3) 48(3) 33(2) 16(2) 0
cl(3) 45(2) 31(2) 85(4) 16(1) :36(2) 0
Cl(4) 20(2) 24(3) 119(7) 12(2) 0 0
Ci(5) 39(3) 89(7) 113(8) 45(3) 0 0
Cl(6) 36(2) 68(2) 20(2) 34(2) 102) 10(2)
ci(7) 77(3) 38(2) 26(2) 39(2) 0 4(2)
ci8) 71(3) 56(2) 75(3) 5(2) 31(3) 20(2)
Cl(9) 218(11) 72(3) 103(5) 109(6) 0 15(3)
CI(10) 56(6) 50(6) 58(6) 25(5) 21(5) 05)
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CI(11) 41(5) 47(6) 117(11) 31(5) 35(6) 46(7)
Cl(12) 34(4) 28(5) 51(6) 14(2) -10(5) 0
CI(13) 64(9) 39(4) 48(7) 32(5) 0 8(5)
CI(14) 26(4) 32(4) 38(3) 14(3) 2(3) 3(3)
CI(15) 40(4) 28(4) 40(4) 21(3) 2(4) -1(3)
CI(16) 30(4) 30(4) 38(4) 13(3) 6(3) 2(3)
CI(17) 35(7) 38(7) 128(17) 27(6) 0 0
CI(18) 30(7) 48(9) 160(20) 25(6) 0 0
CI(19) 22(7) 29(6) 140(20) 11(4) 0 0

The anisotropic displacement factor exponent takes the form: -2n?[h?a™?U11 + ... + 2hka"b*Us2].

Table 8.28. Selected bond lengths [A] for Rb;ShsClss at 230(2) K with estimated standard deviations

in parentheses.

Label Distances
Sh(1)-CI(1) 2.664(3)
Sh(1)-CI(2) 2.517(5)
Sh(1)-CI(3) 2.471(5)
Sh(1)-Cl(4) 2.890(5)
Sh(1)-CI(5) 2.942(5)
Sh(2)-Rb(4) 4.0967(19)
Sh(2)-Rb(9) 4.095(5)

Sh(2)-Rb(10) 4.112(4)
Sh(2)-CI(6) 2.703(3)
Sh(2)-CI(7) 2.515(4)
Sh(2)-CI(8) 2.597(5)
Sh(2)-CI(9) 2.745(7)

Sh(3)-ClI(12) 2.528(13)

Sh(3)-CI(13) 2.448(13)

Sh(3)-ClI(14) 2.634(8)

Sh(4)-CI(10) 2.481(11)

Sh(4)-ClI(11) 2.454(11)

Sh(4)-CI(15) 2.664(8)
Sh(4)-CI(16) 2.610(8)
Rb(1)-CI(5) 3.145(7)
Rb(2)-Rb(3) 4.5402(18)
Rb(2)-CI(1) 3.362(2)
Rb(2)-CI(5) 3.7529(6)
Rb(3)-Rb(4) 4.6406(10)
Rb(3)-CI(1) 3.365(3)
Rb(3)-CI(2) 3.8041(9)
Rb(3)-CI(6) 3.274(3)
Rb(4)-CI(1) 3.299(3)
Rb(4)-CI(3) 3.3456(17)
Rb(4)-CI(6) 3.375(3)
Rb(4)-CI(7) 3.250(4)
Rb(5)-CI(7) 3.391(5)
Rb(5)-CI(8) 3.722(6)
Rb(5)-CI(12) 3.701(15)
Rb(5)-CI(13) 3.437(15)
Rb(6)-CI(6) 3.536(4)



Rb(6)-CI(8)
Rb(6)-CI(9)
Rb(6)-CI(10)
Rb(7)-CI(9)
Rb(8)-CI(9)
Rb(8)-CI(11)
Rb(8)-CI(16)
Rb(9)-Rb(10)
Rb(9)-CI(9)
Rb(9)-CI(10)
Rb(9)-CI(11)
Rb(9)-CI(13)
Rb(9)-CI(15)
Rb(9)-CI(16)
Rb(10)-CI(8)
Rb(10)-CI(10)
Rb(10)-CI(12)
Rb(10)-CI(13)
Rb(10)-CI(14)
Rb(10)-CI(15)
Rb(10)-CI(16)
b(11)-Rb(12)
Rb(11)-CI(16)
Rb(11)-CI(17)
Rb(11)-CI(18)
Rb(12)-CI(14)
Rb(12)-CI(15)
Rb(12)-CI(18)
Rb(13)-CI(16)
Rb(13)-CI(17)
Rb(13)-CI(19)
CI(10)-CI(11)
CI(10)-CI(15)
CI(10)-CI(16)
CI(11)-CI(16)
CI(12)-CI(13)
CI(12)-CI(14)
CI(13)-CI(14)
CI(14)-CI(15)
CI(17)-CI(18)
CI(19)-CI(20)
Sb(1)-CI(1)

3.799(6)
3.7648(10)
3.638(14)
3.367(9)
3.316(8)
2.533(11)
3.348(9)
1.005(6)
3.027(10)
2.537(13)
3.315(10)
3.393(14)
3.339(10)
2.939(9)
2.991(7)
2.497(14)
3.402(5)
2.592(13)
2.903(9)
2.852(9)
3.280(9)
1.191(8)
2.917(9)
3.214(13)
2.161(16)
2.882(9)
2.869(9)
2.149(16)
3.365(9)
2.548(17)
2.38(2)
1.743(16)
2.460(16)
2.429(16)
2.097(16)
1.761(10)
2.207(14)
2.306(15)
2.192(12)
1.75(2)
1.861(13)
2.664(3)

150
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Table 8.29. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Rb7Shs;Clis at 100(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueg
Sh(1) 3303(2) 10000 5663(1) 1 15(1)
Sh(2) 0 6743(1) 7500(1) 1 15(1)
Sb(3) 3333.33 6666.67 9331(1) 1 12(1)
Sb(4) 0 10000 9337(1) 1 13(1)
Rb(1) 7196(2) 10000 5000 1 16(1)
Rb(2) 3333.33 6666.67 5000 1 16(1)
Rb(3) -3333.33 3333.33 6325(1) 1 17(1)
Rb(4) 0 7115(2) 6318(1) 1 20(1)
Rb(5) -3333.33 3333.33 7800(1) 1 34(1)
Rb(6) -3349(2) 6651(2) 7156(2) 1 40(1)
Rb(7) 0 10000 7913(2) 1 26(1)
Rb(8) 0 6187(5) 8673(2) 0.3333 15(2)
Rb(9) 475(4) 7082(5) 8688(2) 0.3333 16(1)
Rb(10) 3339(2) 10000 8675(1) 0.6667 13(1)
Rb(11) 3312(3) 10000 10000 0.6667 12(1)
Rb(12) 6175(6) 10000 10000 0.3333 15(2)
Rb(13) 7184(6) 10551(5) 10000 0.3333 15(2)
Cl(1) 4735(9) 10000 5000 1 70(5)
Cl(2) 1890(9) 10000 5000 1 95(8)
cl(3) 2079(4) 7616(4) 5666(1) 1 17(1)
Cl(4) 4546(7) 10000 6228(3) 1 41(2)
CI(5) 1912(7) 10000 6164(3) 1 54(3)
Cl(6) 0 8423(6) 7131(2) 1 40(2)
cl(7) -1765(5) 5212(5) 7011(2) 1 32(1)
cl(8) 0 4942(7) 7918(3) 1 98(5)
Cl(9) 1651(8) 8342(7) 7949(2) 1 71(3)
CI(10) 0 8745(14) 8805(7) 0.3333 32(4)
Cl(11) 1467(14) 10000 8823(6) 0.3333 26(3)
Cl(12) 1112(10) 8736(9) 9333(3) 0.3333 14(2)
CI(13) 2078(10) 7825(10) 9329(3) 0.3333 14(2)
Cl(14) 3353(11) 8128(18) 8854(7) 0.3333 54(6)
CI(15) 4522(17) 7899(16) 8771(6) 0.3333 45(4)
CI(16) 4537(10) 9028(9) 9344(3) 0.3333 15(2)
CI(17) 6599(19) 11883(19) 10105(5) 0.1667 15(4)
CI(18) 5220(20) 11890(20) 9915(7) 0.1667 27(6)
CI(19) 1490(30) 10000 10000 0.3333 48(8)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 8.30. Anisotropic displacement parameters (A2x103) for Rb;SbsCly at 100(2) K with estimated
standard deviations in parentheses.

Label Un U Uss Up Uiz Uz
Sb(1) 18(1) 17(1) () 8(1) o) 0
Sb(2) 18(1) 16(1) 12(1) 9(1) 0 0L)
Sh(3) 12(1) 12(1) 13(1) 6(1) 0 0
Sh(4) 14(1) 14(1) 10(1) 7(1) 0 0
Rb(1) 20(1) 18(2) 8(1) o(1) 0 0
Rb(2) 23(2) 23(2) 2(2) 12(1) 0 0
Rb(3) 21(1) 21(1) 8(1) 11(1) 0 0
Rb(4) 20(1) 28(1) 8(1) 10(1) 0 0(1)
Rb(5) 44(2) 44(2) 13(2) 22(1) 0 0
Rb(6) 24(1) 24(1) 75(3) 14(2) 4(2) 4(2)
Rb(7) 32(2) 32(2) 15(2) 16(1) 0 0
Rb(8) 14(3) 19(2) 11(2) 70) 0 12)
Rb(9) 17(2) 23(2) 15(2) 15(2) 3(2) 3(2)
Rb(10) 14(2) 13(2) 12(2) 6(1) -1(1) 0
Rb(11) 8(2) 10(2) 20(2) 5(1) 0 0
Rb(12) 8(2) 5(3) 30(4) 2(2) 0 0
Rb(13) 10(2) 12(3) 23(3) 6(2) 0 0
cl(1) 27(4) 37(6) 150(17) 18(3) 0 0
cl2) 20(4) 12(4) 250(30) 6(2) 0 0
cl(3) 25(2) 22(2) 6(2) 14(2) 1) 1(2)
cl(a) 38(3) 37(4) 47(4) 18(2) -15(3) 0
Cl(s) 37(3) 22(3) 97(7) 11(2) 42(4) 0
Cl(6) 93(6) 39(2) 72) 47(3) 0 0(2)
cl(7) 32(2) 30(2) 9(2) 2(2) 2(2) -4(2)
cl(8) 207(17) 57(4) 80(7) 104(8) 0 18(4)
Cl(9) 56(4) 46(4) 58(4) -14(3) -31(4) -19(3)
CI(10) 36(10) 21(6) 45(11) 18(5) 0 -3(6)
CI(11) 20(5) 30(9) 31(8) 15(4) 7(6) 0
CI(12) 11(4) 8(4) 21(4) 5(3) 1(3) 2(3)
CI(13) 12(4) 10(4) 25(4) 9(3) -1(4) -1(4)
Cli(14) 6(5) 46(10) 100(16) 7(6) -10(6) 25(10)
CI(15) 38(9) 28(7) 72(12) 17(7) 20(9) 21(8)
Cl(16) 13(4) 7(4) 25(5) 5(4) 0(4) 1(3)

The anisotropic displacement factor exponent takes the form: -2n?[h?a"Uy; + ... + 2hka'b*Uxz].
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Table 8.31. Selected bond lengths [A] for Rb;SbsClis at 100(2) K with estimated standard deviations

in parentheses.

Label Distances
Sh(1)-CI(3) 2.655(4)
Sh(1)-Cl(4) 2.506(8)
Sh(1)-CI(5) 2.474(8)
Sh(2)-Rb(4) 4.068(3)
Sh(2)-Rb(8) 4.068(6)
Sh(2)-Rb(9) 4.094(5)
Sh(2)-CI(6) 2.503(7)
Sh(2)-CI(7) 2.710(5)
Sh(2)-CI(8) 2.721(9)
Sh(2)-ClI(9) 2.593(7)
Sh(3)-Cl(14) 2.477(19)
Sh(3)-CI(15) 2.466(18)
Sh(3)-CI(16) 2.630(10)
Sh(4)-CI(10) 2.43(2)
Sh(4)-CI(11) 2.579(18)
Sh(4)-Cl(12) 2.648(10)
Rb(1)-Rb(2) 4.6633(18)
Rb(1)-CI(1) 3.164(13)
Rb(2)-CI(1) 3.7271(12)
Rb(2)-CI(3) 3.352(3)
Rb(3)-Rb(4) 4.6012(15)
Rb(3)-CI(7) 3.243(5)
Rb(4)-CI(3) 3.285(4)
Rb(4)-CI(5) 3.310(3)
Rb(4)-CI(6) 3.247(6)
Rb(4)-CI(7) 3.346(5)
Rb(5)-CI(7) 3.507(5)
Rb(5)-CI(8) 3.7340(13)
Rb(6)-CI(6) 3.732(2)
Rb(6)-CI(7) 3.403(6)
Rb(7)-CI(6) 3.355(7)
Rb(7)-CI(10) 3.45(2)
Rb(7)-CI(11) 3.63(2)
Rb(8)-Rb(9) 0.998(8)
Rb(8)-CI(8) 3.034(14)
Rb(8)-CI(10) 3.32(2)
Rb(8)-CI(13) 3.313(12)
Rb(9)-CI(9) 2.973(10)
Rb(9)-CI(10) 2.533(19)
Rb(9)-CI(11) 3.336(7)
Rb(9)-CI(12) 2.883(11)
Rb(9)-CI(13) 2.826(11)
Rb(9)-Cl(14) 3.293(13)
Rb(10)-CI(9) 3.282(7)

Rb(10)-Cl(11) 2.458(18)
Rb(10)-Cl(12) 3.354(11)
Rb(10)-CI(13) 3.303(11)
Rb(10)-Cl(14) 2.492(19)
Rb(10)-CI(16) 3.329(11)
Rb(11)-CI(16) 3.323(11)



Rb(11)-CI(18)
Rb(11)-CI(19)
Rb(12)-Rb(13)
Rb(12)-CI(16)
Rb(12)-CI(17)
Rb(12)-CI(18)
Rb(13)-CI(17)
CI(10)-CI(11)
CI(10)-CI(12)
CI(11)-CI(12)
CI(12)-CI(13)
CI(13)-CI(14)
CI(14)-CI(15)
CI(14)-CI(16)
CI(15)-CI(16)
CI(17)-CI(18)

2.46(3)
2.35(4)
1.125(10)
2.897(11)
2.23(2)
3.24(2)
2.22(2)
1.767(13)
2.31(2)
2.270(18)
2.090(15)
2.20(2)
1.69(2)
2.17(2)
2.43(2)
1.89(3)
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Figure 8.29. Experimental and calculated powder patterns of Rb7SbsClis. The Rb7SbsClys diffraction

pattern was calculated in Vesta using the experimentally determined structure of Rb7Sb;Cls.
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Figure 8.30. Structural stability of Rb7ShsClis. Two separate batches (a) and (b) were measured each
after several months and no new phases were observed, supporting the oxidative stability of this material.
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hko plane with vectors 120 (to the right) and 001 (up)

Figure 8.31. Unwrapped images from the 230 K diffraction experiment for Rb;SbsClis. The left panel
demonstrates the six-fold symmetry present in the structure looking at the ab plane. The right image
looks at the ¢ axis and clearly demonstrates the combination of ordered and disordered units present

in the structure. The discrete and well-resolved lines represent the ordered layers while the smeared
lines in between are the disordered layers
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Figure 8.32. Lattice parameters and unit cell volume with temperature
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Figure 8.33. Side view of the single crystal of Rb;SbsClss in white light (left) and fluorescence (right)
mode used to measure the absorption coefficient. Scale bars are 200 pm.
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Figure 8.34. dT-PL spectra of RbsSbs;Clis with excitation at a) 320 nm and b) 290 nm.
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Figure 8.35. Arrhenius fits for the integrated PL-intensity of Rb;SbsClis with two activation energies

at a) 360 nm excitation, b) 330 nm excitation, and c¢) 300 nm excitation. The following formula was
used during the fitting: I, = _EITI" T
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Figure 8.36. Raman spectra of Rb7SbsClsg.
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Figure 8.37. Thermal stability of RbzSbsClis: a) PL lifetime as a function of temperature, b) PL intensity
as a function of temperature. Lifetime and intensity were measured as separate runs.
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Figure 8.39. Okl and hk0 unwrapped images for Rb7BizCls.
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Table 8.32. Crystal data and structure refinement for Rb;Bi;Clis at 298 K.

Empirical formula RbBisClis
Formula weight 1792.43
Temperature 298 K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group R-3c

a=13.10250(10) A, a.= 90°
Unit cell dimensions b=13.10250(10) A, B =90°

c=102.9084(17) A, y=120°
Volume 15299.9(3) A3
z 18
Density (calculated) 3.502 g/cm?®
Absorption coefficient 26.700 mm!
F(000) 14040
Crystal size 0.071 x 0.058 x 0.04 mm?
0 range for data collection 1.806 to 29.574°
Index ranges -18<=h<=18, -13<=k<=18, -142<=1<=142
Reflections collected 60200
Independent reflections 4792 [Rint = 0.0878]
Completeness to 6 = 25.242° 99.9%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4792/0/121
Goodness-of-fit 1.051
Final R indices [I1 > 20(1)] Robs = 0.0387, WRons = 0.0696
R indices [all data] Ran = 0.0811, wR4 = 0.0778
Largest diff. peak and hole 1.180 and -1.552 e-A3
Absolute structure Refined with twin
Absolute structure parameter 0.206(3)

R = 3|[Fol-|Fe]l / Z|Fo, WR = {Z[W(|Fof - [Fe2)2] / Z[W(|Fo[)]}2 and w=1/[c?(F0?)+(0.0079P)?+146.9450P]

where P=(Fo*+2Fc?)/3

Table 8.33. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
RbBisClis at 298 K with estimated standard deviations in parentheses

Label X y z Occupancy Ueq™
Bi(1) 6666.67 3333.33 4980(1) 1 23(1)
Bi(2) 3331(1) 3351(1) 4385(1) 1 26(1)
Bi(3) 0 0 5000 1 22(1)
Rb(1) 9546(1) 6209(1) 5385(1) 1 35(1)
Rb(2) 9975(1) 6697(1) 4882(1) 1 61(1)
Rb(3) 6666.67 3333.33 4590(1) 1 40(1)
Rb(4) 6666.67 3333.33 4165(1) 1 36(1)
Rb(5) 3333.33 -534(1) 4166.67 1 34(1)
Rb(6) 0 0 4596(1) 1 40(1)



cl(1)
cl(2)
CI(3)
cl(4)
CI(5)
Cl(6)
CI(7)
CI(8)
cl(9)

8101(2)
8572(2)
5722(2)
3338(2)
3323(3)
3333.33
3333.33
932(2)
80(3)

5160(2)
3769(2)
4610(2)
4827(2)
2078(2)
4749(2)
1924(2)
2211(2)
1702(2)

5121(1)
4827(1)
4382(1)
4546(1)
4576(1)
4166.67
4166.67
4385(1)
4846(1)

e e
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56(1)
47(2)
34(1)
58(1)
58(1)
35(1)
50(1)
35(1)
49(1)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.34. Anisotropic displacement parameters (A2x10°) for RbsBisClis at 298 K with estimated

standard deviations in parentheses.

Label U Uz Uss U, Uiz Uas
Bi(1) 23(1) 23(1) 21(1) 12(1) 0 0
Bi(2) 25(1) 28(1) 23(1) 13(1) 1(1) -1(1)
Bi(3) 22(1) 22(1) 22(1) 11(1) 0 0
Rb(1) 36(1) 43(1) 20(1) 22(1) -1(1) -2(1)
Rb(2) 66(1) 43(1) 58(1) 16(1) 3(1) 1(1)
Rb(3) 47(1) 47(1) 25(1) 24(1) 0 0
Rb(4) 42(1) 42(1) 26(1) 21(1) 0 0
Rb(5) 28(1) 31(1) 40(1) 14(1) -1(1) -1(2)
Rb(6) 47(1) 47(1) 26(1) 23(1) 0 0
Cl(1) 56(2) 48(2) 40(2) 8(2) -13(2) -16(2)
cl2) 36(2) 67(2) 40(2) 28(2) 6(1) 70Q)
ci(3) 30(2) 39(2) 33(1) 16(1) 1(1) 2(1)
Cl(4) 38(2) 53(2) 81(2) 21(2) 1(2) -35(2)
Cl(5) 77(2) 55(2) 43(2) 36(2) -1(2) 15(2)
Cl(6) 29(2) 32(2) 43(2) 14(1) 2(2) 1(1)
cl(7) 86(3) 39(2) 39(2) 43(2) -1(2) 0(1)
CI(8) 32(2) 35(2) 34(1) 14(1) 0(1) 0(1)
Cl(9) 82(2) 39(2) 37(2) 39(2) -5(2) 5(1)

The anisotropic displacement factor exponent takes the form: -2n?[h?a"Uy; + ... + 2hka'b*Uxz].
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Table 8.35. Selected bond lengths [A] for Rb;BisClys at 298 K with estimated standard deviations in
parentheses.

Label Distances
Bi(1)-Rb(2) 4.4871(10)
Bi(1)-Rb(3) 4.0144(13)
Bi(1)-CI(1) 2.621(2)
Bi(1)-CI(2) 2.762(2)
Bi(2)-CI(3) 2.714(2)
Bi(2)-Cl(4) 2.544(2)
Bi(2)-CI(5) 2.578(2)
Bi(2)-Cl(6) 2.8957(17)
Bi(2)-CI(7) 2.9218(18)
Bi(2)-CI(8) 2.723(2)
Bi(3)-Rb(6) 4.1545(12)
Bi(3)-CI(9) 2.694(2)
Rb(1)-CI(1) 3.195(2)
Rb(2)-CI(1) 3.348(3)
Rb(2)-ClI(2) 3.371(3)
Rb(3)-Rb(4) 4.3724(16)
Rb(3)-CI(2) 3.325(2)
Rb(3)-CI(3) 3.315(2)
Rb(3)-CI(5) 3.837(3)
Rb(4)-CI(3) 3.373(2)
Rb(4)-CI(7) 3.7974(3)
Rb(5)-CI(7) 3.220(3)
Rb(6)-CI(5) 3.815(3)
Rb(6)-CI(8) 3.328(2)
Rb(6)-CI(9) 3.370(2)
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Figure 8.40. Experimental and calculated powder patterns of Rb;Bi;Clis. The diffraction pattern was
calculated in Vesta using the experimentally determined structure of Rb7BisClis.
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Figure 8.41. . Experimental and calculated powder patterns of RbsBiCls. The RbsBiCls diffraction
pattern was calculated in Vesta using the experimentally determined structure of RbsBiCls.
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Figure 8.42. Photos of Rb3BiClg crystals under polarized light. Their interaction with polarized light
also them to be more easily separated from crystals of Rb7Bi;Clis system, which grow as thin platelets
(like the Rb7ShsClis system) and do not rotate polarized light indicating that their high symmetry
axis must be oriented perpendicular to the large, flat face of the platelet.

Figure 8.43. Structure of RbsBiClg at 298 K.
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Figure 8.44. Arrhenius plot of PL intensity vs. T for Rb7BisClis. The activation energy of ca. 100 meV
is much lower than that determined for the pure-Sb and agrees with the experimental observation
that this material is quenched at far lower temperatures then Rb7SbsCls.
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Figure 8.45. Specific sensitivity of Rb7BisCls.
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Figure 8.46. Experimental and calculated powder patterns of RbsBiSb,Clis. The Rb;BiSb,Clis
diffraction pattern was calculated in Vesta using the experimentally determined structure of
Rb7BiSb,Cl .



Table 8.36. Crystal data and structure refinement for Rb;Sb,¢7Bio.93Clis at 296(3) K.

Empirical formula

Rb7Sb207Bi0.93Cl1s

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 0 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I1 > 20(1)]

R indices [all data]

Largest diff. peak and hole

1612.15

296(3) K

0.71073 A

Hexagonal

P-62m

a=13.0332(2) A, a=90°
b=13.0332(2) A, p=90°
¢ =34.1956(5) A, y = 120°
5030.40(17) A3

6

3.193 g/cm?®

17.904 mm*

4283

0.375x 0.3 x 0.188 mm?
1.804 to 35.484°

-21<=h<=21, -21<=k<=20, -54<=I<=54

149507

8103 [Rint = 0.0844]

99.8%

Full-matrix least-squares on F?
8103/0/186

1.054

Robs = 0.0539, WRbs = 0.1651
Ran = 0.0712, wR4 = 0.1798
4,582 and -1.702 e-A3
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R = X||Fol-[Fd[ / Z[Fo|, WR = {S[W(|Fof? - [Fe)2] / Z[W([Fo')]}*2 and w=1/[c%(F0?)+(0.0813P)?+39.1137P]

where P=(Fo*+2Fc?)/3

Table 8.37. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
Rb7Sh..07Bi0.s3Clis at 296(3) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”
Rb(1) 6622(2) 10000 2149(1) 1 58(1)
Rb(2) 6683(2) 6683(2) 2843(1) 1 57(1)
Rb(3) 7114(2) 7114(2) 1345(1) 1 34(1)
Rb(4) 6666.67 3333.33 1290(1) 1 42(1)
Rb(5) 6666.67 3333.33 0 1 38(1)
Rb(6) 7202(2) 7202(2) 0 1 33(1)
Rb(7) 3332(2) 3875(3) 5000 05 37(1)
Rb(8) 3333.33 6666.67 5000 05 36(2)
Rb(9) 10000 10000 5000 1 38(1)
Rb(10) 3333.33 6666.67 3707(2) 05 34(1)
Rb(11) 10000 10000 3709(1) 1 41(1)
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Rb(12) 6222(2) 9553(2) 3658(1) 05 35(1)
cl(1) 4838(5) 8408(4) 2914(2) 1 71(2)
Cl(2) 5148(5) 6927(5) 2017(1) 1 59(2)
CI(3) 8071(6) 9602(6) 2999(2) 05 48(2)
Cl(4) 8427(6) 8427(6) 2128(2) 1 130(5)
CI(5) 1893(5) 1893(5) 1143(2) 1 66(2)
CI(6) 4554(5) 4554(5) 1228(2) 1 63(2)
CI(7) 4437(3) 2073(3) 663(1) 1 36(1)
CI(8) 4748(7) 4748(7) 0 1 69(3)
Cl(9) 1912(6) 1912(6) 0 1 57(2)
CI(10) 5232(10) 6657(7) 5000 05 63(4)
CI(11) 6680(15) 8109(12) 5000 05 86(6)
Cl(12) 4303(5) 5407(6) 4338(2) 05 36(2)
CI(13) 7764(5) 9023(5) 4341(2) 05 36(2)
CI(14) 5216(9) 6669(7) 3864(3) 05 66(3)
CI(15) 6666(8) 7899(8) 3797(3) 05 64(2)
Bi(01) 3333.33 6666.67 2480(1) 0.408(10) 24(1)
Bi(02) 10000 10000 2551(1) 0.327(13) 24(1)
Bi(03) 3312(1) 3312(1) 657(1) 0.171(9) 24(1)
Bi(04) 6656(1) 6656(1) 4343(1) 0.381(10) 28(1)
Sh(1) 3333.33 6666.67 2480(1) 0.592(10) 24(1)
Sb(2) 10000 10000 2551(1) 0.673(13) 24(1)
Sb(3) 3312(1) 3312(1) 657(1) 0.829(9) 24(1)
Sh(4) 6656(1) 6656(1) 4343(1) 0.619(10) 28(1)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.38. Anisotropic displacement parameters (A2x10%) for Rb;Sb,/Bio93Clis at 296(3) K with
estimated standard deviations in parentheses.

Label Un Uz Uss Up Uiz Uz
Rb(1) 66(2) 20(2) 58(2) 20(1) 2(1) 0
Rb(2) 56(2) 56(2) 46(2) 18(1) o(1) 0(1)
Rb(3) 44(1) 44(1) 21(1) 26(1) -2(1) 2(1)
Rb(4) 53(1) 53(1) 19(1) 26(1) 0 0
Rb(5) 46(2) 46(2) 21(1) 23(1) 0 0
Rb(6) 35(1) 35(1) 31(1) 19(1) 0 0
Rb(7) 27(2) 28(2) 56(2) 13(2) 0 0
Rb(8) 38(2) 38(2) 32(2) 19(1) 0 0
Rb(9) 41(2) 41(2) 33(2) 20(1) 0 0
Rb(10) 39(2) 39(2) 26(2) 19(1) 0 0
Rb(11) 43(2) 43(2) 35(2) 22(1) 0 0
Rb(12) 34(2) 38(2) 36(1) 20(2) 1(1) 1(1)
cl(1) 69(3) 43(2) 63(2) 3(2) 15(2) -15(2)
cl2) 62(2) 105(3) 37(2) 62(3) -10(2) 21(2)
cI3) 31(3) 66(4) 47(3) 25(3) 70) 6(3)
Cl(4) 113(4) 113(4) 34(3) -42(5) -15(2) -15(2)
CI(5) 59(3) 59(3) 97(5) 43(3) 21(3) 21(3)
cl(6) 68(3) 68(3) 40(2) 23(3) -15(2) -15(2)
cI(7) 38(2) 42(2) 20(1) 21(2) 0(1) 02
cl(8) 49(4) 49(4) 85(6) 6(4) 0 0
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Cl(9) 42(3) 42(3) 91(6) 24(4) 0 0
CI(10) 39(5) 26(5) 122(12) 15(4) 0 0
CI(11) 112(14) 41(6) 125(13) 53(8) 0 0
CI(12) 27(2) 37(3) 42(2) 16(2) 0(2) 0(2)
CI(13) 33(3) 28(3) 38(2) 9(2) -2(2) 1(2)
CI(14) 62(5) 55(5) 82(6) 31(4) -39(5) -2(4)
CI(15) 69(6) 53(4) 76(6) 35(4) 2(4) 22(4)
Bi(01) 22(1) 22(1) 29(1) 11(1) 0 0
Bi(02) 25(1) 25(1) 22(1) 12(1) 0 0
Bi(03) 27(1) 27(1) 18(1) 14(1) 1(1) 1(1)
Bi(04) 28(1) 28(1) 28(1) 13(1) -1(1) -1(1)
Sb(1) 22(1) 22(1) 29(1) 11(1) 0 0
Sb(2) 25(1) 25(1) 22(1) 12(1) 0 0
Sb(3) 27(1) 27(1) 18(1) 14(1) 1(1) 1(1)
Sh(4) 28(1) 28(1) 28(1) 13(1) -1(1) -1(1)

The anisotropic displacement factor exponent takes the form: -2n?[h?a"Uy; + ... + 2hka'b*Uxz].

Table 8.39. Bond lengths [A] for Rb7Sb,.07Bi0gsClis at 296(3) K with estimated standard deviations in

parentheses.

Label Distances
Rb(1)-ClI(1) 3.426(5)
Rb(1)-ClI(2) 3.498(5)
Rb(1)-CI(3) 3.642(8)
Rb(1)-Cl(4) 3.816(2)
Rb(1)-Bi(01) 4.4619(15)
Rb(2)-ClI(2) 3.564(4)
Rb(2)-CI(3) 3.339(7)
Rb(2)-Cl(4) 3.337(8)
Rb(2)-CI(15) 3.632(11)
Rb(2)-Bi(01) 4.5280(13)
Rb(2)-Bi(02) 4.437(2)
Rb(3)-Rb(4) 4.6670(11)
Rb(3)-Rb(6) 4.6004(14)
Rb(3)-CI(2) 3.359(4)
Rb(3)-Cl(4) 3.179(6)
Rb(3)-CI(6) 3.360(7)
Rb(4)-Rb(5) 4.4130(18)
Rb(4)-CI(6) 3.8130(10)
Rb(4)-CI(7) 3.313(3)
Rb(5)-CI(7) 3.392(3)
Rb(5)-CI(8) 3.7767(8)
Rb(6)-CI(8) 3.198(9)
Rb(7)-Rb(8) 3.637(4)

Rb(7)-CI(10) 3.210(10)
Rb(7)-CI(12) 2.860(6)
Rb(8)-CI(10) 2.480(12)
Rb(8)-CI(12) 3.389(6)
Rb(9)-CI(13) 3.388(6)

Rb(10)-Rb(12)

3.767(3)



Rb(10)-CI(1)
Rb(10)-CI(12)
Rb(10)-CI(14)
Rb(11)-CI(3)
Rb(11)-CI(13)
Rb(12)-CI(1)
Rb(12)-CI(3)
Rb(12)-CI(13)
Rb(12)-CI(14)
Rb(12)-CI(15)
CI(1)-Bi(01)
CI(1)-Sb(1)
CI(2)-Bi(01)
CI(2)-Sb(1)
CI(3)-Bi(02)
CI(3)-Sb(2)
CI(4)-Bi(02)
CI(4)-Sb(2)
CI(5)-Bi(03)
CI(5)-Sb(3)
CI(6)-Bi(03)
CI(6)-Sb(3)
CI(7)-Bi(03)
CI(7)-Sb(3)
CI(8)-Bi(03)
CI(9)-Bi(03)
CI(9)-Sb(3)
CI(10)-CI(11)
CI(10)-Bi(04)
CI(11)-Bi(04)
CI(12)-CI(14)
CI(12)-Bi(04)
CI(12)-Sb(4)
CI(13)-CI(15)
CI(13)-Bi(04)
CI(13)-Sh(4)
CI(14)-CI(15)
CI(14)-Bi(04)
CI(14)-Sb(4)
CI(15)-Bi(04)
CI(15)-Sb(4)

3.450(5)
3.320(6)
2.510(9)
3.344(7)
3.328(6)
3.042(5)
3.275(6)
3.373(6)
3.379(8)
2.541(9)
2.597(5)
2.597(5)
2.723(4)
2.723(4)
2.764(6)
2.764(6)
2.508(6)
2.508(6)
2.486(5)
2.486(5)
2.535(5)
2.535(5)
2.670(3)
2.670(3)
2.925(6)
2.896(5)
2.896(5)
1.890(19)
2.916(8)
2.930(8)
2.191(11)
2.659(6)
2.659(6)
2.359(12)
2.673(6)
2.673(6)
1.779(13)
2.498(8)
2.498(8)
2.467(8)
2.467(8)
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Figure 8.47. Experimental and calculated powder patterns of Rb7Bi24ShosClis. The Rb7Bi2.4SbosClig
diffraction pattern was calculated in Vesta using the experimentally determined structure of
Rb7Bi24Sbo.6Clis.



Table 8.40. Crystal data and structure refinement for Rb7Bi.41Sbos9Clis at 300 K.

Empirical formula

Rb7Bi2.41Sho50Cl16

Formula weight 1740.72
Temperature 300 K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group R-3c

Unit cell dimensions

a=13.08950(10) A, a = 90°
b = 13.08950(10) A, p = 90°
c=102.8418(13) A, y = 120°

Volume 15259.7(3) A3

Z 18

Density (calculated) 3.410 g/cm?®

Absorption coefficient 24,171 mm*

F(000) 13699

Crystal size 0.203 x 0.124 x 0.076 mm?

0 range for data collection
Index ranges

1.188 to 33.775°

-20<=h<=20, -20<=k<=20, -160<=l<=159

Reflections collected 223325
Independent reflections 6819 [Rint = 0.0764]
Completeness to 6 =25.242° 100%

Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 26(1)]

R indices [all data]

Largest diff. peak and hole

Full-matrix least-squares on F?
6819/0/123

1.070

Roos = 0.0269, WRops = 0.0473
Ran = 0.0623, wRa = 0.0556
0.807 and -1.667 e-A3
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R = 3||Fo|-[Fdl[ / Z[Fo|, WR = {S[W([Fo? - [Fe)?] / Z[w([Fo[')]}*2 and w=1/[c%(F0?)+(0.0183P)?+53.8518P]

where P=(Fo?+2Fc?)/3

Table 8.41. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
RbBi2.41ShoseClis at 300 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”
Bi(1) 0 0 5000 0.917(4) 22(1)
Bi(2) 3333.33 6666.67 5019(1) 0.879(3) 24(1)
Bi(3) 3351(1) 3331(1) 5615(1) 0.758(2) 26(1)
Rb(3) 6211(1) 9550(1) 4615(1) 1 35(1)
Rb(5) -538(1) 3333.33 5833.33 1 35(1)
Rb(6) 0 0 5832(1) 1 39(1)
Rb(4) 3333.33 6666.67 5409(1) 1 41(1)
Rb(1) 0 0 5404(1) 1 41(1)
Rb(2) 6723(1) 6695(1) 4883(1) 1 61(1)
Cl(4) 4602(1) 5709(1) 5617(1) 1 36(1)
Cl(9) 2220(1) 944(1) 5614(1) 1 36(1)
CI(7) 4750(1) 3333.33 5833.33 1 40(2)
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Cl(1) 1702(1) 88(2) 5154(1) 1 49(1)
CI(3) 4810(1) 6232(1) 5172(1) 1 48(1)
CI(8) 4816(1) 3336(1) 5455(1) 1 62(1)
Cl(6) 1912(1) 3333.33 5833.33 1 56(1)
cl2) 5150(1) 8096(1) 4878(1) 1 58(1)
CI(5) 2088(1) 3323(2) 5424(1) 1 60(1)
Sb(3) 3351(1) 3331(1) 5615(1) 0.242(2) 26(1)
Sb(1) 0 0 5000 0.083(4) 22(1)
Sb(2) 3333.33 6666.67 5019(1) 0.121(3) 24(1)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.42. Anisotropic displacement parameters (A2x10% for Rb;Bi24:1SboseClis at 300 K with
estimated standard deviations in parentheses.

Label Ui Uz Uss Ui Uiz Uzs
Bi(1) 23(1) 23(1) 21(1) 11(1) 0 0
Bi(2) 24(1) 24(1) 22(1) 12(1) 0 0
Bi(3) 28(1) 26(1) 23(1) 13(1) 1(1) (1)
Rb(3) 42(1) 37(1) 31(1) 23(1) 3(1) 1(1)
Rb(5) 32(1) 29(1) 43(1) 14(1) 0(1) 1(1)
Rb(6) 44(1) 44(1) 29(1) 22(1) 0 0
Rb(4) 48(1) 48(1) 27(1) 24(1) 0 0
Rb(1) 48(1) 48(1) 26(1) 24(1) 0 0
Rb(2) 79(1) 44(1) 58(1) 28(1) -4(1) -1(1)
Cl(4) 40(1) 32(1) 36(1) 19(1) -1(1) -1(1)
Cl(9) 36(1) 32(1) 38(1) 14(1) 0(L) 1(1)
ci(7) 34(1) 31(1) 53(1) 15(1) 0(1) 0(1)
ci(1) 39(1) 81(1) 38(1) 37(1) -4(1) 4(1)
ci(3) 47(1) 68(1) 42(1) 39(1) -14(1) -6(1)
ci(8) 54(1) 38(1) 88(1) 19(1) 35(1) 2(1)
Cl(6) 42(1) 89(2) 52(1) 44(1) -1(1) 1(1)
Cl(2) 49(1) 58(1) 42(1) 7(1) 17(1) 12(1)
CI(5) 58(1) 77(2) 48(1) 37(1) -15(1) 2(1)
Sh(3) 28(1) 26(1) 23(1) 13(1) 1(1) -1(2)
Sh(1) 23(1) 23(1) 21(1) 11(1) 0 0
Sh(2) 24(1) 24(1) 22(1) 12(1) 0 0

The anisotropic displacement factor exponent takes the form: -2n?[h?a"Uy; + ... + 2hka'b*Uxz].
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Table 8.43. Selected bond lengths [A] for Rb7Bi241SbossClis at 300 K with estimated standard
deviations in parentheses.

Label Distances
Bi(1)-Rb(1) 4.1492(6)
Bi(1)-CI(1) 2.6881(9)
Bi(2)-CI(3) 2.7626(9)
Bi(2)-Cl(2) 2.6085(10)
Bi(3)-Cl(4) 2.6960(9)
Bi(3)-Cl(9) 2.7080(9)
Bi(3)-CI(7) 2.8944(8)
Bi(3)-CI(8) 2.5302(10)
Bi(3)-CI(6) 2.9294(9)
Bi(3)-CI(5) 2.5641(10)
Rb(3)-Rb(2) 4.9483(6)
Rb(3)-CI(2) 3.1981(10)
Rb(5)-Rb(6) 4.7547(3)
Rb(5)-CI(6) 3.2071(14)
Rb(6)-Rb(1) 4.4079(7)
Rb(6)-CI(9) 3.3780(9)
Rb(6)-CI(6) 3.79226(15)
Rb(4)-Cl(4) 3.3138(9)
Rb(4)-CI(3) 3.3287(11)
Rb(4)-CI(5) 3.8346(13)
Rb(4)-Sb(2) 4.0077(6)
Rb(1)-CI(9) 3.3265(9)
Rb(1)-CI(1) 3.3626(11)
Rb(1)-CI(5) 3.8139(13)
Rb(1)-Sb(1) 4.1492(6)
Rb(2)-CI(3) 3.7393(12)
Rb(2)-CI(2) 3.3739(14)
Cl(4)-Sb(3) 2.6960(9)
Cl(9)-Sb(3) 2.7080(9)
CI(7)-Sb(3) 2.8944(8)
Cl(1)-Sb(1) 2.6881(9)
CI(3)-Sb(2) 2.7626(9)
CI(8)-Sh(3) 2.5302(10)
Cl(2)-Sb(2) 2.6085(9)
CI(5)-Sh(3) 2.5641(10)
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Figure 8.48. Vegard’s law for the RbsBi3.5Sbs,Clis family. a) lattice parameter a is strongly affected

while c stays relatively constant. b) The volume follows a linear trend in agreement with Vegard’s
law.
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Figure 8.50. MQMAS 8’Rb NMR spectra for the Rb7Bis.3xSbaxClis family.
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Figure 8.51. PLE peak intensity ratio as a function of temperature for Rb;BiSb,Cls.
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Figure 8.52. PLE peak intensity ratio as a function of temperature for Rb7Bi6Sbo.4Clse.
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Figure 8.53. Specific sensitivity values for the RbsBiz3xSbsClis family.
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Table 8.44. Crystal data and structure refinement for K;Sh;Clys at 298.4(7) K.

Empirical formula K7ShsClse
Formula weight 1206.35
Temperature 298.4(7) K
Wavelength 0.71073 A
Crystal system Hexagonal
Space group P6s/mmc

Unit cell dimensions

a=73434(4) A, .= 90°
b =7.3434(4) A, B = 90°
c=33.1432) A, y = 120°

181

Volume 1547.8(2) A3

z 2

Density (calculated) 2.588 g/cm?®

Absorption coefficient 4.918 mm*

F(000) 1116

Crystal size 0.115 x 0.094 x 0.037 mm?
0 range for data collection 2.458 to 33.335°

Index ranges -6<=h<=9, -4<=k<=10, -33<=I<=50
Reflections collected 5651
Independent reflections 1161 [Rin: = 0.0849]
Completeness to 6 = 25.242° 99.8%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1161/0/66
Goodness-of-fit 1.171
Final R indices [I > 20(I)] Robs = 0.0673, WRops = 0.1104
R indices [all data] Ran =0.1118, wRa = 0.1236
Largest diff. peak and hole 0.703 and -0.987 e-A-3
R = X|[Fo|-|F¢|| / Z|Fq|, WR = {Z[W(|Fo]> - [Fc])?] / Z[W([Fo|)]}? and w=1/[c*(F0?)+16.4487P] where

P=(Fo*+2Fc?)/3

Table 8.45. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
K7SbsClys at 298.4(7) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"
Sh(1) 10000 10000 5000 1 32(1)
Sh(2) 3333.33 6666.67 6832(1) 1 27(1)
K(1) 6666.67 3333.33 4666(2) 1 78(2)
K(2) 6666.67 3333.33 6170(2) 0.722(16) 69(3)
K(3) -415(7) 415(7) 6189(2) 0.313(6) 48(3)
K(4) 6666.67 3333.33 7500 0.72(2) 84(5)
K(5) 991(19) 495(10) 7500 0.323(9) 49(4)
cl() 11147(9) 13336(8) 4538(2) 05 80(2)
cl) 6994(8) 6739(9) 6833(2) 0.3333 40(2)

cl(3) 4777(10) 5223(10) 6332(4) 0.3333 74(3)



CI(4)
CI(5)
CI(6)

2061(9)
4811(10)
1851(10)

4122(18)
5189(10)
3700(20)

6268(3)

7500
7500

0.3333
0.3333
0.3333
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72(3)
60(4)
66(4)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.46. Anisotropic displacement parameters (A2x10%) for K;ShsClss at 298.4(7) K with estimated

standard deviations in parentheses

Label Uy Uz Uss Ui Uiz Uzs
Sh(1) 20(1) 29(1) 38(1) 15(1) 0 0
Sb(2) 27(1) 27(1) 26(1) 14(1) 0 0
K(1) 67(2) 67(2) 100(4) 34(2) 0 0
K(2) 89(4) 89(4) 30(3) 44(2) 0 0
K(3) 39(3) 39(3) 38(3) 3(3) 6(2) 6(2)
K(4) 106(7) 106(7) 40(5) 53(4) 0 0
K(5) 74(8) 39(4) 46(6) 37(4) 0 0
cl(1) 96(6) 46(2) 96(3) 35(3) 37(3) 23(3)
cl2) 32(3) 51(3) 40(2) 23(3) 2(2) 02)
cl(3) 62(5) 62(5) 86(7) 22(5) 23(3) -23(3)
cl(4) 66(5) 75(7) 79(7) 38(4) -24(3) -49(6)
cl(s) 39(5) 39(5) 105(11) 22(6) 0 0
cl(6) 58(7) 28(7) 100(11) 14(3) 0 0

The anisotropic displacement factor exponent takes the form: -2n?[h?a"Uy; + ... + 2hka'b*Uxz].

Table 8.47. Bond lengths [A] for K;SbsClis at 298.4(7) K with estimated standard deviations in

parentheses

Label Distances
Sh(1)-CI(1) 2.643(5)
Sh(2)-CI(2) 2.662(5)
Sh(2)-CI(3) 2.473(10)
Sh(2)-Cl(4) 2.473(9)
K(2)-CI(2) 3.247(7)
K(2)-CI(3) 2.464(11)
K(3)-Cl(4) 2.415(11)
K(4)-CI(5) 2.360(13)
K(5)-CI(5) 3.175(10)
K(5)-CI(6) 2.110(13)
Cl(2)-CI(3) 2.198(11)
CI(3)-Cl(4) 1.750(8)
CI(5)-CI(6) 1.883(9)




8.4. Appendix to Chapter 5

Table 8.48. Crystal data and structure refinement for Rby3SbeClss at 293(2) K.

Empirical formula Rb23SbyClsa
Formula weight 4975.86
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Cmcm

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 20(1)]

R indices [all data]

Largest diff. peak and hole

a=22.2915(7) A, a. = 90°
b = 12.8759(4) A, B = 90°
¢ =36.9787(13) A, y = 90°
10613.7(6) A3

4

3.114 g/cm?®

14.113 mm1

8912

0.113 x 0.06 x 0.02 mm?®
1.652 t0 31.672°

-32<=h<=32, -18<=k<=18, -53<=1<=48

69501

9072 [Rin = 0.1384]

100%

Full-matrix least-squares on F?
9072/0/ 217

1.256

Robs = 01735, WRobs = 03678
Ran = 0.2150, wRa = 0.3900
5.463 and -2.556 e-A®
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R = 3|[Fol-|Fe]l / Z|Fo, WR = {Z[W([Fol? - |[FeP)?] / Z[w([Fo)]}*Z and w=1/[c(F0?)+(0.1068P)?+2014.6614P] where

P=(Fo?+2Fc?)/3
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Table 8.49. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Rb23ShyClss at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”

Sb(01) 5000 27(3) 2500 1 23(1)
Sh(02) 6657(2) 5002(2) 2500 1 22(1)
Sh(03) 3326(1) -1644(2) 800(1) 1 25(1)
Sh(04) 10000 8325(2) 4285(1) 1 30(1)
Rb(05) 5000 -3775(3) 1854(2) 1 31(1)
Rb(06) 8557(2) 6905(2) 3150(1) 1 33(1)
Rb(07) 8335(2) 3338(3) 3094(1) 1 43(1)
Rb(08) 6797(2) 5135(3) 3821(1) 1 50(1)
Rb(09) 5000 -212(6) 1179(2) 1 66(2)
Rb(0A) 5000 -3162(4) 479(2) 1 55(2)
Rb(0B) 3274(2) 1583(4) 397(2) 1 60(1)
Rb(0C) 5000 3341(6) 2500 1 48(2)
CI(0D) 6190(5) 103(8) 2500 1 38(2)
CI(0E) 7216(5) 3181(9) 2500 1 39(2)
CI(OF) 4142(5) -891(7) 409(3) 1 50(2)
CI(0G) 2393(4) -2340(7) 1223(3) 1 52(2)
CI(OH) 4141(4) -2741(6) 1229(3) 1 43(2)
cl(ol) 2554(4) -784(7) 412(2) 1 44(2)
CI(0J) 6023(5) 6726(7) 2500 1 36(2)
CI(0K) 5000 1429(9) 3059(4) 1 44(3)
cl(oL) 5953(4) 4285(6) 3062(2) 1 40(2)
CI(OM) 3450(5) 97(6) 1223(3) 1 48(2)
CI(ON) 3293(5) -3236(6) 401(3) 1 51(2)
CI(00) 7324(5) 5670(8) 2996(3) 1 53(2)
CI(0P) 5000 -1324(8) 1999(3) 1 50(3)
CI(0Q) 10000 6827(11) 4650(5) 1 79(6)
CI(OR) 10745(7) 9063(13) 4646(4) 1 90(4)
CI(0S) 10000 9795(10) 3930(5) 1 90(7)
CI(OT) 9248(7) 7548(14) 3929(4) 1 97(5)

“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.50. Anisotropic displacement parameters (A2x10%) for Rb23SheClssat 293(2) K with estimated

standard deviations in parentheses.

Label Un Uz Uss U Uiz Uz
SbOl)  26(2) 16(2) 27(2) 0 0 0
sb(02)  26(2) 16(1) 25(2) 2(1) 0 0
Sb(03)  23(1) 21(1) 31(1) 4(1) 2(1) 2(1)
sb(04)  31(2) 27(2) 32(2) 0 0 202)
Rb(05)  24(2) 30(2) 40(2) 0 0 42)
Rb(06)  32(2) 19(1) 46(2) 3() 22) 1(2)
Rb(07) 52(2) 40(2) 37(2) 8(2) 2(2) 1(2)



Rb(08)
Rb(09)
Rb(0A)
Rb(0B)
Rb(0C)
CI(0D)
CI(0E)
CI(OF)
CI(0G)
CI(OH)
ci(or)
CI(0J)
CI(OK)
CI(OL)
CI(OM)
CI(ON)
CI(00)
CI(OP)
CI(0Q)
CI(OR)
CI(0S)
CI(0T)

59(2)
54(4)
64(4)
52(2)
54(5)
27(5)
40(6)
54(6)
42(5)
30(4)
47(5)
32(5)
36(6)
29(4)
62(6)
73(7)
50(6)
90(11)
143(18)
94(10)
180(20)
66(9)

38(2) 52(2)
93(5) 52(4)
52(3) 50(3)
64(2) 64(2)
38(3) 54(4)
32(5) 57(7)
37(5) 42(6)
53(5) 43(5)
53(5) 60(6)
46(4) 53(5)
44(4) 43(4)
19(4) 55(6)
33(5) 62(8)
29(3) 61(5)
30(4) 52(5)
21(3) 59(6)
59(5) 51(5)
16(4) 44(7)
33(7) 61(10)
108(10) 69(8)
26(6) 68(10)
143(13) 82(9)

10(2)
0

0
-13(2)
0

2(4)
6(5)
-2(4)
-13(4)
14(3)
7(4)
13(4)
0

2(3)
-3(4)
-3(4)
-20(4)
0

0
-41(8)
0
-48(9)

10(4)
6(5)
-16(4)
-8(4)
0

0
-3(4)
4(5)
-2(5)
-9(4)
0

0
-31(8)
0
-19(7)
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4(2)
-6(3)
-1(2)
4(2)
0

0

0

6(4)
4(4)
3(4)
8(4)
0
-16(5)
4(3)
-11(3)
-15(3)
-4(4)
-6(4)
17(6)
-19(8)
22(6)
-5(9)

The anisotropic displacement factor exponent takes the form: -2z?[h?a™?Us; + ... + 2hka™h*Uy2].

Table 8.51. Bond lengths [A] for Rb23SbeClss at 293(2) K with estimated standard deviations in

parentheses.

Label Distances
Sh(01)-CI(0D) 2.655(11)
Sh(01)-CI(0D)#1 2.655(11)
Sh(01)-CI(0K)#2 2.746(12)
Sh(01)-CI(0K) 2.746(12)
Sh(01)-CI(0P)#2 2.543(11)
Sh(01)-CI(0P) 2.543(11)
Sh(02)-CI(OE) 2.655(12)
Sh(02)-Cl(0J) 2.632(9)
Sh(02)-CI(0L)#2 2.762(9)
Sh(02)-CI(0L) 2.762(9)
Sh(02)-CI(00) 2.514(9)
Sh(02)-CI(00)#2 2.514(9)
Sh(03)-CI(0F) 2.519(10)
Sh(03)-CI(0G) 2.751(10)
Sh(03)-CI(0H) 2.795(8)
Sh(03)-CI(0l) 2.498(8)
Sh(03)-CI(0M) 2.746(8)
Sh(03)-CI(ON) 2.528(8)
Sh(04)-CI(0Q) 2.353(14)
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Sb(04)-CI(OR) 2.333(12)
Sb(04)-CI(OR)#5 2.333(11)
Sb(04)-CI(0S) 2.303(13)
Sb(04)-CI(OT)#5 2.354(12)
Sb(04)-CI(0T) 2.354(12)

Symmetry transformations used to generate equivalent atoms:

(1) -x+1,y,-z+1/2 (2) x,y,-z+1/2 (3) X-1/2,y-1/2,-z+1/2 (4) -x+1,y-1,-z+1/2 (5) -x+2,y,Z (6) -X+3/2,y-1/2,-z+1/2 (7)
X,y-1,z (8) -x+1,y,z (9) X,y-1,-z+1/2 (10) x-1/2,y-3/2,-z+1/2 (11) -x+3/2,y+1/2,z (12) x+1/2,y+1/2,z (13) -
X+3/2,y+1/2,-z+1/2 (14) -x+1,y+1,-z+1/2 (15) x+1/2,y+1/2,-z+1/2 (16) -x+3/2,y-1/2,z (17) -x+3/2,-y+1/2,2-1/2 (18)
-X+3/2,y-3/2,-z+1/2 (19) x-1/2,-y+1/2,z-1/2 (20) x,-y,-z (21) -x+1/2,y+1/2,z (22) x,y+1,-z+1/2 (23) x,y+1,z (24) -
x+1/2,y-1/2,z (25) x-1/2,y-1/2,z (26) -x+3/2,-y+1/2,z+1/2 (27) x+1/2,y+3/2,-z+1/2

Table 8.52. Crystal data and structure refinement for RbSbClg at 293(2) K

Empirical formula RbSbClg
Formula weight 419.92
Temperature 293(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [1 > 25(])]

R indices [all data]
Extinction coefficient
Largest diff. peak and hole

a=12.0736(4) A, a =90°
b=6.3321(2) A, B=101.905(3)°
c=12.1366(3) A, y=90°
907.90(5) A3

4

3.072 g/cm?3

10.040 mm-*

760

0.291 x 0.212 x 0.103 mm?®
3.431t0 42.143°
-18<=h<=22, -11<=k<=6, -
22<=1<=22

7367

3080 [Rint = 0.0282]

100%

Full-matrix least-squares on F?
3080/0/40

1.068

Robs = 0.0491, WRops = 0.1311
Rai = 0.0726, wRa = 0.1464
0.0003(4)

4.031 and -1.890 e-A®

R = X||Fo|-|Fe|| / Z[Fo|, WR = {Z[W(|Fo|? - [Fe)?] / Z[W(|Fo[*)]}? and w=1/[c?(F0?)+(0.0841P)?] where P=(Fo*+2Fc?)/3
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Table 8.53. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
RbSbClg at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”

Sb(01) 7500 2500 5000 1 23(1)
Rb(02) 5000 1097(1) 7500 1 49(1)
CI(03) 7117(1) 4155(2) 6632(1) 1 38(1)
Cl(04) 5787(1) 3858(2) 3910(1) 1 39(1)
CI(05) 8492(1) 5547(2) 4624(1) 1 36(1)

*Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.54. Anisotropic displacement parameters (A2x10°%) for RbSbClsat 293(2) K with estimated
standard deviations in parentheses.

Label Un Uz Uzs U, Uz Uz
Sb(01) 24(1) 25(1) 22(1) 1(1) 5(1) 11)
Rb(02) 49(1) 51(1) 48(1) 0 13(1) 0
CI(03) 47(1) 39(1) 30(1) 1(1) 15(1) 7(1)
CI(04) 30(1) 42(1) 42(1) 6(1) 1(0) 7(1)
CI(05) 39(1) 31(1) 41(1) -6(1) 12(1) 4(1)

The anisotropic displacement factor exponent takes the form: -2x?[h%a™?Us; + ... + 2hka™b"U1y].

Table 8.55. Select bond lengths [A] for RbSbClg at 293(2) K with estimated standard deviations in
parentheses.

Label Distances
Sh(01)-CI(03)#1 2.3689(8)
Sh(01)-CI(03) 2.3689(8)
Sh(01)-Cl(04)#1 2.3743(8)
Sh(01)-Cl(04) 2.3742(8)
Sh(01)-CI(05) 2.3644(9)

Sh(01)-CI(05)#1 2.3645(9)
Symmetry transformations used to generate equivalent atoms:
(1) -x+3/2,-y+1/2,-z+1 (2) -x+1,y,-2+3/2 (3) x-1/2,y-1/2,z (4) -x+3/2,y-1/2,-2+3/2 (5) X,-y+1,z+1/2 (6) -X+1,-y+1,-
z+1 (7) -x+1,-y,-z+1 (8) X,-y,z+1/2 (9) x-1/2,-y+1/2,2+1/2 (10) x+1/2,y+1/2,z




Table 8.56. Crystal data and structure refinement for Rb3Bi250Sbes0Clss at 293(2) K.

R = 3|[Fol-|Fe]l / Z|Fo|, WR = {Z[W([Fol? - |FeP)?] / S[w(|Fo')]}2 and w=1/[c(F0?)+(0.0194P)?+477.7357P] where

P=(Fo?+2Fc?)/3

Empirical formula

Rb23Bi2 50S06.50Cls4

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 =25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 26(I)]

R indices [all data]

Largest diff. peak and hole

5194.28

293(2) K

0.71073 A

Trigonal

R32

a=12.95670(10) A, a = 90°
b=12.95670(10) A, p = 90°
c=111.7130(14) A, y = 120°
16241.4(3) A3

6

3.186 g/cm?®

17.273 mm?

13849

0.351 x 0.103 x 0.03 mm?
1.641 to 32.495°
-19<=h<=19, -19<=k<=19, -168<=I<=168
290427

13099 [Rint = 0.1359]

99.9%

Full-matrix least-squares on F?
13099 /0/ 345

1.088

Robs = 0.0580, WRobs = 0.1029
Ran = 0.0802, wR4 = 0.1101
1.971 and -3.643 e-A-3

188

Table 8.57. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10°) for
Rb23Bi250Sbes0Clss at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"
Sh(5) 3333.33 6666.67 6068(1) 1 28(1)
Rb(1) 6664(5) 3781(4) 4783(1) 0.3333 47(2)
Rb(2) 6667(7) 6667(7) 5000 0.3333 68(2)
Rb(3) 6663(2) 6668(2) 5198(1) 0.6667 54(1)
Rb(4) 6661(5) 3775(4) 5219(1) 0.3333 48(2)
Rb(5) 9554(4) 9555(4) 5218(1) 0.3333 48(2)
Rb(6) 9984(3) 6666(3) 5443(1) 1 103(2)
Rb(7) 6666.67 3333.33 5706(1) 1 72(1)
Rb(8) 10000 10000 5705(1) 1 75(1)
Rb(9) 3333.33 6666.67 5669(1) 1 76(2)
Rb(10) 6834(2) 6661(2) 5975(1) 1 64(1)



Rb(11)
Rb(12)
Rb(13)
Rb(14)
Rb(15)
CI(1)
Cl(2)
CI(0A)
Cl(4)
CI(5)
CI(6)
CI(7)
CI(8)
CI(9)
CI(10)
CI(11)
CI(12)
CI(13)
CI(14)
CI(15)
CI(16)
CI(17)
CI(18)
CI(19)
CI(20)
cl(21)
CI(22)
CI(23)
CI(24)
Bi(1)
Bi(2)
Bi(3)
Bi(5)
Sh(4)
Bi(4)
Sh(1)
Sb(0A)
Sb(1A)
Sh(6)

9718(2)
6219(1)
6666.67
13333.33
6666.67
5730(13)
7623(13)
7955(12)
4663(15)
4780(12)
8534(11)
5335(14)
6663(12)
7998(14)
6687(9)
4977(8)
8363(8)
5112(6)
8268(5)
6684(5)
6753(4)
6387(3)
9902(4)
8094(3)
1871(6)
4810(5)
8662(3)
8914(3)
11438(3)
3333(1)
6684(1)
6666.67
10009(1)
10000
10000
3333(1)
6684(1)
6666.67
10009(1)

6664(2)
6667(1)
3333.33
6666.67
3333.33
4428(11)
5363(12)
8907(12)
3322(18)
4791(12)
6666(11)
8670(14)
8549(12)
10003(16)
4982(7)
6658(10)
8347(7)
5088(6)
6670(5)
8237(6)
1764(4)
4956(3)
8339(4)
8385(3)
6662(8)
6663(7)
6665(4)
4263(2)
6666(3)
3333(1)
6666(1)
3333.33
6666.67
10000
10000
3333(1)
6666(1)
3333.33
6666.67

6224(1)
6449(1)
6469(1)
6666.67
6864(1)
4999(1)
4999(1)
5000(1)
5169(2)
5182(2)
5182(2)
5169(2)
5184(2)
5170(2)
5438(1)
5436(1)
5438(1)
5702(1)
5699(1)
5704(1)
5968(1)
6243(1)
5968(1)
6242(1)
5946(1)
6186(1)
6494(1)
6667(1)
6852(1)
5000

5574(1)
6102(1)
6666.67
6102(1)
6102(1)
5000

5574(1)
6102(1)
6666.67

e

0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333
0.3333

[N

P PR RPRPRREPRPRRERRERERRE

1
0.605(10)
0.077(7)
0.281(10)
0.551(9)
0.744(10)
0.256(10)
0.395(10)
0.923(7)
0.719(10)
0.449(9)

44(1)
21(1)
34(1)
35(1)
35(1)
53(3)
53(3)
53(3)
76(5)
58(3)
55(3)
68(4)
60(3)
72(4)
130(3)
144(4)
129(3)
74(2)
70(2)
74(2)
45(1)
35(1)
45(1)
35(1)
98(2)
95(2)
42(1)
26(1)
26(1)
29(1)
35(1)
22(1)
19(1)
22(1)
22(1)
29(1)
35(1)
22(1)
19(1)
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“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.58. Anisotropic displacement parameters (A2x10%) for Rb2sBizs0SbesClss at 293(2) K with
estimated standard deviations in parentheses.

Label Un Uz Uss U Uiz Uzs
Sh(5) 33(1) 33(1) 18(1) 16(1) 0 0
Rb(1) 47(2) 47(3) 50(2) 25(3) 2(2) 5(2)



Rb(2)
Rb(3)
Rb(4)
Rb(5)
Rb(6)
Rb(7)
Rb(8)
Rb(9)
Rb(10)
Rb(11)
Rb(12)
Rb(13)
Rb(14)
Rb(15)
CI(1)
CI(2)
CI(0A)
CI(4)
CI(5)
CI(6)
CI(7)
CI(8)
CI(9)
CI(10)
CI(11)
CI(12)
CI(13)
CI(14)
CI(15)
CI(16)
CI(17)
CI(18)
CI(19)
CI(20)
CI(21)
CI(22)
CI(23)
CI(24)
Bi(1)
Bi(2)
Bi(3)
Bi(5)
Sh(4)
Bi(4)
Sh(1)
Sb(0A)
Sb(1A)

72(4)
59(2)
48(2)
43(3)
115(2)
85(2)
86(2)
99(2)
48(1)
55(1)
19(1)
38(1)
33(1)
40(1)
48(7)
50(7)
59(7)
60(9)
45(7)
44(7)
55(8)
47(7)
53(8)
174(9)
111(6)
95(6)
62(3)
58(3)
98(4)
60(2)
53(2)
58(2)
31(2)
85(4)
87(4)
36(2)
26(2)
25(2)
31(1)
27(1)
24(1)
16(1)
24(1)
24(1)
31(1)
27(2)
24(1)

72(4)
60(2)
49(3)
49(3)
140(3)
85(2)
86(2)
99(2)
67(2)
28(1)
21(1)
38(1)
33(1)
40(1)
53(7)
57(7)
52(7)
108(14)
54(8)
41(6)
61(9)
50(7)
96(12)
88(5)
207(11)
90(5)
65(3)
103(4)
63(3)
48(2)
33(2)
40(2)
35(2)
188(7)
189(7)
75(3)
18(2)
25(2)
31(1)
29(1)
24(1)
18(1)
24(1)
24(1)
31(1)
29(1)
24(1)

62(5)
44(2)
50(2)
48(2)
63(2)
45(2)
53(2)
31(2)
85(2)
39(1)
25(1)
25(1)
39(2)
26(1)
49(5)
58(6)
53(6)
84(11)
82(9)
75(8)
70(9)
79(9)
76(10)
154(7)
150(8)
146(7)
73(3)
60(2)
72(3)
38(2)
28(2)
36(2)
29(2)
55(3)
42(2)
30(2)
31(2)
28(2)
24(1)
49(1)
17(1)
24(1)
19(1)
19(1)
24(1)
49(1)
17(1)

38(5)
31(2)
26(3)
21(2)
71(2)
42(1)
43(1)
49(1)
35(1)
12(1)
10(1)
19(1)
16(1)
20(1)
19(6)
30(6)
33(7)
60(10)
30(7)
16(5)
17(7)
22(6)
44(9)
85(6)
106(7)
5(4)
15(3)
49(3)
49(3)
35(2)
28(2)
23(2)
8(2)
92(5)
93(4)
39(2)
8(2)
12(2)
15(1)
14(1)
12(1)
9(1)
12(1)
12(1)
15(1)
14(1)
12(1)

-2(2)
2(1)
1(2)
-5(2)
-2(2)

4(1)
2(1)
2(1)

-1(5)
-1(6)
-6(5)
4(8)
-4(6)
11(6)
12(7)
2(6)
0(7)
9(6)
47(6)
-20(5)
27(3)
-21(2)
2(3)
2(2)
-1(2)
-1(2)
12(2)
-22(3)
-29(2)
-6(2)
0(2)
-1(2)
0(1)
1(1)

0(1)

0(1)
1(1)
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2(2)
0(1)
4(2)
-9(2)
-2(2)

o

(1)
1(1)
0(1)

2(5)
-1(5)
-3(5)
109)
-10(6)
-3(6)
14(7)
6(6)
-2(9)
18(5)
(7)
-22(5)
24(3)
2(2)
-23(3)
-9(2)
-14(2)
-12(2)
14(2)
-4(4)
4(3)
0(2)
0(1)
1(1)
0(1)
0(1)

0(1)

0(1)
0(1)



Sh(6)

16(1) 18(1)

24(1) 9(1) 0(1) 0(1)
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The anisotropic displacement factor exponent takes the form: -2n?[h?a"2U;; + ... + 2hka"b™Us].

Table 8.59. Crystal data and structure refinement for Rb3Big 97Sb2.03Clss at 298 K.

Empirical formula

Rb23Bie.97Sb2.03Clss

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 =25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 2o(I)]

R indices [all data]

Largest diff. peak and hole

5584.05

298 K

0.71073 A

Trigonal

R32

a=12.9731(6) A, a =90°
b=12.9731(6) A, B = 90°
c=112.491(8) A, y = 120°
16395.9(19) A3

6

3.393 g/cm?®

23.190 mm!

14707

0.27 x 0.24 x 0.05 mm?

1.629 to 31.537°
-18<=h<=18, -18<=k<=18, -155<=|<=158
61881

11364 [Rin = 0.0829]

99.9%

Full-matrix least-squares on F?
11364 /0/ 314

1.122

Robs = 0.1117, WRops = 0.2906
Ran = 0.1381, wRy = 0.3129
10.126 and -2.470 e-A®

R = 3||Fol-|Fel| / Z|Fo|, WR = {Z[W(|Fol? - [Fd?)?] / Z[wW(|Fo|*)]}*2 and w=1/[c2(F0?)+(0.1728P)2+321.6441P] where

P=(Fo*+2Fc?)/3



192

Table 8.60. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Rb23Bis.97Sh2 03Clss at 298 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”
Bi(01) -1(1) 3333.33 3333.33 1 39(1)
Bi(02) 3333.33 6666.67 3898(1) 1 43(1)
Bi(03) 0 0 3899(1) 1 45(1)
Bi(04) 13332(2) 10000 5000 1 62(1)
Bi(05) 10008(2) 6675(2) 4432(1) 0.66(2) 63(1)
Sb(06) 6666.67 3333.33 3932(1) 1 51(1)
Rb(07) 3780(2) 3335(2) 3552(1) 1 43(1)
Rb(08) 3333.33 6666.67 3527(1) 1 53(1)
Rb(09) 3333.33 6666.67 3139(1) 1 53(1)
Rb(0A) 266(4) 3338(3) 3778(1) 1 71(2)
Rb(0B) -3333.33 3333.33 3333.33 1 52(2)
Rb(0C) 3147(4) 3337(4) 4033(1) 1 94(2)
Rb(0D) 6666.67 3333.33 4329(1) 1 99(2)
Rb(0E) 0 0 4294(1) 1 106(3)
Rb(0F) 3333.33 6666.67 4292(1) 1 103(2)
CI(0G) -1450(5) 3333(5) 3516(1) 1 41(2)
Rb(0H) 9980(5) 6650(5) 4804(1) 0.6667 83(2)
Rb(OI) 13314(6) 9969(6) 4557(1) 1 124(3)
CI(0J) 1070(6) 5739(5) 3334(1) 1 49(2)
Rb(0K) 10000 6672(14) 5000 0.3333 86(6)
CI(0L) 3600(7) 5050(7) 3756(1) 1 60(2)
CI(OM) 1889(6) 1615(7) 3757(1) 1 60(2)
CI(ON) 1333(7) 3329(9) 3508(1) 1 68(2)
CI(00) 4994(8) 6729(9) 4033(1) 1 68(2)
CI(0P) 58(9) 1657(8) 4032(1) 1 69(2)
Rb(0Q) 12925(11) 6695(14) 4784(1) 0.3333 67(3)
Rb(OR) 10031(13) 9598(11) 4785(1) 0.3333 67(3)
Rb(0S) 7098(10) 3761(10) 4784(1) 0.3333 68(3)
CI(0T) 5179(11) 3318(15) 3812(1) 1 111(5)
CI(0U) 11662(12) 8320(12) 4301(1) 1 90(3)
Cl(0V) 9994(12) 5019(13) 4298(1) 1 96(3)
CI(OW) 8371(13) 6694(12) 4298(1) 1 96(3)
CI(0X) 6647(17) 4771(11) 4050(2) 1 114(5)
CI(5) 9110(30) 7980(30) 5001(2) 0.3333 73(7)
CI(6) 11310(30) 5780(30) 5000(2) 0.3333 67(6)
CcI(7) 12210(30) 7570(30) 5002(2) 0.3333 70(6)
CI(0A) 8284(17) 4968(18) 4574(2) 1 153(8)
CI(9) 11719(19) 6670(20) 4576(2) 1 159(8)
CI(1A) 10020(20) 8399(19) 4573(2) 1 154(8)
CI(8) 11880(30) 9970(30) 4821(2) 0.6667 144(11)
CI(10) 13380(30) 8620(30) 5178(2) 0.6667 146(11)
CI(11) 13320(30) 8520(30) 4819(2) 0.6667 151(11)

Sh(LA) 10008(2) 6675(2) 4432(1) 0.34(2) 63(1)




“Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 8.61. Anisotropic displacement parameters (A2x103) for RbzsBiso7Sb203Clss at 298 K with
estimated standard deviations in parentheses.

Label Uy Uz Us3 U Uz Uzs
Bi(01) 26(1) 27(2) 65(1) 14(1) o(L) o)
Bi(02) 40(1) 40(1) 48(1) 20(1) 0 0
Bi(03) 41(1) 41(1) 53(1) 20(1) 0 0
Bi(04) 75(1) 75(2) 36(1) 37(1) 0(1) 1(1)
Bi(05) 61(1) 61(1) 66(2) 30(1) 0(1) -1(1)
Sb(06) 57(2) 57(2) 40(2) 28(1) 0 0
Rb(07) 35(1) 38(2) 57(2) 19(1) 2(1) 0(1)
Rb(08) 50(2) 50(2) 58(2) 25(1) 0 0
Rb(09) 51(2) 51(2) 58(2) 25(1) 0 0
Rb(0A) 72(2) 44(2) 84(2) 20(2) 202) 02)
Rb(0B) 41(2) 41(2) 73(4) 21(1) 0 0
Rb(0C) 74(2) 101(3) 119(4) 54(2) 11(2) 102)
Rb(0D) 119(4) 119(4) 60(3) 59(2) 0 0
Rb(OE) 112(4) 112(4) 94(5) 56(2) 0 0
Rb(OF) 116(4) 116(4) 76(4) 58(2) 0 0
CI(0G) 36(3) 37(2) 52(3) 19(2) 6(2) 0(2)
Rb(OH) 101(5) 94(4) 47(3) 43(3) 02) 12)
Rb(0I) 145(5) 147(5) 64(3) 60(4) 3(3) 3(3)
cl(0J) 43(3) 34(3) 67(3) 15(2) 1(3) 0(2)
Rb(OK) 103(13) 98(10) 59(9) 52(7) 8(8) 4(4)
cl(oL) 66(4) 56(4) 70(4) 40(4) 0(3) -14(3)
Cl(oM) 43(3) 52(4) 70(4) 13(3) 9(3) 13(3)
CI(ON) 50(4) 101(6) 68(4) 49(4) -13(3) 0(4)
CI(00) 50(4) 80(5) 78(5) 35(4) -11(4) 4(8)
CI(0P) 90(6) 52(4) 68(5) 39(4) -2(4) -14(8)
Rb(0Q) 71(9) 68(6) 62(4) 34(7) 7(4) 2(5)
Rb(OR) 67(5) 74(9) 62(4) 37(7) 7(5) 11(4)
Rb(0S) 75(8) 74(8) 62(4) 42(5) 0(4) 3(4)
cl(oT) 94(7) 198(14) 70(6) 96(9) 27(5) 1(7)
cl(ou) 86(7) 88(7) 78(5) 31(6) 19(6) 20(6)
cl(ov) 123(10) 97(8) 73(5) 60(8) 1(6) -14(6)
cl(ow) 92(8) 116(9) 83(6) 53(8) -24(6) -3(6)
CI(0X) 201(14) 76(7) 91(7) 88(9) 6(8) -17(6)
CI(5) 68(15) 100(20) 47(9) 38(14) 16(10) 11(11)
cI(6) 81(16) 85(17) 40(8) 45(15) 4(9) 5(10)
cl(7) 84(17) 82(17) 44(9) 41(14) 9(11) -8(11)
CI(0A) 128(14) 135(14) 115(11) 4(10) -43(10) -25(10)
Cl(9) 130(15) 250(20) 144(14) 132(17) 9(11) -11(14)
CI(LA) 250(20) 139(15) 116(11) 125(17) 3(13) 7(10)
cl(8) 220(30) 170(20) 54(9) 100(20) 21(12) 7(12)
cl(10) 160(20) 200(30) 64(10) 80(20) -17(12) -22(13)
cl(11) 190(30) 180(30) 87(13) 90(20) -14(15) 18(15)



Sh(1A) 61(1)

61(1)

66(2)

30(1)

0(1)

-1(1)
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The anisotropic displacement factor exponent takes the form: -2n?[h?a"2U;; + ... + 2hka"b™Us)].

Table 8.62. Table 4. Bond lengths [A] for RbzsBiss7Sh203Clss at 298 K with estimated standard

deviations in parentheses.

Label Distances
Bi(01)-CI(0G) 2.785(6)
Bi(01)-CI(0G)#1 2.785(6)
Bi(01)-Cl(0J)#1 2.709(6)
Bi(01)-CI(0J) 2.709(6)
Bi(01)-CI(ON) 2.624(7)
Bi(01)-CI(ON)#1 2.624(7)
Bi(02)-CI(0L) 2.794(7)
Bi(02)-Cl(0L)#2 2.794(7)
Bi(02)-Cl(0L)#3 2.794(7)
Bi(02)-CI(00)#3 2.601(9)
Bi(02)-CI(00) 2.601(8)
Bi(02)-CI(00)#2 2.601(8)
Bi(03)-ClI(OM)#6 2.791(7)
Bi(03)-CI(0M) 2.791(7)
Bi(03)-CI(OM)#5 2.791(7)
Bi(03)-CI(0P) 2.593(8)
Bi(03)-CI(0OP)#5 2.593(8)
Bi(03)-CI(0P)#6 2.593(8)
Bi(04)-CI(5)#7 2.75(3)
Bi(04)-CI(5)#8 2.75(3)
Bi(04)-CI(6)#9 2.76(3)
Bi(04)-CI(6)#10 2.76(3)
Bi(04)-CI(7) 2.73(3)
Bi(04)-CI(7)#11 2.73(3)
Bi(04)-CI(8) 2.74(3)
Bi(04)-CI(8)#11 2.74(3)
Bi(04)-CI(10) 2.70(3)
Bi(04)-Cl(10)#11 2.70(3)
Bi(04)-Cl(11)#11 2.80(3)
Bi(04)-CI(11) 2.80(3)
Bi(05)-CI(0U) 2.596(12)
Bi(05)-CI(0V) 2.614(13)
Bi(05)-CI(0W) 2.610(13)
Bi(05)-CI(0A) 2.74(2)
Bi(05)-CI(9) 2.75(2)
Bi(05)-CI(1A) 2.74(2)
Sh(06)-CI(0T)#12 2.346(9)
Sh(06)-CI(0T)#14 2.346(9)
Sh(06)-CI(0T) 2.346(9)
Sh(06)-CI(0X)#12 2.296(10)
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Sb(06)-CI(0X) 2.296(10)
Sb(06)-CI(0X)#14 2.296(10)
CI(0U)-Sh(1A) 2.596(12)
CI(0V)-Sh(1A) 2.614(13)
CI(OW)-Sb(1A) 2.610(13)
CI(0A)-Sh(1A) 2.74(2)
CI(9)-Sb(1A) 2.75(2)
CI(1A)-Sb(1A) 2.74(2)

Symmetry transformations used to generate equivalent atoms:

(1) x-y+1/3,-y+2/3,-z+2/3 (2) -y+1,x-y+1,z (3) -x+y,-x+1,z (4) y+1/3,x+2/3,-z+2/3 (5) -x+y,-X,z (6) -y,x-y,z (7) -
X+2,-X+y+1,-z+1 (8) -y+2,x-y+1,z (9) -x+y+2,-x+2,z (10) y+1,X,-z+1 (11) X-y+1,-y+2,-z+1 (12) -x+y+1,-x+1,z (13)
-y+2,X-y,z (14) -y+1,x-y,z (15) x+1,y,z (16) -X+1/3,-Xx+y+2/3,-z+2/3 (17) -x+1/3,-x+y+2/3,-z+2/3 (18) y+1/3,x+2/3,-
z+2/3 (19) y+1/3,x+2/3,-z+2/3 (20) -x+y-1,-X,z (21) -y,x-y+1,z (22) -x+1/3,-x+y+2/3,-z+2/3 (23) x-1,y-1,z (24) x-
1,y,z (25) -x+y+1,-x+2,2 (26) y,x-1,-z+1 (27) y,X,-z+1 (28) X-y,-y+1,-z+1 (29) x+1,y+1,z (30) x-y+1,-y+1,-z+1 (31)
X-y+1/3,-y+2/3,-2+2/3

" ——Rb,,Bi",SbY,Clg, sim.
- ——Rb,,Bi"SbY,Cls, exp.

PO Y

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degrees)

Figure 8.57. PXRD of szsBi5,97Sb2,o3C|54.



Table 8.63. Crystal data and structure refinement for Rb,SbCIsO at 300 K.

R = X|[Fol-|Fe|| / Z[Fol|, wR = {Z[W(|Fof? - [Fc])?] / Z[w(|Fo[)]}? and w=1/[c*(F0?)+(0.0408P)?+3.5645P] where

P=(Fo*+2Fc?)/3

Empirical formula Rb,ShCls0
Formula weight 485.94
Temperature 300K
Wavelength 0.71073 A
Crystal system Orthrhombic
Space group Pnma

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 2o(I)]

R indices [all data]

Largest diff. peak and hole

a=14.0332(6) A, o = 90°
b=10.1091(4) A, B = 90°
c=7.2292(3) A, y = 90°
1025.56(7) A3

4

3.147 g/cm?®

13.356 mm™

872

0.22 x 0.18 x 0.03 mm?
2.903 to 31.520°

-20<=h<=20, -14<=k<=14, -10<=1<=10

11208

1694 [Rin: = 0.0415]

100%

Full-matrix least-squares on F?
1694 /0749

1171

Rops = 0.0389, WRps = 0.0896
Ran = 0.0443, wRy; = 0.0930
1.503 and -0.908 e-A-3
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Table 8.64. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x103) for
Rb,SbCls0 at 300 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq”

Sb(01) 6146(1) 7500 6911(1) 1 23(1)
Rb(02) 6444(1) 5008(1) 1557(1) 1 37(1)
CI(03) 7525(2) 7500 9041(2) 1 28(1)
CI(04) 7227(2) 7500 4226(2) 1 36(1)
CI(05) 6037(1) 5037(1) 6795(2) 1 34(1)
C1(06) 5026(2) 7500 9570(2) 1 34(1)
0(07) 4905(4) 7500 4928(8) 1 40(2)

*Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 8.65. Anisotropic displacement parameters (A?x10%) for Rb,SbClsO at 300 K with estimated
standard deviations in parentheses.

Label Un Uz Uz3 U, Uz Uz
Sb(01) 23(1) 20(1) 26(1) 0 200 0
Rb(02) 36(1) 35(1) 40(1) (1) 5(1) 4(1)
CI(03) 26(1) 33(1) 27(1) 0 6(1) 0
CI(04) 40(1) 43(1) 25(1) 0 8(1) 0
CI(05) 40(1) 18(1) 45(1) 0(L) 9(1) -3(1)
CI(06) 29(1) 34(1) 38(1) 0 10(1) 0
0(07) 36(3) 28(2) 57(3) 0 -26(3) 0

The anisotropic displacement factor exponent takes the form: -2z?[h?a™?Uy; + ... + 2hka™h*Uy2].

Table 8.66. Bond lengths [A] for Rb,SbClsO at 300 K with estimated standard deviations in
parentheses.

Label Distances
Sh(01)-CI(03) 2.4727(15)
Sh(01)-Cl(04) 2.4632(17)
Sh(01)-CI(05)#5 2.4956(11)
Sh(01)-CI(05) 2.4956(11)
Sh(01)-CI(06) 2.4836(16)
Sh(01)-0O(07) 2.255(5)

Symmetry transformations used to generate equivalent atoms:
(1) -x+3/2,-y+1,2+1/2 (2) -x+3/2,y+1/2,2+1/2 (3) X,y,z+1 (4) X,-y+3/2,z+1 (5) X,-y+3/2,z (6) -x+3/2,-y+1,2-1/2 (7)
X,¥,Z-1 (8) -x+1,-y+1,-z+1 (9) -x+1,y+1/2,-z+1
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