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Abstract: The three-dimensional (3D) hybrid organic—inorganic
perovskites AMX; have shown huge potential for use in solar cells and other
optoelectronic devices in the past decade. More recently, two-dimensional
(2D) perovskite derivatives have been shown to expand the field into a more
diverse subgroup of high-performance semiconducting hybrids that possesses
unigue photophysical properties. In particular, because of the negligible
contributions to the frontier orbitals from the organic cation and to the absence
of orbital overlap between the metal-halide layers, electron and hole wave
functions are confined within the crystallographically ordered 2D inorganic
sublattice, resulting in a natural, multiple quantum-well electronic structure.
As a result, the hybrid 2D perovskites are subject to quantum confinement,
which leads to an increase in the optical band gap, but, in addition, they are
also subject to coulombic screening of the photo-generated electron—hole
pairs due to the large dielectric contrast between the organic and inorganic
components. The latter feature give rise to a huge =exciton binding energies
of ~ Ep = 200-500 meV, which is ~10 times larger than kgT thermal energy
at room temperature.

The present Thesis deals with the crystal chemistry of these materials and
attempts to address important questions in the field. The first part of the Thesis
deals with the crystal growth of 2D Ruddlesden-Popper-type perovskites
(BA)2(MA)n-1Pbnlsns (BAT = CH3(CH2)sNH;, MA™ = CH3NH3; n=1-4) of
suitable spatial dimensions and optical quality for use in distributed Bragg
reflectors (DBRS) microcavities, towards polaritonic applications. The second
part concerns exploratory synthesis of APbBrs (A%" = piperidinium-based
ammonium dications) 2D Dion-Jacobson type perovskites, in which the heavy
lattice strain introduced by the asymmetric organic cations can lead to
broadband emission caused by self-trapping of the exciton and producing
efficient, single-component white-light emitters during the process.

[2]



ITivakag Tepreyopnévov

IR 1 011 0o (11 1 o] o 4
N | B =T 01V (] (TSR 4
Bl =T 01V (] (5SS 6

1.2.1. A brief history of 2D halide perovskites ..........ccccccccvvviiiiiiiiiiiiiiiiinnnnnn. 6
1.2.2 2D halide perovskite StrUCTUIe ...........coovvviiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 6
1.3. OptoelectroniC dIVEISITY ......cooeeeeeeeeeeee e 9
131 EXCITONS ..ot 9
1.3.2. Electronic Confinement in 2D Perovskites .........cccccccvviiiiiiiiiiinnnnnnn. 10
1.3.3. Electronic band StruCtUre ..........ccovvviiiiiiiiiiiiieeeeeeeeeeeee 11
1.3.4. Semiconducting Properties ............ueeeieeeeeiiieiiiiieee e e 12
1.3.5. Broad band emisSion ..........ccoovviiiiiiiiiiii 14
1.4. Optoelectronic APPlICAtIONS........ccoveeeeeeeee e 16
1.4.1. Solar-cell @abSOrDErS .. ....uiiii e 16
1.4.2. Light-Emitting DIOGES .......coovviiiiiiiiiiiiiiiiieiieieeeeeeeeeeeeeeeeeeee 16
I T I 1Y PP PTRRPPI 17

2. EXPErimMENtal ... ..o 20
2.1 SYNTNESIS .ot a e aaana 20
2.2 CharaCterization............oooeiiiiiiii e 24

A 3 I PR URR PSP 25

I e U] | = g o l B T ol E ] (o] o T 26

N 3 SRR SR 39

4. RESUITS @Nd DISCUSSION ....evveeiiiieeeeeeeeeeiiiiiee e e e e e eeeeeeaees e e e e e eeeeeeeannneeeeeeeeeennes 40
4.1 Crystal SITUCTUIES ...coiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee et 40
4.2 Optical CharacCterization ............ceeevviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 45

(@0 3T 1113 [0 0 49

=] (= (=] o1 50

[3]



1. Introduction

The first time the word “perovskite” was ever used was back in 1839 when Gustav Rose
identified a new crystal he examined as a new mineral with cubic symmetry composed of calcium
and titanium oxides.! It was until 1844 that his brother Heinrich fully analyzed and deduced the
actual chemical composition CaTiOsz which is the renowned perovskite. The discovery of
CH3NH3Pbl3, a three-dimensional (3D) compound that has a similar structure with the mineral
CaTiOs, can be traced back to Weber’s work in 19782 but the history of the halide perovskites goes
even further back, with the works of Wells (1893)3 and Maller (1957—1959)*°0n CsPbX3 and Auger
and Karantassis on CsSnXs (1925) and CsGeXs (1935) lead-free analogues.®’ Despite the many
years that perovskite materials are known and studied, it wasn’t a very popular field of study until
the early 21% century. It was two big milestones that brought perovskites back in the active
battlefield of science. The first was in 2009 when the hybrid halide perovskite CHzNH3Pblsz, was
demonstrated by Miyasaka and co-workers as a photosensitizer in dye-sensitized solar cells
(DSSCs).8 And the second was when CsSnlz perovskite was used as a hole transporting material in
solid-state DSSCs with ~10% efficiency as reported in 2012 by Kanatzidis and co-workers.® Since
then the field is constantly evolving and the word perovskite is strongly associated with solar cells
(PSCs) which have performed an epic march to >25% efficiencies and have won a spot among other

established inorganic semiconductors,10:11:12.13

1.1. 3D Perovskites

Three-dimensional (3D) halide perovskites, which have the general formula A' B"Xs, consist of
[BXs]* corner-sharing octahedra of divalent B-site cations, bridged by halide anions (X = CI~, Br,
I7), to create a 3D anionic network. Small monovalent organic or inorganic A-site cations (MA?,
FA*, Cs") occupy cuboctahedral cavities in between the B—X sublattice and provide charge
neutrality in the compounds (Figure 1). The first one who estimated the geometrical restrictions
required for a perovskite structure to be stable was Goldshmidt,'* who introduced the namesake
tolerance factor, t = (ra + rx) / /[N2(rs + rx)], where ra, rs, and rx are the ionic radii of the respective
ions in the AMX3 formula. If the tolerance factor is in the range of 0.8 <t < 1.0 the formation of a
perovskitic structure can be achieved; otherwise different structure-types are favored (Figure 2).
Following this rule restricts the combination of elements that can form such a structure when it
comes down to halide perovskites: (a) the halide (X°) anions bear a small negative charge sufficient

only to compensate metal ions in lower oxidation states, and (b) they have large ionic radii, which
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precludes the incorporation of small metal ions. In order to counteract this compositional dearth
and using dimensional reduction as a design tool,®® researchers were oriented towards the
development of new structure-types that are in close relationship with the original structure, hoping
that these new materials will retain the superb semiconducting properties of the standard halide

perovskites. 8

ABX,

.“ A=MA* (FA*,Cs*)

. B = Pb?*

X =Br- (C1,I)

Figure 1. Representation of the perovskite unit cell, exemplified on the MAPbBr; halide perovskite

t<0.8 0.8<t< 1.0 £>1.0
NH,CdCl,-type CaTiO,-type CsNiBr,-type

Figure 2. Structural motif for the ABX; halide compounds as a function of the ionic radii of A*, B2*and X ions

expressed with the tentative tolerance factor value.'’
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1.2. 2D Perovskites

1.2.1. A brief history of 2D halide perovskites
Two dimensional (2D) perovskites, especially the transition-metal-based structures (RNH3)2BXa,

with B = Cd?*, Mn?*, Fe?*, Cu?*, Hg?", etc., and X = CI~, Br, have been investigated early on with
respect to heir dielectric and magnetic properties.’81%20 = Exploration of a lead-based purely
semiconducting 2D system was reported by Maruyama and co-workers for (CH3(CH2)sNH3)2Pbl4
in 1986 2! followed by Ishihara et al.,® Papavassiliou et al.,?? and Thorn et al.?® who systematically
studied the optical properties of the materials. Mitzi and co-workers combined the collective
knowledge of that time into a well-defined research field and laid the groundwork for the explosive
growth of 2D halide perovskite semiconductors. Their report on the evolution of the
(C4H9NH3)2(CH3NH3)n-1Snalzn+1 (n = 1-5) homologous series for many-n members and
demonstrated how the electrical properties of the compounds may change as a function of n, from

the nearly intrinsic n = 1 to the heavily doped, n = o0.?*

1.2.2 2D halide perovskite structure
Through the dimensional reduction of the 3D crystal lattice, 2D perovskites, (A")m(A)n-1BnXan+1

, adopt a new structural and compositional dimension, A’, where monovalent (m = 2) or divalent (m
= 1) cations can intercalate between the anions of the 2D perovskite sheets. Slicing a 3D perovskite
lattice along a specific crystallographic direction by incorporating a large A’-site cation in between
the inorganic perovskitic layers anyone can rather easily extract a two-dimensional layered halide
perovskite (2D-perovskite). Most 2D perovskites derive from the (100) crystallographic plane of
the 3D cubic perovskite but there are also others that have been reported (Figure 3a). Typically, A’-
site cations which can pack efficiently, are more common in 2D layers of corner-sharing metal
halide octahedra. In the 2D hybrid halide perovskites, the organic cations act as insulating barriers
that confine the charge carriers in two dimensions, but they also serve as dielectric moderators that
determine the electrostatic forces exerted on the photogenerated electron—hole pairs. The specific
arrangement of alternating organic—inorganic layers generates a crystallographically ordered 2D
multiple-quantum-well (MQW) electronic structure that forms naturally through self-assembly.
(Figure 3b). In addition, due to the high organic/inorganic dielectric contrast, the perovskite

materials generate huge electron—hole binding energies. 2D halide perovskite MQWs can stabilize
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excitons that can be readily observed even at ambient temperatures. The (100) orientation has great
tolerance in both inorganic and organic components, leading to a high degree of compositional
diversity and tunability. By changing the size of the inorganic layer which is quantified as “n”, (n)
for the number of octahedral layers that make up a single sheet, we can change the bandgap of the
compound as more layers mean more electrons and electronic states (Figure 3b) and by changing
the organic layer we can bring closer or dissociate the octahedra alternating this way the size of the

barrier.
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(100)

(1)

(b) =P Large cation © Small cation “# - Metal-halide octahedra

Dion-Jacobson Ruddiesden-Popper
(3AMP)(MA);Pbzlo (BA)2(MA)2Pbslo

Figure 3. a Schematic diagram of 2D perovskite series with different orientations.?® b Schematic diagram
of quantum wells perovskites comparing to the inorganic layer thickness (n).? ¢ Dion-Jacobson phase and d

Ruddlesden-Popper phase for halide perovskite. 3AMP = 3-(aminomethyl)piperidinium, MA =
methylammonium, BA = butylammonium.?’
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The (100)-oriented perovskites can be further categorized as the Ruddlesden—Popper (RP)
phases,?®2° the Dion— Jacobson (DJ) phases,®>3! and the Aurivillius phases,*?23 the general formulas
of which can be written as A'2An-1BnO3n+1, A’An-1BnO3n+1, and (Bi2O2)(An-1BnOzn+1), respectively.
Already from the chemical formula, it is clear that the charge of the spacer cation defines the
structural type of 2D perovskites. Both the RP and DJ phases can be formed with the halide family,
having the general formulas A'>2An-1BnXan+1 and A’An-1BnXsn+1 (A’ = interlayer “spacer” cation),
respectively.® Their obvious difference is that for the RP phase the layers are offset by one
octahedral unit showing a ( /4, % ) in-plane displacement while on the other hand, the DJ phase does
not exhibit any shift and the layers are stacked perfectly on top of each other (Figure 3c,d). Because
of this difference in the structure, the RP phases will need a bilayer of spacers to ‘line up’ and
stabilize the shifted structure and thus have a larger interlayer distance up to 2 times the length of
the cation, depending on if there is an overlap or not (Figure 3d). In the case of the RP phases, the
layers are well “isolated”, showing no interactions between the inorganic sheets, thereby producing
an excitonic emission that results directly from the spatial electronic confinement (n) of the
individual layers while in the case of DJ phases the proximity of the layers generates a weak
interaction between the octahedral layers which can be readily observed in the position of the

exciton, which shows a pronounced redshift.

1.3. Optoelectronic diversity

In 3D Pb iodide perovskites, photoexcitation at room

temperature generates free electrons and holes. In

dimensionally confined systems such as 2D Pb iodide < W

@r'-.".';'l.e

Energ

perovskites, however, the excited electrons are strongly veMmb-|

attracted to the holes they create via Coulomb _
interactions. These neutral electron-hole pairs, called — Fig 4. Exciton formation

excitons, can be considered as transient, light-induced dipoles in the material. Excitons are
energetically stabilized relative to the free carriers by the exciton binding energy (Eb), i.e., the

coulombic attraction between the electron and the hole (Figure 4).%°

1.3.1. Excitons
Excited electrons and holes can experience an energetically stabilizing Coulombic attraction,

forming an electrostatically neutral quasiparticle, called a bound exciton.*® Excitons are stabilized

[9]



relative to their free carrier constituents by the exciton binding energy (Eb), a quantity whose

magnitude describes the energy needed to separate the Coulombically bound charges.®’

In the layered lead halide perovskites, the full wealth of exciton types have been observed,
including free (FE), bound (BE), and self-trapped excitons (STE). The free exciton is the neutral
electron—hole quasiparticle that is free to migrate in the material and is essentially unaffected by
defects or impurities in the lattice. However, excitons can interact with defects, localizing to the
impurity to become bound excitons. Excitons can localize even in the absence of lattice defects,
through the creation of transient lattice defects, in a process termed “self-trapping”. In a material
with significant coupling between the exciton and the lattice (exciton-phonon coupling), the exciton
generates a lattice distortion and becomes (self)-trapped by the distortion it induced and either
propagates through the lattice or localizes in specific lattice positions.®® When localized, STEs
behave as small polarons (charge carriers that induce local lattice distortions owing to strong
carrier—phonon coupling), as opposed to the large polarons which are thought to form when the
lattice does not possess any “natural” trap sites and the excitons are allowed to propagate further.>®
Although excitons are neutral quasiparticles and are thus uncharged and can be considered as
excited-state defects, as they exist only upon excitation, and the lattice distortion disappears

following decay to the ground state.

1.3.2. Electronic Confinement in 2D Perovskites
Despite the ubiquity of excitons in semiconductors and insulators, excitons are often observed

only at low temperatures. When thermal energy (ksT = 25.7 meV at 298 K) is greater than Eb,
excitons ionize to form free carriers. For example, E» is less than 5 meV in the textbook
semiconductor GaAs*®. However, excitonic features are visible for the majority of lead-halide
perovskites even at room temperature. In fact, E, values for layered lead-halide perovskites can be
as high as 500 meV.* These anomalously large Ep values can be explained by contributions from

two effects: quantum confinement and dielectric confinement as described below.

As already mentioned, layers in 2D perovskites are alternating between inorganic octahedra and
organic cations in a crystallographically ordered fashion and as a result they form a quantum well
electronic structure where the inorganic layers are the semiconducting wells and the organic layers

are the insulating barriers. The fundamental physics of quantum wells,*? such as quantum and
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dielectric confinement, qualitatively apply to 2D perovskites**#4, The inorganic sheets confine the
lattice to two dimensions and, as a result of the spatial confinement, the band gap opens up to
accommodate discrete energy levels across the stacking spatial dimension (quantum confinement).
On the other hand, the dielectric contrast between the highly polarizable inorganic lattice and the
non-polarizable organic interlayers gives rise to a massive dielectric stabilization of the excitons,
which effectively quadruple the E, and halve the Bohr radius relative to a 3D material (dielectric
confinement).*® Typically, the organic layers have a low dielectric constants (. ~2 aliphatic carbon
chains) relative to the inorganic layers (3-6 for lead halide perovskites)32.4°

1.3.3. Electronic band structure

o i
g .‘
\
\

Mnp compose the valence band maximum, while the conduction

The lead-halide perovskites are direct-bandgap

semiconductors in which halide (X) np and Pb 6s orbitals

Eg band minimum mostly comprises Pb 6p orbitals (Figure

5).4" Here, the relativistic contraction of the Pb 6s orbital

VB pushes it below the valence band maximum, likely offering

np : N .
. more protection from oxidation compared to the lighter
M ns Sn?* and Ge?* congeners.*8 Therefore, the excited states and

photophysics of these materials are controlled by the

Figure 5. Schematic molecular orbital diagram  Structure and composition of the inorganic layer, with the
organic cations providing indirect effects related with stereochemistry and charge distribution.
Increasing halide electronegativity selectively lowers the energy of the valence band maximum but

leaves the conduction band minimum mostly unchanged, thereby increasing the bandgap.

Apart from compositional changes, two main structural parameters substantially tune the
photophysical properties of these materials: the thickness and the connectivity of the inorganic
sheets. As stated earlier the thickness is analogous to the number of inorganic octahedra (n) so the
optoelectronic properties of these materials also vary as a function of n. As the inorganic layer
thickness increases, the optoelectronic properties of the 2D perovskite approach those of the 3D
perovskite, with decreasing Eq and E». For the (CHs(CH2)3sNHz)2(CH3NH3)n-1Pbnlsn+1 (0Or

(BA)2(MA),-1Pbnlsn+1 for convenience) system, which is the main homologous system studied in
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this Thesis, the PL energy ranges from 2.35 to 1.83 eV for n values 1 through 5, quadratically
decaying to the energy gap of the n =0 perovskite at 1.60 eV.***° Bandgap tuning through sheet
thickness is reflected in the perovskite’s color, with typical n = 1 Pb iodide perovskites appearing
yellow-orange and n > 2 Pb iodide perovskites appearing dark red ( n =2, 3) or black (n > 4) (Figure
6).

Figure 6. Image of crystal colour change for (BA)2(MA)n.1Pbnlan (n=1-4) perovskite.*?

1.3.4. Semiconducting properties

The properties of 2D halide perovskites are governed by their unusal absorption spectra which
feature a coexistence an extended band edge (typical of an extended solid) as well as peak-shaped
(typical in molecular solid). These peak-shaped features are the signature appearance of stable
excitons in the materials (Fig 7). Due to the difficulty of determining the bandgap from the
absorption spectra, this is commonly determined by means of photoluminescence (PL) emission
spectroscopy. The room-temperature PL spectra typically reveal the radiative recombination of the
excitons originating from the inorganic layers of 2D perovskites. The width of the excitonic
emission can range from narrow (full width at half-maximum (fwhm) ca. 100 meV)*¢5! to extremely
broad (fwhm ca. 1 eV)%? depending on the nature of the A-, B-, and X-site constituents of the
perovskite compound.

[12]
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Figure 7. Optical absorption and emission spectra of (BA)2(MA)n.1Pbalans1 (n=1-00).53

The primary source of PL in (100) lead-halide perovskites is free-excitonic recombination, which
manifests as a blue (X = CI, Br) or green (X = I) light. Room-temperature photoluminescence
quantum efficiencies (PLQE) up to 22% have been obtained for this emission.>* Although most
perovskites show narrow emission, the narrow and broad emissions appear to be connected by a
simple thermal equilibrium between free and self-trapped excitonic states. Self-trapping reflects the
bulk properties of the lattice such as the extent of exciton-lattice coupling and lattice deformability.
Therefore, changes to the overall crystal structure should systematically affect the broad emission.
In a series of experiments conducted by Smith MD et. al.** the only structural parameter that showed
a strong correlation with the broad emission was the out-of-plane interoctahedral tilt angle (where
the plane is defined by the Pb atoms). This provides the design rule that large out-of-plane tilting of
the metal-halide octahedra increases the likelihood of a perovskite emitting white light. From the
exciton’s perspective, this deformation may prime the inorganic layers for the excited-state
distortion that occurs upon self-trapping. Further understanding of the relationship between STEs
and the perovskite crystal structure should reveal more design rules for the synthesis of white-light-

emitting perovskites and related metal halides.
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1.3.5. Broad band emission

Much of the original interest in the layered lead halide perovskites stemmed from their narrow,
free-excitonic photoluminescence,®’ studied since the late 1980s by Ishihara and colleagues,'’ with
only occasional observations of Stokes shifted luminescence. However, a small subset of 2D
perovskites exhibit highly Stokes shifted broadband PL at room temperature, with near ultraviolet
photoexcitation resulting in broad visible emission; in some perovskites, the emission is sufficiently

broad to cover the entire visible spectrum, resulting in “white light” %

Because of the focus on understanding the narrow, free excitonic emission (fwhm ca. 100 meV)
from 2D perovskites,®®®" white-light-emitting perovskites were not studied until 2014 by
Karunadasa and colleagues.>®>° These 2D lead-halide perovskites were (EDBE)PbX4 (X = Cl or Br)
and (N-MEDA)PbX4 (X = Br), where EDBE is 2,2'- (ethylenedioxy)bis(ethylammonium), and N-
MEDA is N1 - methylethane-1,2-diammonium.>®%? Upon UV excitation, the inorganic layers of
these perovskites emit continuously across the entire visible spectrum (spanning 400—700 nm),

appearing white.

One of the most desirable aspects of artificial indoor illumination is its ability to accurately
reproduce the color of objects relative to how they appear in natural light. A quantitative measure
of this is known as the color rendering index (CRI), with values ranging from 0 to 100, where 100
is standardized daylight.%° To date, the incandescent light bulb remains one of the highest-quality
light sources, with a CRI value of 98; however, it's poor energy efficiency and lifespan make it less
than ideal as an illumination source.®* Many of the white-light-emitting perovskites have CRI values
above 80 which is unusual for a single emitter to span the entire visible spectrum since a typical
white-light mechanism involves the combination of more than one monochromatic light source to
emulate a broadband white light spectrum. This is why the source of the broadband emission from
2D perovskites has been studied since 2014. Most of the reports on broadband photoluminescence

in the 2D perovskites implicate exciton self-trapping as the dominant emission mechanism.>®

Mechanistically, broadband emission has been attributed to the radiative decay from the trapped
exciton states, and becomes the dominant emission at cryogenic temperatures. Both the free excitons
(FE) as well as the phonon-assisted self-trapped excitons (STE) are affected by materials defects

which can lead to changes so much in the energy as much as the bandwidth (Figure 8).5°
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Figure 8. Schematic comparison of self-trapping mechanism. Self-trapping (blue arrow) and detrapping (orange
arrow) , (FE = free exciton state, STE = self-trapped exciton state, Etrap = energy for self-trapping, Edetrap = energy

for detrapping, self-trapping (ST) depth = energy difference between FE and STE.

In intrinsic self-trapping, strong exciton—lattice coupling causes large structural distortions in the
excited state. This lattice deformation leads to a homogeneously broadened emission width, while
both the lattice distortion and the stabilization of the self-trapped exciton with respect to the free
exciton result in the large Stokes shift. Homogeneous broadening by itself is unlikely to generate
enough spectral width to be responsible for the white-light emission. Self-trapping events that occur
near-native lattice defects (e.g., lattice vacancies), also called extrinsic self-trapping, can cause
inhomogeneities in the excited state, resulting in a distribution of self-trapped states.®? Emission
from such distinct environments can give rise to different optical frequencies and lifetimes, further
increasing the emission width. Extrinsic defects, such as vacancies, are essentially static on fast time
scales. To account for the very broad continuous spectrum, there would have to be a very large
number of such defects. A very high concentration of static defects is unlikely in the single crystals
studied here. In addition, the time independence of the emission spectrum is also observed in the
spin-coated film, which would be expected to have a much higher concentration of extrinsic defects
than the single crystals. Thomaz J. E. et al. proposed that rapid structural fluctuations cause

excitations to experience all environments faster than the emission decay time scale, resulting in
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identical emission dynamics at all wavelengths.®® In this section, we also highlight several sets of
perovskites that exhibit broad, non-free-excitonic luminescence. We report here a variety of hybrid

lead bromide perovskites focusing on their white-light emission properties.

1.4. Optoelectronic Applications

Several 2D perovskites have been deployed in actual devices that show superb performance.
Their hybrid inorganic—organic nature allows for the development of multifunctional materials with
the added advantage over the 3D perovskites of having enhanced environmental stability,®* reduced

ionic migration,® and easily tunable electrical properties.®

1.4.1. Solar-cell absorbers
The low Eg and E, of 3D Pb—I perovskites are instrumental in their high performance as solar-

cell absorbers.®” The higher Eq and Ejp, of the 2D counterpart, at the lowest thickness (n=1) makes
them seem unsuitable for this application. By increasing the layer thickness of the inorganic sheets
though, the optical properties and values of the 2D perovskites start to resemble those of their 3D
congeners. A layered perovskite solar cell was first demonstrated by Karunadasa and coworkers 4
in 2014 using the n = 3 perovskite (CeHs(CH2)2NH3)2(CH3NHz3)2Pbslio (or (PEA)2(MA)2Phslyo for
convenience). The first device showed a power conversion efficiency of 4.73% under ambient
conditions, without encapsulation with much greater resistance to humidity than the 3D
counterpart.* Since then, several n > 1 perovskite absorbers have been described, with device
efficiencies improving rapidly, including 12.5% for n = 4 perovskites reported by Mobhite,
Kanatzidis, and coworkers.® The inorganic layers need to be aligned perpendicularly to the substrate
to allow facile charge transport between the electrodes. As n increases, the perovskite contains a
distribution of n values in the films. High n values provide better sunlight absorption and higher
carrier mobility, whereas low n values provide moisture resistance (attributed to the hydrophobicity
of the organic layers) and higher-quality films.* Finding balance between those two is therefore the
key in finding the best all-around perovskite-based solar cell.

1.4.2. Light-Emitting Diodes
The first report of electroluminescence was from Nurmikko and co-workers in 1992, using

(CeHs(CH2)2NH3)2Pb2l7 simply connected to a power supply with silver contacts.®® Light-emitting
diodes as devices came shortly after that and they consisted of 2D Pb iodide perovskite thin films
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spin-coated on a transparent conductive oxide substrate, followed by an electron transport layer and
low work function metal. The electron transport layer also served as a hole-blocking layer, so an
injection of charge carriers results in the formation of excitons in the layered perovskite and
subsequent electroluminescence. Despite the improvement of these initial devices, bright
electroluminescence was observed only upon cooling below 110 K. In 1999, Chondroudis and
Mitzi’* prepared the first device that operated at lower potentials and was bright even at room
temperature. Unlike previous work, in this case, charge carriers are injected from the inorganic
sheets into the organic layer, which then emits green light but with poor conversion efficiency. In
the last 5 years, more efficient LEDs have been fabricated again with the thickness (n) of the layers
somewhere between n=1 and n=co as this is where the material provides good carrier mobility and

enhanced emission.

1.4.3. Lasers
A Light Amplification by Stimulated Emission of Radiation (LASER) device is a strong coherent

light source that is generated by light amplification via stimulated emission of the gain medium (i.e.,
gas, dye, doped-glass, semiconductors, and so forth). Semiconductor lasers are one of the most
common and important lasers due to their long lifetime, small volume, low electric injection power,
and good integration with mature semiconductor technology. However, the main materials for
industrially applicable semiconductor lasers, namely I[I-VI/ I[II-V semiconductors such as CdSe,
GaN, InP, and GaAs, are fabricated via high-cost and high energy-consuming routes such as
metal—organic chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE).”
Replacing them with low-temperature solution-processable semiconductors such as 2D perovskites

will not only reduce the cost of the lasers but also extend the laser-related applications.
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Figure 9. Schematics of exciton-polariton microcavity™

The long exciton lifetime at room temperatures in 2D halide perovskites opened a new path of
possibilities for polariton lasing.” Polaritons are nonlinear bosonic quasi-particles resulting from
strong photon-exciton coupling and exist inside semiconductor microcavities. The effect of the
cavity is to create strong coupling between the mobile excitons and photons, resulting in new
quasiparticles which are a superposition of the two: exciton-polaritons. A typical planar microcavity
consists of several quantum wells (QWSs) sandwiched between two mirrors (Figure 9). Most used
mirrors are distributed Bragg reflectors (DBRs) which essentially is a dielectric heterostructure
formed from multiple layers of alternating mirrors with varying refractive indices. Each layer causes
a partial reflection of an optical wave and the ones with wavelength 4 times the thickness of the
layer combine with constructive interference, so the layers act as high-quality nearly 100%
reflectors. The existence of multiple QWs is very important for the formation and stability of
excitons and consequently polaritons as they obey bosonic statistics as long as their density is low
enough so they do not overlap. By using several QWSs the distribution is much larger and you can

avoid reaching this saturation density while also enhancing the cavity coupling.

The scope of this thesis is to create a functional microcavity with the 2D halide perovskite
(CH3(CH2)3sNH3)2(CH3NH3)s-1Pbnlanss  or  (BA)2(MA)n-1Pbnlsnss as the semiconductor and
demonstrate the formation of polaritons. Towards this end, we synthesized and tested perovskites
from the homologous (CH3(CH2)3sNH3)2(CH3NH3),-1Pbnlan+1 series with 1 <n < 4. Initial screening
revealed that the (BA)2(MA)2Pbsl1o (n=3), as the emission spectrum it provides is the most suitable
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for use in the fabricated DBRs. Through optimization of the synthesis, crystal growth and exfoliation
processes, we were able to prepare perovskite crystals as thin as 50nm with perfectly parallel crystal
facets that were suitable to use in a DBR microcavity. All the samples were characterized with
powder XRD, UV-Vis-NIR spectroscopy, Photoluminescence and electron microscopy
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2. Experimental

2.1 Synthesis

Starting Materials. All chemicals were purchased from Sigma-Aldrich and use as received.

For convenience, we denote the 2D (n-CH3z(CH2)3aNH3)2(CH3NH3)n.1Pbnlsn+1 family as
(BA)2(MA)n-1Pbylzn+a (n=1,2,3,4) throughout.

lodide perovskites
15t Method: Solution process (SP) #?

(BA)2Pbls (n=1). PbO powder (2232 mg, 10 mmol) was dissolved in a mixture of 57% w/w
aqueous HI solution (10.0 mL, 76mmol) and 50% aqueous H3PO> (1.7mL, 15.5mmol) ina 20 mL
glass vial by heating to boiling under constant magnetic stirring for about 5 min, which formed a
bright yellow solution. In a separate beaker, n-CH3z(CH2)sNH2 (924uL, 10mmol) was neutralized
with HI 57% w/w (5mL, 38mmol) resulting in a clear pale yellow solution and then was added to
the Pbl, solution slowly. The stirring was then discontinued, and the solution was left to cool on a
hot plate to room temperature during which time orange crystals started to crystallize. The crystals

were isolated by suction filtration and thoroughly dried under reduced pressure.

(BA)2MAPD217 (n=2). PbO powder (2232 mg, 10 mmol) was dissolved in a mixture of 57%
w/w aqueous HI solution (10.0 mL, 76mmol) and 50% aqueous H3PO> (1.7mL, 15.5mmol) ina 20
mL glass vial by heating to boiling under constant magnetic stirring for about 5 min, which formed
a bright yellow solution. Subsequent addition of solid CH3NH3CI (338mg, 5mmol) to the hot yellow
solution initially caused the precipitation of a black powder, which was rapidly redissolved under
stirring to afford a clear bright yellow solution. In a separate beaker, n-CH3(CH2)sNH2 (694uL,
7mmol) was neutralized with HI 57% w/w (5mL, 38mmol) resulting in a clear pale yellow solution
and then was added to the Pbl> solution slowly. The stirring was then discontinued, and the solution
was left to cool on a hot plate to room temperature during which time cherry red crystals started to
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crystallize. The crystals were isolated by suction filtration and thoroughly dried under reduced

pressure.

(BA)2(MA)2Pbslio (n=3). PbO powder (2232 mg, 10 mmol) was dissolved in a mixture of 57%
w/w aqueous HI solution (10.0 mL, 76mmol) and 50% aqueous H3PO> (1.7mL, 15.5mmol) ina 20
mL glass vial by heating to boiling under constant magnetic stirring for about 5 min, which formed
a bright yellow solution. Subsequent addition of solid CH3NH3Cl (450mg, 6.7mmol) to the hot
yellow solution initially caused the precipitation of a black powder, which was rapidly redissolved
under stirring to afford a clear bright yellow solution. In a separate beaker, n-CH3z(CH2)sNH>
(326pL, 3.33mmol) was neutralized with HI 57% w/w (5mL, 38mmol) resulting in a clear pale
yellow solution and then was added to the Pbl solution slowly. The stirring was then discontinued,
and the solution was left to cool on a hot plate to room temperature during which time dark
red/purple crystals started to crystallize. The crystals were isolated by suction filtration and

thoroughly dried under reduced pressure.

(BA)2(MA)3Pbaliz (n=4). PbO powder (2232 mg, 10 mmol) was dissolved in a mixture of 57%
w/w aqueous HI solution (10.0 mL, 76mmol) and 50% aqueous H3PO> (1.7mL, 15.5mmol) ina 20
mL glass vial by heating to boiling under constant magnetic stirring for about 5 min, which formed
a bright yellow solution. Subsequent addition of solid CH3NH3Cl (507mg, 7.5mmol) to the hot
yellow solution initially caused the precipitation of a black powder, which was rapidly redissolved
under stirring to afford a clear bright yellow solution. In a separate beaker, n-CH3z(CH2)sNH>
(248pL, 2.5mmol) was neutralized with HI 57% w/w (5mL, 38mmol) resulting in a clear pale yellow
solution and then was added to the Pbl> solution slowly. The stirring was then discontinued, and the
solution was left to cool on a hot plate to room temperature during which time black crystals started
to crystallize. The crystals were isolated by suction filtration and thoroughly dried under reduced

pressure.
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2nd Method: Floating Growth of large-area thin sheets (FG)™

2D RP perovskite thin sheets were synthesized using an interfacial growth method, with the
precursor species, concentrations, and ratios carefully optimized and the crystallization temperature
carefully controlled to promote layer-by-layer growth, avoid dislocation formation, maximize lateral
growth and maintain phase purity. Only the (BA)2(MA)2Pbzlio (n=3) was synthesized with both
methods, for reasons explained later in section 3, and the synthesis is described below:

Pbl2 (0.59M) and CHsNH3sCI (0.40M) precursors were dispersed in a concentrated aqueous
solution of HI and H3PO2 mixture (10:1 vol/vol) and then heated at 130°C in a closed glass vial until
a clear, yellow solution was obtained. In a separate beaker, n-CH3(CH2)sNH. (0.19M) was
neutralized with HI 57% w/w (2mL) resulting in a clear pale yellow solution and then was added to
the Pbl> solution slowly The solution was cooled down to 65°C and kept at that temperature in a
closed vial in a sand bath as the stock solution. Two microlitres of this warm supernatant solution
were collected and dispensed with a 10ul pipette onto a glass slide placed in an open ambient
environment (25°C). Nucleation and growth quickly initiated on the surface of the precursor solution
droplet and perovskite thin sheets floating on the solution droplets were obtained within a few
seconds up to 30s. This growth process on the surface of the droplet on glass slides can be observed
directly under an optical microscope to monitor the progress.

Bromide perovskites

The syntheses of the Pb bromide perovskites proceeds in a similar manner with the Pb iodide
perovskites with the difference being the choice of hydrohalic acid, i.e. concentrated HBr vs
concentrated HI. In addition, the syntheses are less challenging since we did not attempt to build
homologous series by mixing two different cations to fine tune the width of the inorganic layer since
the target compounds consist of a single perovskite sheet. The design principle for the material rather
focuses on the complexity of the organic cation, as we intentionally opt for asymmetric, bulky
cations that could produce significant strain to the inorganic lattice, in search of crystal structures
that have distortion that may give rise to a broadband emission. The design principles are based on

the known compound 4AMPPbBr4, the n = 1 member of the homologous
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3AMP bpip 3R

Figure 10. Organic cations used in this work. 3AMP = 3-aminomethyl-piperidinium, bpip = 4,4’ bipiperidinium,

3CP = 3-cyano-pyridinium

Dion-Jacobson  perovskite series 4AMP(A)n.1PbnBran+1, which exhibits a broadband
spectrum.’®’’Using 4-aminomethyl-piperidinium (4AMP) as the basis, we designed a series of
compounds that possess similar cations, with subtle differences on the position of the positive
charges (i.e. the ammonium groups) that could tweak the fine structural details in the perovskite
layers. These cations are 3-aminomethy-Ipiperidinium (3AMP), 4,4’ bipiperidinium (bpip) and 3-
cyano-pyridinium (3CP) and are shown in Figure 10. The first two are closely related to 4AMP
including an aliphatic ring that typically obtain a chair conformation, although this can be
interchangeable with a boat configuration is the reaction solution. 3CP has a completely different
design, since it places the positive charge on a flat aromatic pyridinium ring, with the addition of a
stong electon withdrawing -CN group “destabilizing” the regular arrangement of the cations
between the perovskite layers. The piperidinium based compounds obtained from this approach
possess a 2D perovskite with a formula of APbBr4, whereas the pyridinium based system, which
also has a different cationic charge, stabilizes the 3CPPbBr3 compound which is the first hybrid

example of the post-perovskite layered structure.
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2.2 Characterization

Powder X-ray diffraction (PXRD)

PXRD measurements were performed on a Bruker D8 Advance XRD system using Cu Ka
radiation (A = 1.5406 A). The samples were mounted on glass in powder form and the data were
obtained for angles 26 =2 © - 60°.

UV-Vis-NIR

Optical diffuse-reflectance spectra were collected at room temperature using Shimadzu UV-3600
PC double-beam double-monochromator spectrometer operating in the 185-1400 nm region on
powdered samples using BaSO4 as a 100% reflectance reference. The band-gap of the samples was
estimated by converting the reflectance to absorption according to the Kubelka—Munk equation: K
/S =(1-R)?/(2*R), where R is the reflectance and K and S are the absorption and scattering

coefficients, respectively.
Photoluminescence
lodide perovskites

Photoluminescence spectra were collected on oriented rectangular crystals of (BA)2(MA)n.
1Pbnlan+1 (n=1,2,3,4) using Acton SP2500 spectrometer (150 g/mm grating) equipped with a diode
CW laser (404nm, 100mW) and Pylon CCD camera. The incident beam was parallel to the (010)
direction of the crystal and focused at ~1um spot size. Unless stated otherwise the maximum power

output of the laser source was filtered to 300uW.
Bromide perovskites

Photoluminescence excitation spectra were measured using the Agilent Cary Eclipse
spectrofluorometer. The sample was fixed in a quartz dewar in the cuvette compartment of the
spectrofluorometer. Photoluminescence spectra were obtained with 365 nm excitation, and

photoluminescence excitation spectra were recorded at 510 nm. The emission slit width was 5 nm,

and the excitation slit width was 2.5 nm.
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PART 1

The crystal growth of 2D Ruddlesden-Popper-type perovskites
(BA)Q(MA)n-lpbn|3n+1 (BA+ = CH3(CH2)3NH3, |V|A+ = CH3NH3;
n=1-4) of suitable spatial dimensions and optical quality for use in
distributed Bragg reflectors (DBRs) microcavities, towards
polaritonic applications.
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3. Results and Discussion

The 2D (CH3(CH2)3NHz3)2(CH3NH3)s-1Pbnlan+1 family of perovskite compounds (n = 1-4) was
synthesized from a stoichiometric reaction between Pbl;, CHsNHsl (MAI), and n-butylamine (BA).
A homogeneous solution of concentrated, I>-free hydroiodic acid-containing stoichiometric amounts
of Pbl, and CH3NHzl (MA), according to the desired composition, was allowed to react with half
the stoichiometric amount of BA by addition of the neutralized base into the boiling acid solution
under vigorous stirring. This highly exothermic reaction resulted in the formation of a clear, bright
yellow solution, which upon cooling to ambient conditions precipitates into the layered perovskite
compounds (n = 2—4) in the form of colorful rectangular plates with the spectral range spanning
from red to black (Figure 11). We find that the use of BA as the reaction limiting reagent is essential
in obtaining the compounds in pure form; at the same time, it is detrimental to the reaction yield,
which is limited to ~50% based on the total Pb content due to the high solubility of CHsNH3Pbls in
the HI/H3PO> solvent medium.

Figure 11. Image of (CH3(CHz2)3sNHs)2(CH3sNH3),-1Pbnlsnss (n = 1-4) crystals.

As the 2D perovskite layers grow thicker by introducing MA cations in the crystal structure, the
unit cell incrementally expands by the addition of a single perovskite layer at a time. These changes
in the unit cell can be monitored by X-ray diffraction (XRD), which characteristically reveals an

additional low angle reflection for each added perovskite layer (Fig. 12).
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Figure 12. X-ray diffraction patterns of the (BA)2(MA)q.1Pbnlansa (n=1-4) perovskites. Bulk powder
diffraction and close-up views of the characteristic regions between 26 = 2—15°.
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Basic structural characteristics. The crystal structures of the (BA)2(MA)n-1Pbnlan+1 (n=1-4)
compounds are shown in Figure 13. Each 2D inorganic layer relates to the tetragonal parent 3D
compound (n = o) by slicing the perovskite along the (110) plane such that some of the oriented
MA cations are partially (n = 2, 3, 4) or fully (n = 1) substituted by the terminal BA cations. Similar
to the parent compound, the layers consist of tilted, corner-sharing [Pbls]*~ octahedra that propagate
in two directions (the ac plane), whereas in the third dimension (the b-axis), the octahedral sheets

are physically disconnected by the intercalated organic bilayers.
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Figure 13. Crystal structures of the lead iodide perovskites, (BA)2(MA)n-1Pbalsn+1 (n=1-4). The L-value denotes the

thickness of the inorganic layer in each compound. The numerical values refer to the distance between the terminal

iodide ions of each layer and were determined directly from the refined crystal structures.
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Band gaps and photoluminescence. Figure 14 displays the room temperature absorption and
photoluminescence spectra of bulk samples from the (BA)2(MA)n-1Pbnlsn+1 (n=1-4) series. From the
experimental spectra, we assign the higher energy absorption edge to the bandgap of the materials
(Table 1). The sharp nature of the absorption edges points toward a direct bandgap in all compounds.
After the primary absorption edge, it is easy (in most components) to observe a second peak with
strong intensity for the n=1 compound which attenuates as the thickness of the inorganic layers
increases( Figure 14a). The presence of the secondary, molecular-like absorption in the optical

absorption spectra of these compounds, suggests the presence of stable excitons even at room

temperature.
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Figure 14 Optical properties of the (BA)2(MA),-1Pbnlsn+1 perovskites (for n = 1, 2, 3 4). (a) Optical
absorption of polycrystalline samples obtained from diffuse reflectance measurements converted using the
Kubelka—Munk function (K/S = (1 — R)2 /2R). (b) Photoluminescence of oriented crystals with the wide
planar facets oriented perpendicular to the laser beam (Aexc = 404 nm).

Compound Bandgap E,(eV) Excitonic Photoluminescence
absorption (eV) PL (eV)
(BA),Pbl, 2.47 2.35 2.07
(BA),(MA)Pb,I, 2.19 2.11 1.94
(BA),(MA),Pb.I,, 2.05 2.03 2.02
(BA) ,(MA);Pb I 5 1.93 1.87 1.83

Table 1. Optical parameters of the (BA)2(MA),-1Pbnlsn+1 perovskites
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Unlike the absorption spectra, which are characterized by an absorption edge and an excitonic
peak, the photoluminescence spectra consist of one single emission peak corresponding to the
energy value of the excitonic peak in the absorption spectra. This is because the relaxation pathway
is dictated by direct radiative recombination of an exciton, typical for an excitonic material. In
Figure 13b it is obvious that not all samples have a single emission peak as we expected. This is due
to phase impurities and poor crystallization. The most consistent compound was the
(BA)2(MA)2Pbslio (n=3) which always presented a single quite sharp emission peak. This is why
we proceeded only with this compound for all of our following measurements and deposition in a

cavity.

Comparison of the two synthetic methods for the (BA)2(MA)2Pbsl1o (n=3). Since the quality of
the samples needs to be able to reach not only chemical quality (phase purity) but also optical quality
(single wavelength emission), several synthetic procedures were developed during the Thesis. The
first method was the solution process method (SP) is a synthetic method that uses the BA as the
reaction limiting reagent to obtain the compounds in pure form. Because of the randomness of the
crystallization, the crystals are not very consistent in shape and size and they form aggregates. SEM

images of typical crystals from the SP process are shown in Figure 15.

20kV X430 50@’
1

20kV X500 50pm 20kV X500 50pm

Figure 15. SEM images of (BA)2(MA)2Pbslio (n=3) crystals, formed with SP synthetic method.
The PL emission of these crystals is generally very good and quite sharp only after mechanical

or chemical exfoliation of the original crystals to extract more thin and well-shaped new ones
(Figure 16a,b).
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Figure 16. PL spectra of a (BA)2(MA),Pbslio (n=3) crystal-synthesized with SP. (a) before exfoliation. (b) after

exfoliation
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In Figure 16a the PL of the “bulk” crystal features an additional peak at a lower energy of the
exciton emission energy. In this phenomenon part of the photogenerated exciton population travel

to the edges of the crystal within its diffusion time, and then undergoes an internal conversion to a

layer-edge-state and efficiently emits photons at a lower energy than the main exciton.”® By

exfoliating the crystals we manage to decrease the edge-states to minimize the exciton loses and

have a localized exciton population (Figure 16b).

The floating growth method (FG), includes a saturated aqueous solution containing perovskite
precursors dissolved in concentrated hydroiodic acid which is dropped onto a glass. The droplet

becomes supersaturated upon cooling, initiating nucleation and crystal growth on the surface of the

droplet. With this method, the crystals that are forming are more consistent both in shape and size
counter to the SP method (Figure 17a,b). The PL spectra are as good as the previous one but the

positive thing is that no exfoliation is needed to achieve the same PL results (Figure 17c).

FLOATING GROWTH METHOD (FG)
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Figure 17. (a) images of (BA)2(MA)2Pbslig (n=3) crystals synthesized with FG a few seconds after the droplet hit
the glass surface. (b) SEM images of the same crystals 3 days after. (c) PL spectra of crystals formed on a droplet

deposited directly on a DBR.
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Deposition in DBR cavity. The final step was to encapsulate a perovskite layer between two
DBRs to form a microcavity. We measured the reflectivity of a single DBR (no cavity) and two
DBRs sandwiched together with no extra material in between. In figure 18 the blue line represents
the reflectivity of a single DBR which reflects in the region of A=550-750 nm. The red line represents
the reflectivity of 2 DBRs with no material between them. The 3 peaks that are shown in the graph
are called modes (constructive interference of photons in specific wavelengths depending on their
optical path) made in the cavity formed by the trapped air between the two DBRs. Unfortunately,
by incorporating the perovskite (synthesized with SP method) between the DBRs we couldn’t
observe any modes inside the cavity (Figure 19). The size of the perovskite is the most probable
reason for the absence of modes. For a mode to appear the two DBRs should be perfectly parallel
to each other and very close (~200nm). As shown by the SEM images (Figure 15) the crystals are
very uneven and way thicker than we need. This results in a not very transparent medium that absorb
and reflects the photons but doesn’t transmit so the light is not reflected by both DBRs, and the

photons don’t interact with each other to form a mode.
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Figure 18. Reflectivity spectra of a single DBR (blue line) and two DBRs sandwiched (red line).
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Figure 19. Reflectivity spectra of a perovskite (SP method) sandwiched between two DBRs.

On the contrary, by incorporating the perovskite (synthesized with FG method) between the
DBRs we clearly observe many modes inside the cavity (Figure 20). Ideally, we want to reduce the
number of modes that are created, which means that all the photons will interfere at the same
wavelength, boosting the intensity of the peak. If we achieve one mode with high reflectivity it will
be easier then to interact with the exciton and combine into a polariton. Because with this method
formation of the crystals initiates vary fast when the hot droplet touches the cold (RT) DBR when
we put the second DBR on top, some crystals were already beginning to form. This resulted in some
minor anomalies which is why we don’t have an absolute parallel DBR stacking. This is probably
the reason for the multiple peaks in the reflectance spectra. By heating the DBRs prior to the droplet
deposition, we managed to delay the cooling of the droplet just enough to put the second DBR on
top before the crystallization process begins. The DBR-perovskite-DBR system was then placed in
a homemade mount designed to exert pressure on the DBRs so that the crystals formed between

them will be as thin as possible (Figure 21). This improved the cavity mode as show in Figure 22.
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Figure 20. Reflectivity spectra of a perovskite (FG method) sandwiched between two (room temperature) DBRs
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Figure 21. Picture of the mounting mechanism.
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Figure 22. Reflectivity spectra of a perovskite (FG method) sandwiched between two (hot, ~80°C) DBRs

The next step was to check the system for the formation of a polariton. In Figure 23 we
did a reflectivity scan of different points of the perovskite cavity. The pattern that we
observed in this measurement, is that as we “walk” the cavity mode closer to the exciton
region (620 nm) there are some points with 2 peaks at the same time without any
combination. This could be explained as the photons get closer to the excitons they interact
through strong orbit coupling (SOC) and form a polariton. Further dispersion measirements
(Figure 24) show a slight bending at the edges of the mode when it interacts with the
exciton at 620 nm. This is another intication of possible polariton formation. These last
data are still not very clear to us and deeper analysis is beyond the scope of this thesis.
Since the cavity formation with the perovskite was successful and there are indications of
the formation of polaritons the first step for the optimization of the perovskite is completed.
Further investigation and characterization on the polariton formation is needed.
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Figure 23. Reflectivity scans around the cavity.

Figure 24. Dispersion measurements
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PART 2

Exploratory synthesis of APbBrs (A" = piperidinium-based
ammonium dications) 2D Dion-Jacobson type perovskites as single-
component white-light emitters.

[39]



4. Results and Discussion

In 2018, Mao et al. first reported multilayer structures of 2D halide DJ perovskites (xAMP)-
(MA)n-1PbnI3n+1 (AMP = (aminomethyl)piperidinium, x = 3 or 4, n = 1-4).”® The dications are
less symmetrical than most spacers discussed in the session above, with one primary N and another
N on the piperidine ring. The position of the functional group has a profound influence on the
structure and properties of the resulting 2D perovskite structure. Since the inorganic layers are
stacked exactly on top of each other with no lateral shift, the distance between adjacent layers
defined by the planes of terminal iodine atoms can simply be measured by the closest I---I distance.
Both series exhibit a short interlayer distance of ~4 A, with the 3AMP series showing a slightly
smaller distance than the 4AMP because the position where each one connects with the octahedra
is different . The 3AMP cation shows weak interaction with the terminal iodine atoms, which
exhibits a small effect on the in-plane Pb—I—Pb angle. While 4AMP seems to interact in a stronger
fashion where the hydrogen bonding with bridging iodine atoms causes amplified in-plane distortion

but negligible out-of-plane distortion (Figure 25).

4.1 Crystal Structures
The hybrid lead bromide compounds presented here cover the Dion-Jacobson (3AMP, 4AMP,

bpip) and post-perovskite (3CN) structural types. All the crystal stuctures crystallize in
noncentrosymmetric spacegroups in the relatively low symmetry monoclinic (3AMP, bpip, 3CP)
and orthorhombic (4AMP) crystal systems (Table 2, see also Appendix).

Cations Formula Dimensionality Space group ~ Connectivity modes Bandgap (eV)
3amp (C¢H; 4N, )PbBr, 2D Cc Corner-sharing 3.0
4amp (CsH,NN, )PbBr, 2D Pca2, Corner-sharing 3.1
bpip (C,HyoN, )PbBr, 2D Pc Corner-sharing 2.9

3cp (C¢H;;N, )PbBr, 2D C2/m Corner- and edge-sharing 3.0

Table 2. Summary of structural characteristics of (3amp)PbBr4, (4amp)PbBra, (3cp)PbBrs, (bpip)PbBr.4
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Piperidinium-based Dion-Jacobson crystal structures.

(Aminomethyl)piperidinium structures: The crystal structure of the x-AMPPbBr4 (x = 3, 4) is
shown in Figure 25. They both consist of infinite {PbBrs}* layers of corner connected octahedra.
All the octahedra are nearly regular (Table XXX) and the major vation arises from the degree of
tilting between them. In both compounds, tilting occurs both in the lattice plane (in-plane tilting)
and outside of it (out-of-plane tiling) with the second factor being of great importance to the spectral
properties according to a recent study by Smith et al.”* The reason for the increased out-of plane
tilting in 3AMPPDBTr; is directly related to the arrangement of the organic dications between the
perovskite stacks where we can observe two major differences: i) the up-down arrangement of the -
CH2NHz3/-(CH2)2NH> (that is the methylammonium and the piperidinium groups, respectively)
groups differs in the sense that 3AMP packs in a continuously alternating up-donw arrangement
between adjacent cations whereas 4AMP prefers an arrangement where the cations pack in pairs
with two of them pointing up(down) before switching their orientation down(up) across the
perovskite plane. This latter feature leads to a doubling of the unit cell along the crystallographic a-
axis. ii) The position of the piperidinium nitrogen is rotated in 3AMP vs. 4AMP with the former
pointing directly towards the axial bromide atoms of the octahedra, forming relatively strong H-
bonds (2.8 A) with it, whereas in the case of 4AMP the nitrogen is pointing directly towards the
inter-octahedral voids of the layer, without any obvious H-bonding. The combination of these
features introduces much greater strain in 3AMPPbBrs compared to 4AMPPbBTr4, forcing the
perovskite lattice to buckle up (or down) with respect to the layer plane. The comparative structural

parameters are shown in Table 5-Appendix.
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Figure 25.. Crystal structures of (a-d) (3amp)PbBr4 and (e-h) (4amp)PbBr4. (b), (f) Viewing perpendicular to the

layers. (c), (g) In-plane octahedral distortion. (d), (f) out of plane octahedral distortion.

4,4’ bipiperidinium structure. The crystal structure of (bpip)PbBrs, or CioH22N2PbBra, is
shown in Figure 26. Similar to the x-AMP compounds, tt consists of corner-sharing octahedra,
forming the inorganic perovskite layer and 4,4 bipiperidinium cations that fit snugly inside the
perovskite lattice pockets. (Figure 26a). This symmetric arrangement of the cations does not
produce any out-of-plane tilting but on the other hand the layers suffer from a very intense tilting in
the perovskite layer plane (Figure 26c¢) (Figure 26d). Different from the x-AMP compounds,
however, the octehaedra seem to be extremely distorted, introducing a strong uncompensated strain
in the perovskite lattice (Table 5-Appendix).
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Figure 26. Crystal structure of (bpip)PbBrs. (b) Viewing perpendicular to the layers, (c) In-plane octahedral

distortion, (d) out of plane octahedral distortion.

3-cyanopyridinium cation. In 2004 a polytype of MgSiOs was discovered that exists at a
pressure of >125 GPa and a temperature of 2500 K. 8 This phase consists of [SiOe/2]*~ octahedra,
forming layers with corner- and edge-sharing connectivity in orthogonal directions across the layers’

plane separated by Mg?* cations between the layers and was named “post-perovskite.” (3cp)PbBrs,

Figure 27. Crystal structure of (3cp)PbBrsalong the (a) y-axis and (b) x-axis. (c) in-plane and out-of-plane octahedra
distortion.
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where 3cp stands for the 3-cyanopyridinium, [3-CN-CsHsNH]™ cation is the first hybrid organic-

inorganic 2D perovskite with post-perovskite structure (Figure 27). 8t

Unlike RP and DJ structures, the distribution of octahedra in (3cp)PbBr3 is not uniform in the
(x,y) plane, arranging in “ridges” of edge-shared anions and “grooves” of corner-shared ones along
the x-axis (Figure 27a). Such anisotropy results in the perfect ordering of 3-cyanopyridinium cations
along the x-axis in the “grooves” with the pyridinium nitrogen atoms being anchored inside the
grooves (Figure 27b). The formation of “ribs” in “grooves” is caused by deformation of the [BXs]
octahedra, confining the placement of the organic cations along the x-axis. This leads to the doubling
of the lattice constant along the x-axis. In this configuration, the Pb?* cations are shifted from the
octahedra centers (Figure27#c). The crystal packing of the 3-cyanopyridinium cations in (3cp)
PbBr3 crystal allows for short interatomic distances between the pyridinium nitrogen atom and
bromides. The shortest N---Br distance equal to 3.28 A allows us to make an assumption about the

presence of a hydrogen bond between the corresponding hydrogen and bromine atoms.
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4.2 Optical Characterization

Optical measurements in room temperature show similar behavior of wide PL emission and high
band gap ( ~3eV) for both (bpip)PbBrs and 4AMPPDbBrs (Figure 28) as we expected from their
comparable crystal structure. Temperature dependant PL showed a strange not expected trend. We
would expect that as the temperature is getting lower the “edge effect” emission peak will start to
faint until fully disappears and only the excitonic peak will be visible. As shown in Figure 29 the

peak is still clear even at very low temperatures and it looks like is not affected at all.
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Figure 28. Optical absorption and photoluminescence spectra of (4amp)PbBr4 and (bpip)PbBra.
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The 3AMPPDbBr; displayed an even more unexpected behavior since the PL spectra was much

closer to that of a 3D perovskite with a single peak emission than to the other two 2D structures with
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“white light” emission (Figure 30). The origins of all this effects are still unclear and need further
investigation.

Figure 31 presents the structural parameters of the previously described perovskites. The
(bpip)PbBrs perovskite has the higher distortion index among the three structures and this is

probably the reason for the brighter white light emission (Figure 28).

Compound Average Bond angle Distortion In plane tilt Out of
bond length  variance index plane tilt
L)
(A) (deg.2) bpip

3-AMP 3.0051 57.3304 0.02157 - 165.8°
3AMP 4-AMP 3.0323 42.4550 0.02816 146.2 -
bpip 3.0484 35.7835 0.03603 158.7° -

3-CP 3.0568 30.2860 0.04452 - 169.4°

3-CP
4AMP

ad = Gz [

d

0% = ¥12 (i — 90)2 /11

Figure 31. Structural parameters of the perovskites.

The last structure that was synthesized ( (3cp)PbBrs) has a different crystal structure than the
other three perovskites as described in section 4.1. The difference in the octahedral connectivity
makes the bandgap indirect which results in no photoluminescence emission peak at room
temperature. The sample needs to be cooled below 160K in order to observe a PL emission as shown

in Figure 32 and being more clear at 77K.
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Conclusions

In this Thesis, the two different natures of excitons were examined through the
properties of 2D halide perovskites. In the (CH3(CH2)3NH3)2(CH3NH3),-1Pbnl3n+1 series
the fast exciton recombination and localized emission were very important in order to
create room-temperature polaritons for polariton lasing. The (BA)2(MA)2Pbslio (n=3) was
optimized for cavity formation and we demonstrated possible polariton formation. On the
other hand, the structural distortions in the 2D Dion-Jacobson type perovskites introduced
by the asymmetric organic cations, lead to self-trapped excitons and broadband emission
producing efficient, single-component white-light emitters during the process. We
synthesized 3 new structures that emit white light and observed an unexpected green light
emission from the 3AMP structure. By changing the organic spacer you can navigate
through the optoelectronic diversity of the perovskites and achieve a plethora of
applications with just one material. A better understanding of the effects of the structural
distortion with the nature of the excitons will help in the selection of the suitable organic
cation for better tunability of the perovskite properties. We also want to proceed with band
structure calculations for all structures and test more cations for white light.
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Appendix

Table 1. Crystal data and structure refinement for C6 N2 H12 Pb Br4 at 293 K.

Empirical formula C6 N2 H12 Pb Br4
Formula weight 639
Temperature 293 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group Clcl
a=11.88600(10) A, o.= 90°
Unit cell dimensions b =20.0637(2) A, B =96.2893(8)°
c=11.94260(10) A, y = 90°
Volume 2830.90(4) A3
z 8
Density (calculated) 2.9985 g/cm?®
Absorption coefficient 23.177 mm*!
F(000) 2328
Crystal size 72X ?Xx?mm?d
0 range for data collection 2 t0 35.56°
Index ranges -19<=h<=18, -31<=k<=32, -17<=1<=19
Reflections collected 72250
Independent reflections 11277 [Riny = 0.038]
Completeness to 6 = 34.24° 98%
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 11277 /0/ 246
Goodness-of-fit 9.44
Final R indices [1>25(1)] Robs = 0.2540, WRops = 0.4398
R indices [all data] Ran = 0.2626, WRa = 0.4575
Extinction coefficient 130000(5000)
Largest diff. peak and hole 131.44 and -14.04 e- A

R = X||Fo|-|F¢|| / Z|Fol, WR = {Z[W(|Fol? - |Fe[?)?] / Z[w(|Fo|*)1}*? and w=1/(c*(1)+0.00041?)
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Table 2. Atomic coordinates (x10*) and equivalent isotropic displacement parameters
(A%x10°) for C6 N2 H12 Pb Br4 at 293 K with estimated standard deviations in
parentheses.

Label X y z Occupancy Ueq”
Pb(1) 6666(3) 50(2) 1988(3) 1 34(2)
Pb(2) 1692(2) 57(2) 1709(2) 1 34(2)
Br(1) 6387(10) -93(5) -462(11) 1 51(4)
Br(2) 6992(9) 3553(5) 1419(11) 1 58(3)
Br(3) 6196(10) -1446(4) 2193(10) 1 57(3)
Br(4) 6701(10) 1513(4) 1669(12) 1 57(4)
Br(5) 4184(11) 211(3) 1831(15) 1 58(2)
Br(6) 9189(14) -101(3) -3132(17) 1 51(2)
Br(7) 1523(10) 1533(4) 1878(11) 1 52(3)
Br(8) 2000(18) -42(8) 4130(16) 1 78(7)
C(13) 4060(70) 2360(50) -270(70) 1 70(30)
C(1) 9580(60) 2650(30) -680(60) 1 50(20)
N(1) 8950(50) 1610(20) 280(50) 1 48(18)
C(4) 3510(60) 3490(40) 300(80) 1 60(30)
C(5) 8670(80) 2330(40) 0(70) 1 50(30)
N(2) 10010(60) 1600(20) 4100(60) 1 80(30)
C(6) 4980(70) 3490(40) 3550(80) 1 70(30)
C(9) 9300(60) 3360(30) -1010(60) 1 50(20)
C(10) 3660(70) 1670(30) -570(70) 1 60(30)
C(12) 2110(60) -90(30) 4120(80) 1 15(16)
c2) 4170(70) 3800(40) 4260(70) 1 60(30)
N(3) 4190(60) 1160(30) 4920(50) 1 70(30)
C(3) 4760(60) 2770(40) 3330(70) 1 60(30)
c(7) 4680(60) 2670(40) -1200(80) 1 50(30)
c(11) 3170(70) 2800(40) 30(60) 1 70(30)
C(14) 9160(70) 1180(40) 4470(90) 1 70(40)
N(4) 4510(50) 1180(30) -710(50) 1 100(30)
H(1c13) 4583.79 2314.06 396.19 1 79.7
H(1cl) 10276.73 2659.51 -187.11 1 56.8
H(1c4) 3929.98 3509.6 1030.35 1 74.1
H(2c4) 2849.19 3754.57 393 1 74.1
H(1c5) 8633.96 2580.31 684.43 1 65.2
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H(2c5) 7944.43 2358.09 -434.88 1 65.2
H(1c6) 5734.39 3550.07 3903.82 1 78.4
H(2c6) 4943.92 3724.79 2847.47 1 78.4
H(1c9) 9858.27 3525.68 -1469.84 1 64
H(2c9) 8630.56 3372.15 -1532.55 1 64
H(1c10) 3180.3 1518.33 -31.55 1 74.7
H(2c10) 3131.16 1686.65 -1236.01 1 74.7
H(1c2) 3470.98 3883.18 3806.97 1 68.8
H(2c2) 4440.19 4230.76 4493.34 1 68.8
H(1c3) 4122.85 2714.92 2768.6 1 715
H(2c3) 5359.82 2580.25 2959.66 1 715
H(1c7) 4194.03 2664.04 -1896.31 1 63.9
H(2c7) 5345.81 2416.8 -1287.77 1 63.9
H(1c11) 2554.31 2800.78 -560.97 1 83.3
H(2c11) 2826.68 2614.8 648.14 1 83.3
H(1c14) 9507.05 781.59 4799.7 1 85.8
H(2c14) 8657.32 1036.83 3836.46 1 85.8
H(1n1) 8402.54 1432.32 600.03 1 58
H(2n1) 9543.47 1594.1 782.32 1 58
H(1n2) 10294.78 1417.15 3535.71 1 96.7
H(2n2) 10606.68 1600.13 4600.15 1 96.7
H(1n3) 3919.5 789.27 4638.91 1 86.4
H(2n3) 4849.46 1096.79 5289.75 1 86.4
H(3n3) 3731.27 1329.42 5364.72 1 86.4
H(1n4) 4190.8 790.12 -812.59 1 120.4
H(2n4) 4860.54 1279.02 -1288.71 1 120.4
H(3n4) 4995.04 1166.78 -107.04 1 120.4

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

Table 3. Anisotropic displacement parameters (A?x10%) for C6 N2 H12 Pb Br4 at 293 K
with estimated standard deviations in parentheses.

Label Un Uz Uss Uiz Uss Uzs

Pb(1) 30(2) 40(2) 33(2) 0(2) 6(2) 2(2)
Pb(2) 29(2) 40(2) 33(2) 2(2) 72) 02)
Br(1) 61(7) 65(5) 27(5) 2(5) 7(5) -1(4)
Br(2) 70(6) 45(5) 62(6) 5(4) 21(4) -1(4)
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Br(3)
Br(4)
Br(5)
Br(6)
Br(7)
Br(8)
C(13)
C(1)
N(1)
C(4)
C(5)
N(2)
C(6)
C(9)
C(10)
C(12)
C(2)
N(3)
C(3)
C(7)
C(11)
C(14)
N(4)

72(6)
55(5)
26(2)
27(2)
60(6)
110(14)
50(50)
50(40)
60(40)
70(50)
70(60)
120(60)
70(60)
70(50)
80(50)
20(20)
80(60)
80(50)
80(60)
50(50)
50(50)
100(70)
150(70)

40(5)

36(4)

73(3)

57(3)

39(4)

94(11)
90(60)
40(30)
30(20)
40(50)
50(50)
50(30)
60(60)
50(40)
40(40)
10(20)
40(40)
30(30)
60(40)
50(40)
70(50)
30(40)
70(40)

61(6)
86(8)
76(4)
71(4)
60(5)
29(9)
60(60)
60(40)
50(30)
80(60)
50(40)
90(60)
70(60)
40(30)
80(60)
30(40)
60(50)
110(60)
40(40)
70(50)
90(70)
90(70)
120(60)

-2(4)
4(4)
3(8)
2(5)
2(4)
-3(7)
20(40)
0(30)
10(20)
20(40)
10(40)
20(40)
10(40)
-10(30)
10(40)
-4(16)
20(50)
10(30)
20(40)
-10(40)
10(40)
-10(50)
40(40)

24(4)
31(5)
6(2)
11(2)
18(4)
5(9)
10(40)
10(30)
30(30)
50(50)
30(40)
70(50)
20(50)
40(40)
40(50)
10(20)
40(40)
40(40)
20(40)
30(40)
40(40)
30(60)
140(60)

4(4)
8(4)
-9(9)
-6(7)
3(4)
1(6)
30(50)
10(30)
0(20)
10(40)
20(40)
20(30)
10(40)
0(30)
-10(30)
-10(20)
20(40)
0(30)
10(30)
-20(40)
10(50)
-20(50)
30(40)

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy1 + ... +

2hka'b™U1z].

Table 4. Bond lengths [A] for C6 N2 H12 Pb Br4 at 293 K with estimated standard

deviations in parentheses.

Label Distances
Pb(1)-Br(1) 2.922(13)
Pb(1)-Br(1)#0 3.101(14)
Pb(1)-Br(3) 3.068(10)
Pb(1)-Br(4) 2.960(9)

Pb(1)-Br(5) 2.954(14)
Pb(1)-Br(6)#0 3.019(17)
Ph(2)-Br(2)#0 3.064(10)
Pb(2)-Br(5) 2.965(14)
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Pb(2)-Br(6)#0
Pb(2)-Br(7)
Pb(2)-Br(8)
Br(1)-N(3)#0
Br(1)-N(4)
Br(2)-N(2)#0
Br(2)-N(3)#0
Br(3)-N(3)#0
Br(3)-N(4)#0
Br(4)-N(1)
Br(5)-N(3)#0
Br(6)-N(1)#0
Br(7)-N(1)#0
Br(7)-N(2)#0
Br(8)-C(12)
C(13)-C(10)
C(13)-C(7)
C(13)-C(11)
C(13)-H(1c13)
C(1)-C(5)
C(1)-C(9)
C(1)-C(3)#0
C(1)-H(1cl)
N(1)-C(5)
N(1)-C(2)#0
N(1)-H(1n1)
N(1)-H(2n1)
C(4)-C(11)
C(4)-C(14)#0
C(4)-H(1c4)
C(4)-H(2c4)
C(5)-H(1c5)
C(5)-H(2c5)
N(2)-C(7)#0
N(2)-C(14)
N(2)-H(1n2)

3.004(17)
2.976(9)
2.881(19)
3.45(7)
3.38(6)
3.44(7)
3.38(7)
3.46(6)
3.42(6)
3.30(6)
3.59(6)
3.57(5)
3.42(5)
3.37(7)
0.16(7)
1.49(11)
1.53(12)
1.45(12)
0.96
1.55(12)
1.51(9)
1.48(11)
0.96
1.52(10)
1.52(10)
0.8701
0.87
1.47(11)
1.47(13)
0.9601
0.9601
0.9601
0.96
1.54(9)
1.43(11)

0.8699
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N(2)-H(2n2) 0.87

C(6)-C(2) 1.47(12)
C(6)-C(3) 1.50(11)
C(6)-H(1c6) 0.96
C(6)-H(2c6) 0.9599
C(9)-N(3)#0 1.48(10)
C(9)-H(1c9) 0.9598
C(9)-H(2c9) 0.96
C(10)-N(4) 1.44(10)
C(10)-H(1c10) 0.9601
C(10)-H(2c10) 0.96
C(2)-H(1c2) 0.96
C(2)-H(2c2) 0.96
N(3)-H(1n3) 0.87
N(3)-H(2n3) 0.87
N(3)-H(3n3) 0.8702
C(3)-H(1c3) 0.96
C(3)-H(2c3) 0.9599
C(7)-H(1c7) 0.9599
C(7)-H(2c7) 0.9599
C(11)-H(1c11) 0.96
C(11)-H(2c11) 0.9601
C(14)-H(1c14) 0.96
C(14)-H(2c14) 0.96
N(4)-H(1n4) 0.87
N(4)-H(2n4) 0.8698
N(4)-H(3n4) 0.87

Table 5. Bond angles [°] for C6 N2 H12 Pb Br4 at 293 K with estimated standard
deviations in parentheses.

Label Angles
Br(1)-Pb(1)-Br(1)#0 166.8(3)
Br(1)-Pb(1)-Br(3) 89.0(3)
Br(1)-Pb(1)-Br(4) 88.3(3)
Br(1)-Pb(1)-Br(5) 86.8(4)
Br(1)-Pb(1)-Br(6)#0 87.7(5)
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Br(1)#0-Pb(1)-Br(3)
Br(L)#0-Pb(1)-Br(4)
Br(L)#0-Pb(1)-Br(5)
Br(L)#0-Pb(1)-Br(6)#0
Br(3)-Pb(1)-Br(4)
Br(3)-Pb(1)-Br(5)
Br(3)-Pb(1)-Br(6)#0
Br(4)-Pb(1)-Br(5)
Br(4)-Pb(1)-Br(6)#0
Br(5)-Pb(1)-Br(6)#0
Br(2)#0-Pb(2)-Br(5)
Br(2)#0-Pb(2)-Br(6)#0
Br(2)#0-Pb(2)-Br(7)
Br(2)#0-Pb(2)-Br(8)
Br(5)-Pb(2)-Br(6)#0
Br(5)-Pb(2)-Br(7)
Br(5)-Pb(2)-Br(8)
Br(6)#0-Pb(2)-Br(7)
Br(6)#0-Pb(2)-Br(8)
Br(7)-Pb(2)-Br(8)
Pb(1)-Br(1)-Pb(1)#0
Pb(1)-Br(1)-N(3)#0
Pb(1)-Br(1)-N(4)
Pb(1)#0-Br(1)-N(3)#0
Pb(1)#0-Br(1)-N(4)
N(3)#0-Br(1)-N(4)
Pb(2)#0-Br(2)-N(2)#0
Pb(2)#0-Br(2)-N(3)#0
N(2)#0-Br(2)-N(3)#0
Pb(1)-Br(3)-N(3)#0
Pb(1)-Br(3)-N(4)#0
N(3)#0-Br(3)-N(4)#0
Pb(1)-Br(4)-N(1)
Pb(1)-Br(5)-Pb(2)
Pb(1)-Br(5)-N(3)#0
Pb(2)-Br(5)-N(3)#0

84.8(3)
95.9(3)
81.1(4)
105.0(5)
170.2(3)
85.6(3)
103.1(3)
84.9(3)
86.1(3)
169.6(4)
88.9(3)
99.5(2)
175.9(4)
92.4(4)
170.0(4)
88.1(3)
86.7(5)
83.8(3)
87.5(6)
90.2(4)
165.5(4)
86.3(11)
90.8(11)
108.0(11)
91.9(11)
88.8(15)
95.9(9)
90.1(11)
95.0(16)
83.9(11)
91.8(10)
98.2(15)
98.5(8)
167.7(3)
83.4(12)

87.7(12)
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Pb(1)#0-Br(6)-Pb(2)#0
Pb(1)#0-Br(6)-N(L)#0
Pb(2)#0-Br(6)-N(L)#0
Pb(2)-Br(7)-N(L)#0
Pb(2)-Br(7)-N(2)#0
N(L)#0-Br(7)-N(2)#0
Pb(2)-Br(8)-C(12)
C(10)-C(13)-C(7)
C(10)-C(13)-C(11)
C(10)-C(13)-H(1c13)
C(7)-C(13)-C(11)
C(7)-C(13)-H(1c13)
C(11)-C(13)-H(1c13)
C(5)-C(1)-C(9)
C(5)-C(1)-C(3)#0
C(5)-C(1)-H(1c1)
C(9)-C(1)-C(3)#0
C(9)-C(1)-H(1c1)
C(3)#0-C(1)-H(1c1)
Br(4)-N(1)-Br(6)#0
Br(4)-N(1)-Br(7)#0
Br(4)-N(1)-C(5)
Br(4)-N(1)-C(2)#0
Br(4)-N(1)-H(1n1)
Br(4)-N(1)-H(2n1)
Br(6)#0-N(1)-Br(7)#0
Br(6)#0-N(1)-C(5)
Br(6)#0-N(1)-C(2)#0
Br(6)#0-N(1)-H(1n1)
Br(6)#0-N(1)-H(2n1)
Br(7)#0-N(1)-C(5)
Br(7)#0-N(1)-C(2)#0
Br(7)#0-N(1)-H(1n1)
Br(7)#0-N(1)-H(2n1)
C(5)-N(1)-C(2)#0
C(5)-N(1)-H(1n1)

176.3(3)
91.9(9)
90.7(10)
94.1(8)
98.1(9)
85.3(15)
90(30)
112(7)
114(7)
105.32
111(7)
108.88
106.27
112(6)
111(6)
107.2
111(6)
106.58
108.15
72.8(11)
116.2(17)
90(4)
126(4)
21.05
106.85
69.6(10)
159(5)
88(3)
55.68
65.86
109(4)
102(4)
114.02
9.37
113(6)

109.47
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C(5)-N(1)-H(2n1)
C(2)#0-N(1)-H(1n1)
C(2)#0-N(1)-H(2n1)
H(1n1)-N(1)-H(2n1)
C(11)-C(4)-C(14)#0
C(11)-C(4)-H(1c4)
C(11)-C(4)-H(2c4)
C(14)#0-C(4)-H(1c4)
C(14)#0-C(4)-H(2c4)
H(1c4)-C(4)-H(2c4)
C(1)-C(5)-N(2)
C(1)-C(5)-H(1c5)
C(1)-C(5)-H(2c5)
N(1)-C(5)-H(1c5)
N(1)-C(5)-H(2c5)
H(1c5)-C(5)-H(2c5)
Br(2)#0-N(2)-Br(7)#0
Br(2)#0-N(2)-C(7)#0
Br(2)#0-N(2)-C(14)
Br(2)#0-N(2)-H(1n2)
Br(2)#0-N(2)-H(2n2)
Br(7)#0-N(2)-C(7)#0
Br(7)#0-N(2)-C(14)
Br(7)#0-N(2)-H(1n2)
Br(7)#0-N(2)-H(2n2)
C(7)#0-N(2)-C(14)
C(7)#0-N(2)-H(1n2)
C(7)#0-N(2)-H(2n2)
C(14)-N(2)-H(1n2)
C(14)-N(2)-H(2n2)
H(1n2)-N(2)-H(2n2)
C(2)-C(6)-C(3)
C(2)-C(6)-H(1c6)
C(2)-C(6)-H(2c6)
C(3)-C(6)-H(1c6)
C(3)-C(6)-H(2c6)

109.47
109.48
109.48
105.83
115(8)
109.47
109.47
109.48
109.48
102.96
111(6)
109.48
109.48
109.47
109.47
108.14
104.7(19)
114(4)
98(5)
107.51
11.64
90(4)
133(5)
23.91
94.46
117(6)
109.47
109.47
109.47
109.46
100.33
113(7)
109.46
109.46
109.47

109.47
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H(1c6)-C(6)-H(2c6)
C(1)-C(9)-N(3)#0
C(1)-C(9)-H(1c9)
C(1)-C(9)-H(2c9)
N(3)#0-C(9)-H(1c9)
N(3)#0-C(9)-H(2c9)
H(1c9)-C(9)-H(2c9)
C(13)-C(10)-N(4)
C(13)-C(10)-H(1c10)
C(13)-C(10)-H(2c10)
N(4)-C(10)-H(1c10)
N(4)-C(10)-H(2c10)
H(1c10)-C(10)-H(2c10)
N(1)#0-C(2)-C(6)
N(1)#0-C(2)-H(1c2)
N(1)#0-C(2)-H(2¢2)
C(6)-C(2)-H(1c2)
C(6)-C(2)-H(2¢2)
H(1c2)-C(2)-H(2c2)
Br(1)#0-N(3)-Br(2)#0
Br(1)#0-N(3)-Br(3)#0
Br(1)#0-N(3)-Br(5)#0
Br(1)#0-N(3)-C(9)#0
Br(1)#0-N(3)-H(1n3)
Br(1)#0-N(3)-H(2n3)
Br(1)#0-N(3)-H(3n3)
Br(2)#0-N(3)-Br(3)#0
Br(2)#0-N(3)-Br(5)#0
Br(2)#0-N(3)-C(9)#0
Br(2)#0-N(3)-H(1n3)
Br(2)#0-N(3)-H(2n3)
Br(2)#0-N(3)-H(3n3)
Br(3)#0-N(3)-Br(5)#0
Br(3)#0-N(3)-C(9)#0
Br(3)#0-N(3)-H(1n3)
Br(3)#0-N(3)-H(2n3)

105.57
117(6)
109.47
109.47
109.47
109.46
101.36
117(7)
109.47
109.47
109.47
109.48
100.15
115(6)
109.46
109.46
109.48
109.48
103.66
145(2)
74.8(14)
70.0(12)
100(4)
70.35
46.86
148.3
93.5(15)
74.6(14)
116(4)
94.17
117.39
15.32
71.0(12)
112(4)
129.3

28.02
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Br(3)#0-N(3)-H(3n3)
Br(5)#0-N(3)-C(9)#0
Br(5)#0-N(3)-H(1n3)
Br(5)#0-N(3)-H(2n3)
Br(5)#0-N(3)-H(3n3)
C(9)#0-N(3)-H(1n3)
C(9)#0-N(3)-H(2n3)
C(9)#0-N(3)-H(3n3)
H(1n3)-N(3)-H(2n3)
H(1n3)-N(3)-H(3n3)
H(2n3)-N(3)-H(3n3)
C(1)#0-C(3)-C(6)
C(1)#0-C(3)-H(1c3)
C(1)#0-C(3)-H(2c3)
C(6)-C(3)-H(1c3)
C(6)-C(3)-H(2c3)
H(1c3)-C(3)-H(2c3)
C(13)-C(7)-N(2)#0
C(13)-C(7)-H(1c7)
C(13)-C(7)-H(2c7)
N(2)#0-C(7)-H(1c7)
N(2)#0-C(7)-H(2¢7)
H(1c7)-C(7)-H(2¢7)
C(13)-C(11)-C(4)
C(13)-C(11)-H(1cl1)
C(13)-C(11)-H(2c11)
C(4)-C(11)-H(1c11)
C(4)-C(11)-H(2c11)
H(1c11)-C(11)-H(2c11)
C(4)#0-C(14)-N(2)
C(4)#0-C(14)-H(1c14)
C(4)#0-C(14)-H(2c14)
N(2)-C(14)-H(1c14)
N(2)-C(14)-H(2c14)
H(1c14)-C(14)-H(2c14)
Br(1)-N(4)-Br(3)#0

82.98
169(5)
63.18
67.43
81.61
109.48
109.48
109.48
109.48
109.46
109.46
116(7)
109.46
109.47
109.47
109.47
101.59
110(7)
109.46
109.46
109.47
109.47
108.59
116(7)
109.48
109.47
109.47
109.47
102
113(7)
109.46
109.46
109.48
109.48
106

75.4(13)
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Br(1)-N(4)-C(10)
Br(1)-N(4)-H(1n4)
Br(1)-N(4)-H(2n4)
Br(1)-N(4)-H(3n4)
Br(3)#0-N(4)-C(10)
Br(3)#0-N(4)-H(1n4)
Br(3)#0-N(4)-H(2n4)
Br(3)#0-N(4)-H(3n4)
C(10)-N(4)-H(1n4)
C(10)-N(4)-H(2n4)
C(10)-N(4)-H(3n4)
H(1n4)-N(4)-H(2n4)
H(Ln4)-N(4)-H(3n4)
H(2n4)-N(4)-H(3n4)

167(5)
67.08
82.9
62.45
117(4)
108.55
8.08
102.83
109.46
109.47
109.46
109.48
109.47
109.48
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Table 1. Crystal data and structure refinement for C6 H5 Br3 N2 Pb1l at 296.7 K.

Empirical formula
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 = 27.62°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I>20(1)]

R indices [all data]
Extinction coefficient

Largest diff. peak and hole

C6 H5 Br3 N2 Pbl
552

296.7 K

0.71073 A
monoclinic

Cl2/m1

a=21.5052(9) A, a = 90°
b=6.1867(4) A, B = 92.184(3)°
c=8.3273(3) A, y = 90°

1107.11(9) A3

4

3.3119 g/cm?®

26.018 mm*

968

0.1 x 0.08 x 0.03 mm?

3.04 to 29.14°

-22<=h<=29, -8<=k<=7, -11<=I<=11
4756

1432 [Rine = 0.0216]

98%

Full-matrix least-squares on F?
1432/0/73

1.62

Robs = 0.0219, WRons = 0.0585
Ran = 0.0249, wRq = 0.0591

2

0.55and -1.16 e-A™3

R = X||Fo|-[Fdl[/ ZIFo|, WR = {Z[W(|Fof - [F®)?] 7 Z[W(|Fo/H]}2 and w=1/(c%(1)+0.00041%)

Table 2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10%) for C6 H5 Br3 N2 Pb1 at 296.7 K with estimated standard deviations in

parentheses.
Label X y z Occupancy Ueqg"
Pb(1) 4857(1) 0 2448(1) 1 30(1)
Br(1) 3962(1) 0 -171(1) 1 37(1)
Br(2) 9730(1) 0 2541(1) 1 44(1)
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Br(3) 4001(1) 0 4982(1) 1 35(1)
N(L) 7791(4) 0 11671(9) 1 64(3)
N(2) 8766(3) 0 6653(7) 1 39(2)
C(1) 7711(4) 0 5862(10) 1 43(3)
C(2) 7894(4) 0 10369(11) 1 46(3)
C@3) 8324(4) 0 5478(9) 1 38(2)
C(4) 7548(4) 0 7462(9) 1 40(3)
C(5) 8027(4) 0 8640(9) 1 39(2)
C(6) 8641(3) 0 8220(9) 1 36(2)
H(lcl) 7392.37 0 5022.54 1 51.1
H(1c3) 8436.82 0 4373 1 45.9
H(1c4) 7119.23 0 7746.98 1 47.9
H(1c6) 8971.45 0 9029.42 1 436
H(1n2) 9153.49 0 6388.33 1 47.1

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

Table 3. Anisotropic displacement parameters (A?x10%) for C6 H5 Br3 N2 Pb1 at 296.7 K
with estimated standard deviations in parentheses.

Label Un Uz Uss Uz Uis Uzs
Pb(1) 29(1) 34(1) 27(1) 0 0(1) 0
Br(1) 34(1) 40(1) 36(1) 0 -5(1) 0
Br(2) 35(1) 36(1) 62(1) 0 (1) 0
Br(3) 31(1) 40(1) 36(1) 0 4(1) 0
N(1) 77(6) 71(6) 43(4) 0 7(4) 0
N(2) 33(3) 30(4) 54(4) 0 2(3) 0
C(1) 41(4) 36(5) 50(5) 0 -11(4) 0
c) 47(5) 37(5) 54(5) 0 -5(4) 0
c@) 41(4) 31(4) 43(4) 0 2(3) 0
C4) 28(4) 32(4) 59(5) 0 -4(3) 0
Cc) 37(4) 30(4) 50(4) 0 1(3) 0
C(6) 34(4) 20(4) 54(5) 0 5(3) 0

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy1 + ... +
2hka*b*Usz].
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Table 4. Bond lengths [A] for C6 H5 Br3 N2 Pb1 at 296.7 K with estimated standard
deviations in parentheses.

Label Distances
Pb(1)-Br(1) 2.8539(8)
Pb(1)-Br(1)#0 3.2277(8)
Pb(1)-Br(2)#0 3.1065(4)
Pb(1)-Br(2)#0 3.1065(4)
Pb(1)-Br(3) 2.8516(8)
Pb(1)-Br(3)#0 3.1949(8)
Br(1)-N(1)#0 3.925(9)
Br(2)-N(2)#0 3.277(6)
Br(3)-N(2)#0 3.437(3)
Br(3)-N(2)#0 3.437(3)
N(1)-C(2) 1.115(12)
N(2)-C(3) 1.337(10)
N(2)-C(6) 1.343(10)
N(2)-H(1n2) 0.87
C(1)-C(3) 1.369(11)
C(1)-C(4) 1.392(11)
C(1)-H(1c1) 0.96
C(2)-C(5) 1.478(12)
C(3)-H(1c3) 0.96
C(4)-C(5) 1.395(11)
C(4)-H(1c4) 0.96
C(5)-C(6) 1.380(11)
C(6)-H(1c6) 0.96

Table 5. Bond angles [°] for C6 H5 Br3 N2 Pbl at 296.7 K with estimated standard
deviations in parentheses.

Label Angles
Br(1)-Pb(1)-Br(1)#0 94.25(2)
Br(1)-Pb(1)-Br(2)#0 87.808(15)
Br(1)-Pb(1)-Br(2)#0 87.808(15)
Br(1)-Pb(1)-Br(3) 97.47(2)
Br(1)-Pb(1)-Br(3)#0 172.22(2)
Br(1)#0-Pb(1)-Br(2)#0 94.944(15)
Br(1)#0-Pb(1)-Br(2)#0 94.944(15)
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Br(1)#0-Pb(1)-Br(3)
Br(L)#0-Pb(1)-Br(3)#0
Br(2)#0-Pb(1)-Br(2)#0
Br(2)#0-Pb(1)-Br(3)
Br(2)#0-Pb(1)-Br(3)#0
Br(2)#0-Pb(1)-Br(3)
Br(2)#0-Pb(1)-Br(3)#0
Br(3)-Pb(1)-Br(3)#0
Pb(1)-Br(1)-Pb(1)#0
Pb(1)-Br(1)-N(L)#0
Pb(1)#0-Br(1)-N(L)#0
Pb(1)#0-Br(2)-Pb(1)#0
Pb(1)#0-Br(2)-N(2)#0
Pb(1)#0-Br(2)-N(2)#0
Pb(1)-Br(3)-Pb(1)#0
Pb(1)-Br(3)-N(2)#0
Pb(1)-Br(3)-N(2)#0
Pb(1)#0-Br(3)-N(2)#0
Pb(1)#0-Br(3)-N(2)#0
N(2)#0-Br(3)-N(2)#0
Br(1)#0-N(1)-C(2)
Br(2)#0-N(2)-Br(3)#0
Br(2)#0-N(2)-Br(3)#0
Br(2)#0-N(2)-C(3)
Br(2)#0-N(2)-C(6)
Br(2)#0-N(2)-H(1n2)
Br(3)#0-N(2)-Br(3)#0
Br(3)#0-N(2)-C(3)
Br(3)#0-N(2)-C(6)
Br(3)#0-N(2)-H(1n2)
Br(3)#0-N(2)-C(3)
Br(3)#0-N(2)-C(6)
Br(3)#0-N(2)-H(1n2)
C(3)-N(2)-C(6)
C(3)-N(2)-H(1n2)
C(6)-N(2)-H(1n2)

168.28(2)
77.964(19)
169.45(2)
85.532(15)
92.821(15)
85.532(15)
92.821(15)
90.31(2)
85.75(2)
148.74(12)
125.51(12)
169.45(3)
85.320(16)
85.320(16)
89.69(2)
114.12(10)
114.12(10)
81.38(10)
81.38(10)
128.30(13)
85.2(6)
85.62(11)
85.62(11)
144.8(5)
91.9(4)
26.47
128.30(18)
79.35(19)
115.57(10)
74.95
79.35(19)
115.57(10)
74.95
123.3(7)
118.36

118.36
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C(3)-C(1)-C(4)
C(3)-C(1)-H(1c1)
C(4)-C(1)-H(1c1)
N(1)-C(2)-C(5)
N(2)-C(3)-C(1)
N(2)-C(3)-H(1c3)
C(1)-C(3)-H(1c3)
C(1)-C(4)-C()
C(1)-C(4)-H(1c4)
C(5)-C(4)-H(1c4)
C(2)-C(5)-C(4)
C(2)-C(5)-C(6)
C(4)-C(5)-C(6)
N(2)-C(6)-C(5)
N(2)-C(6)-H(1c6)
C(5)-C(6)-H(1c6)

120.3(7)
119.85
119.85
179.6(9)
119.5(7)
120.24
120.24
117.8(7)
121.09
121.09
121.4(7)
117.9(7)
120.7(7)
118.3(7)
120.83
120.83
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Table 1. Crystal data and structure refinement for C10 H22 Br4 N2 Pb1 at 293 K.

Empirical formula C10 H22 Br4 N2 Pbl
Formula weight 697.1
Temperature 293 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group Plc1l
a=12.2301(9) A, o= 90°
Unit cell dimensions b=12.2474(8) A, B =90.399(3)°
c=11.9557(8) A, y = 90°
Volume 1790.8(2) A3
4 4
Density (calculated) 2.5856 g/cm?®
Absorption coefficient 18.331 mm™!
F(000) 1272
Crystal size ?2X? X ?mm?d
6 range for data collection 2.35t0 30.67°
Index ranges -17<=h<=17, -16<=k<=17, -17<=I<=17
Reflections collected 71704
Independent reflections 6486 [Rin: = 0.0496]
Completeness to 8 = 30.67° 99%
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 6486 /0/190
Goodness-of-fit 1.85
Final R indices [1>20(1)] Rops = 0.0315, WRops = 0.0801
R indices [all data] Ran = 0.0405, wRy = 0.0823
Extinction coefficient 810(130)
Largest diff. peak and hole 0.99 and -0.83 ¢-A3

R = X||Fo|-|F¢|| / Z|Fol, WR = {Z[W(|Fol? - |Fc[?)?] I Z[w(|Fo[)]1}? and w=1/(c%(1)+0.00041?)

Table 2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A%x10°) for C10 H22 Br4 N2 Pb1 at 293 K with estimated standard deviations in
parentheses.

Label X y z Occupancy Ueq"

Pb(1) 9205(1) 9694(1) 3538(2) 1 32(1)
Pb(2) 9197(1) 4698(1) 3520(2) 1 32(1)
Br(1) 9124(3) 2288(2) 3105(3) 1 47(1)
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Br(2)
Br(3)
Br(4)
Br(5)
Br(6)
Br(7)
Br(8)
N(1)
C()
C(2)
C@)
N(2)
N(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
N(4)
C(18)
C(19)
C(20)
H(1n1)
H(2n1)
H(1c1)
H(2c1)
H(1c2)

9280(3)
6779(2)
6777(2)
1648(2)
11633(3)
9251(3)
9115(3)
1261(12)
6659(12)
6687(18)
1808(13)
11266(12)
7110(20)
4795(19)
11742(13)
5504(14)
5463(14)
2960(11)
2993(12)
3054(11)
4790(17)
6491(15)
3571(17)
5366(19)
1833(14)
1752(15)
6447(17)
7137(12)
3582(17)
3036(10)
5334(14)
1297.52
563.8
7009.78
6861.86
6790.11

4536(2)
4471(2)
9328(2)
4310(3)
9484(3)
7320(2)
9527(2)
2713(13)
6826(13)
6940(18)
1558(14)
7669(11)
7340(18)
7530(20)
8244(14)
6806(16)
6665(16)
8415(13)
1898(13)
6939(13)
7405(17)
8415(15)
2514(17)
8150(20)
6773(15)
3347(16)
8418(18)
7908(13)
7381(17)
3611(11)
8424(14)
3094.41
2628.75
6540.25
6305
7476.34

5952(3)
3575(4)
3574(4)
3480(4)
3469(4)
3952(4)
1096(3)
1226(14)
5587(14)
1770(20)
1427(16)
1421(16)
750(30)
1060(20)
398(16)
5428(18)
1661(17)
637(14)
1833(15)
2005(14)
6200(20)
420(17)
860(20)
280(20)
1850(16)
289(17)
6750(20)
5870(15)
910(18)
707(13)
6560(15)
1838.66
1102.84
493359
6151.81

2346.19
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48(1)
43(1)
44(1)
49(1)
50(1)
50(1)
50(1)
35(4)
31(4)
60(7)
40(5)
27(4)
85(9)
46(8)
26(4)
45(6)
45(6)
28(4)
30(4)
25(4)
31(6)
47(5)
37(7)
7709)
40(5)
36(5)
50(6)
36(4)
30(6)
25(3)
40(5)
423

423

37.3

37.3
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H(2c2)
H(1c3)
H(2c3)
H(1n2)
H(2n2)
H(1n3)
H(2n3)
H(1c4)
H(1c5)
H(2c5)
H(1c6)
H(2c6)
H(1c7)
H(2c7)
H(1c8)
H(2c8)
H(1c9)
H(2c9)
H(1c10)
H(2c10)
H(1c11)
H(1c12)
H(2c12)
H(1c13)
H(1c14)
H(2c14)
H(1c15)
H(2c15)
H(1c16)
H(2c16)
H(1c17)
H(2c17)
H(1n4)
H(2n4)
H(1c18)
H(1c19)

7083.18
1857.27
1437.7
11161.42
10591.72
7023.23
7807.47
4695.99
11654.22
11392.25
5259.64
5330.68
5378.65
5165.56
3047.48
3291.89
2938.15
3403.99
3389.83
3182.63
4704.47
6571.03
6775.71
3510.58
5248.56
4961.71
1705.46
1516.46
1361.7
1765.5
6694.54
6598.92
7798.66
7135.54
3525.77
3409.18

6298.47
1175.33
1187.35
8143.91
7484.15
6852.59
7480.96
8031.57
7785.73
8939.75
6063.33
7007.01
5978.84
6539.25
8928.23
8770.4

2371.27
1254.66
6257.44
7446.66
6962.93
8944.05
8690.65
2145.35
7856.47
8806.49
6149.06
6558.65
4021.48
2903.8

9148.99
8078.54
7820.41
8320.39
6885.84
4009.72

1992.93
727.93
2021.21
1950.88
1282.95
229.79
837.48
1670.39
-248.09
301.1
5370.27
4671.42
1282.01
2389.97
1237.42
9.43
2469.93
2021.76
2206.04
2602.96
6852.15
1007.33
-271.41
154.58
-456.23
113.53
1381.54
2549.28
194.5
-373.22
6888.78
7457.4
6127.17
5277.84
289.8

132.84
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715
47.8
47.8
32.4
32.4
102.1
102.1
55.4
31.7
31.7
54.4
54.4
54.6
54.6
33.4
33.4
35.8
35.8
30.4
30.4
37.2
56.3
56.3
44.6
92.6
92.6
48.1
48.1
42.9
42.9
60.3
60.3
43.2
43.2
36.1
295



H(2c19) 3023.85 3989.24 1409.95 1 29.5
H(1c20) 4969.96 8709.79 7205.23 1 48.1
H(2c20) 5152.75 9002.2 6048.46 1 48.1

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

Table 3. Anisotropic displacement parameters (A?x10%) for C10 H22 Br4 N2 Pb1 at 293
K with estimated standard deviations in parentheses.

Label Un Uz Uss Uiz Uis Uzs

Pb(1) 39(1) 27(1) 28(1) 1(1) 1(1) 0(1)
Pb(2) 38(1) 28(1) 30(1) 1(1) 1(1) 1(1)
Br(1) 63(2) 19(1) 60(2) 202) 02) 02)
Br(2) 31(2) 70(2) 41(2) 702) 102) 2(2)
Br(3) 31(1) 41(2) 57(2) 202) 102) 202)
Br(4) 33(1) 39(2) 60(2) 3(2) 1(2) 2(2)
Br (5) 66(2) 44(2) 36(2) 3(2) 1(2) 702)
Br(6) 64(2) 49(2) 39(2) 9(2) 1(2) 302)
Br(7) 28(1) 36(2) 87(3) 202) 102) 4(2)
Br(8) 54(2) 75(2) 19(2) 2(2) 02) 1(2)

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy1 + ... +
2hka™b*Usz].

Table 4. Bond lengths [A] for C10 H22 Br4 N2 Pb1 at 293 K with estimated standard
deviations in parentheses.

Label Distances
Pb(1)-Br(1)#0 3.220(3)
Pb(1)-Br(4) 3.005(3)
Pb(1)-Br(6) 2.982(3)
Pb(1)-Br(7) 2.950(3)
Pb(1)-Br(8) 2.928(4)
Pb(1)-Br(8)#0 3.206(4)
Ph(2)-Br(1) 2.994(3)
Pb(2)-Br(2) 2.916(4)
Ph(2)-Br(2)#0 3.211(4)
Ph(2)-Br(3) 2.971(3)
Ph(2)-Br(5)#0 3.036(3)
Ph(2)-Br(7) 3.253(3)
Br(1)-N(1)#0 3.496(16)
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Br(1)-N(4)#0
Br(2)-N(2)#0
Br(2)-N(3)#0
Br(3)-N(3)#0
Br(4)-N(4)
Br(5)-N(1)
Br(6)-N(2)
Br(7)-N(1)#0
Br(7)-N(2)
Br(7)-N(4)
Br(8)-N(2)
Br(8)-N(3)
N(1)-C(3)
N(1)-C(16)
N(1)-H(1n1)
N(1)-H(2n1)
C(1)-C(6)
C(1)-N(4)
C(1)-H(1c1)
C(1)-H(2c1)
C(2)-N(@3)
C(2)-C(7)
C(2)-H(1c2)
C(2)-H(2c2)
C(3)-C(9)
C(3)-H(1c3)
C(3)-H(2c3)
N(2)-C(5)
N(2)-C(15)#0
N(2)-H(1n2)
N(2)-H(2n2)
N(3)-C(12)
N(3)-H(1n3)
N(3)-H(2n3)
C(4)-C(7)
C(4)-C(14)

3.607(17)
3.673(15)
3.51(2)
3.44(3)
3.277(17)
3.361(17)
3.335(17)
3.653(16)
3.939(18)
3.542(16)
3.498(15)
3.65(2)
1.58(2)
1.49(3)
0.87

0.87
1.42(2)
1.49(2)
0.96

0.96
1.41(4)
1.54(3)
0.96

0.96
1.58(2)
0.96

0.96
1.53(3)
1.39(2)
0.87

0.87
1.57(3)
0.87

0.87
1.51(3)

1.40(4)
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C(4)-C(18)
C(4)-H(1c4)
C(5)-C(8)#0
C(5)-H(1c5)
C(5)-H(2c5)
C(6)-C(11)
C(6)-H(1c6)
C(6)-H(2c6)
C(7)-H(1c7)
C(7)-H(2c7)
C(8)-C(18)
C(8)-H(1c8)
C(8)-H(2c8)
C(9)-C(13)
C(9)-H(1c9)
C(9)-H(2c9)
C(10)-C(15)
C(10)-C(18)
C(10)-H(1c10)
C(10)-H(2c10)
C(11)-C(13)#0
C(11)-C(20)
C(11)-H(1c11)
C(12)-C(14)
C(12)-H(1c12)
C(12)-H(2c12)
C(13)-C(19)
C(13)-H(1c13)
C(14)-H(1c14)
C(14)-H(2c14)
C(15)-H(1c15)
C(15)-H(2c15)
C(16)-C(19)
C(16)-H(1c16)
C(16)-H(2c16)
C(17)-N(4)

1.50(3)
0.96
1.53(2)
0.96
0.96
1.47(3)
0.96
0.96
0.96
0.96
1.51(3)
0.96
0.96
1.56(3)
0.96
0.96
1.52(2)
1.56(3)
0.96
0.96
1.54(3)
1.48(3)
0.96
1.42(3)
0.96
0.96
1.50(3)
0.96
0.96
0.96
0.96
0.96
1.68(2)
0.96
0.96

1.49(3)
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C(17)-C(20) 1.38(3)

C(17)-H(1c17) 0.96
C(17)-H(2¢17) 0.96
N(4)-H(Ln4) 0.87
N(4)-H(2n4) 0.87
C(18)-H(1c18) 0.96
C(19)-H(1c19) 0.96
C(19)-H(2c19) 0.96
C(20)-H(1c20) 0.96
C(20)-H(2c20) 0.96

Table 5. Bond angles [°] for C10 H22 Br4 N2 Pbl at 293 K with estimated standard
deviations in parentheses.

Label Angles
Br(1)#0-Pb(1)-Br(4) 96.92(9)
Br(1)#0-Pb(1)-Br(6) 96.32(9)
Br(1)#0-Pb(1)-Br(7) 179.21(10)
Br(1)#0-Pb(1)-Br(8) 84.70(10)
Br(1)#0-Pb(1)-Br(8)#0 81.88(9)
Br(4)-Pb(1)-Br(6) 166.44(9)
Br(4)-Pb(1)-Br(7) 82.41(9)
Br(4)-Pb(1)-Br(8) 88.48(12)
Br(4)-Pb(1)-Br(8)#0 89.44(11)
Br(6)-Pb(1)-Br(7) 84.37(9)
Br(6)-Pb(1)-Br(8) 89.83(12)
Br(6)-Pb(1)-Br(8)#0 95.33(11)
Br(7)-Pb(1)-Br(8) 95.68(11)
Br(7)-Pb(1)-Br(8)#0 97.70(11)
Br(8)-Pb(1)-Br(8)#0 166.07(9)
Br(1)-Pb(2)-Br(2) 95.67(10)
Br(1)-Ph(2)-Br(2)#0 97.50(10)
Br(1)-Pb(2)-Br(3) 83.28(9)
Br(1)-Pb(2)-Br(5)#0 82.59(9)
Br(1)-Pb(2)-Br(7) 179.34(10)
Br(2)-Pb(2)-Br(2)#0 166.40(8)
Br(2)-Pb(2)-Br(3) 89.93(12)
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Br(2)-Pb(2)-Br(5)#0
Br(2)-Pb(2)-Br(7)
Br(2)#0-Pb(2)-Br(3)

Br(2)#0-Pb(2)-Br(5)#0

Br(2)#0-Pb(2)-Br(7)
Br(3)-Pb(2)-Br(5)#0
Br(3)-Pb(2)-Br(7)
Br(5)#0-Pb(2)-Br(7)
Pb(1)#0-Br(1)-Pb(2)
Pb(1)#0-Br(1)-N(L)#0
Pb(1)#0-Br(1)-N(4)#0
Pb(2)-Br(1)-N(L)#0
Pb(2)-Br(1)-N(4)#0
N(L)#0-Br(1)-N(4)#0
Pb(2)-Br(2)-Pb(2)#0
Pb(2)-Br(2)-N(2)#0
Pb(2)-Br(2)-N(3)#0
Pb(2)#0-Br(2)-N(2)#0
Pb(2)#0-Br(2)-N(3)#0
N(2)#0-Br(2)-N(3)#0
Pb(2)-Br(3)-N(3)#0
Pb(1)-Br(4)-N(4)
Pb(2)#0-Br(5)-N(1)
Pb(1)-Br(6)-N(2)
Pb(1)-Br(7)-Pb(2)
Pb(1)-Br(7)-N(L)#0
Pb(1)-Br(7)-N(2)
Pb(1)-Br(7)-N(4)
Pb(2)-Br(7)-N(L)#0
Pb(2)-Br(7)-N(2)
Pb(2)-Br(7)-N(4)
N(1)#0-Br(7)-N(2)
N(1)#0-Br(7)-N(4)
N(2)-Br(7)-N(4)
Pb(1)-Br(8)-Pb(1)#0
Pb(1)-Br(8)-N(2)

88.72(11)
84.74(10)
94.97(11)
89.61(11)
82.12(10)
165.61(9)
96.20(8)
97.94(9)
160.92(15)
103.2(3)
94.2(3)
86.5(3)
102.0(3)
92.1(4)
158.77(11)
102.7(3)
87.5(5)
95.4(3)
103.1(5)
91.5(5)
87.9(4)
87.9(3)
88.3(3)
87.1(3)
161.09(16)
98.5(3)
77.0(2)
84.0(3)
96.9(3)
89.8(2)
106.8(3)
98.7(4)
90.6(4)
159.8(3)
158.29(11)

84.9(3)
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Pb(1)-Br(8)-N(3)
Pb(1)#0-Br(8)-N(2)
Pb(1)#0-Br(8)-N(3)
N(2)-Br(8)-N(3)
Br(L1)#0-N(1)-Br(5)
Br(L1)#0-N(1)-Br(7)#0
Br(1)#0-N(1)-C(3)
Br(L)#0-N(1)-C(16)
Br(1)#0-N(1)-H(1n1)
Br(1)#0-N(1)-H(2n1)
Br(5)-N(1)-Br(7)#0
Br(5)-N(1)-C(3)
Br(5)-N(1)-C(16)
Br(5)-N(1)-H(1n1)
Br(5)-N(1)-H(2n1)
Br(7)#0-N(1)-C(3)
Br(7)#0-N(1)-C(16)
Br(7)#0-N(1)-H(1n1)
Br(7)#0-N(1)-H(2n1)
C(3)-N(1)-C(16)
C(3)-N(1)-H(1n1)
C(3)-N(1)-H(2n1)
C(16)-N(1)-H(1n1)
C(16)-N(1)-H(2n1)
H(1n1)-N(1)-H(2n1)
C(6)-C(1)-N(4)
C(6)-C(1)-H(1c1)
C(6)-C(1)-H(2c1)
N(4)-C(1)-H(1cl)
N(4)-C(1)-H(2c1)
H(1c1)-C(1)-H(2c1)
N(3)-C(2)-C(7)
N(3)-C(2)-H(1c2)
N(3)-C(2)-H(2¢2)
C(7)-C(2)-H(1c2)
C(7)-C(2)-H(2¢2)

100.6(5)
105.6(3)
98.0(5)
92.2(5)
70.9(3)
88.5(3)
95.0(9)
150.0(11)
64.75
49.87
133.9(5)
110.0(10)
104.1(10)
6.18
109.69
112.6(10)
73.7(9)
131.55
38.69
114.0(14)
109.47
109.47
109.47
109.47
104.52
115.7(14)
109.47
109.47
109.47
109.47
102.45
112(2)
109.47
109.47
109.47

109.47
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H(1c2)-C(2)-H(2c2)
N(1)-C(3)-C(9)
N(1)-C(3)-H(1c3)
N(1)-C(3)-H(2c3)
C(9)-C(3)-H(1c3)
C(9)-C(3)-H(2c3)
H(1c3)-C(3)-H(2c3)
Br(2)#0-N(2)-Br(6)
Br(2)#0-N(2)-Br(7)
Br(2)#0-N(2)-Br(8)
Br(2)#0-N(2)-C(5)
Br(2)#0-N(2)-C(15)#0
Br(2)#0-N(2)-H(1n2)
Br(2)#0-N(2)-H(2n2)
Br(6)-N(2)-Br(7)
Br(6)-N(2)-Br(8)
Br(6)-N(2)-C(5)
Br(6)-N(2)-C(15)#0
Br(6)-N(2)-H(1n2)
Br(6)-N(2)-H(2n2)
Br(7)-N(2)-Br(8)
Br(7)-N(2)-C(5)
Br(7)-N(2)-C(15)#0
Br(7)-N(2)-H(1n2)
Br(7)-N(2)-H(2n2)
Br(8)-N(2)-C(5)
Br(8)-N(2)-C(15)#0
Br(8)-N(2)-H(1n2)
Br(8)-N(2)-H(2n2)
C(5)-N(2)-C(15)#0
C(5)-N(2)-H(1n2)
C(5)-N(2)-H(2n2)
C(15)#0-N(2)-H(1n2)
C(15)#0-N(2)-H(2n2)
H(1n2)-N(2)-H(2n2)
Br(2)#0-N(3)-Br(3)#0

107.26
101.4(12)
109.47
109.47
109.47
109.47
116.49
133.4(5)
67.7(3)
88.0(3)
118.1(11)
78.7(9)
120.13
32.27
65.8(3)
75.2(3)
103.3(9)
101.0(12)
16.2
115.82
71.5(3)
155.2(10)
86.8(11)
54.36
61.32
84.3(8)
157.6(12)
62.08
55.74
117.8(14)
109.47
109.47
109.47
109.47
99.68

73.5(5)
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Br(2)#0-N(3)-Br(8)
Br(2)#0-N(3)-C(2)
Br(2)#0-N(3)-C(12)
Br(2)#0-N(3)-H(1n3)
Br(2)#0-N(3)-H(2n3)
Br(3)#0-N(3)-Br(8)
Br(3)#0-N(3)-C(2)
Br(3)#0-N(3)-C(12)
Br(3)#0-N(3)-H(1n3)
Br(3)#0-N(3)-H(2n3)
Br(8)-N(3)-C(2)
Br(8)-N(3)-C(12)
Br(8)-N(3)-H(1n3)
Br(8)-N(3)-H(2n3)
C(2)-N(3)-C(12)
C(2)-N(3)-H(1n3)
C(2)-N(3)-H(2n3)
C(12)-N(3)-H(1n3)
C(12)-N(3)-H(2n3)
H(1n3)-N(3)-H(2n3)
C(7)-C(4)-C(14)
C(7)-C(4)-C(18)
C(7)-C(4)-H(1c4)
C(14)-C(4)-C(18)
C(14)-C(4)-H(1c4)
C(18)-C(4)-H(1c4)
N(2)-C(5)-C(8)#0
N(2)-C(5)-H(1c5)
N(2)-C(5)-H(2c5)
C(8)#0-C(5)-H(1cb)
C(8)#0-C(5)-H(2c5)
H(1c5)-C(5)-H(2c5)
C(1)-C(6)-C(11)
C(1)-C(6)-H(1c6)
C(1)-C(6)-H(2c6)
C(11)-C(6)-H(1c6)

88.2(6)
89.9(14)
158.4(15)
72.17
52.36
129.4(9)
112.6(15)
107.1(16)
3.28
109.15
114.1(17)
74.7(11)
131.83
35.82
109(2)
109.47
109.47
109.47
109.47
109.95
115(2)
120(2)
99.37
119(2)
102.78
92.32
106.8(14)
109.47
109.47
109.47
109.47
112.02
120.1(18)
109.47
109.47

109.47
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C(11)-C(6)-H(2c6)
H(1c6)-C(6)-H(2c6)
C(2)-C(7)-C(4)
C(2)-C(7)-H(1c7)
C(2)-C(7)-H(2c7)
C(4)-C(7)-H(1c7)
C(4)-C(7)-H(2c7)
H(1c7)-C(7)-H(2c7)
C(5)#0-C(8)-C(18)
C(5)#0-C(8)-H(1c8)
C(5)#0-C(8)-H(2c8)
C(18)-C(8)-H(1c8)
C(18)-C(8)-H(2c8)
H(1c8)-C(8)-H(2c8)
C(3)-C(9)-C(13)
C(3)-C(9)-H(1c9)
C(3)-C(9)-H(2c9)
C(13)-C(9)-H(1c9)
C(13)-C(9)-H(2c9)
H(1c9)-C(9)-H(2c9)
C(15)-C(10)-C(18)
C(15)-C(10)-H(1c10)
C(15)-C(10)-H(2c10)
C(18)-C(10)-H(1c10)
C(18)-C(10)-H(2c10)
H(1c10)-C(10)-H(2c10)
C(6)-C(11)-C(13)#0
C(6)-C(11)-C(20)
C(6)-C(11)-H(1c11)
C(13)#0-C(11)-C(20)
C(13)#0-C(11)-H(1c11)
C(20)-C(11)-H(1c11)
N(3)-C(12)-C(14)
N(3)-C(12)-H(1c12)
N(3)-C(12)-H(2¢c12)
C(14)-C(12)-H(1c12)

109.47
96.21
114.2(18)
109.47
109.47
109.47
109.47
104.3
114.5(14)
109.47
109.47
109.47
109.47
103.97
108.5(15)
109.47
109.47
109.47
109.47
110.42
110.9(14)
109.47
109.47
109.47
109.47
107.99
117(2)
109.7(17)
107.33
117.0(17)
97.87
106.72
108.0(18)
109.47
109.47

109.47
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C(14)-C(12)-H(2c12)
H(Lc12)-C(12)-H(2c12)
C(9)-C(13)-C(11)#0
C(9)-C(13)-C(19)
C(9)-C(13)-H(1c13)
C(11)#0-C(13)-C(19)
C(11)#0-C(13)-H(1c13)
C(19)-C(13)-H(1c13)
C(4)-C(14)-C(12)
C(4)-C(14)-H(1c14)
C(4)-C(14)-H(2c14)
C(12)-C(14)-H(1c14)
C(12)-C(14)-H(2c14)
H(Lc14)-C(14)-H(2c14)
N(2)#0-C(15)-C(10)
N(2)#0-C(15)-H(1c15)
N(2)#0-C(15)-H(2c15)
C(10)-C(15)-H(1c15)
C(10)-C(15)-H(2¢15)
H(Lc15)-C(15)-H(2c15)
N(L)-C(16)-C(19)
N(1)-C(16)-H(1c16)
N(L)-C(16)-H(2c16)
C(19)-C(16)-H(1c16)
C(19)-C(16)-H(2c16)
H(1c16)-C(16)-H(2c16)
N(4)-C(17)-C(20)
N(4)-C(17)-H(1c17)
N(4)-C(17)-H(2c17)
C(20)-C(17)-H(1c17)
C(20)-C(17)-H(2c17)
H(Lc17)-C(17)-H(2¢c17)
Br(1)#0-N(4)-Br(4)
Br(1)#0-N(4)-Br(7)
Br(1)#0-N(4)-C(1)
Br(1)#0-N(4)-C(17)

109.47
110.93
106.2(19)
108.9(17)
113.26
113.1(16)
109.07
106.36
122(2)
109.47
109.47
109.47
109.47
93.14
115.2(15)
109.47
109.47
109.47
109.47
103.03
104.9(14)
109.47
109.47
109.47
109.47
113.67
116.8(18)
109.47
109.47
109.47
109.47
101.03
137.9(5)
88.6(3)
111.8(10)

83.6(11)
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Br(1)#0-N(4)-H(1n4) 27.16

Br(1)#0-N(4)-H(2n4) 129.75
Br(4)-N(4)-Br(7) 70.1(3)
Br(4)-N(4)-C(1) 103.4(10)
Br(4)-N(4)-C(17) 107.2(11)
Br(4)-N(4)-H(1n4) 118.71
Br(4)-N(4)-H(2n4) 8.21
Br(7)-N(4)-C(1) 87.6(9)
Br(7)-N(4)-C(17) 164.1(12)
Br(7)-N(4)-H(1n4) 61.46
Br(7)-N(4)-H(2n4) 65.67
C(1)-N(4)-C(17) 108.1(14)
C(1)-N(4)-H(1n4) 109.47
C(1)-N(4)-H(2n4) 109.47
C(17)-N(4)-H(1n4) 109.47
C(17)-N(4)-H(2n4) 109.47
H(1n4)-N(4)-H(2n4) 110.84
C(4)-C(18)-C(8) 114.9(17)
C(4)-C(18)-C(10) 110.6(18)
C(4)-C(18)-H(1c18) 103.61
C(8)-C(18)-C(10) 105.1(15)
C(8)-C(18)-H(1c18) 109.23
C(10)-C(18)-H(1c18) 113.61
C(13)-C(19)-C(16) 105.7(13)
C(13)-C(19)-H(1c19) 109.47
C(13)-C(19)-H(2c19) 109.47
C(16)-C(19)-H(1c19) 109.47
C(16)-C(19)-H(2c19) 109.47
H(1c19)-C(19)-H(2c19) 113.02
C(11)-C(20)-C(17) 119.0(17)
C(11)-C(20)-H(1c20) 109.47
C(11)-C(20)-H(2c20) 109.47
C(17)-C(20)-H(1c20) 109.47
C(17)-C(20)-H(2c20) 109.47
H(1c20)-C(20)-H(2c20) 97.86
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Table 1. Crystal data and structure refinement for C6 H16 Br4 N2 Pb1 at 293 K.

Empirical formula
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 = 34.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I>20(1)]

R indices [all data]
Extinction coefficient

Largest diff. peak and hole

C6 H16 Br4 N2 Pbl
643

293 K

0.71073 A
orthorhombic

Pcaz2l

a=17.7632(5) A, a = 90°
b=10.2507(2) A, B = 90°
c=7.8349(3) A, y = 90°

1426.62(7) A3

4

2.9938 g/cm?®

22.997 mm*

1152

?2Xx7?x?mmd

1.99 to 35.56°

-27<=h<=28, -14<=k<=14, -12<=I<=12
86881

2599 [Rint = 0.1476]

98%

Full-matrix least-squares on F?
2599/0/119

157

Robs = 0.0361, WRops = 0.0886
Ran = 0.0422, wR4 = 0.0902

2

0.64 and -1.33 e-A3

R = X||Fo|-[Fdl[/ ZIFo|, WR = {Z[W(|Fof - [F®)?] 7 Z[W(|Fo/H]}2 and w=1/(c%(1)+0.00041%)

Table 2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10°) for C6 H16 Br4 N2 Pb1 at 293 K with estimated standard deviations in
parentheses.

Label X y z Occupancy Ueq"

Pb(1) 6227(1) 5072(1) 7204(2) 1 40(2)
Br(1) 8473(1) 2066(2) 1980(3) 1 52(1)
Br(2) 6125(1) 7854(2) 7448(4) 1 54(1)
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Br(3) 7333(1) 5198(2) 10215(2) 1 50(1)
Br(4) 5371(1) 5028(2) 3935(3) 1 55(1)
N(L) 6180(6) 7640(11) 1775(18) 1 51(5)
N(2) 6659(7) 2638(11) 2810(16) 1 51(5)
C(1) 6107(7) 1815(13) 1850(19) 1 46(5)
c() 6090(7) 441(13) 2470(20) 1 47(5)
C@3) 6789(9) 8319(15) 2710(20) 1 62(7)
C(4) 5464(7) -324(14) 1500(20) 1 59(6)
C(5) 6850(7) 9704(13) 2120(30) 1 61(6)
C(6) 5440(7) 8293(14) 2050(30) 1 63(6)
H(1n1) 6283.87 7634.34 690.26 1 61.4
H(2n1) 6153.32 6833.78 2116.67 1 61.4
H(1n2) 6599.94 3451.91 2524.1 1 61.5
H(2n2) 6582.19 2550.4 3900.8 1 615
H(3n2) 71143 2390.99 2563.19 1 615
H(lc1) 6230.43 1825.61 657.52 1 55.1
H(2c1) 5613.45 2188.5 1946.96 1 55.1
H(1c2) 6001.51 478.31 3678.58 1 56.6
H(1c3) 6681.4 8304.11 3914.74 1 74.6
H(2¢3) 7258.16 7878.7 2517.81 1 74.6
H(1c4) 4984.71 76.67 1718.59 1 71.2
H(2c4) 5556.63 -282.26 299 1 71.2
H(1c5) 6956.98 9719.04 920.52 1 733
H(2c5) 7251.39 10130.77 2722.67 1 733
H(1c6) 5056.82 7840.24 1425.63 1 75.8
H(2c6) 5310.07 8248.67 3242.16 1 75.8

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

Table 3. Anisotropic displacement parameters (A?x10%) for C6 H16 Br4 N2 Pb1 at 293 K
with estimated standard deviations in parentheses.

Label Un Uz Uss Ui Uss Uzs

Pb(1) 34(1) 43(1) 42(1) 1(1) 0(1) 3(0)
Br(1) 41(1) 52(1) 62(2) 1(0) 2(1) 2(1)
Br(2) 50(1) 47(1) 66(2) 7(0) 1(1) 3(0)
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Br(3) 46(1) 58(1) 45(1) 6(1) -7(1) -1(1)

Br(4) 50(1) 62(1) 54(1) -2(1) -11(1) -1(1)
N(1) 41(6) 44(7) 68(11) 3(5) A7) -10(7)
N(2) 59(8) 42(7) 53(9) 5(6) 8(6) 1(6)
c() 50(8) 42(7) 46(11) 10(6) 1(8) 0(7)
c() 39(7) 48(7) 55(10) 1(6) 3(7) 4(8)
C@3) 46(9) 63(10) 78(14) 11(8) -6(8) 7(9)
C() 29(8) 51(9) 98(15) 9(6) 2(8) -15(9)
C(5) 34(7) 52(8) 97(14) 5(6) -10(12) 1(11)
C(6) 31(7) 60(9) 98(15) -7(6) -6(10) -23(11)

The anisotropic displacement factor exponent takes the form: -2n?[h?a™Uy1 + ... +
2hka™b*Usz].

Table 4. Bond lengths [A] for C6 H16 Br4 N2 Pb1 at 293 K with estimated standard
deviations in parentheses.

Label Distances
Pb(1)-Br(1)#0 3.1325(15)
Pb(1)-Br(2) 2.8637(15)
Pb(1)-Br(3) 3.0725(19)
Pb(1)-Br(3)#0 2.9984(17)
Pb(1)-Br(4) 2.978(2)
Pb(1)-Br(4)#0 3.1477(18)
Br(1)-N(2) 3.339(13)
Br(1)-N(2)#0 3.328(13)
Br(2)-N(1)#0 3.399(15)
Br(3)-N(1)#0 3.458(11)
Br(3)-N(2)#0 3.529(12)
Br(3)-N(2)#0 3.694(12)
Br(4)-N(1) 3.478(12)
Br(4)-N(2) 3.466(12)
N(1)-C(3) 1.48(2)
N(1)-C(6) 1.491(17)
N(1)-H(1n1) 0.87
N(1)-H(2n1) 0.87
N(2)-C(1) 1.496(18)
N(2)-H(1n2) 0.87
N(2)-H(2n2) 0.87
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N(2)-H(3n2) 0.87

C(1)-C(2) 1.490(19)
C(1)-H(1c1) 0.96
C(1)-H(2c1) 0.96
C(2)-C(4) 1.56(2)
C(2)-C(5)#0 1.570(18)
C(2)-H(1c2) 0.96
C(3)-C(5) 1.50(2)
C(3)-H(1c3) 0.96
C(3)-H(2c3) 0.96
C(4)-C(6)#0 1.48(2)
C(4)-H(1c4) 0.96
C(4)-H(2c4) 0.96
C(5)-H(1cb) 0.96
C(5)-H(2c5) 0.96
C(6)-H(1c6) 0.96
C(6)-H(2c6) 0.96

Table 5. Bond angles [°] for C6 H16 Br4 N2 Pb1 at 293 K with estimated standard
deviations in parentheses.

Label Angles
Br(1)#0-Pb(1)-Br(2) 173.80(4)
Br(1)#0-Pb(1)-Br(3) 88.58(5)
Br(1)#0-Pb(1)-Br(3)#0 82.41(5)
Br(1)#0-Pb(1)-Br(4) 91.38(6)
Br(1)#0-Pb(1)-Br(4)#0 98.37(4)
Br(2)-Pb(1)-Br(3) 86.99(6)
Br(2)-Pb(1)-Br(3)#0 92.64(5)
Br(2)-Pb(1)-Br(4) 92.29(6)
Br(2)-Pb(1)-Br(4)#0 86.93(5)
Br(3)-Pb(1)-Br(3)#0 81.47(5)
Br(3)-Pb(1)-Br(4) 170.78(5)
Br(3)-Pb(1)-Br(4)#0 104.30(6)
Br(3)#0-Ph(1)-Br(4) 89.38(5)
Br(3)#0-Pb(1)-Br(4)#0 174.17(6)
Br(4)-Pb(1)-Br(4)#0 84.82(5)
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Pb(1)#0-Br(1)-N(2)
Pb(1)#0-Br(1)-N(2)#0
N(2)-Br(1)-N(2)#0
Pb(1)-Br(2)-N(L)#0
Pb(1)-Br(3)-Pb(1)#0
Pb(1)-Br(3)-N(L)#0
Pb(1)-Br(3)-N(2)#0
Pb(1)-Br(3)-N(2)#0
Pb(1)#0-Br(3)-N(L)#0
Pb(1)#0-Br(3)-N(2)#0
Pb(1)#0-Br(3)-N(2)#0
N(1)#0-Br(3)-N(2)#0
N(1)#0-Br(3)-N(2)#0
N(2)#0-Br(3)-N(2)#0
Pb(1)-Br(4)-Pb(1)#0
Pb(1)-Br(4)-N(1)
Pb(1)-Br(4)-N(2)
Pb(1)#0-Br(4)-N(1)
Pb(1)#0-Br(4)-N(2)
N(1)-Br(4)-N(2)
Br(2)#0-N(1)-Br(3)#0
Br(2)#0-N(1)-Br(4)
Br(2)#0-N(1)-C(3)
Br(2)#0-N(1)-C(6)
Br(2)#0-N(1)-H(1n1)
Br(2)#0-N(1)-H(2n1)
Br(3)#0-N(1)-Br(4)
Br(3)#0-N(1)-C(3)
Br(3)#0-N(1)-C(6)
Br(3)#0-N(1)-H(1n1)
Br(3)#0-N(1)-H(2n1)
Br(4)-N(1)-C(3)
Br(4)-N(1)-C(6)
Br(4)-N(1)-H(1n1)
Br(4)-N(1)-H(2n1)
C(3)-N(1)-C(6)

88.9(2)
83.9(2)
95.3(3)
90.0(2)
160.52(7)
85.6(2)
101.2(2)
83.6(2)
110.6(2)
87.6(2)
79.7(2)
97.7(3)
169.1(3)
86.0(3)
146.23(7)
101.3(2)
83.8(2)
100.8(2)
117.5(2)
98.5(3)
73.2(3)
121.5(3)
119.1(9)
95.3(10)
14.49
111.48
81.9(2)
94.8(8)
154.0(9)
61.57
56.84
114.9(9)
84.8(8)
123.91
25.4

111.1(12)
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C(3)-N(1)-H(1n1)
C(3)-N(1)-H(2n1)
C(6)-N(1)-H(1n1)
C(6)-N(1)-H(2n1)
H(1n1)-N(1)-H(2n1)
Br(1)-N(2)-Br(1)#0
Br(1)-N(2)-Br(3)#0
Br(1)-N(2)-Br(3)#0
Br(1)-N(2)-Br(4)
Br(1)-N(2)-C(1)
Br(1)-N(2)-H(1n2)
Br(1)-N(2)-H(2n2)
Br(1)-N(2)-H(3n2)
Br(1)#0-N(2)-Br(3)#0
Br(1)#0-N(2)-Br(3)#0
Br(1)#0-N(2)-Br(4)
Br(1)#0-N(2)-C(1)
Br(1)#0-N(2)-H(1n2)
Br(1)#0-N(2)-H(2n2)
Br(1)#0-N(2)-H(3n2)
Br(3)#0-N(2)-Br(3)#0
Br(3)#0-N(2)-Br(4)
Br(3)#0-N(2)-C(1)
Br(3)#0-N(2)-H(1n2)
Br(3)#0-N(2)-H(2n2)
Br(3)#0-N(2)-H(3n2)
Br(3)#0-N(2)-Br(4)
Br(3)#0-N(2)-C(1)
Br(3)#0-N(2)-H(1n2)
Br(3)#0-N(2)-H(2n2)
Br(3)#0-N(2)-H(3n2)
Br(4)-N(2)-C(1)
Br(4)-N(2)-H(1n2)
Br(4)-N(2)-H(2n2)
Br(4)-N(2)-H(3n2)
C(1)-N(2)-H(1n2)

109.47
109.47
109.47
109.47
107.78
103.2(3)
72.0(2)
75.9(3)
144.2(4)
115.8(8)
103.53
108.87
7.09
136.1(4)
70.0(2)
80.1(3)
110.4(8)
114.42
6.46
103.42
66.5(2)
81.1(2)
110.6(8)
34.85
134.09
76.86
71.8(2)
167.1(8)
60.55
69.39
82.46
95.4(7)
46.26
73.75
151.22

109.47
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C(1)-N(2)-H(2n2)
C(1)-N(2)-H(3n2)
H(1n2)-N(2)-H(2n2)
H(1n2)-N(2)-H(3n2)
H(2n2)-N(2)-H(3n2)
N(2)-C(1)-C(2)
N(2)-C(1)-H(1c1)
N(2)-C(1)-H(2c1)
C(2)-C(1)-H(1c1)
C(2)-C(1)-H(2c1)
H(1c1)-C(1)-H(2c1)
C(1)-C(2)-C(4)
C(1)-C(2)-C(5)#0
C(1)-C(2)-H(1c2)
C(4)-C(2)-C(5)#0
C(4)-C(2)-H(1c2)
C(5)#0-C(2)-H(1c2)
N(1)-C(3)-C(5)
N(1)-C(3)-H(1c3)
N(1)-C(3)-H(2c3)
C(5)-C(3)-H(1c3)
C(5)-C(3)-H(2c3)
H(1c3)-C(3)-H(2c3)
C(2)-C(4)-C(6)#0
C(2)-C(4)-H(1c4)
C(2)-C(4)-H(2c4)
C(6)#0-C(4)-H(1c4)
C(6)#0-C(4)-H(2c4)
H(1c4)-C(4)-H(2c4)
C(2)#0-C(5)-C(3)
C(2)#0-C(5)-H(1c5)
C(2)#0-C(5)-H(2c5)
C(3)-C(5)-H(1c5)
C(3)-C(5)-H(2c5)
H(1c5)-C(5)-H(2c5)
N(1)-C(6)-C(4)#0

109.47
109.47
109.47
109.47
109.47
112.5(12)
109.47
109.47
109.47
109.47
106.29
109.4(13)
112.4(12)
106.71
106.7(12)
112.42
109.41
110.1(14)
109.47
109.47
109.47
109.47
108.82
111.2(13)
109.47
109.47
109.47
109.47
107.73
109.9(12)
109.47
109.47
109.47
109.47
109.07

111.2(11)
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N(1)-C(6)-H(1c6) 109.47

N(L)-C(6)-H(2c6) 109.47
C(4)#0-C(6)-H(1c6) 109.47
C(4)#0-C(6)-H(2c6) 109.47
H(1c6)-C(6)-H(2c6) 107.69
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2D halide perovskite-like semiconductors are attractive materials for various
optoelectronic applications, from photovoltaics to lasing. To date, the most studied
families of such low-dimensional halide perovskite-like compounds are
Ruddlesden—Popper, Dion-Jacobson and other phases that can be derived from 3D halide
perovskites by slicing along different crystallographic directions, which leads to the
spatially isotropic corner-sharing connectivity type of metal-halide octahedra in the 2D
layer plane. In this work a new family of hybrid organic-inorganic 2D lead-halides is
introduced, by reporting the first example of the hybrid organic-inorganic post-perovskite
3-cyanopyridinium lead tribromide (3cp)PbBrs. Post-perovskite structure has unique

octahedra connectivity type in the layer plane: typical “perovskite-like” corner-sharing in
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one direction, and the rare edge-sharing connectivity pattern in the other. Such
connectivity leads to a significant anisotropy in the material properties within the
inorganic layer plane. Moreover, the dense organic cations packing results in the
formation of 1D fully-organic bands in the electronic structure, offering prospects of the
involvement of the organic subsystem into material’s optoelectronic properties. The
(3cp)PbBrs3 clearly shows the 2D quantum size effect with a band gap around 3.2 eV and

typical broadband self-trapped excitonic photoluminescence at temperature below 200 K.

1. Introduction

Halide perovskites, known and studied!*-®! for more than a century, attracted attention in
the mid-2010s due to the possibility of their use for the absorber layer in solar cells.”*! In
parallel with the record achievements in the efficiency of perovskite solar cells, the
possibilities of using these unique semiconductors in other fields of optoelectronics, such
as photodetectors,® light-emitting diodes,["? lasers active media,® y- and X-ray
detectors,®! to name a few, are opening up. The structural formula of halide perovskite
crystals is ABXs, where B2* is a metal cation (usually Pb?* or Sn?*), X~ is a halide anion
(I, Br, CI"), and A" is either an inorganic or organic cation in fully inorganic and hybrid
organic-inorganic halide perovskites respectively. The main building blocks of the 3D
perovskite inorganic frameworks are the [BXe/2] octahedra, connected in corner-sharing
manner along the three orthogonal spatial dimensions. Such infinite framewaorks are only
stable when the A-cations have suitable sizes limited by the Goldschmidt relation[*®! for
ionic solids.

Violation of this limitation could lead to edge- or face-sharing octahedra connectivity or

leave some of X anions as terminal ligands. This structural versatility results in a huge
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variety of perovskite-like structures of ABXs or dimensionally-reduced stoichiometries.
Some B-X framework types could be obtained in fully-inorganic perovskite-like
compounds,*%*2 put the greatest variety can be achieved via the organic A-cations
substitution. Low-dimensional perovskite-like structures are of particular practical
interest, among which quasi-2D crystals got the most attention.*34 The 2D perovskite-
like semiconductors are natural multiple quantum wells with well-pronounced quantum
size effect, increased exciton binding energy and oscillator strength!*>!%] and are praised
for their stability!*”! and possibility to be used in various optoelectronic applications,
ranging from photovoltaics!*® to lasers.[* ]

The broadest order of hybrid organic-inorganic quasi-2D perovskite-like structurest?”]
could be imagined by slicing off layers from ABX3s perovskites framework along the
(100), (110) or (111) directions with organic cations serving as spacers. The (100)-
oriented cleaves lead to the mostly studied Ruddlesden—Popper (RP) and Dion-Jacobson
(DJ) families.!*®! Figure 1a,c shows inorganic layers of these two homologous families
for n=1. Therein, the corner-sharing octahedra connectivity in the layer plane inherited
from the 3D-perovskite ancestor results in the material isotropy in x and y directions.
Despite the tremendous possibilities of controlling the crystal structure by selecting the
organic cations, not all the possible analogous structures found in oxide perovskite
derivatives have been realized in their halide counterparts.

One of the most unexpected oxide perovskite-like crystal structures comes from
geophysics. Seismic observation of the Earth's interior led to the discovery of unexpected
features of the lowermost mantle region called D’’ layer. Most of the lower mantle is

composed of MgSiOgz perovskite. It was expected that in D’ layer this mineral undergoes

[96]



phase transition, and new phase would explain abnormal properties of this layer. In 2004
this question was resolved by the discovery of MgSiOs polytypel??? named “post-
perovskite”. MgSiO3 post-perovskite exists at pressures above 125 GPa and a
temperature of 2500 K. This phase consists of [SiOs;2]*~ octahedra, forming layers with
corner- and edge-sharing connectivity in orthogonal directions across the layers’ plane
separated by Mg?* cations between the layers. This connectivity is schematically shown
in Figure 1b. The post-perovskite structure is quite uncommon and it only known in the
MgGeOs, 31 MnGeOs,? Calr03,?! CaRuO3,?%1 CaPtO3[?") among oxides. Other
material families that host the post-perovskite structure include the NaMgF3?® fluoride,
and the B-LnLuSes (Ln = Pr, Nd)?® and UFeE; (E = S, Se)E% chalcogenides. The
structure of Cr3GeC is an example of the anti-post-perovskite structure in carbide
chemistry.B! The only known heavy halide post-perovskite is fully inorganic TIPbl3.[t1:32]
Despite its toxicity, this material already attracted attention for possible ionizing radiation
detection.®! It should be noted that in all the post-perovskites mentioned above the
crystal structures adopts the based-centered orthorhombic Cmcm space group containing
two layers of corrugated octahedra sheets within the unit cell as shown in Figure 1d. This
structure could be represented as a high-symmetry structure (Figure 1b) with the lattice
constant doubling along the y direction due to the octahedra tilts. For hybrid organic-
inorganic lead halides only 1D chains with post-perovskite connectivity type were
synthesized so far.[*4l

In this work we introduce a new family of hybrid organic-inorganic 2D lead-halides by
reporting the first example of the hybrid organic-inorganic post-perovskite

(3cp)PbBrs3,where 3cp stands for the 3-cyanopyridinium, [3-CN-CsHsNH]* cation. We
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experimentally explore its structural, optical and vibrational properties, and predict its
electronic structure peculiarities by theoretical calculations. The different octahedra
connectivities across the inorganic framework layers give rise to the material anisotropy,
while the dense organic cations packing offers prospects of the involvement of the
organic subsystem into material’s optoelectronic properties.

Ruddlesden—Popper,
Dion-Jacobson

oo

MgSiO,-type (y-doubling) (3cp)PbBr, (x-doubling)

Figure 1. Schematic crystal structures of connected [BXs] octahedra frameworks for
Ruddlesden—Popper and Dion-Jacobson phases (left), and for post-perovskite phase
(right) viewed along the stacking z-axis (top row) and in-plane x-axis (bottom row).
Symmetry lowering in actual post-perovskite structures by doubling the lattice constant
along the y-axis in MgSiOz-type and x-axis in (3cp)PbBrs crystal types are shown.

Post-perovskite

2. Results and Discussion
2.1. Crystal Growth and Characterization

Centimeter-sized (3cp)PbBrs single crystals were grown by the slow counterdiffusion of
individual solutions of PbBr. and 3-cyanopyridine in HBr in the silica gel filled U-tube.
This gel growth method has proved applicable for a synthesis of low-dimensional
organic-inorganic lead halidest®! and 3D perovskites MAPbX3 (X = I, Br)i8 of high

crystal and optical quality. The as-grown (3cp)PbBr3 crystal plates are optically
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translucent and have well-defined rectangular morphology (Figure 2a). The crystals are

quite stable and retained their properties after 20 month of storage in a dry atmosphere.
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Figure 2. The photo (a) and the structure (b) of (3cp)PbBrz crystal. [PbBre] octahedrons
are shown in gray. Hydrogen atoms are omitted for clarity. (c) XRD patterns for
powdered crystal (blue) and simulated patterns based on the single crystal XRD data
(red). (d) Crystal structure seen along y (d) and x (e) axes. Atom colors: Pb — grey, Br —
orange, C — light gray, N — light blue, H — white.

2.2. Crystal Structure
Single crystal XRD study of (3cp)PbBrs at 300 K revealed its post-perovskite-type

structure (Figure 2b, Figure S1b, Table S2) with C2/m monoclinic space group with
(x,y,2) axes of Figure 1 roughly corresponding to (c,b,a) lattice vectors. The single-phase
formation during the synthesis was confirmed by powder XRD analysis of the grinded
single crystals (Figure 2c). Note that unlike MgSiOz-type post-perovskites (Figure 1d),
the crystal structure of (3cp)PbBr3 exhibits the lattice constant doubling along the x-axis,
caused by the distortion of the [BXg] octahedra in addition to the regular distortion of the
structure type (Figure 1e). This distortion is responsible for the lowering of the symmetry
from orthorhombic Cmcm (parent) to the monoclinic C2/m (child) space group. Unlike

RP and DJ structures (Figure 1a), the distribution of octahedra in (3cp)PbBr3 is not
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uniform in the (x,y) plane, arranging in “ridges” of edge-shared anions and “grooves” of
corner-shared ones along x-axis (Figure 2d). Such anisotropy results in perfect ordering
of 3-cyanopyridinium cations along x-axis in the “grooves” with the pyridinium nitrogen
atoms anchored inside the grooves (Figure 2¢). The formation of “ribs” in “grooves” is
caused by deformation of the [BXs] octahedra, confining the placement of the organic
cations along x-axis. This leads to the doubling of the lattice constant along the x-axis. In
this configuration, the Pb?* cations are shifted from the octahedra centers (Figure S5).
The crystal packing of the 3-cyanopyridinium cations in (3cp)PbBrs crystal allows for
short interatomic distances between pyridinium nitrogen atom and bromides (distances
are shown in Figure 5e,f). The shortest N---Br distance equal to 3.28 A allows us to
make an assumption about the presence of a hydrogen bond between the corresponding
hydrogen and bromine atoms (Figure 5f).3"l These bonds together with the n-n stacking
interactions discussed below likely serve as the stabilizing forces for the orientation and
mutual arrangement of 3-cyanopyridinium cations in the organic layer.

Refinement of the XRD data at 100 K (Table S2) reveals an lower-symmetry unit cell for
(3cp)PbBrs, crystallizing in the triclinic P-1 space group (Figure S1a). The phases can be
transformed into one another via a phase transition, occurring between 300 and 100 K.
To determine the orientation of the as-grown single crystals, electron backscatter
diffraction (EBSD) and powder XRD of single crystals were used. Figure 3a shows the
EBSD pattern obtained for the crystal. This pattern could be perfectly fit using the known
crystal structure (Figure 3b) with the orientation depicted for the crystal in Figure 2a.
Surprisingly, the direction of the inorganic framework planes is orthogonal to crystal

plate. This indicates a slower crystal growth along the x-axis, i.e. the edge-sharing
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direction. An additional confirmation of the chosen orientation is the observation of (002)
and (004) reflections in the XRD scan of the single crystal in the orientation shown in
Figure S6. (3cp)PbBrs single crystals have cleavage planes along (xz) and (xy) planes
(Figure S7), indicating the ease of breaking corner-sharing bonds and weak bond
between alternating organic and inorganic layers, respectively. Absence of cleavage
along the (yz) plane could be explained by the bond strength of edge-sharing octahedra
connectivity. Figure 3c shows the X-ray photoelectron spectrum (XPS) of the (3cp)PbBr3
single crystal. Br3d and Pb4f signals (Figure S8) confirm the expected oxidation states of

bromide and lead atoms in the compound.
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Figure 3. (a) EBSD pattern of (3cp)PbBrs single crystal and (b) its solution using known
crystal structure. (c) XPS spectra of (3cp)PbBrs with peaks attribution.
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2.3. Electronic Structure

Density functional theory (DFT) modeling of (3cp)PbBrswas performed with the crystal
structure obtained at 300 K with spin-orbit coupling effects included. Calculated

electronic band structure and density of states (DOS) are shown in Figure 4.
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Figure 4. Calculated electronic structure of (3cp)PbBrs: band structure (a), total density
of states (DOS) and organic/inorganic subsystems contribution (b), and DOS of inorganic
(c) and organic (d) subsystems.

As can be seen from Figure 4c, the compounds valence band consists of p-orbitals of Br
and s-orbitals of Pb, which is typical of lead-halides.*8 The unoccupied inorganic bands
consisting of p-orbitals of Pb and Br are observed at > 2.4 eV. Additionally, two organic-
related bands are observed between the abovementioned inorganic bands. Appearance of
similar organic-related bands were already reported for pyridinium and 3-

hydroxypyridinium cations in lead trihalides.*® However, the reported bands were flat,

which indicated the localization of electron density predominantly on the organic cations
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weakly interacting with each other and with an inorganic subsystem. In our case, the tight
packing of cyanopyridinium cations, their zig-zag stacking orientation within the
interlayer space, an increase in the size of their molecular -orbitals due to the -C=N
group, led to the onset of the weak bonding interaction between cations, and the
formation of the dispersive bands, observed in the calculations. In attempt to deconvolute
these bands, we performed calculations starting with single 3-cyanopyridinium cations.
The 3-cyanopyridinium cation is isoelectronic to 3-cyanopyridine because it is formed by
the addition of a proton. To better understand the electronic structure, 3-cyanopyridine
can be roughly represented as a combination of pyridine and —CN group from hydrogen
cyanide. Figure S9 shows the n-molecular orbitals and the corresponding eigenenergies
for 3-cyanopyridine 3-CN-CsH4N, and its constituent analogues (benzene CeHe, pyridine
CsHsN and hydrogen cyanide HCN) calculated by DFT method wB97X/6-311G(d,p).
Full set of calculated parameters for highest molecular orbitals could be found in Table
S10.

In the benzene molecule the lowest unoccupied molecular orbitals (LUMO) are
degenerate 14~ and 15~ antibonding m—molecular orbitals. In the isoelectronic pyridine,
this degeneracy is removed due to the symmetry breaking of the ring upon substitution of
one of the carbon atoms with a nitrogen atom leading to the splitting of the corresponding
molecular orbitals.

On the other hand, the LUMO of hydrogen cyanide consist of degenerate m3" and 14"
antibonding m-molecular orbitals. With this combination, only the —CN group =n-orbital
orthogonal to the pyridine ring plane can interact with the pyridine n-system. This leads

to the formation of two unoccupied n-conjugated molecular orbitals 75~ and ms™ due to the
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bonding interaction of 4~ and ms" orbitals of pyridine with ma” of ~CN group. The 75" and
e orbitals of 3-cyanopyridine are further split for 0.457 eV. Similar lineage could be
drawn up for occupied m-conjugated 3-cyanopyridine orbitals w1, 72, 73 and 7a.

Next, we consider intermolecular interactions of the 3-cyanopyridinium dimer (Figure
S9) with cations orientation and interatomic distances obtained from the room
temperature crystal structure. Although this calculation does not capture the electronic
properties of the crystal and ignores the crystal field potential, it allows for a qualitative
assessment of the intermolecular interactions. The mutual orientation of the cations and
the small distance between them favors the stacking interaction between their 7t-
conjugated systems. The shortest distance of 3.265 A is observed between the nitrogen
atom in the —CN group of one cation, and the carbon atom in the fourth (counting from
nitrogen atom in pyridinium ring) position in the ring of the adjacent cation. Stacking
interaction leads to the formation of bonding and antibonding combinations of 3-
cyanopyridinium cation t-molecular orbitals with the splitting between their energies
being the measure of the interaction strength (Figure 4b).

The maximum splitting of 0.45 eV is for the occupied no+m2 orbitals interaction (Table
S12), and 0.241 and 0.101 eV splitting for s +n5 and s =ms~ Unoccupied orbitals
interactions respectively. Figure 5a-d shows several molecular orbitals with electron
density in the shortest intermolecular distance direction clearly visible. According to
calculations, the difference in total energy in the formation of a stacking dimer from 3-
cyanopyridinium cations is —6.65 kcal/mol and —7.41 kcal/mol with dispersion

interactions taken into account.
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This calculation was performed for a dimer, while the transition to an infinite crystal will
lead to the formation of bands with electron density delocalized by stacking interactions
in y direction. The shortest distance of 3.515 A between carbons in fifths position in the
rings of cations in adjacent chains prevents the further delocalization in x direction, so 1D
organic bands are formed. Thus, organic bands at 1.4-1.8 eV and 2.1-2.5 eV we identify
as delocalized ms +75"~ and ms +ms” molecular orbitals of 3-cyanopyridinium cations.
Similar bands formed by occupied orbitals are of less interest, since they are located deep

in the valence band of (3cp)PbBra.

b

a
&
Jg‘?’“
%
* e’

(3cp), dimer HOMO-15 LUMO LUMO+2

Figure 5. (a) Cations dimer arrangement and its molecular orbitals (b,c,d) demonstrating
the stacking interaction. (e,f) Fragments of the crystal structure with shortest distances
between organic and inorganic atoms shown in A. Atoms colors: Pb — grey, Br — orange,
C - light gray, N — light blue. Hydrogen atoms are omitted for clarity. (g) Thermal
ellipsoids for T = 300 K with 90% probability. Red arrows show excessive movement
freedom of corner-shared Br atoms.

Presence of weak hydrogen bonds also leads to the insignificant admixture of bands,

despite this, which can still be classified as organic and inorganic in origin (Figure 4b).

Little spatial overlap of inorganic and organic bands (for example, based on partial DOS
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in Figure 4b) leads to the negligible transition dipole moment between the inorganic

states at valence band maximum and unoccupied organic states. Thus, such transitions do

not participate in the absorption of light and band gap should be estimated only by

consideration of the inorganic bands. In this case the valence band maximum is located in

nearly equivalent I, I1, N, M-points and the conduction band minimum in X-point and

thus leading to the indirect transition with the calculated band gap of 2.27 eV (Figure

S13). It should be noted that the calculation shows only 0.01 eV higher energy for the

minimum at M-point, which leaves the possibility of the direct transition in this material

in fact. Since unoccupied organic bands are lying in the band gap, they could act as deep

defect states analogous to Bi-doped halide perovskites.[4041]

2.4. Optical Spectroscopy

Diffuse reflectance spectra (DRS) of the grinded (3cp)PbBrs crystal were used for

determination of the absorption edge. Figure 6a shows the room-temperature Kubelka-

Munk function F(R) = (1-R)?/2R, where R is the measured diffuse reflectance coefficient.

The derivative dF/dE in Figure S14 shows the maximum at 3.25 eV correlated to the

fundamental absorption at the material band edge.

'—.4_a

23] TTFAR)
S,] ==PL
&, 1 = PLE
1

0 T
547D

o

537

>

32

f=

L1+

£ |

0 ——r

Energy E [eV]

Figure 6. (a) Kubelka-Munk function F(R) at T = 300 K. (b) PL (Eex = 3.31 eV) and PLE
(Eem = 2.45 eV) spectra at T = 77 K. (c) PL temperature dependence (dots) and Arrhenius
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fit (dashed line). (d) Normalized unpolarized Raman scattering temperature dependency.
(e,f) Polarized Raman scattering at T = 300 K. Insets show crystal orientation. Porto
notation is used for polarized scattering geometry.

The photoluminescence (PL) spectrum at T = 77 K with excitation well above the
absorption edge (Eex = 3.31 eV) shows a broad emission peak centered at Eem = 2.45 eV
(Figure 6b). The emission peak’s FWHM (full width at half maximum) is 0.36 eV. Such
broad emission probably derives from the self-trapped exciton (STE) recombination, a
well-known phenomenon in low-dimensional lead halides.*? Photoluminescence
excitation (PLE) measurements at Eem Show sharp edge at 3.18 eV, which is consistent
with the band gap determined by the DRS measurements (Figure 6b). This value is larger
than the band gap calculated by DFT (2.34 eV for the direct transition between inorganic
bands) due to the well-known tendency of DFT calculations to underestimate the energy
band gap.

The studied 2D lead-bromide’s band edge is blueshifted by 0.9 eV in comparison with
the 3D MAPbBr3 perovskite band edge.[*®! This is a manifestation of the quantum-size
effect in natural multiple quantum wells (QWSs) formed by inorganic framework layers of
(3cp)PbBr3. This also confirms the fact that despite the slight interaction of organic and
inorganic subsystems described above, there are no charge transfer signatures through the
organic layer. Thus, we conclude that the organic layer acts as a QW barrier. The red
shift of 0.4 eV between the absorption edge and PL emission maximum is a sum of
exciton binding energy and STE trapping energy. Absence of the free exciton emission
feature (not observed in PL down to T = 4 K) prevents separation of these two
contributions. As the temperature rises, PL emission gradually disappears without

significant spectral shift or broadening (Figure S15). PLE excitation edge also remains
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unshifted (Figure S15). The temperature dependency of the PL emission intensity was
fitted by the Arrhenius equation I = 1o/ (1 + A-exp( — Ea/ ksT ), yielding the activation

energy Ea of the PL quenching processes of 0.14 eV (Figure 6c).

2.5. Vibrational Spectroscopy

Different connectivity of octahedra in the inorganic layer of (3cp)PbBrs along x and y
directions should lead to a significant anisotropy of electron-phonon interaction. In order
to probe experimentally this anisotropy, polarized Raman spectra were measured at room
temperature in different geometries (Figure 6e,f). Observed low-frequency signals (< 200
cm 1) correspond to vibrations of the 