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Abstract

Hybrid 2D Halide Perovskite Materials for Optoelectronics

Lingling Mao

Hybrid Organic-inorganic halide perovskites are emerging semiconducting materials that have
shown over 23% in power conversion efficiency (PCE) for solar cells. The most prominent
materials, three-dimensional (3D) perovskites, have limited scope for structural engineering and
exhibit instability when encounter with moisture and heat. Here, we focus on studying the
structure-property relationship in low-dimensional materials, where large organic cations can be
inserted in the structure to increase the stability and structural diversity. We are interested in
developing white-light emitting materials for solid-state lighting applications. Here we study the
lead bromide-based and mixed bromide/chloride systems and have found a direct correlation
between the distortion of the inorganic framework and the emission. Following this principle, we
have synthesized and characterized a series of hybrid perovskite materials which emit white-light
at room temperature. We have developed the first complete series of two-dimensional (2D) Dion-
Jacobson (DJ) hybrid halide perovskites with the general formula (A’)(A)n-1Pbalzn+1 (A” = 3-
(aminomethyl)piperidinium (3AMP) or 4-(aminomethyl)piperidinium (4AMP), A =
methylammonium (MA)). The higher layer member (n = 4) has demonstrated good performance,

with the initial PCE of 7.3% and increased PCE of 12.0% with formamidinium incorporation.
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Chapter 1. Introduction of Hybrid 2D Halide Perovskite Materials

Reprinted with permission from Mao, L.; Stoumpos, C. C.; Kanatzidis, M. G. Two-dimensional
Hybrid Halide Perovskites: Principles and Promises. J. Am. Chem. Soc., Article ASAP. DOI:

10.1021/jacs.8b10851. Copyright 2018 American Chemical Society.
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1.1 Overview of Halide Perovskite Materials

Hybrid inorganic-organic halide perovskites have made their mark in their scientific world in
the last decade, driven by the meteoric rise in the photovoltaic efficiency of the methylammonium
lead iodide, CH3NH3Pblz (or MAPbI3). The discovery of CH3NH3Pbls, a three dimensional (3D)
compound that shares similar structural features with the namesake mineral CaTiO3 can be traced
back to Weber’s work in 1978," yet the history of the halide perovskites dates long before that with
the works of Wells (1893)? and Moller (1957-1959)** on CsPbX; and Auger and Karantassis
(CsSnXs, 1925; CsGeXs, 1935).5° Several breakthroughs, however, occurred in 2009 and 2012
where In 2009 Miyasaka and coworkers reported the liquid-based dye sensitized solar cells based
on nanocrystals of MAPbI;, attached to a TiO, surface.” The 2012 however was the watershed
moment when a) the all-solid state dye sensitized cells based on a solid layer of CsSnl; perovskite
acting as a hole transport layer and light absorber with ~10% efficiency were reported in 2012 by
Kanatzidis and coworker;® b) demonstration of cells based on a solid layer of MAPbI; devices was
reported in 2012 by Miyasaka, Snaith and coworkers;’ ¢) independent confirmation of the solid
layer perovskite of MAPbI; reported by Park and co-workers.!” After that, the halide perovskite
field really took off and perovskite solar cells (PSCs) have performed an epic march to >23%
efficiencies that compare favorably with many established inorganic semiconductors.”* Given
this history it is fair to say that the current perovskite solar cell field is more of an intellectual child
of the solution-processed dye-sensitized cell (Gritzel cell)®® rather than a logical evolution of the
more traditional Si, CdTe and CulnSe: cells. The field has also borrowed heavily from techniques
utilized in the organic photovoltaics area. More importantly, the enormous success of PSCs

firmly established the emergence of halide perovskites as the next generation of high-performance
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semiconductors.?%%° Indeed, halide perovskites match in optoelectronic performance benchmark
inorganic semiconductors in a wide array of applications (LEDs,*'"* FETs,**% laser,**3® hard

39-42

radiation detectors, etc.), forecasting a great potential for commercialization. Mechanistically,

however, the halide perovskites have distinctive properties that derive from their soft lattices and

43-44 which favorable modifies their charge-carrier

dynamically disordered crystal structure
recombination lifetimes and renders them nonclassical semiconductor characteristics.**** A major
obstacle in further development, exists in the form of limited composition accessible in the ABX3
(A=Cs"*, CH;NH;", [HC(NH2):2]"; B =Pb*", Ge**, Sn**,; X = CI, Br, I) perovskite structure with
only three A-site cations being able to maintain the 3D corner-sharing inorganic framework,* in
some cases only forming metastable compounds.’® Whereas a solution in stabilizing some

3153 an important relief form

metastable phases was found in the form of perovskite nanocrystals,
the narrow compositional diversity was found in the form of two-dimensional (2D) halide

perovskites (Figure 1).

Through the chemically accomplished dimensional reduction of the 3D crystal lattice, 2D
perovskites, (A”)m(A)n-1BaX3n+1, adopt a new structural and compositional dimension, A’, where

a

2D Perovskite 3D Perovskite b

(A)m(A)n-1BnXans1
n=1 4 v
4'%# I Lar;’e org;anic’;paéér A
4444 444
_,1, 040% 2

(A= Cs*, MA* or FA*)

2D quantum well
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Energy (eV)
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» B metal, Pb?*, Sn?*, Ge?* Length
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Figure 1. (a) Schematic illustration of the evolution from 2D perovskite to 3D perovskite with key components.
(b) 2D quantum well structure illustration.
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monovalent (m = 2) or divalent (m = 1) cations can intercalate between the anion 2D perovskite
sheets. Besides its apparent simplicity, the concept of dimensional reduction not only grants access
to a plethora of hybrid organic-inorganic materials with tailorable functionalities, but also gives
rise to an unparalleled structural complexity®* which allows for the fine-tuning of the
optoelectronic properties. 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 in a bottom-up fashion through self-assembly. The structural coherence of the halide
perovskite MQWs resembles that of the artificially synthesized III-V films semiconductor
heterostructures, and 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 excitons that can be readily observed even at ambient temperatures. The multitude of
possibilities deriving from the MQW structures, already demonstrated in III-V semiconductors,>
58

makes the 2D halide MQWs particularly interesting material for the discovery of new

fundamental physics and efficient room temperature optoelectronic applications.

1.2 A Brief History of 2D Halide Perovskites

2D perovskites, especially the transition metal based structures (RNH3)BXs with B = Cd*",

Mn?*, Fe?*, Cu?', Hg?" etc., X = CI', Br have been investigated for dielectric and magnetic
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properties.’®%? The exploration in the multilayered 2D system was reported by Maruyama and co-
workers for (CH3(CH2)sNH3)2Pbls in 1986.93. However, it was mainly Ishihara et al.5! %468

Papavassiliou®"?

and Thorn et al. who systematically studied the optical properties of the
materials. The latter introduced the concept of the “in-between phases” (i.e. between the
(RNH3)Pbls and MAPDI3) which was the first conceptual relationship between the standard 2D
oxide perovskites and the hybrid 2D halide perovskites.”* Thorn demonstrated this hypothesis by
the successful isolation of whole families of halide perovskites, which instead of a discrete
compositions they could be collectively describes as homologous series (i.e.
((CH3(CH2)sNH3)2(CH3NH3)n-1PbnX3n+1, X = Br, I'), or (PEA)2(MA)n-1Pbulzn+1 (n= 1-2, PEA =
phenylethylammonium).”  Mitzi and co-workers combined the collective knowledge of that time
into a well-defined research field and laid the foundation for the explosive growth of the 2D halide
perovskite semiconductors. The report on the evolution of the (C4HoNH3)2(CH3NH3)n-1Snnl30+1 (n
= 1-5) homologous series for many n-members 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,
“metal-like” n =00.”> In addition to the so-called (100)-oriented (reflecting the cleavage plane
relative to the ideal cubic 3D perovskite) (C4HoNH3)2(CH3NH3)n-1Snal34+1 multilayer series, the
(110)-oriented [NH2-C(I)]NH2]2(CH3NH3)mSnmlsmi2 (m =1-4) series was also described’®.
Subsequently, Mitzi and coworkers developed the synthesis and characterization on the single-

77-94

layered (n = 1) 2D perovskite with different organic cations, and extended the choice of the

2495 oroup 15°° and rare earth elements.”” However, his contributions

metal ion to include Ge
related with the development of thin-film transistor devices, ,>* based on 2D halide perovskites,

demonstrating their potential as high-performance semiconductors.
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In the current era 2D halide perovskites provide a new window with a synthetic handle towards
material engineering customized to the needs of specific applications. They excel in all of the
traditional research fields such as solar cells,”®1% light-emitting diodes (LEDs)!**'% and

photodetectors.'"”1% More exotic forms have also emerge with the rise of 2D halide perovskites

110-111

such as 2D nanocrystals, single-component white-light emission!'?"!® for solid-state lighting

119 120

devices,'"” strong optical nonlinearity'?® and ferroelectricity.'?! 2D hybrid perovskite materials not

only perform well by themselves, but also can be integrated into heterostructures, 22123

enhancing
the device functionalities and performance. Because of their fundamental importance it is therefore

crucial to understand the structure property relationships at the molecular level that govern these

materials and allowing for targeted device engineering and further optimization to take place.!**

127

1.3 Structural Types and Connectivity Modes

Akin to their 3D congeners, 2D halide perovskites obey stereochemical rules that determine

the growth of the perovskite sheets. Three octahedral connectivity modes have been

2D perovskite connectivity modes
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Figure 2. Connectivity modes in 2D perovskite and their representative example. (a) Edge-sharing,
(mpz)2PbsBrig from ref. 121. (b) Corner-sharing, (3AMP)Pbl4 from ref. 61. (c) Face-sharing, (tms)4PbsBri from
ref. 133.
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experimentally observed; corner-sharing, edge-sharing and face-sharing as seen in Figure 2. !
Different from the 3D structures, where the connectivity depends primarily on the relative size of
the A-si do not have far fewer size restrictions for the A’-site (A-site still follows the same rules
as 3D perovskites) since cations must fit within the inter layer space. Instead what determines the
suitability of the cation as a spacer is: 1) its net positive charge at the perovskite anchoring position
and degree of substitution, i.e. RNH3" > RoNH>" > R3NH" > RuN" in ordered of decreased
preference, ii) its hydrogen-bonding capacity (iii) its stereochemical configuration i.e. flexible
aliphatic hydrocarbons > rigid aromatic hydrocarbons and (iv) its space-filling ability, i.e. linear
interdigitating cations > branched irregular cations. Since there are many cations that fulfil these
prerequisites, there are, in fact, many cations that can stabilize the regular (i.e. corner-sharing) 2D
perovskite structure, which we have included in Figure 4’s pool. However, in rare occasions the
configurational strain that the cations impose to the 2D perovskite break the standard connectivity
pattern and instead, stabilize edge-sharing or face-sharing networks.!?® These networks almost
never form with exclusive edge-sharing or face-sharing connectivity, since area-filling in two
dimensions is difficult with edge-sharing or altogether improbable with face-sharing to achieve
and instead form in combination with partial corner-sharing contacts (Figure 2). For example,
(mpz)2Pb3Brio (mpz = N-methylpiperazine) is comprised of repeating edge-sharing dimeric units

(highlight in red), which are further connected in a corner-sharing fashion to complete a 2D layer.
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Similarly, in (tms)sPbsBrio,'*® (tms = trimethylsulfonium) the triads of face-sharing units
(highlight in red), share corners at both terminal apices to complete a 2D layer resembling the 9R
perovskite polytype.!*! The way individual octahedra are linked determines the orbital overlap
between the metal and the halide, which subsequently influences the band gap of the compound.
As a general trend, determined experimentally and also theoretically confirmed, the band gap
follows the increasing trend “corner-sharing < edge-sharing < face-sharing”.'?% 132 This is perhaps
expected within the special perovskite “inverted” band structure since corner sharing provides the
strongest bonding between the metal and the halogen, which in turn gives rise to a “destabilization”
of the ns? lone pair pushing it to the top of the valence band.!** As the 6-bonding weakens through
the interactions in the edge-sharing and face-sharing motifs, the lone pair is stabilized, localizing
deep within the valence band, while the bottom of the conduction band increases in energy leading
to an opening of the bandgap.'*? The structural diversity obtained in these 2D perovskites could be

potentially be exploited to further adjust the optical properties of the hybrid perovskites.
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Figure 3. Examples of the double perovskite (100)-oriented structure (Ag* and Bi*> are highlighted in blue and
yellow, respectively), the (110)-oriented corrugated structure and the (111)-oriented perovskite structure (Cu?* and
Sb*? are highlighted in light green and dark green, respectively)).
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The main class of 2D halide perovskite compounds, therefore, consists of corner-sharing
octahedra and these can be further classified into three categories: the (100)-oriented, the (110)-
oriented and the (111)-oriented structures based on the crystallographic layer slicing direction cut
along a specific (hkl) plane of the parent 3D structure. The general formula for the (100)-oriented
and (110)-oriented 2D perovskite is A"2An-1BnX3n+1 or A’An-1BnX3n+1 (A= 1+ or 2+, A= 1+ cation,
B = Pb*", Sn*", Ge*", Cu?*, Cd*", etc., X = CI-, Br, and I"), while for the (111)-oriented 2D
perovskite, the general formula is A’y+1BnXsn+3 (n >1, where B valence is 3+, mixed-valence
averaging 3+ or heterometallic, e.g. Cu?" and Sb** in Figure 3).!** Out of the three categories, the
(100)-oriented 2D perovskites heavily dominate the classification tree and they are by far the most
commonly obtained 2D perovskite structure. Besides the explosive development in the more
standard 2D perovskites which will be discussed in the next section, remarkable progress has been
achieved in the unconventional (100)-, (110)- and (111)-oriented perovskites. In this direction,
many new compounds have been discovered, thus broadening the future scope of structural

engineering in the halide perovskite family.

An interesting extension of the structural variation of the (100)-oriented perovskites comes from
blending the dimensional reduction concept'®* with the ordered double perovskite structure.!36-137
The thus obtained single-layered and bi-layered bromide compounds (BA)i(AgBi)Brg and
(BA)2Cs(AgBi)Br7 represent a very special case of the (100) type arising from this combination
with butylamine (BA") cation.!*® In these structures both Ag (1+) and Bi (3+) form alternating

(MBrs2)” octahedra, fulfilling both the charge and ionic size requirements of the 2D perovskite

layer, while the butylammonium cation bilayer performs its usual role of separating the inorganic
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layers (Figure 3).”> 3% Another interesting 2D perovskite variation is found in the heteroleptic

(100)-oriented layered perovskites.
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Figure 4. Reported organic cations that form corner-sharing (100)-oriented, (110)-oriented or (111)-oriented 2D
halide perovskite structures (n = layer thickness number). 1. Primary-alkylammonium. m=0-1,n=1;""m=1,n=
371 =2 n=1;14214 0 =3 = 1575139145146 |y = 4.5 1 =18 m=6-9 n=14"m=9-10,n=1:48 m = 11,
13, 15, 17, n = 1.1 2_ Primary-alkyldiammonium. m=3,n=1;"""m=4,n= ;14 51% m =49 n=1-4,"%m
=5-6, n =1;%2154.1%6 m = 8, 10, 12, n = 1.8 157 3, m = 2, N! -methylethane-1,2-diammonium (N-MEDA); m = 3, N*-
methylpropane-1,3-diammonium (N-MPDA). All n = 1.1%24, m = 2, 2-(dimethylamino)ethylammonium (DMEN); m
= 3, 3-(dimethylamino)-1-propylammonium (DMAPA); m = 4, 4-(dimethylamino)butylammonium (DMABA). All n
= 1.16 5, Ammonium 4-butyric acid, n = 2.7® 6. lodoformamidinium, n = 1-3.76 7. Guanidinium (GA), n = 1-3,158-160
8. Protonated thiourea cation, n =1.161 9. 2 2’-dithiodiethanammoniumn, n = 118218 10, 22’
(ethylenedioxy)bis(ethylammonium) (EDBE), n = 1.11% 11. Protonated 2-(aminoethyl)isothiourea, n = 1.164 12, but-3-
yn-1-ammonium (BYA), n = 1. 1% 13, 2-fluoroethylammonium, n = 1.166 14, 2-Methylpentane-1,5-diammonium, n =
1.150 15, isobutyl-ammonium (IBA), n = 1.1%7 16. Heteroatom substituted alkylammonium, n = 1.162 17-20.
Cyclopropylammonium, cyclobutylammonium, cyclopentylammonium and cyclohexylammonium, n = 1.87 168 21,
Cyclohexylmethylammonium, n = 116 22 2-(1-Cyclohexenyl)ethylammonium, n = 1017 23 N-
(aminoethyl)piperidinium, n = 1.%2 24. N-benzylpiperazinium, n = 1.12 25, Piperazinium, n = 1172 26,
(carboxy)cyclohexylmethylammonium, n = 1.9 27. 3-(aminomethyl)piperidinium. (SAMP), n = 1-4.102 28, 4-
(aminomethyl)piperidinium (4AMP), n = 1-412 29 Cyclohexylphosphonium, n = 1.3 30. 14-
bis(aminomethyl)cyclohexane, n = 1.174 31. Benzylammonium (BZA), n = 1% 129, 175178 35 phenylethylammonium
(PEA), n = 1-3.74 92,99,179-180 33 ' m-Phenylenediammonium, n = 1. 34. 4-methylbenzylammonium, n = 1-2.77 35, 4-
fluorophenylethylammonium, n = 1.18 36. 3-iodopyridinium, n = 1.9 37. Histammonium, n = 1.% 38. 2-
Thienylmethyl)ammonium, n = 2.7 39. 2-(2-thienyl)ethanaminium, n = 1.182 40. 2-(ammoniomethyl)pyridinium, n =
1.183 41, 2-substituted phenethylammonium (X = F, Cl, Br), n = 1.184 42, N,N-Dimethyl-p-phenylenediammonium,
n = 1.185186 43 4-Amidinopyridinium, n = 1.8° 44, 2-Naphthylmethyl)ammonium, n = 1.%* 45, Benzimidazolium, n =
1.187 46. 1,5-diammoniumnaphthalene, n = 1.8% 47-49. naphthalene-O-ethylammonium, pyrene-O-ethylammonium,
perylene-O-ethylammonium. All n =1.28 50, 5-ammoniumethylsulfanyl)-2,2'-bithiophene (BAESBT), n = 1.1%° 51,
5,5¢ ““-bis(aminoethyl)-2,2¢:5¢,2¢ «:5¢ <,2¢ “*-quaterthiophene (AEQT), n = 1.1%
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So much the hybrid compound (MA),PbI(SCN),'*! as much as the all-inorganic compound
Cs2SnlC12'%? and Cs2PbIbCl2'*? represent distinctive derivatives of the KoNiF4'%* prototype where
the lattice positions along the perovskite plane and vertically to it are occupied by different
chemical species. In these chemically ordered structures the larger heteroatoms (SCN™ in the
former, I" in the latter) decorate the surfaces of the layers, whereas the smaller heteroatom is
responsible for the corner-sharing expansion of the perovskite along the layer. These three
compounds differ significantly from the rest of the hybrid inorganic-organic perovskites as the
separation between the layers occurs “naturally”, without the use of bulky organic spacers and

seems to be realized because of the ionic-size mismatch of the two heteroatoms.

The corrugated (110)-oriented structures are far less common since there are very few cations

76, 195 113, 116

that can stabilize it, typically small, highly-symmetric ones or flexible ditopic ones.
Until recently, the only building unit known was the most common “2x2” corrugation variation.
Nevertheless, new results revealed that the corrugation “length” could be increased to “3x3”!16
and even to a “4x4% 1% yndulated structure. The (110)-oriented perovskite layers are intrinsically
highly-distorted, often stabilized by site-specific hydrogen bonding or other secondary bonding
interactions. Because of this, (110)-oriented perovskites often exhibit white-light emission at

),17 as for

room temperature believed to be caused by the formation of self-trapped excitons (STE
example (EDBE)PbBr4 (“2x2”)!'3 and a-(DMEN)PbBr4 (“3%x3”).!1¢ Very recently, the asymmetric
“3x2”undulated structure was realized,'®® in [CH(NH2)2][C(NH2)3]Pbls!®® which is the first

member of the wider class of (210)-oriented 2D perovskites.'®!

The (111)-oriented 2D perovskites, with a general formula A’,+1BnX3n+3, are in fact a class of

defective perovskites.!”® Unlike the rest of the layered perovskite configurations, (111)-oriented
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perovskites are M-site deficient since cleavage along the body diagonal of the 3D cubic cell
selectively “eliminates” the metal sites, in contrast to other cleavage planes which eliminate neutral
BX, fragments. As a result, B>"-only halide (111)-oriented 2D perovskites cannot form, with the
structures cleaved along the body diagonal preferring alternative 3D polytype configurations that
maintain charge parity.!*! Thus, the only homo-valent p-block compounds in this class of materials
are composed of group 15 B*" ions (B = Bi, Sb, As) belonging either to the pseudo-layered
Cs3Cr2Clo-type!'® 0D [B2Xo]*" dimers or the Cs3BizBro-type?® 2D (B2Xo)* defective perovskite
layers.?’12% Very recently, Solis-Ibarra and co-workers have managed to bypass the charge
mismatch obstacle by synthesizing the heterometallic compound Cs4(CuSb,)Cli2 which is the only

21206 jons can be

known example for n > 2.!3* In this heterobimetallic perovskite, the Cu** (or Mn
inserted between the Sb>* sheets, forming the first example of the n = 3 structure of the general

formula.

The recent progress in the generally unexplored, “exotic”, 2D perovskite structural types has
clearly shown that there is plenty of room for new material discovery. By further elucidation of the
synthetic parameters we can rapidly move from the graphical cartoons of the general formulae to
the isolation of useful materials on the bench with detailed structural characterization, thus pushing

the boundaries of material understanding and exploitation.

1.4 (100)-oriented 2D Perovskites: Structure Directing Effects of Spacers
The (100)-oriented 2D perovskites are by far the most abundant class and it has been explored
for a wide variety of cation templates. The geometrically planar inorganic-organic interface of the

(100)-oriented layers not only allows the incorporation of a plethora of “spacer” cations between
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the 2D perovskites, but it also allows for the templated “build-up” of the perovskite itself, which
self-assembles in a layer-by-layer fashion between the spacers. These modular multilayered
structures were first discovered in the oxide perovskites, where they were used to expand extended
homologous series.’* 2" Following the oxide perovskite nomenclature, the (100)-oriented oxide

perovskites can be further categorized as the Ruddlesden-Popper (RP) phases,??*2% the Dion-

210-211 212-214

Jacobson (DJ) phases, and the Aurivillius phases, where their general formulae can be
written as A’2An-1BuOsn+1, A’ An-1BnOsn+1 and (Bi202)(An-1BnOsn+1), respectively.

In the case of halide perovskites, most of these structure types have been realized, with the
exception of the Aurivillius phases, which haven’t yet been reported, possibly due to the reactivity
of (Bi202)*" towards the formation of halides. It is entirely possible, however, that such layers can
be formed using less reactive rock-salt type layers, such as (BaxF2)*". As in the case of oxide
perovskites, also in the case of halide perovskites, the nature of the spacer cation is important.
Already from the expression of the chemical formula it is evident that the charge of the spacer
cation defines the structural types of 2D perovskites. Nevertheless, both the RP and DJ classes
exist for the halide family, having the general formula A’>An-1BnX3n+1 and A’ An-1BnXsn+1 (A” =
interlayer “spacer” cation), respectively.

A new structural type, that is unique to the halide perovskites, is the alternating cation in the
interlayer space (ACI)-type, where different cations order along the interlayer space.'**!> The
difference of ACI with the RP and DJ perovskites reflects directly on the formula A’ AyBnX3n+1, as
the A-site “perovskitizer” cation (MA™, FA" or Cs") does not only reside in the perovskite slab, but

also fills in the interlayer along with the designated spacing cation A. Interestingly, guanidinium

(GA") is the only reported A’ cation that can form the ACI type structure, which suggests the
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a, (PEA)(MA)Pb3lig b (BA)(MA),Pbslyg C  (BAMP)MA)Pbsli,  d  (GA)MA)sPbslyg
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Figure 5. Structural comparison between the n = 3 crystal structure of RP phases, DJ phase and ACI phase: (a, e, 1)
(PEA)2(MA):Pbslig; (b, f, j) (BA)2(MA)Pbslio, (¢, g, k) (BAMP)2(MA),Pbsli; (d, h, i) (GA)(MA)3Pbsl;o.

preference of small cations that have similar size with the “perovskitizer” cations (MA*, FA" or
Cs") to form the ACI phases.

The crystal structure of all known structural types is shown in Figure 5. The side-by-side
comparison of the n = 3 members of each of the RP, DJ and ACI homologous series, thus
illustrating their structural differences and similarities across the three crystallographic directions.
For the RP phases (BA)2(MA)2Pbsl10!% 3% and (PEA)2(MA),Pbsl10,” the layers are offset by one
octahedral unit, showing a (2, /%) in-plane displacement. On the other extreme, the layers in the

DJ phases (3AMP)(MA)2Pbs110'® do exhibit any shift and are stacked perfectly on top of each
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other (Figure 5k), without any (0,0) displacement. The ACI-type structure lies in between and
combines the layer stacking characteristics from both RP and DJ structural types (Figure 51),
showing a (72, 0) displacement.

Obviously, the interlayer distance varies with the choice of spacing cation A’ and this turns out
to be one of the crucial factors that decide the excitonic PL emission from these quantum-well
structures (Figure 5). Typically, the RP phases have larger interlayer distance due to the fact that
they require a bi-layer of spacer organic cations, which inevitably will increase the layer separation
from approximately 1.5 times the length of the cation in case of interdigitation (as in BA case) to
more than double the cation’s length in cases there is no overlap (like in the case of PEA). Thus,
in the case of the RP phases the layers are well “isolated”, showing no perovskite-perovskite
interactions, thereby producing an excitonic emission that results directly from the spatial
electronic confinement (n) of the individual layers.

Conversely, the ACI phases, and more so the DJ phases, require the organic cations to snugly fit
in the perovskite “pockets” created in the interlayer space by the eclipsed stacking conformation
of the perovskite layers. The close proximity of the layers generates a weak perovskite-perovskite

interaction which can be readily observed in the position of the exciton which shows a pronounced
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redshift. The representative interlayer distances for the RP, DJ and ACI phases shown in Figure 5
are ~7 A, ~4 A and ~3 A, respectively. Nevertheless, particularly for the RP phases, the value for
BA represents a lower limit, as longer interlayer distances of up to ~26 A have been reported, as
for example in (C1sH4oN)2Pbls,?!> where the massive alkyl ammonium cation CH3(CHz)17NH3"
was employed.

While the exciton emission trend largely depends on the quantum confinement, there are
structural subtleties within a given n member that can also have a significant impact on it. These
relate to the distortion of the 2D perovskites lattice, which has the least distorted lattices (in terms
of B-X-B angle, see Figure 6a) to have the smallest exciton emission energy, in complete
correspondence with the band gap trends of the 3D perovskites.*” This can be readily observed
from the photochromic change in the crystals, moving from a low symmetry structure at low

93,215-216

temperature to a high symmetry structure at high temperature in the n = 1 RP series or by

changes in the structure induced by cation templating effects at a given temperature in the DJ series
) 102

(Figure 6¢

In selected cases, where the synthesis and characterization of the completed homologous series
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Figure 7. (a) Comparison between the PL emission of the n = 1-3 members of (BA)>(MA)niPbunlsi,
(BAMP)(MA),.1Pbulznt1 and (GA)(MA).Pbulsg+1. (b) PL emission energy versus layer thickness (n). (c) Averaged
Pb-I-Pb angles versus layer thickness (n).
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of the RP, DJ and ACI has been achieved, it is possible to analyze their structure-property
correlations. Comparing between n =1 to 3 for all families, the energy of the excitonic emission
(as this is determined by the PL emission at room temperature) decreases for all the series. However,
the relative emission energies are markedly different following a systematic trend with the
emission energy decreasing in the “3AMP (DJ) < GA (ACI) < 4AMP (DJ) < BA (RP)” order
(Figure 7a). The origin of this particular trend correlates well both with the structural distortion
defined by the octahedron-linking Pb-I-Pb angles and with the interlayer spacing in the crystal
structure. The larger angle represents less distortion, generally leading to a relative narrowing of
the PL emission energy among the series. However, the n = 1 is an exception in the trend, with
(GA)(MA)PDbI4 having a larger average Pb-I-Pb angle, but still slightly higher PL emission energy
than the (3AMP)Pbl4, possibly due to the large out-of-plane distortion of (GA)(MA)Pbls. This
deviation indicates that there are other factors such as the anisotropy of the lattice!'* or the bond
length variations also play a role in determining the optical properties of the quantum well
structures.

It is important to point out that the difference of the Pb-I-Pb angle becomes very small as the
layers get thicker (higher n members) for all structure types as seen in Figure 6b, suggesting that
the distortion of the lattice stops being the determining factor and that the interlayer spacing starts
becoming the dominant factor. However, in systems where all other thing are equal, structural
distortion is still important, as in the case of 3AMP and 4AMP DJ perovskites (Figure 6b, c), where
the Pb-1-Pb angles are consistently larger for the latter, thus leading to the systematically lower

excitonic emission.'%?

1.5 (100)-Oriented 2D Perovskites: Tuning the layer thickness
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One of the most attractive properties of the 2D halide perovskites is that they can be tailored
to the exact n-layer thickness using simple synthetic chemistry, thus allowing for the fine-tuning
of the quantum well electronic structure. The (100)-oriented 2D perovskites are ideal for this
“digital” growth due to their favorable geometry that guarantees the “high-fidelity” of the layer
thickness. Indeed, careful composition control can generate all the “quantized” RP perovskites up
to n = 7 for the (BA)2(MA)u-1Pbul3n+1 series (Figure 9a), which is the thickest 2D perovskite with
long-range crystallographic ordered known to date. Note that higher n-members have been

217219 yet morphological effects preclude the formation

observed for oxide based RP perovskites,
of the ordered high-n members (n > 5) since these compounds do not have sufficient
thermodynamic stabilization.’?® The mechanism for this instability is the disproportionation

reaction (1):

disproportionation

(RNH3)2(MA)u-1Pbulzn+1 (RNH3)2(MA)2Pbslio + (n-3) MAPbI; (1)

where large perovskite slabs tend to break down into more thermodynamically stable phases such

as the thinner 2D perovskite slabs and the 3D perovskite. For instance, the n = 5 member of the
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BA series undergoes a very slow disproportionation reaction and decomposes into the hydrated

form of MAPbI; (MAPbI3;H,0)??! and the n = 3 2D member over the course of several weeks.!*

As the thickness of the perovskite layers increases, the dimensions of the stacking axis also
increase, progressively moving from the atomic scale (few A for n = 1) to the nanoscale (few nm
for n = 7). The dimensions of the layers can be even roughly predicted following the general
equation (2):

doony=a*n + x (2)
where the complete inorganic-organic layer thickness doo1) is determined by the lattice parameter
(a*) of the 3D perovskite (~6.3A for MAPbI3), the thickness (x) of a complete organic layer (~7A
for the (BA),?" bilayer, ~3A for the (3AMP)?*" monolayer) and the number (n) of inorganic
layers.'?° Because of their long range crystallographic ordering, the phase purity of the bulk
material can be tracked down from their “fingerprint” reflections in X-ray diffraction patterns.
Thus, the number so-called basal low angle Bragg (00/) peaks (when c is the stacking axis)
reflections (or (400) or (0k0) depending on the stacking axis lattice parameter) below the
characteristic 3D perovskite reflections (d(i10)= 6.26 A and d(oo1) = 6.34 A for tetragonal MAPbI3),

precisely define the number of perovskite layers (Figure 8c).
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The change in the dimensionality can readily be seen in the evolution of the optical absorption
spectra of the quantum wells. As the 3D perovskite is dimensionally reduced to form the 2D layers,
so do the optical absorption edges of the multilayered 2D series which increase in energy with
decreasing n value. Using the (BA)2(MA)n-1Pbnlzn+1 series as a representative example, the
absorption edge blue shifts from 1.52 eV (n = «) to 2.43 eV (n = 1) (Figure 9b). Meanwhile, in
addition to the characteristic halide perovskite sharp absorption edge, an exciton-like peak starts
emerging for the n < 5 members, becoming more pronounced as n decreases further. The PL
emission follows the same trend, with the pronounced difference that emission peak maxima now
coincide with the cross section of the exciton-like feature and the absorption edge, ranging from1.6
eV (n =) to 2.35 eV (n = 1) (Figure 9¢). The difference in between emission and absorption in

2D perovskites is not well understood, but it is no different than the corresponding absorption and
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emission spectra of the 3D perovskites.
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Figure 9. (a) Crystal structures of the RP phase (BA)2(MA)n-1Pbnlzn+1 (n = 1-7). Optical absorption spectra (b) and
steady-state PL spectra (c) of the series.
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The complexity, however, of the 2D perovskites increases even more, when one considers the
magnitude of the exciton binding energy in 2D halide perovskites, which can be as high as E, ~500

meV for the n = 1 member?**

at low temperatures. In order to reconcile the huge exciton binding
energies with the observed spectra, alternative electronic structure models have been proposed that
include the reduction of the effective dimensionality of the halide perovskites from to 2D to quasi-
1D models.!?” 2% Even though theoretical investigations in this direction are still ongoing, it is
clear that the wide range of tunability offered by the 2D halide provides an excellent playground

for designing new materials with unexplored photo-physical properties that could be exploited for

advanced optoelectronic applications.

1.6 (100)-Oriented 2D Perovskites: Effect of the Perovskitizer and Solid Solutions

Despite the rapid development of the 2D perovskites in the past five years, it has been
remarkably difficult to isolate homologous series of perovskites that contain A-site cations
different than MA™ as “perovskitizers”.!*! With the exceptions of the ethylammonium (EA") and
isopropylammonium (IPA™) which can produce the line (i.e. not part of a homologous series) 2D
compounds (EA)2(EA).PbsXio''” (X = CI, Br) and the metastable (IPA)>(IPA)Sn,I;!*!, in which
the organic cations occupies both A’- and A-site positions in the same compounds, it has not be
possible to expand 2D perovskite homologies using the common Cs* and/or FA™ perovskitizers.
While on paper this would appear to be possible, the intrinsic instability of Cs" and FA™ towards
the formation of the CsPbl; and FAPbI; perovskites (both metastable)®® is apparently transferable
to the 2D perovskites as well. In contrast to the 3D perovskites where the thermodynamic phase is

a non-perovskitic phase, in 2D perovskites the thermodynamic product appears to be the n =2
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member of the homologous series instead. This has been demonstrated in a number of 2D
perovskite families, from RP'?! to ACI'*® and to double perovskites,'*® so that it one could
tentatively conclude that it is the perovskitizer itself that inhibits the formation of the homologous
series, and in spite the fact that the higher n-members may be possible to form, it is clear that they
are not the thermodynamic products of these systems. In order to bypass this obstacle, several
researchers have turned to the familiar remedy employed in 3D perovskites:>?® the mixing of
cations in the A-site in order to tune the tolerance factor.??” Although this approach paid some
dividends in terms of improved devices when the mixed-compositions were employed to cast thin-
films, 2% 228229 the complete lack of structural characterization leaves the exact composition of the
films in question. Nevertheless, in few cases structural characterization has been achieved,
showing that incorporation of FA is possible as in the n = 4 DJ perovskite

(3AMP)(MA)2.25(FA)0.75Pbali3 (unpublished results in our lab).

The mixed cation, solid solution approach in 2D perovskites is not limited to the A-site cations
but it has been also explored with respect to metal alloying, and halide mixing. These mixing
metals or halides in very appealing since they can substantially change the energy band levels in
the perovskite. Conceptually, they can also be envisioned to substitute selectively into different
layers. These systems, however, have not yet drawn much attention compared to the 3D perovskite

analogues?3%-2%

and they are limited to a handful of examples. The metal alloying has so far been
explored in the single-layered mixed Pb and Sn systems of (HA)Pbi_xSnxl+”* and (BZA),Pb;
«Snxl4”° (HA = histammonium, BZA = benzylammonium) and in the mixed Sn and Ge system

(PEA):Gei1xSnxls.** In the former case, the Pb/Sn mixing produces the “typical” for the 3D

perovskites anomalous band gap trend, not following the Vegard’s law between the two parent
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compounds.?**?*> Particularly in the case of (BZA)2Pb; xSnl4, all the intermediate (x = 0.25, 0.5,
0.75) compositions have lower band gaps (1.86 eV, 1.84 ¢V and 1.82 eV) than the pure Sn

compound (1.89 eV).

As expected from the 3D perovskite precedence,?*® in the mixed Sn/Ge system the band gap
decreases linearly with increasing Sn content, from 2.13 eV for x =0 to 1.95 eV for x = 0.5. The
halide mixing has also seen very little practical study in 2D perovskites (contrary to their extensive

237 and 0D nanocrystals®!), and it has been mainly employed in Cl/Br

exploration in 3D materials
systems for the optimization of the quantum yield of white-light emission, such as in
(EDBE)[PbBrsxClx],'"* EA4Pb3Bri9xClx and (PEA),PbBrxCls,>*® where a small addition of Cl
can significantly broaden the PL emission bandwidth. Mixing Br with I in the (PEA)2SnIxBrsx
series causesshifts of the excitonic emission from 2.66 eV (x = 0) to 1.97 eV (x = 4), ?*° while in
the complete series (PEA)>PbY«Z4 « the whole spectrum between 2.4eV (Y =1, x = 4) and 3.8eV

(Z = Cl, x = 0) can be accessed by adjusting the halide content between Cl, Br and I binary

mixtures.?*

1.7 2D Perovskites in Optoelectronics: Solar Cells, Light-emitting Diodes and Beyond

Several 2D perovskites have been deployed in actual devices showing superb performance.
The unique advantages, derive from their nanostructured template and the increased organic
component content. Their hybrid inorganic-organic nature allows for the development of
multifunctional materials having the added advantage over the 3D perovskites of having enhanced

1

environmental stability,” reduced ionic migration,>®' and their easily tunable electrical

properties.'% On the antipode, the increased organic content, slightly dilutes the functionally active
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perovskite layers and as a result it decreases somewhat the maximum theoretical light-to-current
conversion. The high exciton binding energy limits the diffusion length of the 2D perovskite,
where the diffusion length increases with decreasing organic spacer content.?’ Though not as high
as the 3D counterpart, the carrier mobility can reach about 10 cm?*V!'s™! for 50% PEA in
MA,-1PEA2Pb,I30+1 system.? Despite starting the race with a small disadvantage, 2D perovskites
have proven their worth, as the initial successful demonstration of (PEA)2(MA)2Pbslio,” that
yielded a 4% power-conversion efficiency (PCE), was superseded from (BA)>(MA),Pbslio that
exhibited a similar PCE.'” However, the massive breakthrough came in the form of
(BA)2(MA)3;Pbal;s which exhibited a PCE of 12.52%2* using the hot-casting method,?** showing

impressive long-term stability against both light and moisture.

Since the initial demonstration of 2D perovskite solar cells, small improvements were
achieved in the BA systems by the mixed A-cation (FA/MA)**® and (Cs/MA)*° strategies.
Interestingly, higher n-members do not improve the efficiency leading to an optimized PCE ~ 10%
for the n = 5 member.>** The PCE could be further improved by employing the so-called “quasi-
2D perovskites”, targeting nominal compositions with high layer number (e.g. “n = 10, 50, 60”).
This common strategy afforded solar cells with higher efficiency (~15%) for various cations and
in different 2D systems (n = 60, PEA;”® n = 10, ALA (allylammonium)'°!). The work by Sargent
et al. illustrated the effect of incorporating different organic spacer (BA, PEA and ALA), where
they found the ALA system with the highest lifetime, diffusion length and mobility reached the
highest efficiency compared with BA and PEA.!®! This approach was successfully extended to
lead bromide based systems, yielding a PCE~10% for “(BZA)2(MA )49PbsoBris1”,** and also in

the Sn-based 2D systems, leading to an improved efficiency and stability for the



49
“(PEA)2(FA)sSnolzs” (5.94%).24  Noted that the nominal stoichiometry does not equal to the
actual layer thickness, where no evidence was found for the existence of “n = 50”. The resulting
material of the experimental input needs to be validated by XRD, NMR or other characterization
methods. The lack of identification of the material leads to confusion of its corresponding

properties and difficulty of comparing materials of the same layer thickness.

2D halide perovskites also perform excellently in the arena of LEDs, in this case displaying
an even better performance than the 3D perovskites in certain cases.?*’ In the (PEA)2(MA)n.
1PbuX3n+1 systems,?*® with the n = 5 member demonstrates a significantly higher external quantum
efficiency (EQE) at 8.4% for red light emission for x = I, comparing to MAPbI3. For the bromide
analogue (PEA)2(MA)4PbsBris (nominal composition), it also exhibits a high EQE (7.4%) for
green light emission and luminescence (8400 cd/m?) at low threshold voltage.!% Interestingly, the
BA systems also deliver high quantum yields in the higher “quasi-2D” regime,*** but the efficiency
is much lower for registered low n-members.>>* The high mobility of the Sn-based 2D halide
perovskites have also been utilized in field-effect transistor (FET) devices.?! Early work has
clearly showed that FET could be realized for the n = 1 (PEA)>Snl4 perovskite derivatives®* 181-252
producing FET mobilities in the order of up to p ~1.4 cm? V' s! and it has been recently revisited,

showing an impressive enhancement to u ~15 cm? V! s1.253

The above qualities of the 2D perovskites make them obviously very promising for
implementation in optoelectronic devices, yet a serious setback in this aspect arises from the fact
that, in thin-film form, the 2D perovskites lose one of their main advantage, that of the controlled
tunability of the layer number. This loss of synthetic control affects both the excitonic emission

wavelength (mostly relevant for Pb-based perovskites) and potentially the loss of FET mobility
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(mostly relevant for the Sn-based perovskites). In most cases, a targeted layer thickness in thin
film yield a combination of different layer numbers, as seen in the absorption spectra (several
slopes) and sometimes low angle peaks in PXRD.!%!: 193244 Degpite the loss of structural integrity,
the superior performance of the 2D perovskites persists, and this is likely attributed to the
engineered of mixtures of 2D phases that funnel their energy from high band gap to lower band

gap phases, in a process which surprisingly reduces nonradiative recombination pathways.

Among the emerging applications that 2D perovskites hold great promise due to their strong
excitonic emission at room temperature are in the fields of lasing and photodetectors. These device
structures are still in their initial steps of development since they require careful engineering of the
device and successful mechanical exfoliation of the 2D materials. Nevertheless, the initial results
are very promising as this was demonstrated for the n = 1 (PEA)2Pbls polariton laser’>* and the
(BA)2(MA)3Pbal;; engineered photodetectors.!?”25° Such new device design principles may even
allow for fast hard radiation scintillation detectors for medical applications since the intrinsic

excitonic emission in these systems lies in the order of few picoseconds.?*¢-2%

The nonlinear optical responses of the 2D halide perovskites, which tend to amplify upon

reduction of dimensionality in excitonic systems,>82>

also been the focus of the early work. The
main focus was given to the n = 1 system (C¢H13NH3)2Pbls,?%° producing a massive large third-
harmonic generation coefficient ¥ = 1.6 x 10 esu at cryogenic temperatures. The successful
isolation of higher n-members in (BA)2(MA)n-1Pbulsn+1 system allowed for the determination of

120
L,

the y® coefficients for higher n-members as wel which for the mid-infrared region, room

temperature, range between 4.6-5.6 x 10!! esu and could be utilized for medical applications.>
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Provided that the 2D perovskites could be integrated in suitable device structures, they should have

a bright future in the field of optoelectronics.

1.8 Thesis Outline

This thesis will primarily focus on new 2D hybrid halide perovskite materials, from structural
characterization, optical properties to optoelectronic applications. Chapter 2-4 are dedicated to the
discovery of a series of white-light emitting hybrid perovskite materials, where we have attempted
to illustrate the structure-PL relationship by studying their structural distortions and the broadband
emission arising from self-trapped excitons states (STEs) at excited states. First, we start with the
2D system (Chapter 2, 3) and laterwards extend to all sorts of structural types ranging from 1D to
3D (Chapter 4).

The second part of the thesis will be focused on the Dion-Jacobson phase 2D perovskites,
which we have synthesized the first complete series from single-layer (n = 1) to as high as seven-
layer (n = 7). We have resolved the crystal structures and studied their trend in particular, how the
Pb-1-Pb affect the optical properties. Following this rule, we have selected a series of compounds
to try for solar cell devices. Chapter 5 will be based on the two series of A’ An.1Pbnlzn+1 (A’ = 3-
(aminomethyl)piperidinium (3AMP) or 4-(aminomethyl)piperidinium (4AMP), A =
methylammonium (MA), n = 1-5). Chapter 6 is all about comparison between the seven-layered
DJ and RP phases. From iodide-based system to bromide-based system, we compare the effect of
the organic spacers 3AMP and 4AMP versus the perovskitizer cations (MA and FA), which will
be discussed in Chapter 7. Conclusions and insights will be offered in the end of the thesis,

providing our perspectives for future hybrid perovskite material design.



Chapter 2. White-light Emission and Structural Distortion in New

Corrugated 2D Lead Bromide Perovskites

Reprinted with permission from Mao, L.; Wu, Y.; Stoumpos, C. C.; Wasielewski, M. R;
Kanatzidis, M. G. White-light Emission and Structural Distortion in New Corrugated 2D Lead
Bromide Perovskites. J. Am. Chem. Soc., 2017, 139 (14), 5210-5215. Copyright 2017 American
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2.1 Abstract

Hybrid inorganic-organic perovskites are developing rapidly as high-performance
semiconductors. Recently, two-dimensional (2D) perovskites were found to have white-light,
broadband emission in the visible range and was attributed mainly to the role of self-trapped
excitons (STEs). Here, we describe three new 2D lead bromide perovskites incorporating a series
of bifunctional ammonium di-cations as templates which also emit white light: 1) a-(DMEN)PbBr;4
(DMEN = 2-(Dimethylamino)ethylamine), which adopts a unique corrugated layered structure in
space group Phca with unit cell a =18.901(4) A, b = 11.782(2) A and ¢ = 23.680(5) A; 2)
(DMAPA)PbBr4 which crystalizes in P21/c with a=10.717(2) A, b=11.735(2) A, ¢ = 12.127(2)
A, B = 111.53(3)°and 3) (DMABA)PbBrs (DMAPA = 3-(Dimethylamino)-1-propylamine,
DMABA = 4-dimethylaminobutylamine) which adopts 4ba2 with a =41.685(8) A, b =23.962(5)
A, ¢ =12.000(2) A. Photoluminescence (PL) studies show a correlation between the distortion of
the “PbBrs” octahedron in the 2D layer and the broadening of PL emission, with the most distorted
structure having the broadest emission (183 nm full width at half maximum) and longest lifetime
(Tavg = 1.39 ns). The most distorted member a-(DMEN)PbBr4 exhibits white-light emission with a
color rendering index (CRI) of 73 and correlated color temperature (CCT) of 7863K, producing

“cold” white light similar to a fluorescent light source.
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2.2 Introduction
Hybrid inorganic-organic halide perovskites exhibit exceptional performance in photovoltaic

9,17,49,261-265

and optoelectronic device applications. In addition to the 3D perovskites, which are

the most extensively investigated materials, the two-dimensional (2D) perovskites also show
promising results for applications such as stable solar cells and light emitting diodes (LEDs).?**
266-268 White-light emitting 2D perovskites are attracting strong interest for solid-state lighting
applications.?®-"" Having the advantages of easy-processing, low cost, high tunability and color
stability, white-light emitting 2D perovskites are promising as single-component light emitters.?’!
272 The 2D perovskites derive from the 3D structure by slicing the inorganic lattice along different
crystallographic planes, which can be categorized as the (100)-oriented, (110)-oriented and (111)-
oriented.®! The 2D materials have greater room for property tuning (than the 3D perovskites) by

changing widely the functional organic cations or increasing the perovskite layer thickness.'?’

Different from the (100) -oriented 2D perovskites, which consist of flat perovskite sheets,

Corrugated (110)-oriented 2D perovskites
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Figure 10. Schematic representation of different structural types of corrugated (110)-oriented members of the

2D perovskite family.
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(110)-oriented perovskites have corrugated layers.?”* Depending on where the corrugation occurs
in the layers these structures can be defined as 2x2, 3x3, 3x4, 4x4 etc. as shown in Figure 12. We
name these “roof-like” (110)-oriented 2D perovskites as “nxn”, which n stands for the number of
the octahedra composing half of the roof as seen in Figure 1. Because of the more distorted nature
of the (110)-oriented perovskites, a broadband photoluminescence (PL) emission presumably
arises from self-trapped excitons (STEs) states. STEs are photo-generated transient defects formed
by large lattice deformations associated with strong electron-phonon coupling.?’*?”> The first
(110)-oriented lead bromide perovskite with broad emission (CsHi13N3)PbBrs was reported in
2006.27® Recently, (N-MEDA)[PbBrs]** (N-MEDA = N1-methylethane- 1,2-diammonium and
(EDBE)[PbBr4]*"° (EDBE = 2,2'- (ethylenedioxy)bis(ethylammonium) were both reported to have
“warm” white-light emission. A (100)-oriented 2D perovskite, (CsHi11NH3)2PbBrs, was also found
to have white-light emission.?’”> White-light emission has been observed in chloride systems such

as (EDBE)PbCl4,>”° (FC2HaNH3),PbCls, ' and 3D lead chloride clusters.?”’

a-(Dl')_I?\}'L/ [ (DMAPA)PbBr, ‘
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Figure 11. Optical images of a-(DMEN)PbBr4, (DMAPA)PbBr4, (DMABA)PbBr4 and picture of the powdered
samples (1 = a-(DMEN)PbBr4, 2 = (DMAPA)PbBr4 and 3 = (DMABA)PbB13).
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Here, we report three new 2D lead bromide perovskites a-(DMEN)PbBrs, (DMAPA)PbBr4
and (DMABA)PbBr;4 (Table 1) The a-(DMEN)PbBr4 features a new corrugated “3x3” layer and
belongs to the (110)-oriented family (Figure 10), while (DMAPA)PbBrs and (DMABA)PbBr4
belong to the conventional (100)-oriented type with flat layers as shown in Figure 12. The
corrugated 2D perovskite a-(DMEN)PbBrs4 exhibits white light emission attributed to its highly
distorted structure. The optical properties of the three 2D compounds described here exhibit a
strong correlation between the PL emission bandwidth with the degree of distortion in the “PbBrs”

octahedra in the crystal structure.

2.3 Experimental Details
2.3.1 Synthesis.

All chemicals were purchased from Sigma-Aldrich and unless otherwise stated, were used as
received.

a-(DMEN)PbBrs and g-(DMEN)PbBr4. An amount of 0.669 g (3 mmol) PbO powder was
dissolved in 6.0 ml of 48% hydrobromic acid and 1.0 ml of 50% aqueous H3PO> by heating under
stirring for 10 min at 122°C until all PbO dissolved. 0.264 g (5 mmol) of 2-
(Dimethylamino)ethylamine was added drop-wise to the previous solution under heating and
stirring. Pale yellow and colorless plate-like crystals formed during slow cooling. After leaving
the pale yellow plates in mother solution for 10-14 days, all crystals transformed to colorless

rhombic shaped crystals of a-(DMEN)PbBr4 (Figure 11). Yield 0.632g (34.1% based on total Pb
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content). Pale yellow crystals of B-(DMEN)PbBr4 can be separated through immediate filtration.
Though PXRD shows pure the B phase is pure at times, it is not guaranteed for every experiment.

(DMAPA)PbBrs and (DMABA)PbBr4. An amount of 0.892 g (4 mmol) PbO powder was
dissolved in 6.0 ml of 48% hydrobromic acid and 1.0 ml of 50% aqueous H3PO; by heating under
stirring for 10 min at 122°C until all PbO dissolved. 1.0 ml of 48% hydrobromic acid was added
to protonate 0.408 g (4 mmol) of 3-(Dimethylamino)-1-propylamine. Combining both solution
under heating at 122°C for 5 min, pale yellow plate-like crystals formed during slow cooling. Yield
0.973 g (38.5% based on total Pb content). The same method was used to prepare (DMABA)PbBr4,
using 0.500 g (4.3 mmol) 4-dimethylaminobutylamine instead. Yield 1.042 g (40.4% based on

total Pb content).

2.3.2 Single Crystal X-ray Diffraction

Single crystals of appropriate size were selected for X-ray diffraction experiments. After
screening a few diffracted frames to ensure crystal quality, full sphere data were collected using
either a STOE IPDS 2 or IPDS 2T diffractometer with graphite-monochromatized Mo Ka radiation
(AL = 0.71073 A), operating at 50 kV and 40 mA under N> flow. Integration and numerical
absorption corrections on the data were performed using the STOE X-AREA programs. Crystal
structures were solved by direct methods and refined by full-matrix least-squares on F? using the

OLEX2 program package.?’
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2.3.3 Powder X-ray Diffraction (PXRD)
PXRD analysis was performed using a Rigaku Miniflex600 or STOE’s STADI MPpowder X-

ray diffractometer (Cu Ko graphite, A = 1.5406 A) operating at 40 kV/15 mA with a Kp foil filter.

2.3.4 Optical Absorption Spectroscopy

Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200-1200 nm region at room temperature. BaSO4 was used
as the reference of 100% reflectance for all measurements. The reflectance versus wavelength data
generated were used to estimate the band gap by converting reflectance to absorption according to
the Kubelka—Munk equation®”’: o/S = (1-R)*(2R)"!, where R is the reflectance, a and S are the

absorption and scattering coefficients, respectively.

2.3.5 Steady state and Time-resolved Photoluminescence

Steady-state and time-resolved photoluminescence (TRPL) spectra were acquired
using HORIBA Fluorolog-3 equipped with a 450-W xenon lamp and a TCSPC module (diode laser
excitation atA= 375 nm) and an integrating sphere (Horiba Quanta—¢) for absolute
photoluminescence quantum yield determination. The spectra were corrected for the
monochromator wavelength dependence and photomultiplier response functions provided by the
manufacturer. The measurements were performed using dried, powdered polycrystalline samples.

No filters were used during the TRPL measurements.
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2.4 Results and Discussion

a-(DMEN)PbBr,

o .
HaC-N~""NH,

2°(Dimethylamino)ethylamine

"DMEN"
% _CH;,3 -
a B A A D NH;
T W HC’H
< o 3-(Dimethylamino)-1-propylamine
b WY “DMAPA”
= S ’4;.:
. v 4 ;::'
2 (DMABA)PbBr,
g % .
o6 .
SO W ++3c-”~/\/‘NH3
N B¢, X 4-dimethylaminobutylamine
"DMABA"

Figure 12. Crystal structures of a-(DMEN)PbBrs, (DMAPA)PbBr4 and (DMABA)PbBr4 and the organic cations

incorporated in each structure.
Unlike the relatively common “2x2” structural type,?¢°27% 276 q-(DMEN)PbBr4 represents the
first example of the “3x3” type of roof-like corrugated structure. The “4x4” structural type is also
very rare, as o -[NH3 (CH2)sNH3]SnLs**° and o-(HA)Snls,?®! are the only two other examples
reported. In this work, in order to investigate the effect of the cation length on the inorganic layers,
a set of di-cations with formula [(CH3).NH(CH),NH3]** (n =2, 3 and 4) were used as templates.

Table 1. Structural characteristics and bandgaps of the new compounds reported in this work.

Compound 2D structural type Space group bandgap
a-(DMEN)PbBr4 “3x3” (110) Pbca 3.00 eV
(DMAPA)PbBr4 (100) P2y/c 2.88 eV

(DMABA)PbBr, (100) Aba2 2.85eV
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Table 2. Crystal data and structure refinement for a-(DMEN)PbBr4 and f-(DMEN)PbB14.

Empirical formula a—[(CH3)2NH(CH2)2NH3]PbBI‘4 ﬁ—[(CH3)2NH(CH2)2NH3]PbBI‘4
Formula weight 617.00 617.00
Crystal system Orthorhombic Monoclinic
Space group Pbca P2,/c
a=18.901(4) A, a.=90° a=17.625(4) A, .= 90°
Unit cell dimensions b=11.782(2) A, p=90° b=11.982(2) A, B=90.44(3)°
c=23.680(5) A, y=90° c=18.724(4) A, y=90°
Volume, Z 5273.3(18) A3, 16 3953.9(14) A3, 12
Density (calculated) 3.109 g/cm? 3.110 g/cm?
Absorption coefficient 24.878 mm’! 24.885 mm’!
F(000) 4384 3288
0 range for data collection 1.720 to 29.225° 2.761 to 29.182°
-25<=h<=25, -16<=k<=16, -24<=h<=21, -16<=k<=16,
Index ranges
-32<=1<=32 -25<=1<=25
Reflections collected 48443 36919
Independent reflections 7132 [Rine = 0.1326] 10650 [Rine = 0.0596]
Data / restraints /
7132/1/184 10650 /0/303
parameters
Final R indices [I > 26(I)] Rops = 0.0789, wRqps = 0.1415 Robs = 0.0559, wRobs = 0.1319
R indices [all data] Rai = 0.1366, wRa1 = 0.1628 Rai = 0.0889, wRan = 0.1477

R = 3||Fol-[Fe]| / Z[Fol, WR = {E[W(Fo] - [Fe2)2] / S[W([Fol)]}" , w=1/[c2(Fo)+(0.0540P)*+53.6400P]
(for  o-[(CH;),NH(CH:),NH;]PbBry) ~ and  w=1/[cX(Fo)+(0.0850P)]  (for  p-
[(CH;3):NH(CH>),NH3]PbBr4) where P=(Fo*+2Fc?)/3. Temperature 293K. Wavelength Mo Ka 0. 71073
A

Interestingly, the shortest cation, DMEN, forms two phases with lead bromide, namely f-
(DMEN)PbBrs which is the kinetic product that upon standing in the mother liquor subsequently
transforms to a-(DMEN)PbBr4, the thermodynamic product (Figure 13). The stable phase a-
(DMEN)PbB14 crystallizes in the orthorhombic space group Pbca (Table 2). It adopts a layered
structure, where each layer is formed with corner-sharing octahedra forming a 3%3 corrugation

(Figure 4d). (DMAPA)PbBr4 and (DMABA)PbBr4 crystalize in monoclinic space group P21/c
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Table 3. Crystal data and structure refinement for (DMAPA)PbBr4sand (DMABA)PbBr4.

Empirical formula [(CH3),NH(CH,);:NH3]PbBr4 [(CH3),NH(CH,)sNH3]PbBr4
Formula weight 631.03 645.05
Crystal system Monoclinic Orthorhombic
Space group P2,/c Aba?
a=10.717(2) A, 0.= 90° a=41.685(8) A, 0.=90°
Unit cell dimensions b=11.7352) A, p=111.53(3)° b=23.962(5) A, p=90°
c=12.127(2) A, y=90° c=12.0002) A, y=90°
Volume, Z 1418.7(6) A®, 4 11987(4) A3, 32
Density (calculated) 2.954 g/em’ 2.860 g/cm’
Absorption coefficient ~ 23.122 mm’! 21.896 mm’!
F(000) 1088 9280
0 range for data collection 3.436 to 29.282° 2.590 to 29.186°
-14<=h<=14, -16<=k<=16, -44<=h<=57, -32<=k<=32,
Index ranges
-l6<=1<=16 -13<=1<=16
Reflections collected 13236 45002
Independent reflections 3822 [Rine = 0.0984] 13741 [Rine=0.1118]
Data / restraints /
3822/0/113 13741 /7/412
parameters
Final R indices [ > 26(I)] Rops = 0.0354, wRps = 0.0599 Robs = 0.0541, wRops = 0.0919
R indices [all data] Ran = 0.0522, wRay = 0.0641 Rain =0.1250, wRan = 0.1112

R = Z||Fo|-[Fe]| / Z[Fo|, wR = {Z[W([Fo* - [Fe?)’] / Z[w([Fo[)]}"? , w=1/[c*(F0?)+(0.0250P)’] (for
[(CH3);NH(CH,);NH3]PbBrs) and w=1/[62(Fo?)+(0.0350PY?] (for [(CH:):NH(CH.):NH;]PbBr;) where
P=(Fo*+2Fc?)/3. Temperature 293K. Wavelength Mo Ka 0. 71073 A.

and orthorhombic space group 4ba2 respectively (Table 3). The layers in these (100)-oriented
perovskites consist of corner-sharing octahedra formed along the bc crystallographic plane. As the
cations become longer, by adding a -CH»- group (DMAPA) or two -CH»- groups (DMABA)
(Figure 12), the corrugated layers no longer form. This suggests that the formation of the

corrugated phase is cation-length dependent and it seems that is the length of the diamine should
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Figure 13. (2) Transformation of B-(DMEN)PbBr4 to a-(DMEN)PbBr4 in the mother liquor solution. (b) Inorganic

layer of a-(DMEN)PbBrs as a fragment sliced out of the 3D framework. (¢) Local hydrogen bonding of the

“chelating” effect causes the unique bending of the inorganic layers. (d) Detailed representation viewing down the

c-axis.
be about the same as the length of two consecutive corner-connected octahedra, see Figure Al.
The driving force for the formation of the corrugated inorganic layers, is attributed to a form of
“chelating” effect in which the cation chelates the Br atoms through hydrogen atoms. The
secondary ammonium group and the primary ammonium group bond closely (Donor-Acceptor
distances: 3.40 A and 3.47 A) to the bromide anion to form weak hydrogen bonds (Figure 13c,
highlighted in blue),?®* resulting in the inorganic sheets folding at a ~90° angle giving rise to a
strong corrugation.

The optical bandgaps of the (100)-oriented compounds, (DMAPA)PbBrs and (DMABA)PbBry4,

d,49’ 261

follow the expected tren i.e. decreasing bandgaps with increasing Pb-Br-Pb angles.
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Figure 14. (a) Optical absorption spectra of a~(DMEN)PbBrs (3.00 eV), B-(DMEN)PbBrs (2.80 eV),
(DMAPA)PbBrs (2.88 e¢V) and (DMAPA)PbBrs (2.85 eV). (b) Steady-state PL emission spectra of a-
(DMEN)PbBrs4, (DMAPA)PbBrs and (DMABA)PbBrsexcited at 355 nm.

(DMAPA)PbBrs has a bandgap of 2.88 eV, with an average Pb-Br-Pb angle of 163.9°.
(DMABA)PDbBr4 on the other hand, has a slightly smaller bandgap (2.85 eV), due to a larger
averaged angle of 168.6°. a-(DMEN)PbBr4 has a larger bandgap of 3.00 eV. B-(DMEN)PbBr4 has
the smallest bandgap and the largest Pb-Br-Pb angle among all, 2.80 eV and 169.0° respectively,
making these two phases distinguishable by color . Excitonic features in all the optical absorption
spectra are clearly observed in this series as in other 2D halide perovskites.?®! The nature of the
higher energy emission peaks is excitonic. As seen in Figure 14b, the sharp peaks of
(DMAPA)PbBr4 (436 nm, 2.84 ¢V) and (DMABA)PbBr4 (446 nm, 2.78 eV), are in agreement with
the bandgap trend and the exciton position at the band edge. The overall broadness of the emission
appears to be heavily influenced by the structural distortion, which is evaluated here by the level

of the distortion of the “PbBrs” octahedron. We quantitatively measure the magnitude of the
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distortion of the octahedra (Ad) using the flowing equation: 283-234

=[]

Where d is the mean Pb-Br bond distance and d, are the six individual Pb-Br bond distances. In
Table 4, the average Ad of the entire structure and individual Ad of different “PbBrs” octahedra are
listed. Among the three new compounds, a-(DMEN)PbBr4 has the largest distortion (Adayg =
17.4x107%), (where Aday, is the statistical average of Ad for each crystallographically independent
Pb composed octahedron), and also has the broadest emission in this series. Pbl in a-
(DMEN)PbBTr4 refers to the “PbBrs” located on the “corner” position, whereas Pb2 is the bridging
“PbBrs” linking both Pb1 as seen in Figure A2. Structurally, this Pbl corresponds to the Pb1 in the

reported “2x2” (110)-oriented structure (CsH13N3)PbBr4 in Table 4, which in both cases these
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Figure 15. Time-resolved PL of a-(DMEN)PbB14. Fittings of the (a) emission A at ~ 500 nm (zavg = 1.39 ns) and
(b) emission B at ~ 550 nm (zavg = 0.75 ps). Two-dimensional TRPL shows the (c) emission A (~ 500 nm) is much

short-lived than the (d) emission B at (~ 550 nm).
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Table 4. Summary of distortions of individual “PbBrs” octahedra within each structure. Averaged
distortions (Adav,) are given at the end for structures with more than one type of “PbBrs” octahedra.

Adpy1 Adpy2 Adpy3 Adpyd Adavg
Compound
(<10 (x10%)  (x10%)  (x10%)  (x10%)
a-(DMEN)PbBr4 30.8 4.0 - - 17.4
(DMAPA)PbBr4 1.1 - - - 1.1
(DMABA)PbBr4 3.0 7.4 1.3 54 4.3
(CsH13N3)PbBr4 (ref.) 26.0 - - - 26.0

octahedra are extremely distorted, giving Ad of 30.8x10™* and 26.0x10™*, respectively. Since a-
(DMEN)PbBr; is an extended “3%3” corrugated (110)-oriented perovskite, a second “PbBrs” is
present acting as the “bridge” (Figure A2), which is much less distorted (Ad =4.0x10*). Compared
to the (110)-oriented structures, the (100)-oriented (DMAPA)PbBrs and (DMABA)PbBrs have
much smaller distortion with more regular octahedra. However, the differences still reflect on the
broadness of the PL emission, where (DM APA)PbBr4 has the sharpest emission but the smallest
degree of distortion (Ad) of 1.1x10*. The full width at half maximum (FWHM) of the PL follows
a linear trend with increasing octahedral distortion (Figure 16a).

From time-resolved PL experiments, we observed two emission bands (Figure 15, Figure A7-9)
from all compounds with distinct decay constant and spectral feature. In Figure 15c¢-d, the lower
wavelength emission band (A), having shorter lifetimes, can be assigned to the combination of
band edge emission and STEs emissions. Comparing emission A, a-(DMEN)PbBr4 has the
longest lifetime among all (tavg = 1.39 ns). (DMAPA)PbBrs and (DMABA)PbBr4 have shorter

averaged lifetimes of 0.23 ns and 0.73 ns, respectively. The lifetime of the emission A (band edge
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and STEs) is associated with the distortion level of the octahedral as more STEs states are
populated for the more distorted structure thus is more long-lasting (Figure 16b). The longer
wavelength emission (B) at ~ 550 nm is similar for all compounds with lifetimes in the
microsecond time-range (7 = 0.8~1.0 ps). The latter emission (B) might be associated with carriers
trapped at permanent defects. Its contribution to the overall steady-state emission, however, is
small as compared to the band edge emission and STEs emissions. Further investigations are
needed, and particularly magnetic-field effect and optically-detected electron spin resonance
spectroscopies will be helpful. 24288 We also compared the thin-films of a-(DMEN)PbBr4 and the
reported (N-MEDA)[PbBr4]*% in time-resolved PL measurements (Figure A10-11). Film samples
were prepared by dissolving 0.5 mmol powder sample of the above compounds in 1 ml
dimethylformamide (DMF). Then the solution was spin-coated onto plain glass substrate at 2500
rpm for 20 s. a-(DMEN)PbBr4 shows a slower decay curve than (N-MEDA)[PbBr4], possibly
because of the more corrugated structure. Similar to the polycrystalline powder samples, the PL
emission of the thin films consist of band edge emission and STEs emission at shorter wavelength
which decays much faster than the prolonged emission B (carriers trapped at permanent defects).
Overall, the lifetime of the PL emission A (band edge and STEs) increases with the distortion level
of the crystal structure (Figure 15b), while emission B is relatively constant for all compounds.
Different from the previously reported (110)-oriented perovskites (N-MEDA)PbBrs?® and
(EDBE)PbBr4,%”° which have “warm” white-light and CCT below 5000K, a-(DMEN)PbBr4 has

an intense emission at the bluer visible region, resulting in a “cold” white-light emission with CCT
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Figure 16. (a) Full width at half maximum (FWHM) of all compounds follows a linear trend with increasing
octahedral distortion. (b) The 74, of emission A also increases with with increasing octahedral distortion. (c)
Chromaticity coordinates of a-(DMEN)PbBr4 (0.28, 0.36), (DMAPA)PbBr4 (0.17, 0.16), (DMABA)PbBr4 (0.20,
0.26) and white point (0.33, 0.33) in 1931 color space chromaticity diagram. Inserted: white light emission picture
of polycrystalline a-(DMEN)PbBr4 excited at 365nm.
of 7843K, more suitable for “cold” white-light LEDs. The chromaticity coordinates and CCT are
calculated using the ColorCalculator by OSRAM Sylvania, Inc. In Figure 16¢, a-(DMEN)PbBr;4
has a chromaticity coordinates of (0.28, 0.36). The deviation from the white point (0.33, 0.33) also
results from the partial contribution of the blue emission. The color rendering index (CRI) reflects
the accuracy of the light source compared to daylight. Most commercially available LEDs have

CRI around 80. In this case, the CRI of a-(DMEN)PbBry is slightly lower (CRI = 73), which is

comparable to fluorescent light source (CRI ~ 72).2%

2.5 Conclusions
In conclusion, we have identified three new 2D lead bromide perovskite compounds which

exhibit strong effects of the organic cations that influence the templating of the inorganic layers
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and their optical properties. We observe a structure-PL correlation which predicts that the larger
the octahedral distortion of the inorganic layer, the broader the bandwidth of the PL emission. In
addition, the averaged lifetime of the emission A (band edge and STEs) increases with the
distortion level of the octahedral in the crystal structure. Among these three compounds, an
intriguing new “3x3” type of corrugated (110)-oriented 2D perovskite, a-(DMEN)PbBr3, is
stabilized by a special “chelating effect” of hydrogen bonding interactions. Because of this effect,
a-(DMEN)PbBr4 has the most distorted structure, which leads to broad white-light emission and
has CRI comparable to a fluorescent light source. This correlation can serve as a design tool of the

PL emission properties in other 2D perovskite systems.
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Chapter 3. Tunable White-light Emission in Single Cation Templated
Three-layered 2D Perovskites (CH3CH2NH3)sPb3sBrioxClx

Reprinted with permission from Mao, L.; Wu, Y., Stoumpos, C. C.; Traore, B.; Katan, C.; Even,
J.; Wasielewski, M. R.; Kanatzidis, M. G. “Tunable White-light Emission in Single Cation
Templated Three-layered 2D Perovskites (CHzCH2NHz3)4Pb3BrioxClx.” J. Am. Chem. Soc., 2017,

139 (34), 11956-11963. Copyright 2017 American Chemical Society.
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3.1 Abstract

Two-dimensional (2D) hybrid halide perovskites come as a family (B)(A)uPbaXzn+1 (B, A=
cations; X= halide). These perovskites are promising semiconductors for solar cells and
optoelectronic applications. Among the fascinating properties of these materials is white-light
emission, which has been mostly observed in single-layered 2D lead bromide or chloride systems
(n = 1), where the broad emission comes from the transient photoexcited states generated by self-
trapped excitons (STEs) from structural distortion. Here we report a multi-layered 2D perovskite
(n = 3) exhibiting a tunable white-light emission. Ethylammonium (EA™) can stabilize the 2D
perovskite structure in EA4PbsBrio«Clx (x =0, 2, 4, 6, 8, 9.5, 10) with EA" being both the A and
B cations in this system. Because of the larger size of EA, these materials show a high distortion
level in their inorganic structures with EA4PbsCliohaving a much larger distortion than EA4Pb3Brio,
which results in broadband white-light emission in EA4Pb3Cly0, while EA4Pb3Bri¢ has narrow blue
emission. The averaged lifetime of the series decreases gradually from the Cl end to the Br end,
indicating the larger distortion also prolongs the lifetime (more STE states). The band gap of
EA4Pb3BrioxClx ranges from 3.45 eV (x =10) to 2.75 eV (x = 0), following the Vegard’s law. First-
principles Density Functional Theory calculations (DFT) show both EA4Pb3Clio and EA4Pb3Brio
are direct band gap semiconductors. The color rendering index (CRI) of the series improves from
66 (EA4Pbs3Clio) to 83 (EA4Pb3BrosClos), displaying high tunability and versatility of the title

compounds.
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3.2 Introduction

Halide perovskite materials with hybrid organic-inorganic structures have captured the broad
interest of the scientific community because their promises high performance photovoltaic (PV)
and optoelectronic devices.?**-2%® Among the leading materials, the APbXs perovskites are singled-
out because they deliver the highest PV performance. However, the further utilization of the
materials is hampered by the limited options in varying the A* cation which is limited to Cs,
MA*(MA" = CH3NHs") and FA*(FA* = HC(NH2)2") which is due to stereochemical restrictions.
Attempts to find alternative cations typically lead to unfavorable structures which do not have
desirable semiconducting properties. An exception to this trend is seen in the case of 2D
perovskites. Decreasing the dimensionality from three-dimensional (3D) to two-dimensional (2D),
more versatile organic cations can be incorporated as templates to produce new structural types.?*
Compared to the single-layered 2D perovskites,®® ® multi-layered 2D perovskites are less
intensively investigated3* 273 3% byt do promise superior properties in applications such as solar
cells?42:301-303 gnd LEDs.1%: 394 Multi-layered 2D systems also show better chemical stability than
the 3D perovskite materials, as the longer organic cations are hydrophobic, making the devices
moisture-stable.?*? 391302 A5 the “in-betweens” of the 3D compounds and the single-layered 2D
compounds, multi-layered 2D perovskites of the formula (B)(A)nPbnXzn+1 (B, A= cations; X=

halide) can be tuned through multiple pathways: (1) layer thickness (i.e. value of n);30% 305-306 ()

halide anion;%” (3) metal cation; (4) organic spacer cation. All of these tunable components can



72

be used to tailor the optical and electronic properties of the materials,*?* 3% to design materials for

specific applications.

One of the emerging applications for perovskite materials comes in white light-emitting diodes
(WLEDs) for solid state lighting. Single component white-light emitters have an easily controlled
emission, better color rendering capability and reproducibility comparing to the multicomponent
phosphors.2®-3% Unlike the doping strategy (rare earth ion into a host matrix), the energy transfer
approach, white-light emitting nanocrystals®'%3'® or other hybrid organic-inorganic white-light
emitters,3% 314 proad band emissions in perovskite materials are usually associated with structural
distortions,*>-316 which gives rise to self-trapped excitons (STEs) due to strong electron-phonon
coupling after photoexcitation.®*"-318 Most of the reported white-light emitting perovskite materials
up to date are single-layered 2D lead bromide or chloride perovskites, for instance
(CeH13N3)PbBrs,2® (N-MEDA) PbBrs?® (N-MEDA = Ni1-methylethane- 1,2-diammonium),
(EDBE)PbCls, (EDBE)PbBrs#® (EDBE = 22~ (ethylenedioxy)bis(ethylammonium),
(CeH11NH3)2PbBrs?’®,  a-(DMEN)PbBrs (DMEN =  2-(dimethylamino)ethylamine)3',

(CsHsC2H4NH3)2PbCl4*'® and (AEA)PbBrs (AEA = 3-(2-ammonioethyl)anilinium).3!

In this work, we report the first example of multi-layered 2D perovskite with tunable white-light
emission obtained from the use of ethylammonium (CH3CH2NH3z* = EA™) cation. EA4PbsClio,
EA4Pb3Brio and the EA4PbsBroxClx solid solution are synthesized, and they represent a very rare

example of a multilayer perovskite made of a single cation acting both as the B and A-cation in
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the structure of (B)(A)nPbnXan+1. The crystal structures of the EA4PbsClio and EA4Pb3Brio
perovskites are similar but the chloride analog is heavily distorted with respect to the bromide.
The greater distortion is the result of the relatively large size of EA than the standard A-cations
and smaller cage size of the chloride analog compared to the bromide. The PL emission reflects
the structural distortion as EA4PbsClio has a broadband white-light emission and EA4PbsBrig has
a narrow bandwidth of blue emission. To maximize the effect of STEs for broad emission, we
further tune the compositions in the solid solutions, and find two of the intermediate compounds
EA4Pb3BrioxClx (x = 8, 9.5) which have more optimized white-light emissions than EA4PbsClyo.
This provides a useful handle for controlling the photoluminescence (PL) properties in hybrid

perovskite systems by utilizing the structure-PL relationship.

3.3 Experimental Details
3.3.1 Synthesis

Materials. PbO (99.9%), PbCl> (98%), PbBr> (98%), ethylamine hydrochloride (98%),
hydrochloric acid (ACS reagent, 37%) and hydrobromic acid (ACS reagent, 48%) were purchased
from Sigma-Aldrich and used as received.

Synthesis of EA4Pb3sCli0. An amount of 1.338g (6 mmol) 99.9% PbO powder was dissolved
in 20 ml of 37% hydrochloric acid by heating under stirring for 15 min at 110°C until solution
turned colorless. 0.652g (8 mmol) of solid ethylamine hydrochloride was added directly to the

above solution under heating and then kept under stirring until about 70% of the above solution
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was evaporated. If the solution is not concentrated enough, then PbCl2 co-precipitates. Transparent
rectangular plate-like crystals precipitated during slow cooling to room temperature Yield 1.237g
(53.3% based on total Pb content).

Synthesis of EA4Pb3sBrio. An amount of 1.338g (6 mmol) 99.9% PbO powder was dissolved
in 10 ml of 48% hydrobromic acid by heating under stirring for 10 min at 122°C until solution
turned colorless. 0.652g (8 mmol) of ethylamine hydrochloride was added directly to the above
solution under heating. Yellow rectangular plate-like crystals precipitated during slow cooling.
Yield 1.218g (37.9% based on total Pb content).

Synthesis of EA4Pb3BrioxClx (x = 9.5, 8, 6, 4, 2). Using solid-state grinding method,
EA4Pb3BrioxClx (x = 9.5, 8, 6, 4, 2) were prepared with pre-synthesized EACI and EABr with
PbCl2 and PbBr». In a typical procedure for x = 8, 0.652g (8 mmol) of EACI with 1.112g (4 mmol)
PbCl, and 0.734g (2 mmol) PbBr2 was mixed and ground for 5 min. The homogenous mixture was
annealed in the vacuum oven at 80°C for 2 hours. The rest of the series were synthesized using the
same method with stoichiometric ratio of the cation source and anion source. Yield > 90%. The

purity of the compounds was checked by Powder X-ray Diffraction (PXRD).

3.3.2 High-resolution Powder X-ray Diffraction and Single Crystal X-ray Diffraction
High resolution synchrotron powder diffraction data were collected using beamline 11-BM at
the Advanced Photon Source (APS), Argonne National Laboratory using an average wavelength

of 0.517040 A. Discrete 9 detectors covering an angular range from 0 to 4° 20 are scanned over a
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26° 20 range, with data points collected every 0.001° 20 and scan speed of 0.1%s. Le Bail analysis
was performed with the Jana2006 package.

Full sphere data were collected after screening for a few frames using either a STOE IPDS 2
or IPDS 2T diffractometer with graphite-monochromatized Mo Ka radiation (A = 0.71073 A) (50
kV/40 mA) under N2. The collected data was integrated and applied with numerical absorption
corrections using the STOE X-AREA programs. Crystal structures were solved by charge flipping

and refined by full-matrix least squares on F? with the Jana2006 package.

3.3.3 Optical Absorption Spectroscopy

Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200-1000 nm region using BaSOg as the reference of 100%
reflectance. The band gap of the material was estimated by converting reflectance to absorption
according to the Kubelka—Munk equation®?: a/S = (1-R)?(2R) %, where R is the reflectance and a

and S are the absorption and scattering coefficients, respectively.

3.3.4 Steady State and Time-resolved Photoluminescence

Steady-state and time-resolved photoluminescence (TRPL) spectra were acquired
using HORIBA Fluorolog-3 equipped with a 450-W xenon lamp and a TCSPC module (diode
laser excitation atA= 375 nm) and an integrating sphere (Horiba Quanta—g) for absolute

photoluminescence quantum yield determination. The spectra were corrected for the
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monochromator wavelength dependence and photomultiplier response functions provided by the

manufacturer.

3.3.5 Electronic Structure Calculations

The calculations were performed within the Density Functional Theory (DFT)321322 as
implemented in SIESTA package®?® with a basis set of finite-range of numerical atomic orbitals.
We used the van der Waals density functional with C09 exchange (VDWC09)3* to describe the
exchange-correlation term. This functional has proven to provide superior description of
experimental lattice constants similar to those obtained with optimized GGA based PBEsol
functional in solids.3® Norm-conserving Troullier-Martins pseudopotentials were used for each
atomic species to account for the core electrons.3® 1s!, 2s?2p? 2s22p®, 3s23p°, 4s%4p°® and
5d'%s26p? were used as valence electrons for H, C, N, Cl, Br and Pb respectively. Polarized
Double-Zeta (DZP) basis set with an energy shift of 200 meV and a real space mesh grid energy
cutoff of 200 Rydberg were used for the calculations. The Brillouin zone was sampled with 2x2x6
and 4x4x1 Monckhorst-Pack grids for the primitive cell and slab systems respectively. The
electronic and dielectric properties were calculated with the experimental lattice parameters, and
atomic coordinates were transformed to their primitive cells whenever applicable. Since the
positions of H are not well resolved in these structures, they were optimized using VDW-C09
functional within the primitive cells while keeping the other atomic sites fixed. Spin-orbit coupling

was taken into account in the calculation of the electronic band structures, although it was not
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considered in the high-frequency dielectric constant computations. For spin-orbit coupling, the
revised PBE (revPBE) functional®?’ was used. For the high-frequency dielectric constant profiles,
slabs based on the respective systems were constructed, and an electric field of 0.01 eV/A was
applied along the [001] direction with the relaxation of the sole electron density as described

elsewhere,328-329

3.4 Results and Discussion
EA4Pb3X10 (X = Br, Cl) belongs to the homologous series of layered perovskite phases
(B)(A)nPbnXan+1 as defined above. In these structures B is the spacer cation that separates the

inorganic layers, and A occupies the perovskite cages. In this case, EA acts as both the spacing A

(a) EA,Pb;Clyg (c) EAPb:Br o (d) EA,PbBrq

4

(b)

3 . v_..
Figure 17. Structure fragment of the three-layered (a) EA4PbsClio and (b) EA4PbsBrio. (c) Crystal structure of
EA4PbsBrio, where the inner-layers compose of “undistorted” octahedra and outer-layers compose of “distorted”
octahedra. (d) Hydrogen bonding network in EA4PbsBrio.

A
2
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cation and the “perovskitizer” A’ cation,®* forming the three-layered (n = 3) structure. The
EA4PDb3Clyo is the only known three-layered halide perovskite with a single kind of cation reported
to date.33! We have investigated this system with other halides (Br and 1) and found that Br~ can
also stabilize the three-layered structure, while I cannot form the analogue with EA". Instead it
forms a one-dimensional (1D) perovskite featuring chains of face-sharing octahedra.®*? In 3D
APbX; perovskites, MA*, FA* and Cs* are the only known cations that can fit in the framework.
Because of the larger size of EA* cation the n = 3 perovskite layers are highly distorted to
accommodate the extra -CHa- group as seen in Figure 17a. Compared to the chloride structure, the

bromide analogue has undistorted “inner-layer” and similarly very distorted “outer-layer” (Figure

(b) MAPbBr,

(d) EA,Pb,Bry,

Figure 18. Pb-X (X = Cl or Br) bond lengths in (a) MAPbCI; (b) MAPbBr; (c) EA4Pb3Clio and (d) EA4Pb3Br1o.
The organic cations have been omitted for clarity.
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Table 5. Crystal data and structure refinement for EA4Pb3sCli and EAsPbsBrig at 293 K.

Empirical formula (CH3CH2NHs3)4PbsCl1o (CH3CH2NHs3)4Pb3Bri0
Formula weight 1160.5 1609

Temperature 293 K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group A2:ma C2cb

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data
collection
Index ranges

Reflections collected
Independent reflections
Completeness to 0 =
29.15°

Refinement method
Data /
parameters
Goodness-of-fit

Final R indices [[>2o(1)]
R indices [all data]

Largest diff. peak and
hole

restraints /

a=28.024(8) A, . =90°

b =45.498(7) A, B =90°
c=8.080(3) A, y=90°
2949(12) A3

4

2.6136 g/cm?®

17.994 mm*

2096

0.0224 x 0.0689 x 0.1045 mm?
2.86 t0 29.21°

-10<=h<=5, -51<=k<=62,
-11<=I<=10

6096

1920 [Rin: = 0.1312]

95%

a=8.4267(12) A, a =90°
b=46.351(5) A, p=90°

c = 8.4298(10) A, y =90°
3292.5(7) A2

4

3.2459 g/lcm?®

27.443 mm?

2816

0.0337 x 0.0753 x 0.0860 mm?
3.45 10 29.15°

-11<=h<=11, -62<=k<=63,
-10<=I<=11

14688

5228 [Rint = 0.073]

94%

Full-matrix least-squares on F?

1920/6 /86

2.50

Robs = 0.0762, WRqps = 0.1384
Ran = 0.1124, wR, = 0.1441
3.76 and -2.82 e-A*

5228 /6 /81

3.14

Robs = 0.0964, WRps = 0.1753
Ran = 0.1496, wRa = 0.1854
2.83and -3.84 e-A*

R = X||Fol-|Fd|| / Z|Fo|, WR = {S[W([Fof? - |[Fe2)2] / Z[w(|Fol*)]}¥2 and w=1/(c%(1)+0.0004I2)

17c). Since the ionic radius®? of Bri(1.95 A) is larger than CI (1.81 A),** it is reasonable that it
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can better accommodate the EA™ cation in the structure.

EA4Pb3Clyo crystallizes in the polar orthorhombic space group A2ima (= Cmc21), while
EA4Pb3Brio crystallizes in the polar orthorhombic space group C2cb (= Aba2). Their detailed
crystallographic parameters are given in Table 5. Both compounds consist of three layers of corner-
connected [PbXs]*octahedra separated from one another with bilayers of EA* cations as “spacers”
as seen in Figure 17c. Within the three-layers, EA™ cations which act as “perovskitizers” filling
the voids of the perovskite cavities (Figure 17d). The three-layer configuration requires a middle
layer (the “inner-layer”) and two symmetry related exterior layers (the “outer-layer”). From the
lead halide framework, we can see that the distortion results in one short Pb-X bond and one long
Pb-X bond from the [Pb-X-Pb] unit. In the 3D structure MAPbClz and MAPbBTr3 (Figure 18a and
18Db), all Pb-X bonds have the same length of 2.84 A and 2.97 A, respectively. For EA4PbsClio
however, short and long bond length combinations are seen in all directions. For example, in Figure
18¢, the vertical Pb-Cl bonds of the bottom-left octahedron have length of 3.28 A and 2.63 A,
which are respectively much longer and shorter than the Pb-Cl bond length (2.84 A) in the 3D
structure. The same “short-long” combinations have been observed for the “inner-layer” octahedra,
as the horizontal Pb-Cl bond length of the middle-left octahedron in Figure 2c are 2.69 A and 3.00
A. For EA4Pb3Brio, the distortion of the [Pb-X-Pb] unit only happens in the “outer-layer”, as the
bond lengths (3.05 A and 3.03 A) of the “inner-layer” are more equal and close to the 3D structure
bond length (2.97 A). To quantify the degree of the distortion, we define the octahedral distortion

based on Pb-X bond lengths,3343%



81

dn—d]z

ad = Q3 [ % ()

where d is the mean Pb-X bond distance and d, are the six individual Pb-X bond distances (X =
Br, CI). In Figure 19, the “outer-layer” octahedra (layers next to the organic spacers, octahedra
marked in purple in Figure 17c) of both EA4PbsClio and EA4PbzBrio have very high distortion
level (Ad) of 45.09x10* and 40.74x10™, respectively. As for the “inner-layer” octahedra,
EA4PbsClyo still has a high distortion of 13.15x10™* and EA4PbsBrio has regular octahedra which
are relatively undistorted (Ad = 0.96x10™). Structural distortions are further manifested in the
octahedral tilting defined by two tilt-angles B and & as illustrated in Figure 20. These angles are
linked to the evolution of the band gap with respect to the structural deformation of the perovskite.

For all the layers except the B of the inner layers, B and o (reported in Figure 19b and Table B2)

(8) s (b) ,,
4509 I:I EA¢Pb:C|‘a = EA4Pb3BI’1o
40 40.74 [ EA PbBr,, 10 . EA,Pb,Cly,
b &
= s
X 30- o .
5 o))
e 20 é
S 13.15 :
(2]
B 2
0.96
0 — 0
"outer-layer" "inner-layer" "outer-layer" "inner-layer”

Figure 19. Comparison of the distortion level of “outer-layer” and “inner-layer” in EA4Pb3Clio and EA4Pb3Br1o.
From (a) Ad defined by equation (1) and (b) distortion angles defined in Figure 4.
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(a) In-plane tilt (b) Out-of-plane tilt

Figure 20. Definition of (a) the in-plane tilt angle f and (b) the out-of-plane tilt angle 3. B is the angle between the
projected Pb1-X and Pb1-Pb2 to the plane perpendicular to the stacking axis. & is the angle between Pb1’-X’ and

Pb1°-Pb2’. Note that Pb2’ is the periodic image of Pb1”.
are larger for EA4PbsClyo as compared to EA4PbzBrio, which is consistent with the more distorted
Cl-based structure.

The advantage of a single cation as both the A cage cation and the spacer is that phase purity is
much improved comparing to other 2D systems as it does not form other neighboring phases (e.g.

n =2, 4) because they are presumably less stable. This allows for the EAsPb3BrioxClx (X = 2, 4, 6,
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Figure 21. (a) High resolution PXRD of the EA4PbsBrioxClx(x =0, 2, 4, 6, 8, 9.5, 10) solid solution (synchrotron
wavelength = 0.51704) (b) and (c) Peaks shift from higher angles to lower angles, suggesting increasing unit cell

fromx=10tox =0.
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Figure 22. (a) (b) and (c) Unit cell parameters of the EA4Pb3Brio«Clk (x =0, 2, 4, 6, 8, 9.5, 10) solid solution.
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8, 9.5) solid solutions to be readily synthesized as pure phases using solid-state grinding at ~80°C.

High-resolution PXRD data of the entire EA4PbsBrio«Clx series were collected using the beamline

11-BM at the APS (Figure 21). The lattice parameters of the solid solutions were extracted using

Le Bail refinement method. Interestingly, the a and ¢ axes are very similar to each other for both
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EA4Pb3Brio and EA4Pb3Clio. However, the intermediate compositions have a relatively large
difference between a and c, for example EA4Pb3BrosClg s has the largest difference (a = 7.7807(2)
(A)) and ¢ = 8.7393(2) (A)), as seen in Figure 22a. The long axis, b, which runs perpendicular to
the layers, decreases linearly from EA4PbsBrio (b = 46.4483(3) A) to EA4Pb3Clio (b = 45.5452(6)
A). The unit cell volume also decreases from the Br end to the Cl end but not in a linear fashion
as seen in Table 6 and Figure 22c. The anomaly in the evolution of the a and c axes for the
intermediate compositions indicates that distortion occurs within the 2D inorganic layers which
results in the amplification of the differences between the a and c axes. The difference between a
and c axes gradually increases from x = 2 to x = 9.5, which suggest that the distortion increases
when more Cl is incorporated in the structure.

The band gaps of the solid solution EA4Pb3BrioxClx (x = 0, 2, 4, 6, 8, 9.5, 10) exhibit a linear
trend, following Vegard’s law (Figure 23b). In this case the sharp absorption edge of the series is

taken as the band gap, which ranges from 3.45 eV for EA4Pb3Clyo to 2.75 eV for EA4Pb3Br10, and
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Figure 23. (a) Optical absorption spectra of EA4Pb3BrioxClx (x =0, 2, 4, 6, 8, 9.5, 10). (b) Band gap of the solid

solutions has a linear trend, which follows Vegard’s law.
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3.40, 3.24, 3.06, 2.95, 2.88 eV respectively for the intermediates (Figure 24a). EA4PbsBri and
EA4PDbsClio have clear excitonic features near the absorption edge and at higher energy (3.04 eV
and 3.96 eV) as seen in Figure 24a, which are characteristic for 2D perovskites.% 3%

The DFT calculations show that EA4PbsBrio and EA4PbsClio are direct bandgap
semiconductors, as expected for the halide perovskites in general, although they exhibit a slightly
indirect character owing to the symmetry breaking (Rashba effect) (Figure 25). For EA4Pb3Brio
the gap is slightly shifted away from I'. A similar but smaller shift was also seen in EA4PbzCl1o
along the I" [010] direction in reciprocal space. This shift away from a high-symmetry point of the
Brillouin zone is a signature of Rashba effect in the polar structure of EA4PbsBrio related to the
giant spin-orbit coupling of the Pb atom. The calculated band gaps are 1.5 eV and 2.0 eV,
respectively, when including SOC, showing a significant deviation from the experimental band

gaps (2.75eV and 3.45eV, respectively. The calculated band gap of EA4PbsCliois ~ 0.5 eV larger
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Figure 24. DFT calculations of electronic band structures for EA4PbsBrio and EA4Pbs;Clyo, using the revPBE
functional with SOC.
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Figure 25. 2D color map of the electronic band gap variation including spin-orbit coupling with respect to
octahedral distortions defined in Figure 4 for model systems A2PbBrs and A;PbCls (A = Cs). Distortion angles of
the inner and outer octahedral layers for EA4PbsBrio and EA4PbsClyo are pointed to by the arrows in A2PbBr, and
AyPbCl, respectively. ECBM1-2 and ECBM3-4 indicate the contour levels corresponding to their values from the
band structure of Figure 7.

than that of EAsPb3zBrio, which is comparable to the experimental band gap difference between the
two compounds (~ 0.7 eV) but it also the difference between the corresponding 3D perovskites
MAPDLCI; and MAPbBr3.3%Unlike these 3D crystal structures, the electronic band structure in
Figure 26 show flat dispersions between the I' and Y k-points. This is indicative of little or
vanishing electronic coupling along this direction, which coincides with the stacking axis.

The nature of the valence band maximum (VBM) and conduction band minimum (CBM) states
can be captured by computing corresponding wave functions ¥ (without SOC) or local density of
states (LDOS, with SOC). ¥ at I" (Figure B8 and Figure B9) for both compounds show an anti-
bonding hybridization between Pb 6s and p orbitals of the halides at the VBM while the CBM is
mainly of Pb 6p type.®*" Consistent with the wave functions, the LDOS of VBM mostly localize
on the inner octahedral layer, while those of CBM localize on the outer layers (Figure B10). For

EA4PDb3Clio, both W and LDOS are also partly present on the inner layer, indicative of a weaker
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Figure 26. Steady-state PL of EA4Pb3Brio«Clx (x =0, 2, 4, 6, 8, 9.5, 10) (Aexc = 315 nm).
charge separation across the layers. Hence, because of the spatial separation between VBM and
CBM wave functions, we expect a more stable EA4PbsClio. The high-frequency dielectric
constants are deduced from the computed dielectric profiles (Figure B12) and amount to 3.9 and
3.5 for EA4Pb3Brip and EA4PbsClio, respectively. Compared to the 3D compounds MAPbBI3 (e«
=5.2) and MAPDCl; (e = 4.2),%%8 the EA system shows smaller dielectric confinement.

Previous studies have demonstrated that structural deformation has a significant effect on the
band gap of hybrid perovskites which is directly linked to their optical properties.®: 336 339-340 Tq
rationalize the interplay between octahedral distortions and band gap variation in EAsPbszBrio and
EA4Pb3Clio, we built model systems of A2PbBrs and A2PbCls (A = Cs), similar to the A2Pbls
model (n = 1) proposed earlier.?* Figure 25 shows the 2D color map of the electronic band gap
variation with respect to the  and 6 angles defined in Figure 20. The band gap increases with
increasing structural deformation in agreement with previous works.*?* 34 Interestingly, for both

EA4Pb3Brio and EA4PbsClio, the band gap predicted when considering the (B, ) angles of the
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“outer-layers” fit nicely to the calculated band gaps on the real crystal structures shown in Figure
25. This is consistent with the fact that band edge states (VBM and CBM) in hybrid halide
perovskites are mainly determined by the inorganic framework and are produced by the
hybridization of Pb and X atomic orbitals. Furthermore, the band gap variation obtained using (j3,
d) of the inner and outer layers of EA4PbsBrip and EA4PbsClyo reveal a sizeable difference. The
variation in EA4PbsBryo is half that of the EA4Pb3Cl1o with two and three contour levels difference,
respectively. This indicates that the electronic band gap fluctuations in EA4PbsClio which derive
from the structural distortion are larger than in EA4PbsBrio. As such, the spread in octahedral
distortions is predicted to strongly broaden the emission spectra of EA4PbsClio.

Such a broadening is indeed observed by PL measurements. In fact, a broadband white-light
emission is observed for EA4PbsClyo (peak centered at 500 nm, FWHM = 151 nm). The PL of the

whole EA4Pb3Brio-xClx series shows a different trend than that obtained for absorption as seen in
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Figure 27. Time-resolved PL decays and fitting of EA4PbsBroxClx (x =0, 2, 4, 6, 8, 9.5, 10). The averaged PL

decay lifetime shows a decreasing trend from x = 10 to X = 0 (Aexe = 375 nm).
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Figure 26. It starts with. The intermediates x = 9.5 and 8 have even broader emission (FWHM =
228 nmand 187 nm), which could be due to the large difference in a and c axis caused by distortion
along the layers as discussed in the previous paragraph. The bandwidth of the emission decreases
from x = 9.5, becoming narrower all the way to the Br end member, which has an emission peak
at 465 nm (2.67 eV). The bandwidth of the PL emission is anticipated since EA4PbsClyo has a

much more distorted structure than EA4PbsBrio and therefore it is expected to have more STES
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Figure 28. (a) CIE color coordinates of EA4PbsBrioxClx (x = 0, 2, 4, 6, 8, 9.5, 10) in 1931 color space
chromaticity diagram. Detailed values are given in Table 6. (b) White-light emissions from EA4Pb3;Br;0Clx (x

=2,4,6,8,9.5, 10) and blue-light emission from EA4Pb3Brio (excited at 315nm). Corresponding powered

polycrystalline samples are shown on the bottom.



Table 6. Fitted lattice parameters from high-resolution PXRD (based on space group C2cb/A21ma)?0
Commission International de I’Eclairage (CIE) color coordinates (x, y), Correlated Color Temperature
(CCT), Color Rendering Index (CRI) and full-width at half-maximum (FWHM) of EA4Pb;Bri0.xClx (x
=0,2,4,6,8,9.5,10).

Compound a(A) b (A) c(A) Volume X y CCT CRI FWH
X) (nm)
Cluo 8.0375(1) 45.5452(6) 8.1064(1) 2967.52(0) 027 039 7720 66 151
BrosCls  7.7807(2) 45.5530(12) 8.7393(2) 3097.51(0) 030 035 7132 83 228
Br:Cly 7.8876(5) 45.6569(25) 8.7684(4) 3157.70(5) 030 038 6564 75 187
BriCls 7.8921(4) 45.8723(18) 8.7038(4) 3151.05(3) 022 026 52126 N/A 147
BroCly 7.9267(2) 45.9958(15) 8.6952(3) 3170.25(0) 024 030 15405 75 153
BrsCl 8.0443(1) 46.1571(5) 8.6860(2) 3225.12(0) 0.21 024 950000 N/A 98
Bru 8.4297(1) 46.4483(3) 8.4432(1) 3305.90(0) 0.17 024 N/A  N/A 6l

states and broader emission.3™® In Figure 27, time-resolved PL reveals that the average lifetime of
the series decreases from being the longest in the Cl end member (tavg = 1.77 ns) to shortest in the
Br end member (tavg = 0.58 ns), further confirming the correlation between structural distortion
and PL (bandwidth and lifetime). Both the bond length variation in the octahedron and the angular
(B, 0) distortion within the inorganic framework contributed to the overall broadening in the PL
emission.

The light emission properties of the EAsPb3Brio«Clx (x =0, 2, 4, 6, 8, 9.5, 10) are highly tunable,
from cold white-light to relatively warm white-light as seen in Figure 27. The Commission
International de I’Eclairage (CIE) color coordinates of these compounds shift from close to the
center to the blue region in the 1931 color space chromaticity diagram in Figure 27a. Compared to
EA4PDb3Cl1o (0.27, 0.39), EA4Pb3BrosClgs and EA4Pb3Br.Clg have CIE coordinates closer to the

white point (0.33, 0.33), which are (0.30, 0.35) and (0.30, 0.38), respectively. The Color Rendering



91

Indexes (CRI) are also significantly improved from 66 (Clio) to 83 (BrosClgs) as seen in Table 6,
giving much better quality of color rendering of the emission. Compared to our previous studied
compound a-(DMEN)PbBr4 (CRI = 73, CIE coordinates (0.28, 0.36)), the current system shows
improved CRI with two compositions (x = 8, 9.5). The Correlated Color Temperatures (CCT) of

the series are all above 6000K, suggesting these materials are emitting “cold” white-light.

3.5 Conclusions

The new series of 2D perovskites EA4Pb3Xio (X = CI, Br), is unique because it features a
single A-cation acting both as a spacer and a “perovskitizer” cation. The large size of the EA cation
(2.74 A) relative to MA (2.17 A)**? introduces a severe structural distortion to the perovskite layers
which becomes more prominent for the smaller Cl anions. The structural distortions lead to a
white-light emission which can be understood in terms of an amplified STEs process. The highly
distorted Pb-X framework helps to generate more transient photoexcited STEs states resulting
from strong electron-phonon coupling, while also prolongs the process which is demonstrated in
longer PL lifetime observed. The different distortion levels in EA4PbsClio (large distortion) vs
EA4Pb3Brio (small distortion) result in different PL emission bandwidth, where EA4Pb3Clio has a
broadband white-light emission while EA4Pb3Brio has a narrow blue emission. The emission
properties can be conveniently tuned in the EA4Pb3Bri0xClx (x =0, 2, 4, 6, 8, 9.5, 10) solid solution.
The band gap of the series follows the Vegard’s law, increasing linearly from x =0 to x = 10. Time-

resolved PL measurements also show a gradual increase of average lifetimes from the Br end to
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Cl end, showing the dependency of emissive STEs states on the structure composition. From DFT
simulation, it is shown that the optoelectronic properties of EA4Pb3Cljo are more sensitive to the
structural disorder leading to a dispersion of the electronic band gap and to exciton localization,
which correlates well with longer average radiative lifetime. EA4Pb3Bro 5sClo 5 has the highest CRI
(CRI = 83) in the series, providing better color rendering than the pure Cl compound EA4Pb3Clio
(CRI=66). This series of hybrid materials are promising candidates for solid state lighting as they

demonstrate high tunability and have clear structure-PL relationships.
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Chapter 4. Structural Diversity in White-light Emitting Hybrid Lead

Bromide Perovskites

Reprinted with permission from Mao, L.; Guo, P.; Kepenekian, M.; Hadar, I.; Katan, C.; Even, J.;
Schaller, R.; Stoumpos, C. C.; Kanatzidis, M. G. “Structural Diversity in White-light Emitting
Hybrid Lead Bromide Perovskites.” J. Am. Chem. Soc., 2018, 140 (40), 13078-13088. Copyright

2018 American Chemical Society.
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4.1 Abstract

Hybrid organic-inorganic halide perovskites are under intense investigations because of their
astounding physical properties and promises for optoelectronics. Lead bromide and chloride
perovskites exhibit intrinsic white-light emission believed to arise from self-trap excitons (STES).
Here, we report a series of new structurally diverse hybrid lead bromide perovskites that have
broadband emission at room temperature. They feature Pb/Br structures which vary from 1D face-
sharing structures to 3D corner- and edge-sharing structures. Through single crystal X-ray
diffraction and low frequency Raman spectroscopy, we have identified the local distortion level of
the octahedral environments of Pb?* within the structures. The band gaps of these compound range
from 2.92 to 3.50 eV, following the trend of “corner-sharing < edge-sharing < face-sharing”.
Density functional theory (DFT) calculations suggest the electronic structure is highly dependent
on the connectivity mode of the PbBrg octahedra, where the edge- and corner-sharing 1D structure
of (2,6-dmpz)3Pb2Brio exhibits more disperse bands and smaller band gap (2.49 eV) than the face-
sharing 1D structure of (hep)PbBrs (3.10 eV). Using photoemission spectroscopy, we measured
the energies of the valence band of these compounds and found them to remain almost constant,
while the energy of conduction bands varies. Temperature dependent PL measurements reveal the
2D and 3D compounds have narrower PL emission at low temperature (~5K), whereas the 1D
compounds have both free exciton emission and STEs emission. The 1D compound (2,6-
dmpz)sPb2Brio has the highest photoluminescence quantum yield (PLQY) of 12%, owing to its

unique structure that allows efficient charge carrier relaxation and light emission.
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4.2 Introduction

Hybrid organic-inorganic perovskites are emerging semiconducting crystalline materials that are
solution-processable, low-cost and can be easily synthesized.8!: 2% 343 The diverse nature of the
organic cationic templates lend these materials to be highly tunable, which, in conjunction with
the variable dimensionalities of these materials ranging from single crystals to nanocrystals and
thin-films,3* have provided a solid foundation of a wide range of optoelectronic devices such as
photovoltaics!® 345-346.24, 290, 347348 gnqg [ight-emitting diodes (LEDs). 248 292 349350 Hyprid
perovskites can be tuned “by design” for specific applications. The energy band gap is associated
with choices of different metal ions (Pb?*, Sn?*, Ge?*), halide anions (CI, Br and I") and the
dimensionality (OD to 3D) of the structure. For the three-dimensional (3D) structures, the general
formula is ABXs, where A is methylammonium (MA*), formamidinium (FA*) or Cs*, B is Pb?*,
Sn?* or Ge?*, and X is halide (CI-, Br~ or 1.2 Lowering the dimensionality to two-dimensions
(2D) with corner-sharing octahedral layers and bulky organic cations separating the perovskite
layers, gives rise to increased structural diversity. The general perovskite formula then becomes
A'2An1BnXzn+1 (A’ = 1+ cation, A = MA", FA" or Cs"), in the Ruddlesden—Popper (RP) phases,
A’An-1MnXzn+1,2 in the Dion-Jacobson phases (A’ =2+ cation, A=MA", FA* or Cs*).2%2  Further
reducing the dimensionality to one-dimension (1D), the formula is then dictated by the
connectivity modes of the [BXs]* octahedra, with the most common connectivity modes being
face-sharing, followed by corner-sharing as well as rare edge-sharing connectivity. Notably, a

single compound can have one connectivity mode or a combination of connectivity modes,*? thus
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producing extremely rich and diverse structural types. Zero-dimensional (0D) compounds
composed of isolated [BXs]* octahedra have also been reported, with representative examples
being Cs2Snls (Sn**),%2 Cs4PbBrs®+3> and possibly the mixed-metal double perovskites. 3>
Broadband white-light emission at room temperature from hybrid perovskite materials is an
attractive optical property and has received tremendous attention, given the poorly understood and
apparently unique photo-physics that gives rise to this phenomenon.®” It was discovered in various
(110)-oriented 2D lead bromide perovskites, such as (C¢H13N3)PbBrs,**® (N-MEDA)[PbBr4] (N-
MEDA = N1- methylethane-1,2-diammonium)®®° and (EDBE)[PbBrs] (EDBE = 2,2'-
(ethylenedioxy)bis(ethylammonium)).}*® Subsequent studies have focused on the correlation
between the lattice distortion in order to explain the origins of the broad emission.%" %0361 The
currently debated broadband emission model has been connected to the highly
deformed/deformable crystal lattice that induces electron-phonon coupling associated with excited
states (i.e., polarons), generating the so-called self-trapped exciton (STE) states.®’ Interestingly,
the broad-band emission does not only exist in layered structures, but also in lower dimensional
structures, such as the recent report on 1D perovskite that exhibits bluish white-light emission and
a higher photoluminescence quantum yield (PLQY) compared to the 2D perovskites.*5? Because
of this, the concept of dimensional reduction® 3633 provides a new materials’ design principle to
access a broader variety of white light-emitting materials.2%® 277 365367 |n general, lower-

dimensional structures possess more vibrational degrees of freedom and are more easily
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polarizable under photo-excitation, thus leading to enhancements in the STE process and to the
amplification of the broad-band emission.268-369

Exploring the above concepts, we report here a variety of new hybrid lead bromide perovskites,
representative of each kind, focusing on their white-light emission properties. We investigate the
templating effect®” of asymmetric diammonium organic cations based on the piperazinium and
piperidinium backbone as seen in Figure 29a in the lead bromide system, since these types of
cations are known to interact strongly with the anionic perovskite lattice.2%% 31 The resulting
compounds present a library that includes 1D face-sharing structures, 1D corner- and edge-sharing
structure, 2D (100)-oriented and (110)-oriented corner-sharing structures, to 3D corner- and edge-
sharing structures as summarized in Table 7. We find that all the compounds reported here have
broad-band PL emission at room temperature with different emission characteristics. We
investigate the temperature-dependence of the PL emission and find the width of the broad-band
emission for 2D and 3D structures becomes narrower when the temperature decreases, presumably
due to deactivation of some STE states. The difference in the temperature dependence of the
spectra with some displaying blue and others exhibiting red shifts, additionally suggests that
different mechanisms are responsible for the different structure-types.

Notably, the 1D compound (2,6-dmpz)sPb2Brio stands out, having a PLQY of 12%, much
higher than the rest of the examined compounds (<1%). The superior light emission properties of

this 1D compound and the temperature evolution characteristics of the spectra provide new insights
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on structure-property relationships of halide perovskites and point to new design strategies (i.e.

tuning the connectivity modes and dimensionality) towards white-light optoelectronic applications.

4.3 Experimental Details
4.3.1 Synthesis

Materials. PbBr. (98%),1-methylpiperazine (99%), 1-ethylpiperazine (98%), 4-
(aminomethyl)piperidine (96%), 2,6-dimethylpiperazine (97%) , homopiperazine (98%),
hexamethyleneimine (98%) , heptamethyleneimine (98%), hydrobromic acid (ACS reagent, 48%)
were purchased from Sigma-Aldrich and used as received.

Synthesis. The following procedure was used for the syntheses of all compounds. An amount
of 1.10 g (3 mmol) of PbBr, was dissolved in 4 ml HBr under heating and stirring at 122 °C (A).
1 ml HBr was added into a separate vial of 3 mmol of 4-(aminomethyl)piperidine (B). The
protonated 4-(aminomethyl)piperidine solution was added into A under heating for 2 min and
cooled to room temperature. Plate-like crystals precipitate during slow-cooling. Yield 726 mg,
(37.8% based on Pb content). The cation input varies for the rest of the compound while PbBr»
stays constant: 1-methylpiperazine (200 mg, 2 mmol), 1-ethylpiperazine (342 mg, 3 mmol), 2,6-
dimethylpiperazine (342 mg, 3 mmol), homopiperazine (300 mg, 3 mmol), hexamethyleneimine

(297 mg, 3 mmol) and heptamethyleneimine (339 mg, 3 mmol).
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4.3.2 Single Crystal X-ray Diffraction

Full sphere data were collected after screening for ten frames using either a STOE IPDS 2 or
IPDS 2T diffractometer with graphite-monochromatized Mo Ko radiation (A = 0.71073 A) (50
kV/40 mA) under N at 293K ((4amp)PbBrs, (epz)PbBrs, (hep)PbBrs, (mpz),PbsBrio and
(hmp)PbBr34). The collected data was integrated and applied with numerical absorption corrections
using the STOE X-AREA programs. The rest of the compounds were collected either using a
Bruker DUO or Molly instrument with MoKa InS microfocus source (A = 0.71073 A) with MX
Optics at 250K. The collected data was integrated and applied with numerical absorption
corrections using the APEX3 software. Crystal structures were solved by direct methods and

refined by full-matrix least-squares on F2 using the OLEX2 program package.®"?

4.4.3 Optical Absorption Spectroscopy

Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200-1000 nm region using BaSO4 as the reference of 100%
reflectance. The band gap of the material was estimated by converting reflectance to absorption
according to the Kubelka—Munk equation: o/S = (1-R)%(2R) %, where R is the reflectance and a

and S are the absorption and scattering coefficients, respectively.3"

4.4.4 Steady-state and Time-resolved Photoluminescence
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The samples were excited with 330 nm photons produced from an optical parametric amplifier,
which is pumped by a titanium: sapphire amplifier with 800-nm output at 2-kHz repetition rate.
Time-integrated photoluminescence (PL) spectra were captured with a CCD camera; time-
resolved PL spectra were captured with a streak camera. During the measurements, the samples
were mounted in a vacuum cryostat and maintained under <107 Torr pressure. Quantum yield
measurements were performed with a Horiba Jobin-Yvon Nanolog Spectrofluorimeter equipped

with an integrating sphere. The samples were measured in powder form following an earlier report.

374

4.4.5 Electronic Structure Calculations

First-principles calculations are based on density functional theory (DFT) as implemented in
the SIESTA package.®”>%7® Calculations have been carried out on experimental structures with the
GGA functional in the revPBE form.*’” Core electrons are described with Troullier-Martins
pseudopotentials.®’® The valence wavefunctions are developed over double-{ polarized basis set
of finite-range numerical pseudoatomic orbitals.3”® In our calculations, spin-orbit coupling is taken
into account through the on-site approximation as proposed by Fernandez-Seivane et al.*® In all

cases, an energy cutoff of 150 Ry for real-space mesh size has been used.
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4.5 Results and Discussion
4.5.1 Crystal Structure

The hybrid lead bromide compounds presented here cover a wide variety of structural types
in the perovskite family. Direct combination of the cation source in Figure 29a and PbBr, mixing
in aqueous HBr at 122°C followed by slow-cooling of the solutions to room temperature yields

colorless crystals, as seen in Figure 29b. Detailed synthesis procedures are listed in Methods
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Figure 29. (a) Organic cations used in this work. mpz =1-methylpiperazine, epz =1-ethylpiperazine, 4amp = 4-
(aminomethyl)piperidine, 2,6-dmpz = 2,6-dimethylpiperazine , hmp = homopiperazine , hex =
hexamethyleneimine, hep = heptamethyleneimine . (b) Optical microscopic images of the hybrid perovskite

compounds synthesized using the cations listed above.

section.
The 1D “perovskitoids”?® (which refers to exclusively 1D face-sharing ABX3 compounds)

(hep)PbBrs and (hex)PbBrs belong to the common CsNiBrs structure-type,®®* with face-sharing
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Table 7. Summary of structural characteristics and band gaps of (2,6-dmpz);Pb,Brio, (epz)PbBry,

(4amp)PbBrs4, (hmp)PbBr4, (mpz),PbsBrio, (hep)PbBr; and (hex)PbBrs.

Cations Formula Dimensio- space connectivity
nality group modes E; (eV)
(C¢H16N2)3Pb2Brio corner- and edge-
2,6-dmpz 1D P-1 sharing 3.16
(CsHi6N2)PbBr4 (110)-oriented
epz 2D Pc corner-sharing 3.12
(Ce¢Hi6N2)PbBry (100)-oriented
4amp 2D Pca2, corner-sharing 2.92
(CsHi4N2)2PbsBryp  three-layered corner- and edge-
mpz 2D C2/c sharing 2.97
(CsH14N2)PbBry corner- and edge-
hmp 3D C2/m sharing 3.04
hep (C7H6N)PbBr3 1D Ce face-sharing 3.50
hex (CsHi4N)PbBr3 1D P2, face-sharing 341

polymeric [PbBrs] ¢ hains (Figure 30). 838238 ysyally, a bulky cationic template, which is
capable of separating the inorganic sections far apart, will lead to the formation of such low
dimensional structure type.1?® 3% (hep)PbBrs and (hex)PbBrs crystallize in non-centrosymmetric
monoclinic space groups Cc and P2, respectively. In Figure 30a, b, the infinite [PbBrs]™ chains in
the structure extend along the c-axis for (hep)PbBrs (a-axis for (hex)PbBrs), and the individual
chains are crystallographically nonequivalent, which lower the symmetry. The monovalent organic
cation rings are aligned parallel to the b-axis for (hep)PbBrz (c-axis for (hex)PbBrs3), surrounding
the inorganic chains. Due to the larger size of hep than hex, the lattice parameter along the longest
axis of the unit cell increases from 37.860(2) A for hex to 39.660(8) A to hex. ~ As shown in Figure
30e and f, the difference between the shortest and longest Pb-Br bond length is larger for

(hep)PbBr3 than that for (hex)PbBrs (2.91 A and 3.18 A vs. 2.98 A and 3.10 A). The Br-Pb-Br
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(hep)PbBry (hex)PbBr,

Figure 30. Crystal structures of (a), (c¢), (¢) (hep)PbBr3 and (b), (d), (f) (hex)PbBrs. (a) and (b) show the side-view
of the face-sharing 1D chains. In (e) and (f), it is clear that (hep)PbBr3 has a more distorted structure than (hex)PbBr;
(Br-Pb-Br angle 100.4° vs. 93.9°, Pb-Br bond length 2.91 A (shortest) and 3.18 A (longest) vs. 2.98 A (shortest)
and 3.10 A (longest).
angles depicted in Figure 30e and f show a larger distortion for (hep)PbBrs (100.4°) than that for
(hex)PbBr3 (93.9°), with respect to a regular octahedron (90°).
An exotic type of 1D structure combining edge- and corner-sharing double chains and single
corner-sharing chains resulted from the use of the 2,6-dmpz cation (Figure 29a). Because of highly
asymmetric unit, (2,6-dmpz)sPb2Brio crystalizes in the triclinic space group P-1. The edge- and

corner-sharing double anionic chain backbone has previously seen in (C10H12N2)2[Pb2Brs].3* The

hydrogen bonding pulls out a Br- anion from the perovskite lattice, in a similar fashion to the
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Figure 31. Crystal structure of (2,6-dmpz);Pb,Brjo, which consists of two types of 1D chains as seen in (a) and
(b). (c) Hydrogen bonding network associated with both chains.

(en)2PbBrs compound,® breaking the double-chain into a single corner-sharing chain and isolated
Br~anions, which is shown in Figure 31a, making this structure unique. In Figure 31c, the discrete
hydrogen bonding networks help to keep the continuity of the 1D single chains and double chains.
The closest donor-acceptor distances (N-H--Br distance) occur with the isolated Br-and the cations,
which are 3.28 4 and 3.29 A.

(4amp)PbBr4 and (epz)PbBrs represent (100)-oriented and (110)-oriented 2D perovskites,
respectively, which are composed only of corner-sharing octahedra. The (110)-oriented type is
much rarer as the corrugated layers are only able to form under specific hydrogen bonding
interactions.®*® %0 The (100)-oriented 2D perovskite (4amp)PbBrs crystalizes in the non-
centrosymmetric orthorhombic space group Pca2:. The 4amp cations align in an unusual pattern,
with the -CH2NH3* arms ordered in pairs, and with each pair arranged in an up-down configuration
normal to the ac-plane (Figure 32a). The inorganic layers of (4amp)PbBrs exhibit large in-plane

distortion, where the Pb-Br-Pb angle is 146°, one of the smallest Pb-Br-Pb angles reported. The
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Figure 32. Crystal structures of (a), (c) and (e) (4amp)PbBr4 and (b), (d) and (f) (epz)PbBrs. (c), (d) Viewing

perpendicular to the lavers. (e). (f) Hydrogen bonds between the organic cations and inorganic lavers.

highly distorted | ayers are induced by strong hydrogen bonding, where the closest donor-acceptor
distances are 3.33 A and 3.35 A.

(epz)PbBr4 crystalizes in the non-centrosymmetric monoclinic space group Pc. The ability to
stabilize a (110)-oriented 2D perovskite is closely related to the position of the protonation site of
the organic spacer.113 35835 Here, the protonation of the cation happens at 1 and 4 positions on the
aliphatic ring as seen in Figure 32f, which fits exactly in the perovskite pockets to form the

hydrogen bonds (closest D-A distances: 3.23 A and 3.24 A). The use of piperazinium derivatives
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Figure 33. Crystal structures of (a) (mpz),PbsBrio. (b) Top-down view of (mpz),PbsBrig. Structure of (hmp)PbBr4
(c, d and e). (d) and (e), basic building block of (hmp)PbBra.

as organic cation yield the (110)-type as demonstrated in a (110)-oriented 2D structure
(pipzH2)[PbCl4] which forms from the use of piperazinium as templates. 172

Thicker layered 2D and 3D structures are also accessible from the use of asymmetric
diammonium cations, with (mpz)2PbzBrio (2D) and (hmp)PbBrs (3D) forming unique perovskite-
related structure types. The crystal structures of (mpz).PbsBrio and (hmp)PbBrs are both
centrosymmetric, crystalizing in the monoclinic space groups C2/c and C2/m, respectively. The
unique three-layered structure of (mpz)2PbsBrig is constructed from the basic building unit of edge-
sharing [Pb2Brio]%, linked in a corner-sharing fashion to form ([Pb2Brio]s) cages that encapsulate
in-plane oriented mpz?* cations (Figure 33a). The layer expansion is interrupted at the third layer,

terminated by organic cations lying parallel to the layers. Similar organization of the inorganic
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layers and organic cations has been seen in CsHoN3PbBr4,*%? which is a single-layered perovskite
constructed from ([Pb2Brio]s) cages.

The 3D structure (hmp)PbBr4 consists of similar building units as the 1D (2,6-dmpz)sPb2Br1o,
which are however connected in a different fashion. This structure represents a new structural type
in the hybrid perovskite family. Rather than isolated 1D chains, the edge-sharing double chains
(highlighted in blue, Figure 33d) and corner-sharing threads (highlighted in orange, Figure 33d)
are linked to form the 3D framework. Both the chains and the threads run down along the b-axis,
and they are connected along the ac-plane through corner-sharing. The connectivity resembles the
triangles seen in (mpz)2PbsBrio, but because of the linkage of asymmetric [PbBrs]*- (corner-sharing)
and [Pb2Bri0]® (edge-sharing) building blocks, as well as the larger ring size of hmp?* over mpz?*
the triangles remain “open” (Figure 33e). Within the 3D framework, the extended cavities host the
hmp?* cations, with each thus formed channel filled with four organic cations. Although for the
vast majority of cases, A2PbXs compounds (A= organic cation) are 2D structures, the use of the
relatively small size di-cation of hemp here seems to promote a new example of a [PbX4]*
stoichiometry, that adopts a 3D rather that a 2D structure. This increase in dimensionality can
rationalized by the so-called “counterion effect” which favors higher anion dimensionalities as the

size of the counterion shrinks.3%
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4.5.2 Raman Spectroscopy and Structural Distortion

To get a better picture of the local structural dynamics of the hybrid lead bromide perovskites,
we performed low-frequency Raman measurements. The Raman spectra were obtained with 473
nm laser excitation in ambient condition. Unlike the 3D ABXz-type perovskite CHsNH3PbBr3 and
CsPbBrs that exhibit broad un-resolved peaks at room temperature,3%® most of the compounds
reported here have well-resolved spectra (Figure 34a). Depending on the dimensionality and
connectivity mode of the crystal structure, the spectra show very different characteristics,
consistent with the different connectivity modes of the [PbBre]* octahedra. The peaks at lower
wavenumbers (15-100 cm 1) correspond to the bending of the Br-Pb-Br bonds, while the peaks at
higher wavenumbers (100-180 cm™) originate from the stretching of the Pb-Br bonds, thus
providing indirect information for the local environment of the compounds.394-3%

For the face-sharing 1D compounds (hep)PbBrz and (hex)PbBrs, the strong bonding pushes

the symmetric mode to relatively high energy (142 cm™), and the rigidity of the face-sharing
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Figure 34. (a) Low frequency Raman spectra of hybrid lead bromide crystals. The spectral region between £15
cm’! has been deleted because of the use of notch filter. (b) bond length distortion of bond angle variance of the

compounds calculated based on the crystal structures.
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bonding increases the peak intensity. Edge- and corner-sharing compounds, by contrast, where the
bonding becomes less rigid exhibit weak stretching modes. The other 1D compound, (2,6-
dmpz)sPb2Brio, with corner- and edge-sharing connectivity shows many weak peaks with two
pronounced symmetric modes at 135 cm™ and 148 cm™ likely corresponding to corner- and edge-
sharing connectivity, respectively. The weak intensity and the diffuse underlying spectrum
suggests the presence of anharmonicity in the structure, analogous to that observed for the
MAPbBr3; and CsPbBrs perovskites.>*

The 2D compounds (4amp)PbBrs, (epz)PbBrs and (mpz)2PbsBrio all have strong Raman
stretches at relatively low wavenumbers (~130 cm™), due to their strongly interconnected
structures that promote concerted bending (octahedral tilting) than individual octahedral stretching.
The 3D compound, (hmp)PbBr4, has a less-resolved spectrum compared with other compounds,
indicating a more dynamically disordered structure consistent with its higher dimensionality and
its corner-sharing connectivity.3%

Based on the refined crystal structures, we calculated the distortion levels of the individual
[PbBrs]* octahedron for the individual compounds (Figure 34b). The bond length distortion334-3%®
(eq.1, where d is the mean Pb-Br bond distance and ds are the six individual Pb-Br bond distances)

and bond angle variance3® (eq.2, 6i is the individual Pb-Br-Pb angle) reflect the deviation of the

octahedron from the one with no distortion.
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Previously, we have associated the distortion level of the 2D lead bromide perovskite with
the width of the PL emission, where the larger the distortion, the broader the width of the PL
emission. 2> 4’ Although this correlation may apply to the 2D systems, it cannot be generalized to
the 1D and 3D systems that have different connectivity modes. Here, we do not yet glean a
correlation between the emission band width and the distortion level. However, most compounds
display a large PbBrs distortion in the crystal structure. From the calculation, only (mpz)2PbsBrio
has a relatively small distortion level for both the angular and bond length distortion. The highest
bond length distortion in observed in (110)-oriented 2D perovskite (epz)PbBrs4. For the angular
distortion, (hep)PbBr3 has the highest due to the face-sharing connectivity of the octahedron that
requires bent angles (i.e. Br-Pb-Br angle). In general, the high distortion level of the local
octahedral environments implies a more malleable structure which is more susceptible to

generating STE states upon photo-excitation, thus producing a broad-band emission spectrum.

4.5.3 Electronic Structure Calculations

To further understand the electronic properties of these materials, we use density functional
theory (DFT) for the calculation of the band structures. Because of the presence of heavy elements,
spin-orbit coupling was taken into account. We chose two 1D structures and two 2D structures as
representative examples to distinguish the effect of dimensionality and connectivity on the band
gap. Notice that dimensionality is defined in the present manuscript by the nature of the bonding

network. (2,6-dmpz)sPb2Brio is referred in the text as a 1D material for this reason. The band
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Figure 35. Calculated electronic band structures of (a) (2,6-dmpz);Pb,Brio (2.49 eV), (b) (hep)PbBr; (3.10 eV),
(c) (4amp)PbBr4(2.09 eV) and (d) (epz)PbBr4 (2.12 eV).

dispersion diagr am in Figure 35a reveals flat electronic dispersions close to the band gap along
both X-V and U-R directions. (2,6-dmpz)sPb2Brio can thus also be considered as an array of
guantum wires along the ox direction. The 2D materials (4amp)PbBr4 and (epz)PbBr4 can thus be
considered as quantum well superlattices with the same criterion (Figures 35¢ and d). Comparison
among the 1D structures (2,6-dmpz)sPb2Brio and (hep)PbBrs reveals that the former (the 1D
material with edge- and corner-sharing) has much more dispersive bands and smaller band gap
(2.49 eV) than the latter (1D face-sharing), which has flat bands and much larger band gap (3.10
eV), clearly illustrating that the connectivity of the octahedra is detrimental to the electronic
structure. Mixed corner- and edge-sharing affords significantly more dispersion than face-sharing

connectivity, especially for the CBM states.
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The difference in the band structure for the (100)-oriented and (110)-oriented 2D structures
are not very significant in Figure 35c and d, which the (100)-oriented (4amp)PbBr4 has a slightly
smaller band gap (2.09 eV) than the (110)-oriented (epz)PbBrs (2.12 eV), consistent with the
experiment. Both compounds have similar dispersion for both the valence and conduction bands.
Note that the calculated band gaps are underestimated but still follow the same trend with respect
to the experimental result, as shown in Figure C2. All compounds are direct gap semiconductors,
with the valence band maximum (VBM) composed of hybridization of Br p and Pb s orbitals and
conduction band minimum (CBM) composed of empty Pb p orbitals as seen in the corresponding

pDOS in Figure C3.

4.5.4 Optical Properties

Because the new perovskite compounds could potentially be used in future devices it is of
fundamental importance to have knowledge of the energy positions of their valence and conduction
bands and to understand the trends with which they vary from one member to the next.
Experimental determination of such energy values in most perovskites are rare and often frustrate
device design in terms of the correct design of interface assembly. Therefore, valance band maxima
(VBM), of the different compounds were measured by ambient photoemission spectroscopy (APS)
(Figure 36a). The conduction band minima (CBM) were calculated by adding the band gap energy,
measured by diffuse reflectance spectroscopy in Figure 36b. We cluster the compounds according

to their octahedra connectivity modes. The samples with both corner- and edge-sharing octahedra
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Figure 36. (a) Experimental energy band alignment of hybrid lead bromide compounds. VBM and CBM of the
various compounds compared with the 3D MAPbBr; perovskite and PbBr». (b) Optical absorption spectra of the
compounds reported here. Detailed values are listed in Table 8. Steady-state PL (excited at 330 nm) at room
temperature for (¢) (hmp)PbBrs, (2,6-dmpz);Pb:Brip and (mpz),PbsBrio, (d) (hep)PbBr; and (hex)PbBrs, ()
(4amp)PbBr;4 and (epz)PbBrs.

(2,6-dmpz, hmp , mpz), show variation in their VBM, while their CBM is almost constant. In
contrary, the compounds with corner-sharing (epz, 4amp), or face-sharing (hep, hex), octahedra

has strong variation of the CBM while the VBM remains almost constant.
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The optical properties of these materials are dominated by the connectivity mode of the
[PbBrs]* octahedra, where the band gap follow the general trend of “corner-sharing< edge-
sharing< face-sharing”, as expected from the corresponding Pb-Br orbital overlap. The same trend
has been observed in the lead iodide system.'*? Specifically, for the corner-connected compounds,
(4amp)PbBr;4 consists of only corner-sharing octahedra and has the smallest band gap (2.93 eV) in
the series (see Figure 36b). This bandgap is slightly larger than some other (100)-oriented 2D
perovskites, such as (DMAPA)PbBr4 (2.88 e¢V) and (DMABA)PbBrs (2.85 eV) because of its
sizeable in-plane distortions.*®® The (110)-oriented 2D perovskite (epz)PbBr4 has a larger bang gap
of 3.12 eV because of the highly corrugated character of the layer.

The compounds possessing both corner- and edge- sharing octahedra (mpz, hmp and 2,6-dmpz)
have larger band gaps 2.97 eV, 3.04 eV and 3.16 eV, respectively than the purely corner-sharing
(4amp)PbBrs. As mentioned earlier, the compounds (hep and hex) with face-sharing octahedra
have the largest band gap of 3.41 eV and 3.50 eV. For the 1D face-sharing structures, (hep)PbBr3
has a slightly larger band gap than (hex)PbBr3 as the 1D chains are more distorted as described
above.

Despite that the optical spectra show sharp absorption edge, the PL spectra of all compounds
exhibit broad band emission features at room temperature. Except for (hep)PbBr3 and (hex)PbBr;3
which emit in the red, the rest of the compounds emit white-light with different emission width
and peak position. In the following discussion, we group the PL emission of these compounds

based on the connectivity mode as seen in Table 7. The centers of the PL emission for
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(mpz)2PbzBrio (2.20 eV), (hmp)PbBrs (2.04 eV) and (2,6- dmpz)sPb2Brio (2.12 eV) are relatively
close together (Figure 36b). In addition to the broad emission peak at 2.04 eV, (hmp)PbBrs has
another well-resolved higher energy emission peak at 2.81 eV. For (hep)PbBr3 and (hex)PbBr3 the
emissions are very similar, Figure 36¢. Both 1D face-sharing compounds have a weak high energy
emission peak at ~2.75 eV and the main emission peak at ~1.84 eV. The main emission peak of
(hep)PbBr3 at 1.84 eV is far away from the absorption edge at 3.5 eV, demonstrating a large Stokes
shift of 1.66 eV. Compounds such as (tms)sPbsBrio*®” and (CsH14N)PbBr3,**® which are also
partially composed of face-sharing components, have similar emission characteristics, in the sense
that there is a huge Stokes shift and the emission starting around 3 eV and peaking at 1.77- 1.90
eV. Compared to (100)-oriented (4amp)PbBrs4, the (110)-oriented (epz)PbBrs has a more red-

shifted peak emission (2.08 eV), but the emission center for (4amp)PbBrs occurs at lower
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Figure 37. (a) Temperature-dependent (5 — 293 K) steady-state PL spectra of (2,6-dmpz);Pb,Br. Inserted shows
the sample emitting white-light under UV flashlight. (b)-(e) 2D TRPL of (2,6-dmpz);Pb,Br;o at various

temperatures; the colorbar shown on the right of each 2D plot is in log10 scale.
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wavelength (2.38 eV), Figure 36e. Except for (hmp)PbBrs which as a shoulder peak at higher
energy, all compounds fit the trend where the larger the band gap, the more red-shifted the center
of the emission peak is.

Among all compounds, (2,6-dmpz)3Pb2Brio has a PLQY of 12%, which is much higher than
the rest (<1%, see Table 8). It is also among the highest PLQY reported for hybrid perovskite
white-light emitting materials.®®? The reason for the high PLQY may be attributed to the unique
mixed 1D edge-sharing and corner-sharing structure, which shares some similarities with the 1D
edge-sharing compound CsN,H14PbBr4 that demonstrates a high PLQY of 20%.362

To investigate the mechanistic aspects of the broad-band emission, we performed variable-
temperature PL. The temperature-dependent PL measurement of (2,6-dmpz)sPb2Brio shows the
unusual evolution of the PL emission from 295K to 5K in Figure 37. At 293K, the PL emission is
a broad peak from 400 nm to 750 nm (1.65-3.1 V), centered at 585 nm (2.12 eV). Upon decreasing
the temperature, the broad peak starts to become narrower and shifts to longer wavelengths (from
585 nm at 295K to 620 nm at 5K). A new higher energy peak then appears at 115 K, centered at
432 nm (2.87 eV). The two distinct peaks have different intensities and decay lifetimes as seen in
Figure 37b-e.

For (2,6-dmpz)3Pb2Brio, the averaged lifetime of the broad emission peak at 295K is 23.03 ns,
which is the longest among all the compounds reported here. The rest of the compounds have much
shorter PL lifetimes ranging from 2-4 ns (Table 8, Figure C9), which are comparable to previously

reported hybrid lead bromide perovskites.’®® At 195K, the lifetime of the emission of (2,6-
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Figure 38. Temperature-dependent (3 — 295 K) steady-state PL spectra (normalized intensity) of (a) (4amp)PbBra,
(b) (epz)PbBrs4, (¢) (mpz)2PbsBrio, (d)(hmp)PbBr4, (€) (hep)PbBrs.

dmpz)sPb2Brio at ~60 0 nm (2.07 V) is 28.02 ns, whereas the lifetime of the emission at ~450 nm
(2.76 eV) is 0.56 ns. The lifetime of the emission at ~600 nm (2.07 eV) becomes increasingly
shorter as the temperature decreases, where it reaches the shortest (0.78 ns) at 5K in Figure 37b,
whereas the lifetime of the emission at ~450 nm increases to 2.95 ns. Intensity-wise, the peak at
~600 nm reaches its maximum at 235K (Figure C8) and decreases to its minimum value at 5K.
The emission at ~450 compound (2,6-dmpz)3Pb2Brio nm on the other hand, reaches the maximum
intensity value at 15K.

The trend of the temperature dependence for the 2D and 3D compounds can be generally
summarized as the bandwidth of the PL broadband emission peak gradually decreasing as the
temperature lowers as shown in Figure 38. For example, the full-width at half-maximum (FWHM)

of the (100)-oriented 2D compound (4amp)PbBr4 decreases from 420 meV (295K) to 210 meV
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Table 8. Commission International de I’Eclairage (CIE) coordinates (x, y), correlated color

temperature (CCT), color rendering index (CRI), PL emission center, PL lifetime at room temperature,
full-width at half-maximum (FWHM) and photoluminescence quantum yield (PLQY) of the new
compounds reported here.

Compound X y CCT CRI PL emission center Tayg(ns) FWHM PLQY
(eV) (meV) (%)
2,6-dmpz 044 046 3341 77 2.12 23.03 325 12.24
epz 044 044 3324 84 2.08 2.7 370 0.97
mpz 038 042 4242 86 2.20 3.6 485 0.33
hmp 041 039 3379 90 2.04 2.5 570 0.46
hep 052 041 1986 89 1.84 4.3 285 0.63
hex 0.54 040 1801 88 1.82 NA 270 0.35
4amp 031 039 6275 76 2.38 2.5 420 0.54

(5K). (epz)PbBrs, (mpz):PbsBrip and (hmp)PbBrs have shown the same tendency where their

emission bandwidth also decreases in Figure 38b, ¢ and d, respectively.

Unlike the higher dimensional compounds, the 1D compound (hep)PbBr3;, has similar

emission characteristics as the 1D compound (2,6-dmpz)sPb2Brio discussed earlier, where the

broad peak at 669 nm (1.85 eV) gradually narrows while another high energy peak at ~460 nm

(2.70 eV) surfaces at around 145K. A reported 1D face-sharing compound, [1,5-Bis(1-

methylimidazolium)pentane][PbBr3]s, has almost the exact same PL evolution from RT to 10K,*%3

suggesting this trend is dimension-dependent.

Upon cooling the width of the PL emission becomes narrower. The different modes of the PL

evolution suggest there are several energy transfer processes happening when decreasing the

temperature, where the thermally activated processes are less pronounced and locally confined.
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Usually at sufficiently low temperature, (the lowest we can measure is 3~5K), the free exciton PL,
as compared to self-trapped excitons, should be dominant (higher energy emission, ~450 nm (2.76
eV)). Here we see for 4amp, epz, mpz and hmp the STE emission (~450 nm, 2.75 eV) still
dominates the overall emission, suggesting the highly distorted structures prevent the STEs from
tunneling back to the free exciton states. Finally, for the 1D structure (hep)PbBr3 in Figure 38e,
the free exciton emission at higher energy is dominant over the suppressed broad STE states at low

temperature (3- 45K), which is similar to the other 1D compound (2,6-dmpz)sPb2Br1o.

4.5.5 White-light emission

0.9
- A4amp
0.8 B epz
1 C 2,6-dmpz
0.7{ D mpz
| E hmp
F hex

G hep

00 01 02 03 04 05 06 0.7 08
X
Figure 39. CIE color coordinates of the hybrid lead bromide compounds in 1931 color space chromaticity
diagram. The chromaticity coordinates (X, y), CCT and CRI are calculated using the ColorCalculator by OSRAM

Sylvania, Inc.
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2,6-dmpz)3Pb2Brio, (4amp)PbBrs, (epz)PbBrs, (mpz)2PbsBrioand (hmp)PbBrs have relatively
warm white-light emission as shown in Figure 39 compared to our previously investigated
systems o-(DMEN)PbBrs*° and EA4PbsBrio-xClx.t}” The correlated color temperature (CCT) of
most compounds are below 4500K (except (4amp)PbBrs, 6275K), producing neutral to warm
white-light. The color rendering index (CRI) are quite high (above 85, see Table 8) for most
compounds, providing accurate color rendition of the actual objects. (2,6-dmpz)sPb2Briohas a CIE
coordinate of (0.44, 0.46) which has a reddish white-emission comparing to the white point at
(0.33, 0.33). Although (2,6-dmpz)sPh2Brio has the highest PLQY, and better potential of actual
application in solid-state lighting,®®® the CRI (77) is lower than most of the compounds reported

here. This could be improved by using halide-mixing strategy as shown in earlier reports.t’

4.6 Conclusions

Seven new hybrid lead bromide compounds, namely (hep)PbBrs, (hex)PbBrs, (2,6-
dmpz)sPb2Brio, (4amp)PbBrs, (epz)PbBrs, (mpz)2PbsBrio and (hmp)PbBrs, perovskites and
perovskitoids possess a diverse range of structural types with different octahedral connectivity.
The connectivity modes of the [PbBrs]* octahedra determine the optical band gaps of these
materials in a “corner-sharing < edge-sharing < face-sharing” increasing order. Except for the face-
sharing (hep)PbBrz and (hex)PbBrs, the rest of the compounds exhibit white-light emission at room

temperature (RT). Temperature-dependent PL studies have revealed that for 1D compounds a
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prominent peak at higher energy emerges (free exciton dominates at low temperature) while for
2D and 3D compounds the broad emission peak gradually becomes narrower when decreasing the
temperature (STE dominates). The unique 1D compound (2,6-dmpz)sPb2Brio which has a structure
that combines corner- and edge-sharing octahedra has the highest PLQY (12%) and longest
lifetime (23.03 ns) among them, while the remaining compounds have low PLQY (<1%) and
relatively short lifetime (<5 ns). The diversity of the hybrid bromide perovskite as epitomized by
the structural types reported here, enriches the expanding hybrid perovskite library. The superior
PL properties of the 1D compound demonstrate that dimensional reduction to 1D perovskites can
underpin a new direction for exploring suitable candidates for white-light solid-state lighting and

other optoelectronic phenomena.
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Chapter 5. Hybrid Dion-Jacobson 2D Lead lodide Perovskites

Reprinted with permission from Mao, L.; Ke, W.; Pedesseau, L.; Wu, Y.; Katan, C.; Even, J.;
Wasielewski, M. R.; Stoumpos, C. C.; Kanatzidis, M. G. “Hybrid Dion—Jacobson 2D Lead lodide
Perovskites.” J. Am. Chem. Soc., 2018, 140 (10), 3775-3783. Copyright 2018 American Chemical

Society.
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5.1 Abstract

The three-dimensional hybrid organic-inorganic perovskites have shown huge potential for
use in solar cells and other optoelectronic devices. Although these materials are under intense
investigation, derivative materials with lower dimensionality are emerging offering higher
tunability of physical properties and new capabilities. Here we present two new series of hybrid
two-dimensional (2D) perovskites that adopt the Dion-Jacobson (DJ) structure-type, which are the
first complete homologous series reported in halide perovskite chemistry. Lead iodide DJ
perovskites adopt a general formula A’An-1Pbnlsn+1 (A’ = 3-(aminomethyl)piperidinium (3AMP)
or 4-(aminomethyl)piperidinium (4AMP), A = methylammonium (MA)). These materials have
layered structures where the stacking of inorganic layers is unique as they lay exactly on top of
another. With a slightly different position of the functional group in the templating cation 3AMP
and 4AMP, the as-formed DJ perovskites show different optical properties, with the 3AMP series
having smaller band gaps than the 4AMP series. Analysis on the crystal structures and Density
functional theory (DFT) calculations suggest that the origin of the systematic band gap shift is the
strong but indirect influence of the organic cation on the inorganic framework. Fabrication of
photovoltaic devices utilizing these materials as light absorbers reveal that (3AMP)(MA)3Pbal13
has the best power conversion efficiency (PCE) of 7.32%, which is much higher than

corresponding (4AMP)(MA)sPbal1s.
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5.2 Introduction

Hybrid organic-inorganic halide perovskites materials with three-dimensional (3D) AMX3
structures enable solar cells with power conversion efficiency (PCE) over 22%.% 13 24, 290, 399-401
With impressive structural diversity and great potential in optoelectronic applications, two-
dimensional (2D) hybrid organic-inorganic halide perovskites are evolving into an important class
of high-performance semiconductors.gl* 90, 99-100, 106, 113, 124, 239, 242, 246, 248, 350, 360, 402-403 2D halide
perovskites, (A*)2(A)n-1BnXazn+1 0 (A’)(A)n-1BnXan+1, (A’ = 1+ or 2+, A = 1+ cation, B = Pb?*, Sn?*,
Ge?*, Cu?*, Cd?* etc., X = CI, Br and I), are classified depending on the stacking orientation of
the inorganic layers ((100), (110) or (111) with respect to the ideal cubic perovskite), but also on
the number of the inorganic layers (n = 1, 2, 3 etc, in the chemical formula).8! 12 The single-
layered 2D perovskites (n = 1) which have a general formula of A2BXs or ABX4 (have been
extensively explored and there is a large number of structural types reported to date, differing in
the nature of the organic spacers and the configuration of the inorganic layers.8: %4 18 For the
higher number of layers (n > 2), however, there are only few crystallographically characterized
examples: (PEA)2(MA)n-1Pbnlznes (n = 2, 3)* ¥ (PEA = phenylethylammonium, MA =
methylammonium), (BA)2(MA)n1Pbnlsnss (n = 2-5) (BA = butylammonium),t*® 14
(GA)(MA)nPbnlsn+1 (GA = guanidinium, n = 2-3),1° (BA)2(MA)n1Snnlans1 (n = 2-3), 128
(CHsCgHsCH2NH3)2  (MA)Pbal7,”’ (HO2C(CH2)sNH3)2(MA)Pb2l7," (C4H3SCH2NH3):
(MA)Pb217,%%* (EA)4PbsX10't" (X = ClI, Br) (EA = ethylammonium), (BA)2(MA)2PbsBr10*® and

Cs2[C(NH2)3]Pb2Br+.4% The layered structures, historically, can be divided into several categories,
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based on the nomenclature of oxide perovskites:**” a) Ruddlesden-Popper (RP) phases,!3% 408 p)
Dion-Jacobson (DJ)*%°41° (Figure 1a), the oxide perovskite specific  ¢) Aurivilius (AV) phases*'!
and the halide perovskite specific d) alternating cation in the interlayer space (ACI) type.r®® The
differences between these categories are shown in the relative stacking of the layers. The halide
perovskites are dominated by the RP archetypes which are characterized by two offset layers per
unit cell (Figure 1a). having pairs of interdigitated interlayer spacers (1+). The DJ perovskites
feature divalent (2+) interlayer spacers, requiring only one cation per formula unit,8 174 412413 gng
tend to adopt the RbAIF; structure-type.*'* Because of this, DJ perovskites have a rich
configurational stereochemistry with the layers being able to stack in a perfect (0,0 displacement,
as reported here) or imperfect (0, ¥ or %, % displacements) arrangement according to the steric
demands of the interlayer cations, as derived from oxide chemistry.**> The oxide DJ perovskites
have been studied extensively due to their interesting ion-exchange*®4!’ and intercalation*®
properties. In halide perovskites, beyond the single-layer perovskites (n = 1) very little is known
regarding the higher n-members in the perovskite hierarchy.

Here we report the first examples of hybrid DJ hybrid 2D lead iodide perovskites which consist
of thick perovskite slabs (n>1) with layer number (n) ranging from 1 to 4. We describe two new
DJ perovskite series based on bivalent (+2) organic cations deriving from a piperidinium (CsNH1»)
organic backbone (Figure 1b). The new DJ perovskites are built from 3AMP (3AMP = 3-
(aminomethyl)piperidinium) and 4AMP (4AMP =  4-(aminomethyl)piperidinium) cations

between the layers (“spacers”) and methylammonium (MA) cations inside the 2D layers



126

(“perovskitizers”) to form (A’) (MA)n-1Pbnlan+1 (A’ = 3AMP or 4AMP, n = 1-4) homologous
series.’®® With the exception of the n = 1 members, the 3AMP and 4AMP series with a
representative crystal structure sequence shown in Figure 1b. We find that the difference in the
position of the-CH2NH3" group on the piperidine chair (3- and 4- position with respect to the
piperidine nitrogen) influence the crystal structure through different hydrogen bonding modes,
which is further reflected on the distortion of the inorganic layers. This difference has a major
impact on the optical and electronic properties, which see a narrowing of the bandgap and an
enhanced charge transport performance for the least distorted structure (3AMP). Density
functional theory calculations (DFT) calculations are in good agreement with the observed trends.
We further demonstrate the superior optoelectronic properties of these materials on photovoltaic
(PV) devices. Owing to the less distorted crystal structure the 3AMP series shows a superior
performance (~7% champion efficiency for n = 4) to the 4AMP series (~5% champion efficiency
for n = 4). These two series of examples showcase the power of utilizing different templating
organic cations to influence the semiconducting properties of the inorganic part of the perovskites,
which broaden the horizons of 2D perovskites for achieving new solar cells and other

optoelectronic devices with better characteristics.

5.3 Experimental Details

5.3.1 Synthesis
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Materials. PbO (99.9%), 3-(aminomethyl)piperidine (Aldrich©™R), 4-
(aminomethyl)piperidine (96%), hydroiodic acid (57 wt. % in H20, distilled, stabilized, 99.95%)
and hypophosphorous acid solution (50 wt. % in H>O) were purchased from Sigma-Aldrich and
used as received. Methylammonium iodide (>99.5%) was purchased from Luminescence
Technology Corp. and used as received.

Synthesis of (3AMP)(MA)n-1Pbnlsn+1, For n = 1, an amount of 669 mg (3 mmol) 99.9% PbO
powder was dissolved in 6 mL of hydroiodic acid and 1 mL hypophosphorous acid solution by
heating under stirring for 5-10 min at ~130°C until the solution turned to clear bright yellow. 0.5
mL hydroiodic acid was added to 342 mg (3 mmol) 3-(aminomethyl)piperidine (3AMP) in a
separate vial under stirring. The protonated 3AMP solution was added into the previous solution
under heating and stirring for 5 min. Red plate-like crystals precipitate during slow cooling to room
temperature. Yield 963 mg (38.6% based on total Pb content). For n = 2, an amount of 669 mg
(3 mmol) 99.9% PbO powder was dissolved in 6 mL of hydroiodic acid and 1 mL
hypophosphorous acid solution by heating under stirring for 5-10 min at 130°C until the solution
turned to clear bright yellow. 318 mg (2 mmol) of methylammonium iodide (MAI) was added
directly to the above solution under heating. 0.5 mL hydroiodic acid was added to 57 mg (0.5
mmol) 3AMP in a separate vial under stirring. The protonated 3AMP solution was added into the
previous solution under heating and stirring for 5 min. Dark red plate-like crystals precipitated
(Figure 40c) during slow cooling to room temperature. Yield 487 mg (22.4% based on total Pb

content).  For the synthesis of higher numbers, they follow the same route except the ratio were
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change to 37.6 mg (0.33 mmol) 3AMP, 477 mg (3 mmol) MAI, 669 mg (3 mmol) PbO forn =3,
yield 252 mg (12.2% based on total Pb content) and 34.2 mg (0.3 mmol) 3AMP, 636 mg (4 mmol)
MAI, 892 mg (4 mmol) PbO for n =4, yield 301 mg (11.2% based on total Pb content).
Synthesis of (AAMP)(MA)n-1Pbnlsn+1. Similar synthetic procedures were used to synthesize
the 4AMP series. However, the amount of 4AMP was reduced as the 4AMP series precipitate
faster than the 3AMP. The experimental ratios (4AMP: MAI: PbO) (in mmol) of the 4AMP are
3:0:3forn=1,0.5:2:3forn=2,0.33:3:3 forn =3 and 0.27:4:4 for n = 4. Yield 1155 mg (46.3%),
684 mg (31.5%), 531 mg (25.6%) and 477 mg (17.7% based on total Pb content), respectively.
Powder X-ray Diffraction. PXRD analysis was performed using a Rigaku Miniflex600 powder
X-ray diffractometer (Cu Ka graphite, A = 1.5406 A) operating at 40 kV/15 mA with a Kp foil

filter.

5.3.2 Single Crystal X-ray Diffraction

Full sphere data were collected after screening for a few frames using either a STOE IPDS 2
or IPDS 2T diffractometer with graphite-monochromatized Mo Ka radiation (A = 0.71073 A) (50
kV/40 mA) under Nz at 293 K ((3AMP)PbLy (4AMP)PbLy and (3AMP)(MA)sPhalis). The
collected data was integrated and applied with numerical absorption corrections using the STOE
X-AREA programs. The rest of the compounds were collected using a Bruker Molly instrument
with MoKo IuS microfocus source (A = 0.71073 A) with MX Optics at 250 K. The collected data

was integrated and applied with numerical absorption corrections using the APEX3 software.
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Crystal structures were solved by charge flipping and refined by full-matrix least squares on

F? with the Jana2006 package.

5.3.3 Optical Absorption Spectroscopy

Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200-1000 nm region using BaSOg as the reference of 100%
reflectance. The band gap of the material was estimated by converting reflectance to absorption
according to the Kubelka—Munk equation: o/S = (1-R)%(2R) %, where R is the reflectance and a

and S are the absorption and scattering coefficients, respectively.

5.3.4 Steady State and Time-resolved Photoluminescence

Steady-state PL spectra were collected using HORIBA LabRAM HR Evolution Confocal
RAMAN microscope. 473 nm laser (0.1% power) was used to excite all samples at 50x
magnification. Time-resolved photoluminescence (TRPL) spectra were acquired using HORIBA
Fluorolog-3 equipped with a 450-W xenon lamp and a TCSPC module (diode laser excitation at A =
375 nm) and an integrating sphere (Horiba Quanta—¢) for absolute photoluminescence quantum
yield determination. The spectra were corrected for the monochromator wavelength dependence

and photomultiplier response functions provided by the manufacturer.

5.3.5 Electronic Structure Calculations
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First-principles calculations are based on density functional theory (DFT) as implemented in
the VASP package.*'%*?! All calculations are carried out on the experimentally determined crystal
structures. We used the GGA functional in the PBE form, the projector augmented wave (PAW)
method*?2-42 with the PAW data set supplied in the VASP package with the following valence
orbitals: Pb [5d'%6s%6p?], | [5s%5p°], N [2s?2p®], H [1s!] and C [2s?2p?]. In addition, the
wavefunctions are expanded using a plane-wave basis set with an energy cut-off of 500 eV. Spin-
orbit coupling is systematically taken into account. For band structures, the reciprocal space
integration is performed over a 4x4x1 Monkhorst-Pack grid for compounds with n=1 and n=3,

and over a 4x4x4 grid for compounds with n=2 and n=4 in their primitive cells.*?44%

5.3.6 Device Fabrications and Characterization

FTO glass substrates were coated with PEDOT:PSS by spin-coating at 4000 rpm for 30s, and
then annealed at 150 °C for 30 min in air. The 2D perovskite precursors with a molar concentration
of 0.6 M were prepared by dissolving the 2D perovskite crystal powders in a mixed solvent of
DMF and DMSO with a volume ratio of 4:1. After the crystal powders dissolved, adding 0.8 vol%
HI into the perovskite precursors. Then the precursors were coated on the substrates with a spin
rate of 4000 rpm for 60s in a N2-filled glove box. During the spin-coating, 0.7 mL diethyl ether
was dropped on the rotating substrates at 20 s. After spin-coating, the films were annealed at

100 °C for 10 min in the glove box. To complete the devices, C60 (20 nm)/BCP (5 nm)/Ag (100
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nm) were sequentially thermally evaporated on top of the perovskites. The active area of the solar
cells was 0.09 cm?.

J-V curves were measured by a Keithley model 2400 instrument under AM1.5G simulated
irradiation with a standard solar simulator (Abet Technologies). The light intensity of the solar
simulator was calibrated by a National Renewable Energy Laboratory-certified monocrystalline
silicon solar cell. EQE curves were measured by an Oriel model QE-PV-SI instrument equipped

with a National Institute of Standards and Technology-certified Si diode.

5.4 Results and Discussion

The structural differences between RP and DJ halide perovskites are mainly caused by the
inter-layer cations (spacers), where RP phases have two sheets of interdigitating cations (1+) while
the DJ phases only have one sheet of inter-layer cations (2+) between the inorganic slabs. The
influence of the spacers on inorganic slabs is exerted in many levels, depending on the cation size
and shape (steric effect), charge (electrostatic attraction) and the position of the functional groups
(H-bonding and dispersion forces). This difference between RP and DJ perovskites is also reflected
on the general formula, where RP phase has a general formula of A’2An.1MnXazn+1 and DJ phase
has a general formula of (A’)(A)n-tMnXan+1 (A’ = inter-layer cation). In hybrid DJ phases, the inter-
layer organic cations are 2+, having less degrees of freedom, making the layers closer to each other.

In RP phases, the organic cations are 1+, which results in more flexible layer stacking.
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Figure 40. (a) Comparison between Dion-Jacobson phases and Ruddlesden-Popper phases for both oxide and

halide perovskite. (b) General crystal structure of the two series of DJ perovskite reported here, from n = 1 to 4.

Structures of the cation 3AMP and 4AMP are listed in the lower left corner. (c) Optical images of the 3AMP and

4AMP crystals. Scale bar on the bottom right applies to all.

The Dion-Jacobson series of layered perovskites, (A”)(MA)n-1Pbnlan+1 (A’ = 3AMP or 4AMP, n =

1- 4), produce uniform, square plate-like crystals, except 3-AMPPbls, which is an elongated plate



Table. 9 Crystal data and structure refinement for (A")(MA)n-1Pbulzn+1 (A’ =3AMP).
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(3AMP) (3AMP) (3AMP)
Compound (BAMP)PDL, (MA)PD I (MA).PD,I.. (MA)PD,I..
Empirical C NLH. PbI (C;NH JCH,NH  (C,NH )CHNH (C,NH, )(CHNH
formula oee 2Pl 22Pb3lyg 23PPl
Crystal system Monoclinic
Space group P2 /c la Pa la
a=8.67326) A, a=88581(11)A,  a=88616(3) A, a=8.8627(18) A,
Unit cell b=18.4268(9) A, b=28.8607(4) A, b=8.8624(3) A,  b=8.8689(18) A,
dimensions c=20.4522(14) A, ¢=33.4749(5)A, ¢=23.0316(7) A, c¢=58.842(12) A,
B =99.306(6) ° B =90° B =90° B =90°
Volume (A%) 3225.67(35) 2627.4(3) 1808.79(10) 4625.1(16)
z 8 4 2 4
Density (g/cm’) 3.4224 3.6681 3.8024 3.8645
5033
Indepd. refl. [R; = 1422 8033 ?893
0.1102] [R;, = 0.0202] [Rin = 0.0361] [R;,, = 0.0405]
Data /
_ 5033 /32 /145 4422/ 17/115 8035/28/ 163 5893 /19 /201
restraints / param.
Final R indices R, = 0.0869, R = 0.0323, Raps = 0.0395, R, = 0.0901,
[1>20(I)] WR,p, = 0.1622 WR . =0.0022 WRbs = 0.1063 WR = 0.2062
o R, =0.1471, R, = 0.0365, Rai = 0.0612, R,, = 0.1136,
Rindices [all data] = \p = 0.1686 WR_, = 0.0941 wRa=0.1296  WR_ =0.2138
Largest diff. peak  3.97 and -4.88e-A 144 and-1.23e-A  2.014 and -1.382 11.07 and -5.34
and hole 3 3 e-A3 e A

R = ||Fol-|Fel| / Z[Fe], WR = {S[W([Fof - [FeP)2] / S[W([Fo[)]} "2 and w=1/(cX(1)+0.00041)

as seen in Figure 40c. For the 3AMP series, the color of the crystal gets progressively darker from

n =1 (red) to n = 4 (black). The 4AMP has a similar trend, but it starts from lighter colors than the

3AMP for the n = 1 (orange) and n = 2 (red) members. The bulk crystals exhibit good stability in

ambient environment and can be handled without any protection during characterizations.
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Table. 10 Crystal data and structure refinement for (A")(MA)u.1Pbalzn+1 (A’ =4AMP).

Compound (4AMP)PDI, (4AMP) (4AMP) (4AMP)
(MA)Pb, I (MA),Pb. I, (MA)Pb,I,
Empirical formula C,N,H,Pbl, (C,N,H )(CHNNH  (C,NH )CHNH (C,N,H, )(CHNH
3)Pb2|7 3)2Pb3|10 3)3Pb4|13
Crystal system Monoclinic
Space group Pc la Pc la
Unit cell a=10.4999(13) A, a=8.8412(11)A, a=23.1333(7)A, a=8.8587(18) A,
dimensions b=125429(9) A, b =8.8436(4) A, b=8.8365(3) A, b=8.8571(18) A,
c=125289(13) A, ¢=33.6045(5) A, ¢=8.8354(3)A, ¢=58915(12) A,
B =89.984(9)° B =90° B =90° B =90°
Volume (A%) 1650.05(43) 2627.5(4) 1806.11(10) 4622.6(16)
Z 4 4 2 4
Density (g/cm’) 3.3441 3.6681 3.8081 3.8666
Indepd. refl. 4646 4558 7954 8002
[R . =0.1198] [R, =0.028] [R,, = 0.0291] [R,, =0.1339]
Data/ 4646/36/141 4558 /17 /116 7954/ 18/ 158 8002 / 19 / 202
restraints / param.
Final R indices R, = 0.0797, R s = 0.0330, Ryps = 0.0351, Rps = 0.0585,
[>26(D)] WR,=0.1093 WR_=0.0915 WR = 0.0889 WR = 0.0839
R indices [all data] R, =0.1618, R, = 0.0410, R, =0.0559, R,, =0.1700,
WR_, =0.1275 WR_, =0.0949 WR_, = 0.0970 WR,, = 0.1000
Largest diff. peak 4.48 and -4.31 1.69and -1.20e-A" 1.80and-1.39e-A" 4.23and-2.94e-A’
and hole e A® 3 3 3

R = X[[Fol-[Fe]l / Z[Fo], WR = {S[W(|Fof - [Fel2)?] / Z[w(|Fo*)]} 2 and w=1/(cX(1)+0.000412)

Both (A’)(MA)n-1Pbnlan+1  series form isostructural analogues for n>1. Detailed
crystallographic data and structural refinements for all eight compounds reported here are listed in
Table 9. They consist of n layers (~6.3 A is the thickness of one octahedron) of corner-sharing

[Pbls]* octahedra with xAMP?* (x = 3, 4) separating the perovskite slabs and MA* filling in
the perovskite voids (Figure 40b). The difference between the two DJ perovskite families is
highlighted in Figure 41a and b, where specific crystallographic characteristics are stressed. The n

=1 and n =2 members of each AMP series are selected as representative examples. For n = 1, the
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Figure 41. (a) Top-view of (3AMP)Pbls, (4AM)PPbL4, (3AMP)(MA)Pb,17 and (4AMP)(MA)Pb.l;. (b) Side-view
of (BAMP)(MA)Pb.l7 and (4AMP)(MA)Pb.l7, hydrogen bonding is marked in red. (c) Average equatorial Pb-I-Pb
angles for 3AMP and 4AMP series from n = 1 to 4. (d) Average axial and equatorial angles for 3AMP and 4AMP.
e, Definition of axial and equatorial Pb-I-Pb angles. (f) I---I distance trend in 3AMP and 4AMP, where the 3AMP

series has closer distance.
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layers stack almost exactly on top of one another from the top-down viewing direction.
(3AMP)PDI4 is somewhat mismatched due to an out-of-plane tilting. (4AMP)Pbls matches
perfectly as it displays exclusively large in-plane tilting. The 3AMP and 4AMP behave alike when
it comes to n = 2, where the difference only lies in the Pb-1-Pb angle. The trend continues for the
higher numbers (n = 3 and 4). Viewing along the inorganic layers (Figure 41b), the hydrogen
bonding networks for 3AMP and 4AMP are drastically different. In (3AMP)(MA)Pb2l7, the SAMP
cation forms weak H-bonds (highlighted in red) with the terminal I". Bonding with the terminal I
has a small effect on the in-plane Pb-1-Pb angles as the terminal I" does not contribute to the in-
plane distortion directly. On the contrary, in (4AMP)(MA)Pb:zl7, the H-bonds are formed with the
bridging I" anions deeper inside the layers as seen in Figure 41b, which amplify the in-plane
distortion.

The differences in hydrogen bonding have an impact on the Pb-1-Pb angles, which are directly
related to the optical and electrical these materials (see below). To illustrate this point, we classify
the Pb-1-Pb angles into two categories, the axial (along the longest crystallographic axis) and the
equatorial (along the inorganic plane) as shown in Figure 41e. In these systems, the axial Pb-I-Pb
angles are very close to 180°, as they are much less affected by the interaction (e.g. hydrogen
bonding) with the spacing cations. On the other hand, the equatorial Pb-1-Pb angles are much more
distorted since they are directly exposed to the spacing cations, especially for the case of n =1 and

n = 2. The evolution of the Pb-1-Pb angles is summarized in Figure 41c and d, where Figure 41c
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shows only the averaged equatorial angles and Figure 41d shows the averaged (both axial and
equatorial) Pb-1-Pb angles. From Figure 2c, it is clear the gap between the average of the equatorial
angles of the 3AMP and 4AMP gradually closes as the layer thickness increases from n = 1 to 4.
For 3AMP, the averaged equatorial Pb-1-Pb decreases from 165.1° to 162.2° while for 4AAMP it
increases from 155.1° to 159.7°. This indicates that the effect of organic cation on the inorganic

slabs is gradually diminished as they get thicker (increasing n number). As the axial Pb-1-Pb angles
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Figure 42. Optical properties of the 3AMP and 4AMP series. (a,b) Optical absorption spectra of 3AMP and

4AMP series. (c,d) Steady-state photoluminescence (PL) spectra of 3AMP and 4AMP series. (e,f) Summary

of absorption and PL in energy fromn =1 to 5.
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in both series are close to 180° when they are averaged with the equatorial angles as shown in
Figure 41d, the average is increased for both series up to n = 4.

Another interesting structural feature is that the I**I distance between the inorganic layers is
very short. Since the layers lay exactly on top of each other (eclipsed configuration), the 11
distance essentially defines the closest interlayer distance. The 3AMP series has generally smaller
I'-I distance than 4AMP (Figure 41d), while for both series the I'*'I distance gradually decreases
slightly as the layer gets thicker. This is possibly a result of increased stacking fault formation in
the perovskite layers as n increases, expressed indirectly in the determined average
crystallographic structure. The close I-T interlayer distance (~ 4.0 A) is one of the shortest
among reported 2D lead iodide perovskites and plays a crucial role in affecting the electronic band
structure of these materials which will be discussed below.

The optical band gaps of both 3AMP and 4AMP series follow a general trend that has the
energy gap (Eg) decreasing as the layer number (n) increases (Table 11). Fromn =1 ton = o
(MAPDI3), the band gap decreases from 2.23 eV to 1.52 eV for the 3AMP series, while for the
4AMP the range is much wider (2.38 eV to 1.52 eV) (Figures 42a, b). The spectra of both series

show clear excitonic features similarly to other 2D perovskites, 100 113:139.145.225 whjch become less
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Figure 43. Comparison of the (a) optical absorption spectra and (b) PL spectra between (3AMP)(MA),Pbsl o,
(4AMP)(MA)2Pb3I]0, (GA)(MA)3Pb3I]o and (BA)Q(MA)QPb}I]O.

p rominent as the n number increases and finally disappear for n = o. The steady-state
photoluminescence (PL) spectra of these materials, shown in Figures 42c, d, exhibit an analogous
trend with the band gaps. The 3AMP series demonstrates constantly lower PL emission energy
than the 4AMP, until n =5 when they become equal. Though the evolution of the band gap of
both series matches the PL trend, from n = 3 and above, the difference between the two series is
negligible (Figures 42e, f). The lifetimes of both AMP series (Figure D6) are comparable to the

previously reported 2D layered perovskite PEA (PEA = phenylethylamine) series, for which the

Table 11. Optical properties and color of the (A’)(MA)n1Pbulsnii (A° = 3AMP or 4AMP, n = 1- 4) D]

perovskites.

Compound E, PL | Color Compound E, PL | Color
(eV) | (eV) (eV) | (eV)
n= (3AMP)Pbl4 223 | 222 red (4AMP)Pbl,4 2.38 | 2.33 | orange
1
n= (3AMP)(MA)Pb, |, 2.02 | 2.00 dark (4AMP)(MA)PD I 217 | 2.13 red
re
n= (3AMP)(MA),PbI_ 1.92 | 1.90 | black (4AMP)(MA),Pb.I_ 1.99 | 197 | black
n= 1.87 | 1.84 | black 1.89 | 1.88 | black

(3AMP)(MA).Pb, I, (4AMP)(MA).Pb, ..
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lifetimes lie in the 0.1 — 0.2 ns range.*?® Overall the 3AMP series has longer lifetime than the
4AMP (except n = 1), which indicates slower carrier combination, more ideal for the PV devices.

The optical properties of the DJ iodide perovskites are quite different from those observed in
RP perovskites.'*® Relative to the corresponding RP perovskites (Figure 43), the emission energy
observed in PL is characteristically red shifted by ~ 0.1 eV in the case of 3AMP (1.90 eV) and
0.03 eV in the case of 4AMP (1.97 eV) with respect to the BA analogue (2.00 eV), taking n = 3 as
the reference example.®*® The absorption edges of the compounds containing AMPs (1.70 eV)
arealso 0.1 eV lower thanthe BA analogue. The recently reported structural type ACI perovskite
GAMAG3Pbslyg falls in between the RP and DJ perovskites, with a Eq of 1.73 eV and PL emission
peak at 1.96 eV. 1°

The optical properties of these materials correlate very well with their structural
characteristics. As discussed above, the Pb-1-Pb angles for 3AMP are systematically larger than
the 4AMP. The larger Pb-I-Pb bond angles (closer to 1807, the more the Pb s and I p orbitals
overlap.®t 427-428 The strong anti-bonding interaction pushes up the valence band maximum (VBM),
resulting in a reduced band gap. Thus, the systematically narrower band gap observed for 3SAMP
vs 4AMP can be attributed to the more linear Pb-I-Pb angles (i.e. smaller octahedral tilting (Figure

D7)) for the former.
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The results of Density Functional Theory (DFT) electronic structure calculations are shown
in Figure 44a-g. The calculated band gap for (3AMP)Pbl. is determined at the 7 point (1.13
eV) (Figure 44a), whereas the band gap of (4AMP)Pbl, is determined at the BZ edge (1.14 eV)
(Figure 44b). The calculated band gaps for the higher numbers between the 3AMP and 4AMP
series have larger differences, where Eq is 0.48 eV for n =2, 3AMP, and 0.70 eV for n = 2, 4AMP
(Figure 44c- d). For n =3, the band gaps at Z point for 3AMP and 4AMP are 0.47 eV and 0.74
eV, respectively (Figure 44e -f). The calculated gap for 3AMP (n = 4) is very small (0.07 eV),
much lower than 0.54 eV for n = 4, 4AMP as seen in Figure 44g -h. The DFT computed band gaps
do not include many-body interactions needed to properly assess optical response, which is why
calculated values are systematic underestimated without GW corrections.®” The band gaps of
3AMP series DJ are systematically smaller than those computed for 4AMP series as shown in
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Figure 44. (a-g) DFT calculations of band structures for the 3AMP and 4AMP series with SOC. The calculated
gaps are 1.13 eV for (3AMP)Pbly(at 1), 1.14 eV for (4AMP)Pbl4 (at B), 0.48 eV for (3AMP)(MA)Pb.I; (at Y,),
0.70 eV for (A4AMP)(MA)Pb.l; (at Y,), 0.47 eV for BAMP)(MA).Pbslig (at Z), 0.74 eV for (4AMP)(MA),Pbslio
(at Z), 0.07eV for BAMP)(MA)sPbalis (at Y,), 0.54 eV for (AAMP)(MA);Pbslis (at Y,)



142

a b~12

—0— 3AMPPD3
—o— 3AMPPb4
........................................... —o— 4AMPPb3

s 0 4AMPPb4

C
=
o

0 03 06 09 12

o Current denisty (mA cm
cO N A O ©

c Voltage (V)
60
-@-3AMPPb3 "FT9
-@- 3AMPPb4 J J
Y o 4AMPPb3 — * « *  4AMPPb4|
9, -0 4AMPPb4 =]
S ~ A % A 4AMPPD3|
é/ ) 110, (220)
w ‘D o (400)
8 20 B e S (200) i \3amppbal
',l E N * l
O _ 2 i . '::‘ % A AMPPb3]
4\(/)voavelen t?lo(?lm) 500 1020 S0 40 %0
e 9 f 20()
—— 3AMPPb3
—— 3AMPPb4 1.04 _ %ﬁﬁﬁi
—— 4AMPPD3| —~~ —— 4AMPPb3
. ———4AMPPb4| 5 0 8 ——— 4AMPPb4
3: \E.“/
S é 0.6
-
a S04
5]
Bo2
<
T T T 00
700 750 800 850 400 600 800

Wavelength (nm) Wavelength (nm)

Figure 45. Solar cell architecture for the higher layer numbers (n = 3 and 4) of 3AMP and 4AMP. (a) Scheme of
the adopted inverted device structure. (b) J-V curves of the 2D perovskite solar cell devices. (c) External
quantum efficiency (EQE) spectra. (d) PXRD of the thin-films. e, steady-state PL spectra, where the emission
peaks: 746 nm, 1.66 eV(3AMPPbslio), 764 nm, 1.62 eV (3AMPPbul;3), 752 nm, 1.65 eV (4AMPPbslo and
4AMPPbal13). (f) Absorption spectra for the thin-films.
Figure 5h, in agreement with experimental findings. The stacking of perovskite sheets in the DJ
structure type, which aligns the perovskite layers, allows for a better interlayer electronic coupling
through van der Waals I-~1 interactions. These || contacts participate in anti-bonding interactions

that further destabilize the VBM (Figure D9), contributing to the reduction of the band gap as

compared to RP phases with respect to the same n-value, as discussed above.
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Based on the attractive properties of the new 2D DJ perovskites, in a preliminary study we
investigated the higher layer numbers (n = 3 and 4) as light absorbers for solar cells. A planar solar
cell structure was adopted for device fabrication (Figure 45a), consisting of a fluorine doped tin
oxide (FTO) substrate, a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
hole transport layer (HTL), a 2D perovskite light absorber, a Cso/BCP electron transport layer
(ETL) and a Ag electrode. The devices were fabricated using a modified solvent engineering
method. The photocurrent density-voltage (J-V) curves of the solar cells using the 2D DJ
perovskites are in Figure 45, (measured using a reverse voltage scan). The thickness of the
perovskite films was ~25 0 nm. Among the n = 3 and 4 for 3BAMP and 4AMP, (3AMP)(MA)zPbsl13
achieved the highest power conversion efficiency (PCE) of 7.32% with a short-circuit current
density (Jso) of 10.17 mA-cm™, an open-circuit voltage (Voc) of 1.06 V, and a fill factor (FF) of
67.60%. This value is significantly higher that the corresponding n = 3 and n = 4 RP perovskites
prepared using a regular mesoporous TiO2 device structure.

The remarkable performance of (3AMP)(MA)zPbsl13 can be mainly attributed to the reduced
band gap and the improved mobility originating from the increased band dispersion (see above).
While the device based on (3AMP)(MA)2Pbslio has the lowest PCE of 2.02% with a Jsc of 3.05
mA-cm™, a Voc 0f 0.99 V, and a FF of 66.54%, attributed to the largest band gap and the intense
presence of a secondary phase, identified as the n = 2 member (20 = ~11° and ~16°).
(4AMP)(MA)2Pbzlioand (AAMP)(MA)3Pbslis have PCE below 5%, mainly due to the much lower

Jsc relative to the 3AMP. The average photovoltaic parameters of the devices using the various
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absorbers are summarized in Table D6. The Jsc integrated from the external quantum efficiency
(EQE) curves (Figure 45) of the devices based for (3AMP)(MA)2Pbzlio, (3AMP)(MA)3sPbasl1s,
(4AMP)(MA)2Pbslig and (4AMP)(MA)sPbsliz are 2.92, 10.16, 5.83, and 7.08 mA-cm?,
respectively, which are in good agreement with the trend of the Jsc obtained from the J-V curves.
In Figure 45d, powder x-ray diffraction (PXRD) of the (3AMP)(MA)3Pbal13, (4AMP)(MA)2Pbsl1o
and (4AMP)(MA)3Pbsl13 films show preferred orientation in the “perpendicular” direction judging
from the strongest hkl (110) and (220) at ~14° and ~28°, which facilitates the carriers to travel
through the layers.1% 242 Further results of the fabrication of higher quality films and higher
efficiency solar cells will be reported in the future.

PL emission properties of the films (Figure 45e) are quite different (red shifted) from the bulk
materials, which can be attributed to the so-called “edge effect”.??® The edge effect is observed
in single crystals of both 3SAMPPbI4 and (3AMP)(MA)2Phzl1o as seen in Figure D11. The second
PL emission at lower energy were observed when excited the sample through “the edge”, which
is parallel to the layers. The results show larger separation of the higher (2.21 eV from bulk) and
lower energy emission (1.64 eV edge) of the n = 1 than forn =3 (1.91 eV and 1.68 eV) for 3AMP.
The lower energy emission (1.68 eV) is very close to the emission of the thin film (1.66 eV). This
result is similar to the previously reported (BA)2(MA)2Pbslio example, where the higher energy
emission is 2.00 eV and lower energy emission is 1.70 eV.?% Attempts for measuring edge states
of the other layered number crystals such as n = 2 and 4 were not successful owing to the thin

crystal morphology which has caused handing difficulty.
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The absorption edges of the films have the same trend as in the EQE spectra, though multiple
slopes appear, indicating the formation of some lower layer numbers (Figure 45f). Even though
these 2D DJ perovskite devices are not completely optimized, the initial results show great promise
as they compare well with the corresponding 2D RP perovskites which lead the 2D perovskite

solar cells field.242 403 429

5.5 Conclusions

We have shown that a new crystal motif based on the DJ class of perovskites forms 2D hybrid
lead iodide perovskites. The special spacer cations used 3AMP and 4AMP have strong influence
on the overall properties. Detailed crystallographic investigations on all eight compounds (n =1
to 4, for 3AMP and 4AMP), have provided the structural insights for understanding the structure-
property relationships. In particular, by understanding the angular distortion (Pb-1-Pb angle) within
the system, we manage to show the subtle difference in the cations causes large differences in the
optical properties by affecting the Pb-1-Pb angles, where the 3AMP series has systematically larger
angles and smaller band gaps than the 4AMP series. Compared to the most common 2D RP
perovskites, namely the BA series, the 3AMP and 4AMP series possess lower band gaps because
of a less distorted inorganic framework and closer I'*'I interlayer distances. Our analysis suggests
more superior optoelectronic properties of the 3AMP over the 4AMP series, which as
demonstrated in the actual device fabrication, where the preliminary result shows the champion

device has PCE over 7%. The strong correlation between the materials and their applications’
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performance validates the importance of understanding structure-property relationships and

discovering new materials in the halide perovskite systems.
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Chapter 6. Seven-layered 2D Hybrid Lead lodide Perovskite: A
Comparison Between Dion-Jacobson and Ruddlesden-Popper Phases

This chapter may appear in the following manuscript:
Mao, L.; Traore, B.; Ke, W.; Katan, C.; Even, J.; Stoumpos, C. C.; and Kanatzidis, M. G. “Seven-
layered 2D Hybrid Lead lodide Perovskite: A Comparison Between Dion-Jacobson and

Ruddlesden-Popper Phases”. Manuscript in preparation
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6.1 Abstract

Two-dimensional (2D) hybrid perovskites have attracted growing interests due to the high
versatility and potential in optoelectronic applications. The 2D family has a general formula of
A’mAn-1BnXzn+1, where A’ is the organic spacer, A is the small organic cation such as MA or FA,
B is a metal and X is halide. Here, we present the highest layer thickness (n = 7) that ever
crystallographically characterized of the two main subgroups in 2D family: the Dion-Jacobson (DJ)
and Ruddlesden-Popper (RP). The seven-layered DJ phase (4AMP)(MA)sPb7l22 (AAMP = 4-
aminomethylpyperidinium) shows much less distortion (i.e. Pb-1-Pb angle, bond angle variance
and bond length distortion) in the crystal structure, when comparing with the RP phase
(BA)2(MA)sPb7122 (BA = butylammonium). This further influence the optical properties, where
the DJ phase has lower energy absorption edge and photoluminescence emission (1.53 eV, 1.71
eV) than the RP phase (1.57 eV, 1.73 eV). DFT calculation reveals an opposite trend with respect
to the experimental result, possibly due to complexity of the structure. The discovery and
characterization of high-layer thickness 2D hybrid perovskite provide more insights in future

material discovery and understanding the structure-property relationship of these semiconductors.
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6.2 Introduction

Two-dimensional (2D) halide perovskites are an important class of material that possesses
huge potential in optoelectronics.8% 99-100. 242,248, 430 Eq|lowing the success of 3D perovskites that
have further improved the record power conversion efficiency (PCE) to 23.3%,%*! the 2D materials
have demonstrated higher stability with decent performance of ~14%.10% 103432 From a structural
perspective, the 2D perovskites have more parameters to tune, with a general formula of A’mAn-
1BnX3n+1, where A’ is the spacing cation, A is a perovskitizer (MA, FA or Cs),'?8 B is a metal (Pb,
Sn etc.) and X is a halide (CI, Br, I). The two main classes of multilayered 2D halide perovskites
are Dion-Jacobson (DJ)!2 18 and Ruddlesden-Popper (RP),** which are defined by the charge of
the interlayer spacing cation.*®® The DJ phase has divalent cation (m = 1), whereas the RP phase
incorporates monovalent cation (m=2). Up till now not many crystallographically characterized
high layer thickness (n > 4) have been reported, except the RP series with butylammonium cations
(BA) (n = 1-7),13 145 the DJ series with 3-aminomethylpiperidinium (3AMP) and 4-
aminomethylpiperidinium (4AMP) (n = 1-4),1%2 (NH3CmH2mNH3)(CH3NH3)n-1Pbnlans1 (M = 4-9;
n = 1-4).% Due to the quantum confinement effect, the higher the thickness the lower the band
gap, which pushes the absorption to a more optimal near IR region for photovoltaics.*** The limited
exploration in high layer thickness prompt us to further elucidate the structural-property
relationship in these systems because of their underlying potential for optoelectronics.

Here, we report the highest layered 2D perovskites (n = 7), with detailed crystallographic

characterization and structural analysis. The crystal structures are shown in Figure 46. The
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difference in the layer conformation is clearly seen in the side view and top-down view of the
structures, where the layers of DJ phase overlap exactly on top of each other, showing a (0, 0)
displacement. The layers of the RP phase are more flexible showing a (1/2, 1/2) displacement
because of the monovalent cation BA that only attaches to one side of the slab (Figure 1c-d). The
interlayer requires two sheets of organic cations of BA (singly protonated NH3") whereas the DJ

phase only requires one sheets of 4AMP (doubly protonated, NH3" and piperidinium).

6.3 Experimental Details
6.3.1 Synthesis

Materials. PbO (99.9%), 4-(aminomethyl)piperidine (96%), hydroiodic acid (57 wt. % in H20,
distilled, stabilized, 99.95%) and hypophosphorous acid solution (50 wt. % in H>O) were
purchased from Sigma-Aldrich and used as received. Methylammonium iodide (>99.5%) was
purchased from Luminescence Technology Corp. and used as received.

Synthesis of (4AAMP)(MA)sPb7122. An amount of 892 mg (4 mmol) 99.9% PbO powder was
dissolved in 4 mL of hydroiodic acid and 0.5 mL hypophosphorous acid solution by heating under
stirring for 5-10 min at 130°C until the solution turned to clear bright yellow. 636 mg (4 mmol) of
methylammonium iodide (MAI) was added directly to the above solution under heating. 0.5 mL
hydroiodic acid was added to 23 mg (0.2 mmol) 4AMP in a separate vial under stirring. The

protonated 4AMP solution was added into the previous solution under heating and stirring for 5
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min. Black plate-like crystals precipitated during slow cooling to room temperature. Yield 312 mg

(12.0% based on total Pb content).

6.3.2 Optical Absorption Spectroscopy

Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200 — 1000 nm region using BaSO4 as the reference of 100%
reflectance. The band gap of the material was estimated by converting reflectance to absorption
according to the Kubelka—Munk equation: o/S = (1-R)%(2R) %, where R is the reflectance and a

and S are the absorption and scattering coefficients, respectively.

6.3.3 Steady State Photoluminescence
Steady-state PL spectra were collected using HORIBA LabRAM HR Evolution Confocal
RAMAN microscope. 473 nm laser (0.1% power) was used to excite all samples at 50x

magnification.

6.3.4 DFT Simulations

The calculations were performed within the Density Functional Theory (DFT)!? as
implemented in SIESTA package® with a basis set of finite-range of numerical atomic orbitals. We
used the Generalized Gradient Approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)

functional* to describe the exchange-correlation term, and norm-conserving Troullier-Martins
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pseudopotentials were used for each atomic species to account for the core electrons.® 1st, 2s22p?,
2s22p3, 5s%5p° and 5d°6s26p? were used as valence electrons for H, C, N, I, and Pb respectively.
Polarized Double-Zeta (DZP) basis set with an energy shift of 50 meV and a Mesh cutoff 200
Rydberg were used for the calculations. The Brillouin zone was sampled with 6x6x2, and 2x6x6
Monckhorst-Pack grids for (BA)2(MA)sPb7l2 and (4AMP)(MA)sPb7l22 respectively. The
densities of states (DOS) were generated with a Gaussian smearing of 0.1 eV. The electronic
properties were calculated using the experimental lattice parameters and atomic coordinates. Spin-

Orbit coupling (SOC) was taken into account in the calculation of the electronic band structures.
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Figure 46. Crystal strucuture of (a) DJ phase (4AMP)(MA)sPbs1»; and (b) RP phase (BA)2(MA)ePbl2. Top-
down view of the layers in (c) (4AMP)(MA)¢Pb7l2; and (d) (BA)2(MA)sPb7l2.. The layers of DJ perovskite lay

on top of each other, whereas the RP phase shows an offset shifting of one octahedral unit.
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Table 12. Single crystal X-ray diffraction refinement details for the DJ phase (4AMP)(MA)sPb7l2.

Empirical formula (CsN2H16)(CH3NH3)6Pb7122
Formula weight 4550.74

Temperature, wavelength 293(2) K, 0.71073 A
Space group Pc

Unit cell dimensions a=48.605(10) A, 0. =90°

b =8.8635(18) A, p = 90.13(3)°
¢ = 8.8638(18) A, y = 90°

Volume 3818.6(13) A3

Density (calculated) 3.958 g/cm?®

6 range, completeness to 6 = 26.000° 2.298 t0 29.253°, 91.1%
Reflections collected, independent 23035, 14637 [Rin = 0.1065]
Data / restraints / parameters 14637 /321342
Goodness-of-fit 1.032

Final R indices [1 > 26(1)] Robs = 0.1197, WRobs = 0.3400

R = X|[Fo|-Fe|| / Z[Fol, WR = {S[W([Fof2 - [Fe?)?] / Z[w(|Fo|*)]}? and w=1/[c?(F0?)+(0.2000P)2]
where P=(Fo?+2Fc?)/3

6.4 Results and Discussion

To quantify the subtle differences in the crystal structures, we dissect the structures into
individual slabs, where each slab is a representative unit composing the whole structure. In Figure
47a-b, the seven-layered inorganic slabs of the DJ phase and RP phase are placed horizontally,
with individually labeled Pb-1-Pb angles. The Pb-I-Pb angle can be viewed as a parameter that
quantifies the distortion across the Pb/I inorganic framework. The overall averaged Pb-1-Pb angles
are calculated to be 169° for the DJ phase and 165° for the RP phase. The main contribution of the
higher averaged angle of the DJ phase comes from the axial Pb-I-Pb angles (perpendicular to the

102

layers, parallel to a-axis) as seen in Figure 47a, °~ which are approaching the ideal 180°. The axial

angles (perpendicular to the layers, parallel to b-axis) in the RP phase are all below 170° (Figure
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47b). The bond angle variance (BAV) and distortion index (DI) further reflect the distortion within

the [Pbls] unit. We have labeled the individual [Pbls] octahedron in Figure 2c-d, in which all seven

Table 13. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A2x10°) for
(4AMP)(MA)sPbrl2: at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 5343(2) 2502(4) 5946(6) 1 39(1)
Pb(2) 4035(1) 2500(4) 5937(4) 1 40(1)
Pb(3) 6650(1) 2498(3) 5939(4) 1 39(1)
Ph(4) 2724(1) 2492(4) 5972(4) 1 45(1)
1(7) 4030(2) 4585(8) 8827(11) 1 79(3)
I(5AA) 5343(3) 403(8) 8844(11) 1 89(3)
1(11) 6650(2) 4586(8) 8841(10) 1 77(2)
I(3AA) 7958(2) -411(8) 3877(10) 1 80(3)
1(13) 2724(2) 407(8) 8865(11) 1 85(3)
I(4AA) 4694(2) 2507(10) 5968(13) 1 84(2)
1(15) 3383(2) 2501(13) 5985(14) 1 99(3)
1(18) 5999(2) 2519(9) 5963(12) 1 80(3)
1(20) 2080(2) 2531(10) 5986(12) 1 82(3)
1(2) 5342(2) 4617(8) 3053(10) 1 77(2)
I(6AA) 4034(3) 383(8) 3053(11) 1 90(3)
1(5) 6641(3) 371(9) 3048(10) 1 85(3)
I(1AA) 2725(2) 4584(8) 3064(11) 1 86(3)
Pb(5) 7964(1) 2488(3) 5964(3) 1 39(1)
I(0AA) 7303(2) 2496(9) 5973(11) 1 70(2)
Pb(0A) 9278(1) 2501(4) 5957(5) 1 47(1)
1(2AA) 8611(2) 2550(11) 5971(13) 1 86(3)
1(8) 9275(2) 4509(8) 8927(10) 1 80(3)
1(12) 7955(2) 5399(8) 8045(9) 1 80(3)
1(14) 9268(3) 463(8) 2969(10) 1 89(3)
Pb(1A) 1395(2) 2504(3) 5961(5) 1 47(1)
1(4) 762(2) 2492(19) 5997(17) 1 136(5)
1(9) 1402(2) 5479(8) 3913(10) 1 81(3)



I(7TAA)
1(2)
N(5)
H(5A)
H(5B)
H(5C)
N(2)
H(2A)
H(2B)
H(2C)
N(6)
H(6A)
H(6B)
H(6C)
Co)
H(5D)
H(5E)
H(5F)
N(4)
H(4A)
H(4B)
H(4C)
C(6)
H(6D)
H(6E)
H(6F)
N(3)
H(3A)
H(3B)
H(3C)
C@3)
H(3D)
H(3E)
H(3F)

9916(3)
1411(3)
3470(40)
3635
3467
3458
7230(40)
7088
7335
7166
2210(60)
2239
2369
2150
3240(40)
3219
3289
3078
4820(30)
4843
4977
4747
2000(60)
1819
2020
2030
6100(50)
6080
6272
6080
5900(60)
5725
5963
5865

2510(20)
466(8)
7780(160)
7551
7379
8777
1880(170)
1596
1082
2249
2000(300)
2646
1786
1112
7200(200)
6105
7265
7694
7390(130)
8209
7097
6656
2600(300)
2401
2034
3618
1900(200)
1742
2283
1081
3100(300)
2582
3590
3796

5973(19)
2972(10)
6270(170)
5852

7195

6339
10490(160)
11062
10303
9622
11700(300)
12469
11271
12156
5300(200)
5555

4277

5539
6570(130)
7141

6186

7137
10600(300)
11021
9688
10472
10900(200)
11832
10700
10332
10300(300)
10104
9467
11138
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148(6)
88(3)
170(50)
198
198
198
200(50)
242
242
242
300(110)
357
357
357
170(50)
248
248
248
140(40)
165
165
165
300(110)
446
446
446
290(90)
352
352
352
290(90)
440
440
440



N(1)
H(1A)
H(1B)
H(1C)
C(4)
H(4D)
H(4E)
H(4F)
C(2)
H(2D)
H(2E)
H(2F)
C(1)
H(1D)
H(LE)
H(LF)
C(8)
H(8A)
H(8B)
N(8)
H(8C)
H(8D)
H(8E)
C(12)
H(12A)
H(12B)
N(7)
H(7A)
H(7B)
C(9)
H(9)
C(11)
H(11A)
H(11B)

8550(50)
8554
8406
8705
4620(30)
4698
4589
4450
7390(50)
7375
7327
7584
8530(60)
8478
8710
8400
670(20)
675

662
-121(19)
-68

174
-261
660(20)
660

662
922(18)
1074
954
402(17)
400
403(18)
254

361

6980(190)
7510
6370
6441
7760(170)
7440
8828
7244
3060(190)
2930
4046
2976
8000(200)
9026
8119
7675
5490(120)
4473
5426
6590(130)
7095
7232
5984
7920(110)
8142
8879
7090(130)
7800
6343
6190(140)
7042
7090(140)
7816
6407

5400(200)
4505
5363
5433
5320(150)
4380
5298
5491
11300(200)
12367
11019
11021
6700(200)
6328
7159
7386
8100(120)
7704
9187
7280(140)
6464
7988
7035
5760(130)
4685
6291
6130(100)
6111
5355
7580(100)
8284
6150(120)
6201
5321
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230(70)
274
274
274
140(40)
206
206
206
200(50)
302
302
302
230(70)
343
343
343
170(20)
199
199
170(20)
199
199
199
170(20)
199
199
170(20)
199
199
170(20)
199
170(20)
199
199
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C(7)
H(7C)
H(7D)
C(10)
H(10A)
H(10B)

921(18)
1072
961
114(19)
91

97

6310(130)
5597
7066
5650(120)
5546
4652

7630(110)

7644
8401

7860(150)

8940
7423
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170(20)
199
199
170(20)
199
199

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

Table 14. Anisotropic displacement parameters (A%x10%) for (4AMP)(MA)sPbsl» at 293(2) K with
estimated standard deviations in parentheses.

Label Un Uz Uss U Uis Uazs

Pb(1) 41(2) 39(1) 38(1) 0Q2) 1(1) 3(1)
Pb(2) 40(2) 41(2) 41(2) 2(2) 0@) 32)
Pb(3) 49(2) 35(2) 35(2) 2(2) 3(2) 02)

Pb(4) 34(2) 52(2) 48(2) 12(2) 22) 32)
I(7) 92(7) 63(4) 82(5) 6(4) 6(5) -39(4)
I5AA) 121(8) 72(5) 75(5) 11(5) 5(5) 44(4)
I(11) 93(7) 80(5) 58(4) 9(4) 9(4) 37(4)
IBAA) 103(7) 79(5) 57(4) _1(5) 12(5) 34(4)
I(13) 109(8) 54(4) 92(6) 2(4) 4(5) 31(4)
I(4AA) 30(3) 117(6) 105(6) 7(4) 2(4) 15(5)
I(15) 28(3) 137(8) 131(8) 28(4) 7(4) 9(6)

I(18) 38(3) 96(6) 106(7) 2(4) 5(4) 26(5)
120) 52(5) 98(6) 98(6) -20(4) 5(5) 2(5)

12) 98(7) 67(4) 66(5) -10(4) 5(5) 33(3)
I(6AA) 126(9) 59(4) 86(6) 6(4) 5(6) -36(4)
I(5) 123(9) 75(5) 58(5) 9(5) 3(5) -33(4)
I(LAA) 109(8) 61(4) 87(6) 4(4) 11(5) 44(4)
Pb(5) 55(2) 31(2) 31(2) 11(2) 42) 102)

I(0AA) 49(4) 78(4) 82(5) 18(3) 1(4) 4(4)

Pb(0A) 40(2) 53(2) 49(2) 5(2) 3(2) 8(2)
I2AA) 33(3) 107(6) 119(7) 30(4) 1(4) 1(5)

I8) 104(8) 73(4) 64(5) 6(4) 12(5) 35(3)
I(12) 106(8) 81(5) 52(4) 0(4) 1(4) -43(3)
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I(14) 145(10) 57(4) 65(5) 3(4) -13(5) 22(3)
Pb(1A) 61(2) 37(2) 43(2) 32) 72) 3(2)
I(4) 36(4) 198(14) 174(14) 2(6) 15(7) 4(10)
19) 97(7) 68(4) 78(5) 4(4) 25(5) 37(4)
I(7TAA) 71(7) 189(14) 184(15) 7(8) -8(10) -2(10)
(1) 141(10) 55(4) 68(5) 7(4) 2(5) 17(3)
The anisotropic displacement factor exponent takes the form: -2rn’[h?a"?Uy; + ... + 2hka'b"Ui»].
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RP phase (BA),(MA)sPb,l,,

Slab thickness: 43.8 A

b Slab thickness: 44.5 A | b b~ % | |
a | & | |
% 1789° § 179.1° | 17922 \1179.2" 179.4° | 178.3° S\ Ml L) LR 1?“;
__Kf_*li_—__gfjlri_—__‘{f__‘l'f_:}{f P e 4238 2 =
VIR YIRS R IAR e P RITE AR ITY SR
— e —— o —o—2a oy Pb ; ? \l §. AP )
\“O:.tL O O A S R Sl MR L A Tk .
| : I\ o] Lrened] o240 | a6149] et | o 4.3 “BSDQJ “16423'1»56,1“ ®iso0|®.
188.2° & 188.8° © 461700 16260  gsree 1627 qo100 © 1582 @C 1672°@ 1743 @ 16950® 15000 164.8°
¢ Average Pb-I-Pb angle: 169° d b« Average Pb-I-Pb angle: 165°
o
@ [ ] [ ] [ ] * [ ] [ ]
'0 | L 1S '. | L4 N T @ o
= > 94 NS, o ANTS 9. BN
ST T e T e B,
I WX D Ao T ARy 2 3
}),r‘\:*o"_l‘ l:‘:." M R,"‘.\‘on‘: ,"\ ..rb
cg‘,..calg.ce,‘,..n.'.l,:N
L L4 L . L 3 © .S
e
100¢ RP 0.08
2 50- /\ 0.04 _
m [m]
o1t >~ 000
Pb1 Pb2 Pb3 Pb4 Pb5 Pb6 Pb7 Pb1  Pb2 Pb3 Pb4 Pb3' Pb2 Pb1'
® Bond Angle Variance (BAV)-left @ Bond Angle Variance (BAV)-left
M Distortion Index (DI)-right 185- M Distortion Index (DI)-right
g Axial angle h
180 179
<
o 175
2 169
170
©
a 166.4
0 165 . 163.7 165
= 160.8 - .
o
o 160 [ ]
g’ 1554
<

0
Axial-DJ Axial-RP Equa-DJ Equa-RP All-DJ  All-RP

Types of angles

Figure 47. Detailed Pb-1-Pb angles for (a) DJ phase (4AMP)(MA)sPb7l2 and (b) RP phase (BA)2(MA)sPbslz,.
Crystallographic independent Pb environments in (c) (4AMP)(MA)sPbsl2 and (d) (BA)2(MA)sPbsln. (e,f)

Distortion evaluation of individual [Pbls] octahedron using bond angle variance (BAV) and distortion index (DI)

calculated by Vesta software. The DJ phase shows a much lower distortion level than the RP phase both on BAV

and DI. (g) Definition of axial (perpendicular to the layers) and equatorial (along the layers) Pb-I-Pb angles. (h)

comparison between veraged axial, equatorial and total Pb-I-Pb

angles.
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Pb environments are different for the DJ phase whereas for the RP phase Pbl and Pb1’, Pb2 and
Pb2’, Pb3 and Pb3’ are the same. The bond angle variance (BAV, quantifying the distortion from
I-Pb-1 angles inside the [Pblg]) and distortion index (DI, quantifying the distortion from Pb-1 bond
length) are calculated using Vesta software.*® The BAV values of all the [Pblg] units in the DJ
phase are below 1, which on the contrary the BAV values are around 20 and can reach as high as
100 for the RP phase. The difference on the DI is less dramatic but still the DJ phase has smaller
value (0.01-0.02) and the RP phase can go as high as 0.08. The other main difference lies in the
asymmetric (DJ) and symmetric Pb environment. For the DJ phase, the [Pbls] unit (Pb1) that’s
next to the piperidinium ring is the most distorted. For the RP phase, the middle [Pble] unit (Pb4)
is the most distorted among all units, possibly due to the compression of the adjacent slabs. This
also originates from the nature of the organic spacing cations here, where the alkyl chain tails of
the BA cations are repellent towards each other, creating a stronger force that going towards the
middle. For the DJ system, the 4AMP cations are connecting both ends of two inorganic slabs,
serving as springs that have a “cushioning” effect. This is also the reason for the less “stressed”
axial Pb-1-Pb angles of the DJ phase and more “stressed” axial Pb-1-Pb angles in the RP phase. To
summarize, the seven-layered DJ perovskite (4AMP)(MA)sPb7l22 is less distorted than the RP
phase (BA)2(MA)ePb-l22, both across the Pb/I network and on individual [Pble] units.

The optical properties match the trend that a less distorted structure will lead to a smaller band
gap. From UV-vis and steady-state PL spectra (Figure 48a-b), it is evident that the DJ phase has

lower absorption edge (1.53 eV) than the RP phase, and is between the 3D perovskite MAPbI3
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Figure 48. (a) Optical absorption spectra and (b) steady-state photoluminescence spectra of (4AMP)(MA)sPb7l2,,
(BA)z(MA)6Pb7122 and MAPbI}.

(1.50 eV) and the RP phase (1.57 eV). The emission energies of the PL for the DJ and RP phase
are further way from the MAPbI; (1.60 eV), which are 1.70 eV and 1.73 eV, respectively. The PL
emission energy keeps decreasing as the layer gets thicker, from 1.83 eV for the n = 5 member of
the RP phase and 1.79 eV for the n = 5 member of the DJ phase

We try to further explore the intrinsic differences of the seven-layered DJ phase and RP phase
in their electronic structures. Density functional theory (DFT) calculations were conducted based
on the experimental crystal structure (Figure 49). Figure 4 compares the electronic band structures
of the RP and the DJ. The direct band gaps of 0.20 eV at I" and 0.26 eV at Y are computed for the
RP and DJ phase, respectively. The absence of the inversion center coupled with the presence of
a giant spin-orbit coupling in both structures induces little Rashba spin-splitting at mainly the
conduction band (CB) for RP and both the valence band (VB) and CB for DJ. We notice flat
dispersions (< 1 meV) along YT for RP in reciprocal space, which corresponds to its stacking axis
in real space, whereas slight dispersions along the stacking axis I'-Y of DJ are calculated (~31

meV at VBM and ~39 meV at CBM). The latter is due to the interaction between the outer I-I
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Figure 49. Comparison of the band structures of (left) (BA)2(MA)sPbsl» and (right) (4AMP)(MA)sPbsl2
including spin-orbit coupling effects. For each structure, the localized densities of states (LDOS) of VBM and

CBM are also plotted showing different localization of the densities for the two structure types.
atoms that are in direct contact with 4AMP cations as reported earlier.!%? For both systems, we
notice seven (7) sub-bands in the CB along the directions of reciprocal space corresponding to the
stacking axis, which amounts to the number of Pb-1 octahedral planes in each structure. These sub-
bands are less distinguishable in the VB and are an indication of diminishing quantum confinement
effects as a result of an increased number of octahedra planes, when compared to lower n-values,
that ultimately converge to the 3D band structure.'?’

In an apparent contradiction with experiment, our calculations show that BA has a lower band
gap as compared to DJ, with a difference amounting to ~60 meV, whereas the experimental data
indicates a lower band gap for DJ (~ 30 meV below that of RP). Computed densities of states
confirm this trend. As a lready stressed, obtaining very precise structural information on high n-
value members via X-Ray diffraction is challenging. Using the structure-property analysis based
on two characteristic tilt angles (B, §)*?* allows to link the variation of the octahedral tilts to band

gap variation.
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The localized densities of states (LDOS) at VBM and CBM for both structure types show
different spatial distributions (Figure 49). For RP, VBM is localized at the inner octahedral layer
while CBM is located at the outer octahedral planes. For DJ, CBM is mostly localized over the
inner layer whereas VBM is asymmetrically localized over one side of the outer layer. The latter
asymmetry can be traced back to the two different charged moieties in the 4AMP di-cations
(INH2]" versus [NH3]*) that induces net dipole, which in turn induces the dissymmetry of the
electronic density at VBM that localizes on the [NH3]" side.

The orbital hybridization can be best seen from wave functions, computed without SOC. For
both systems, VBM is made of an anti-bonding hybridization between Pb (6s) and I (5p) while
CBM mainly consists of bonding hybridization between Pb (6p) states. We note that the spatial
localizations of LDOS computed with SOC (Figure 49) are consistent with their wave functions

distributions on the different octahedral planes.

6.5 Conclusions

In conclusion, comparing the structure of DJ phase (4AMP)(MA)sPb7Il22 and RP phase
(BA)(MA)ePb7122, we have found that the DJ phase in all aspects (bond length distortion, bond
angle variance and Pb-1-Pb angles) is less distorted than the RP phase, which is indicative of lower
band gap energy. Experimentally we have confirmed the trend that the absorption edge and PL

emission of the DJ phase is in-between the 3D perovskite MAPDI3 and the RP phase. The
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exploration of the structure-property relationship in ultra-high thickness 2D halide perovskite

material unlocks the door for the “in-between” species in the halide perovskite family.
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Chapter 7. Hybrid 2D Dion-Jacobson Lead Bromide Perovskites:
Conformation Control from Interplay Between Large Organic

Spacers and Perovskitizer Cations
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7.1 Abstract

Hybrid halide perovskites are groundbreaking materials that have achieved astonishing
records in optoelectronics. To gain further insights in the mixed cation system, we use the 3AMP
and 4AMP cations (3AMP = 3-(aminomethyl)piperidinium, 4AMP = 4-
(aminomethyl)piperidinium) as A’ cation that form the Dion-Jacobson (DJ) phase 2D perovskite,
to build the solid-solutions composing of both mixed A’ and A cations (A = methylammonium
(MA) or formamidinium (FA)). Crystal structures and purity of the newly synthesized nine
compounds based on the (A’)(A)Pb2Br7 (A’ = 3AMP or 4AMP, A = FA or MA) formula are
collected and examined using single crystal X-ray diffraction and powder X-ray diffraction. The
conformation mode and distortion of the Pb-Br inorganic framework are severely impacted by the
templating A’ cation and perovskitizer cation A. The addition of 4AMP into the (3AMP)a(4AMP);:.
a(FA)»(MA)1Pb2Br7 (a and b = 1, 0.5 or 0) system, decreases the Pb-Br-Pb angle, making the
framework more distorted. On the contrary, with more FA incorporated into the system, the Pb-
Br-Pb angle increases. This structural evolution together affects he optical band gap, as the the
larger the Pb-Br-Pb angle, the band gap becomes smaller. Density Functional Theory (DFT)
calculations of the electronic structures reveal the same trend as the experimental result where
(3AMP)(FA)Pb2Br7 has the smallest band gap while (4AMP)(MA)Ph.Br; has the largest band gap.
The different effect from solely the organic cations (both the spacing and perovskitizer cations) in
the 2D system highlight the importance of understanding the structural evolution accompanied by

compositional tuning.
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7.2 Introduction

Hybrid organic-inorganic halide perovskite materials have established themselves as one of
the leading semiconducting materials because of their superior performances in optoelectronics.3>
81,49, 251 The ease of thin-film preparation and favorable properties of the hybrid perovskites such
as long carrier diffusion length, long carrier lifetime, high carrier mobility and optimal absorption
properties are helping to elevate the performance, currently up to 23.3% power conversion
efficiency (PCE).**® Breakthroughs of perovskite-based materials have also been reported recently
in light emitting diodes (LEDs), where the highest external quantum efficiency (EQE) has reached
20%.%7 A recent strategy for fabricating high performance photovoltaic devices is to mix together
various of A-site cations (Cs*, FA", MA", Rb"), the integration of which in the device, remarkably,
boosts the performance compared with pristine samples.*344! This genuine performance upgrade
is achieved mainly from an increased charge-carrier mobility,**? which generally depends on the
details of the crystal structure of the perovskite. Other chemical strategies that aid the device
performance involving the variation of the composition include halide-mixing and using additives
in the thin-films.1® 443444 In most cases, even though PCE and physical properties improvement
were observed, structural insights were not provided, mainly due to the complications ensuing
from the dynamic disordered 3D systems.*3-44 133

As an extension to 3D perovskites, 2D hybrid perovskites have attracted increasing interest
so much from their highly diverse chemistry,%-100.117.242 35 muych from the unusual photo-physical

properties they possess.?> 127 Importantly, despite reduction in dimensionality, 2D perovskites
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have firmly proved that they exhibit similarly superb optoelectronic characteristics as the 3D
perovskites. The dimensional reduction lends additional flexibility to the crystal lattice and as a
result, the tolerance factor limitation that occurs in the 3D perovskite is no longer a requirement
for a 2D perovskite to form?2% 44°_ Typical examples of the defiance of the tolerance factor in 2D
perovskite are the 2D perovskites based the tolerance-“forbidden” cations ethylammonium (EA)/
and isopropylammonium (IPA).128 An added benefit of the 2D perovskites is that large organic
cations with appropriate functional groups can be inserted between the 2D layers by intercalation.®®
118, 188 Intercalation chemistry has been intensively explored, utilizing supramolecular concepts
such as fluoroaryl-aryl interactions and hydrogen bonding,’® %4 and chemical reactivity such as
halogen insertion!®® and Diels-Alder cycloaddition.**” Aside from the diversity of the organic part,
the inorganic lattice can be chemically sliced in a specific layer orientation (100-oriented,% 114
110-oriented!!® 16 and 111-oriented?®> 2% with respect to the ideal cubic perovskite), layer
thickness (n = 1-7), metal substitution (Pb, Sn, Ge, Bi, Sh, Cu, Fe etc.), and halide derivatization
(CI, Br and I). Moreover, 2D layered perovskites further divide the into four subcategories, the
Ruddlesden—Popper (RP) phases (with 1+ cations)**® and the Dion—Jacobson (DJ) phases (with
2+ cations),%? alternating cation and diammonium cation. % 1%9

Herein, we explore the concept of organic cation mixing aiming to fine-tune the structural
features within the new family of (A’)(A)Pb2Br7 DJ perovskites. Through controlled mixing of
both A-site cation (MA, FA), for which we refer to as the “perovskitizer” (meaning that it solely

forms the 3D perovskite), and A’-cation (the large organic spacer), we demonstrate that the degree



168

of distortion of the perovskite in each individual layer can be successfully controlled. We take
advantage of the similar size and functionality of the 3AMP and 4AMP cations, to build double
solid-solutions composed of both mixed A’ and A cations. By combining A’ (3AMP/4AMP) and
A (MA/ FA), we have synthesized nine different compounds based on the (A”)(A)Pb2Br7 (A’ =
3AMP or 4AMP, A = FA or MA) formula, distinctive perovskite distortion modes ranging from
out-of-phase tilting to in-phase tilting along with the undistorted structural prototype (Figure 1).
The powder X-ray diffraction (PXRD) shows pure phase for each solid solution with only small
peak shifts due to the change of the unit cell volume. We identify the inorganic distortion (i.e. the
Pb-Br-Pb angles) in the crystal structure using single crystal X-ray diffraction for selected
compositions of the (3AMP)a(4AMP)1.a(FA)s(MA)1-,Pb2Br7 (a and b = 1, 0.5 or 0) system. We
find a dependence between the Pb-Br-Pb angle on both a and b variables, with the angle becoming
smaller (i.e., larger distortion) with increased values of a and b. The optical band gap obeys the
general “rule” of the halide perovskites which states that the larger the Pb-Br-Pb angle, the smaller
the band gap, which is also seen in the emission energy of the photoluminescence (PL). The
compositional mapping employed in this work provides an excellent tool for probing how subtle
changes at the organic cation sites drive the structural evolution within the inorganic layer of a
given 2D hybrid halide perovskite, thus acting as synthetic knobs to control the semiconducting

properties of the materials.

7.3 Experimental Details
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7.3.1 Synthesis

Materials. PbBr; (98%), 3-(aminomethyl)piperidine (Aldrich®™R), 4-
(aminomethyl)piperidine (96%), hydrobromic acid (ACS reagent, 48%) were purchased from
Sigma-Aldrich and used as received.

Synthesis of (A’)(A)Pb2Br7 (A’ = 3AMP or 4AMP, A = MA or FA). Taking the synthesis
of (3AMP)(FA)Pb,Br7 as an example, an amount of 1.10 g (3 mmol) of PbBr2 was dissolved in 5
mL of HBr under heating and stirring at 122 °C (vial A). 312 mg (3 mmol) of formamidinium
acetate was added into the previous solution after all PbBr, was dissolved. In a separate vial (vial
B), 1 mL HBr was added into 57 mg (0.5 mmol) of 3- (aminomethyl)piperidine. Under heating
and stirring at 122 °C, vial B was poured into vial A and the reaction continued for another 5-10
min until the solution became clear. Plate-like yellow crystals precipitated during slow cooling to
room temperature. Yield 372 mg (21.8% based on total Pb content). This procedure applies to the

rest of the compounds, except the amount of the cations changes to the ratio shown in Table 15.
Table 15. Experimental ratios for the synthesis of (A’)(A)Pb,Br; (A’=3AMP or 4AMP, A= MA or FA).

Compound 3AMP 4AMP Formamidine MACI
acetate
(4AMP)(MA)Pb,Br; 0 57 mg 0 202 mg
(4AMP)(FA)o.s(MA)o.sPb,Br7 0 57 mg 156 mg 101 mg
(4AMP)(FA)Pb,Br; 0 57 mg 312 mg 0
(3AMP)o.5 (4AMP)os (MA)Pb,Br7 28.5 mg 28.5 mg 0 202 mg
(3AMP)o5 (A4AMP)o.5(FA)os(MA) 28.5 mg 28.5 mg 101 mg
0.5Pb2Br7 156 mg
(3AMP) s (4AMP).5(FA)Pb,Br; 28.5 mg 28.5 mg 312 mg 0

(3AMP)(FA)o.5(MA )o.sPb,Br> 57 mg 0 156 mg 101 mg
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7.3.2 Powder X-ray Diffraction
PXRD analysis was performed using a Rigaku Miniflex600 powder X-ray diffractometer (Cu

Ka graphite, A = 1.5406 A) operating at 40 kV/15 mA with a K foil filter.

7.3.3 Single Crystal X-ray Diffraction

Full sphere data were collected after screening for a few frames using either a STOE IPDS 2
or IPDS 2T diffractometer with graphite-monochromatized Mo Ka radiation (A = 0.71073 A) (50
kV/40 mA) under N2 at 293K ((3AMP)(MA)Pb,Br, (3AMP)(FA)Pb,Br, (4AMP)(MA)Pb,Br,
and (4AMP)(FA)Pb,Br.). The collected data was integrated and applied with numerical absorption
corrections using the STOE X-AREA programs. The rest of the compounds were collected using
a Bruker Molly instrument with MoKa: IS microfocus source (A = 0.71073 A) with MX Optics at
293K. The collected data was integrated and applied with numerical absorption corrections using
the APEXS3 software. Crystal structures were solved by direct methods (Full-matrix least-squares

on F2) and refined by full-matrix least-squares on F? using the OLEX2 program package.>"2

7.3.4 Optical Absorption Spectroscopy
Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-
VIS-NIR spectrometer operating in the 200-1000 nm region using BaSOg as the reference of 100%

reflectance. The band gap of the material was estimated by converting reflectance to absorption



171

according to the Kubelka—Munk equation: o/S = (1-R)?(2R) %, where R is the reflectance and a

and S are the absorption and scattering coefficients, respectively.

7.3.5 Computational Details

First-principles calculations are based on density functional theory (DFT) as implemented in
the SIESTA package.>”>3® Experimental structures are used for the inorganic skeleton, well
characterized by X-ray diffraction. By contrast, the atomic positions of organic cations have been
optimized using the non-local van der Waals density functional of Dion et al. corrected by Cooper
(C09). Spin-orbit coupling is taken into account through the on-site approximation as proposed by
Fernandez-Seivane et al.3 To prevent conflicts between the on-site treatment and the non-locality
of C09, single points calculations are conducted with the revPBE functional on which C09 is based.
Core electrons are described with Troullier-Martins pseudopotentials.®® The valence
wavefunctions are developed over double-{ polarized basis set of finite-range numerical
pseudoatomic orbitals. In all cases, an energy cutoff of 150 Ry for real-space mesh size has been

used.

7.4 Results and Discussion
Synthesis of the two-layered (A’)(A)Pb2Br7 (A’ = 3AMP or 4AMP, A = FA or MA) series of

compounds follows a similar route as we previously reported,’%? changing only the solvent from
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hydroiodic acid to hydrobromic acid (see experimental details). To synthesize the solid-solution
using mixed cations, the experimental ratios of the A’ and A cation was used stoichiometrically,
i.e. for (3AMP)o.5(4AMP)o5(FA)os(MA)osPb2Br7, the experimental ratio of SAMP:4AMP:FA:MA
was 1:1:1:1. The as-synthesized compounds grow as colorless, transparent crystals with a thin,
rectangular plate-like morphology (Figure E1). Using powder X-ray diffraction (PXRD), we were
able to confirm the compositional purity of the compounds, with all of them exhibiting the
characteristic diffraction pattern of the bi-layered perovskite (Figure 51a), in excellent agreement

with the calculated ones. The PXRD patterns of the compounds have the trademark characteristics

a “Perovskitizer”  Organic spacer b ("i")(A)szBH

MA* 3AMP2*  4AMP?* T

MA*/FA*

® € L Q
1 3AMP2+/
FA* o A 4AMP2*
Ps . »
[ ] o @ [ ]

34 13FA
MAIMA
| i
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3FA] AF% 4MA Eaq
i " 1 il

Figure 50. (a) Structures of the “perovskitizer” (MA™ and FA") and organic spacer (3AMP?" and 4AMP?")
(Blue: nitrogen, dark grey: carbon, light grey: hydrogen). (b) General crystal structure of (A’)(A)Pb.Bry
incorporating both mixed A cation (MA"/FA®) and mixed A’ cation (3AMP?"/4AMP?"). (c) Picture of the
resulting 2D compounds. For convenience, (3AMP)(FA)Pb,Br; is denoted as 3FA, (3AMP)
0.5(4AMP)o.5(FA)Pb,Br7 is denoted as 34FA, same rule applied to rest of the compounds. 3MA not shown here

due to the instability of the compound after filtration.
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Figure 51. (a) Powder X-ray diffraction (PXRD) patterns of the 2D compounds (3FA = (3AMP)(FA)Pb,Br, 34FA
= (3AMP) ¢5(4AMP), s(FA)Pb,Br7). (b-d) Zoom-in regions of both the experimental and calculated PXRD patterns

showing the gradual lattice parameter change when introducing a new cation.

of a solid-solution with no new peaks emerging showing only a slight peak shift. Typically for
crystals of 2D perovskites, due to the strong preferred orientation in the [100] direction of the
plates, the (200), (400), (600),...,(h00) reflections are the visible peaks that overshadow the rest
of the reflections in the pattern. To evaluate the effect of the addition of A’ and A cations, we
group the patterns in three triads (Figure 51b-d). The first one, groups the (3AMP)i(4AMP);.
a(FA)Pb2Br7 series, where the (10 0 0) peak shifts to higher diffraction angle with increasing

amount of 4AMP. This trend is consistent with the long axis expansion (perpendicular to the layers)
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Table 16. Crystal Data and Structure Refinement for (3AMP)a(4AMP)1.4(FA)s(MA)14Pb2Br; (a and b = 1, 0.5 or

0).
Compound (3AMP)(FA)Pb_Br,  (3AMP)(MA)Pb,Br.  (4AMP)(FA)Pb,Br.  (4AMP)(MA)Pb,Br,
Chemical (C,N,H JIHC(NH,))  (C,N,H, )(CH,NH)P  (CNN,H,)[HC(NH,) (C,NN,H,)(CH,NH, )P
formula 2] szBr7 szI’7 2] szBr7 bZBI’7
Space group Cm Pc Pc Cc
Unit cell a=8.4615(17) A, a=15.952(3) A, a=16.138(3) A, a=33.433(7) A,
dimensions b =8.4650(17) A, b =8.4134(17) A, b =11.909(2) A, b =8.3738(17) A,
¢ =16.004(3) A, c=8.4135(17) A, c=11.905(7) A, c=8.3760(17) A,
B =89.99(3)° B=190.07(3)° B =90.00(3)° B =104.45(3)°
Vol (A% 1146.3(4) A® 1129.2(4) A3 2288.0(8) A® 2270.8(8) A3
z 2 2 4 4
p (glcmd) 3.288 3.300 3.295 3.282
Indepd. refl. 3034 [Rint = 0.0308] 5582 [Rint = 0.1475] 11594 [Rint = 3739 [Rint = 0.1023]
0.1533]
Data / restr. / 3034/30/75 5582 /30/119 11594 / 55/ 236 3739/80/117
param.
R indices Robs = 0.0485, Robs = 0.0888, Robs = 0.0639, Robs = 0.0797,
[1>20(I)] WRops = 0.1219 WRgps = 0.2654 WRops = 0.1352 WRops = 0.1842
R indices Rai = 0.0587, Ran = 0.1267, Ran = 0.2452, Ran = 0.1812,
[all data] WRai = 0.1280 WRa = 0.3048 WRa = 0.1972 WRa = 0.2406
Electr. diff. 1.375/-1.601 3.629/-5.168 1.820/-1.624 1.740/-1.986

peak/hole (e-A3)

determined by single crystal X-ray diffraction, which the long axes for 3FA, 34FA and 4FA having

values of 16.004(3), 16.0382(13), 16.138(3), respectively. Similarly, in the (3AMP)a(4AMP):-

a(FA)os5(MA)osPb2Br7 series, the peak shifts to higher angles, correspond to the long axis

expansion in the (3FAMA (15.923(2)) < 34FAMA (16.0142(12)) < 4FAMA (16.193(2)) order.

Finally, for the (3AMP)o.5(4AMP)os(FA)s(MA)1- bPb2Br7 series, the change of the shift becomes
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Table 17. Crystal Data and Structure Refinement for (3AMP).(4AMP)1-a(FA)s(MA)1-Pb2Br; (a and b = 1, 0.5 or

0).
Compound (3AMP) (4AMP) . (4AMP)(FA) .(MA)  (3AMP) (4AMP)  (3AMP) (4AMP),
(FA)O.S(MA)O.SPbZBr 0‘5szBr7 5(FA)PbZBr7 5(MA)PbZBr7
7
Chemical formula  (C,N,H,)[HC(NH,)  (C,N,H,)[HC(NH,) (CN,H J[HC(NH, (C,N,H, )(CH,NH,)
Z]O.S(CH3NH3)0.5 Z]O.S(CH3NH3)0.5PbZB ) 2] PbZBr7 PbZBr7
Br, r
Space group Pc Pc Pc Cc

Unit cell a=16.0142(12) A, a=16.193(2) A, a=16.0382(13) A, a=33.2368(17) A,
dimensions b = 8.4185(7) A, b =8.3678(11) A, b = 8.4484(7) A, b =8.3841(5) A,
c =8.4164(6) A, ¢ =8.3469(10) A, c = 8.4494(6) A, ¢ =8.3801(4) A,
B =90.024(3)° B =189.921(6)° B =89.9940(15)° B = 104.599(2)°
Vol (A3) 1134.66(15) 1131.0(3) 1144.87(16) 2259.8(2)
Z 2 2 2 4
p (g/cmd) 3.372 3.295 3.293 3.2977
Indepd. refl. 5492 [Rine = 0.0537] 5029 [Rint = 0.0436] 5599 [Rint = 0.0510] 5412 [Rint = 0.0542]
Data / restr. / 5492 /27/119 5029 /27/118 5599 /29 /119 5412 /28/118
param.
R indices Rons = 0.0438, Robs = 0.0581, Robs = 0.0505, Robs = 0.0466,
[1>20(D)] WRGbs = 0.1320 WRGobs = 0.1672 WRGbs = 0.1526 WRGbs = 0.1366
R indices Rai = 0.0627, Ran = 0.0771, Ran = 0.0765, Ran = 0.0721,
[all data] wRa = 0.1488 WRa = 0.1832 WRa = 0.1751 WRa = 0.1551
Electr. diff. 1.946/-1.370 3.230/-2.759 1.978/-1.464 2.3068/-1.8194

peak/hole (e-A3)

much less severe, as the change in the unit cell is much smaller, with the long axis expansion
following the 34MA < 34FAMA < 34MA order having values of 16.0382(13), 16.0142 (12) and
16.082 (transformed),**® respectively. The pronounced lattice expansion accentuates the role of
the large organic spacer (3AMP vs 4AMP) over the impact of the perovskitizer (FA vs MA), with
the large organic spacer causing a much larger change in the unit cell, because it can directly

influence the interlayer separation by anchoring deeper or shallower in the inorganic framework
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Decreasing Pb-Br-Pb angle with addition of 4AMP
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Figure 52. Top-down view of the crystal structure of the nine members of the extended solid solution
(B3AMP).(4AMP);.o(FA)s(MA)1.Pb,Br7 (a and b = 1, 0.5 or 0). Horizontal Pb-Br-Pb angles in the inorganic
framework of each composition are labeled. Atom symbol: orange (Br), blue (Pb), organic cations are omitted
here for clarity. The nine structures can be generalized in three types of structural modes: a, f and y. Mode a:3MA,
3FAMA and 3FA. Mode B: 4MA, 34MA. Mode v: 34FAMA, 4FAMA, 34FA and 4FA.

dock. On the contrary, the perovskitizer sits within the relatively tight inorganic cage, which can

only deform within shorter bounds and therefore the effect is less prominent.
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Although mixing A cation is a common strategy, successfully using mixed large A’ cation
has not been reported before (expect when A cation also act as A’ cation in the GA with
MADS/Cs8/FAL cases). To take a closer look at the role of the large organic spacer and
perovskitizer when incorporated in the crystal structure, we have collected the crystal structure of
the nine new compounds (Figure 52). Due to the asymmetry of the organic cations, all structures
are solved in non-centrosymmetric monoclinic space groups (Cm, Pc or Cc), as justified previously.
The refinement details are provided in Table 14-15. According to their structural distortion, the
inorganic Pb-Br frameworks can be divided into three different modes that originate from the
parent compounds 3MA, 3FA, 4MA and 4FA. The three compounds (3MA, 3FAMA and 3FA) in

the left column belong to the least distorted mode (mode o). 34MA and 4MA (top row middle and

Table 18. Detailed Pb-Br-Pb angles solved from the crystal structures and band gap of the nine
compounds with the formula (A”)(A)Pb,Br; (A’ =3AMP or 4AMP, A = FA or MA).
Compound Abbreviation horizont horizont
al Pb- al Pb-  axial Pb-  Average
Br-Pb Br-Pb Br-Pb Pb-Br-Pb  E,

angle 1  angle 2 angle angle (eV)
(4AMP)(MA)Pb,Br; 4AMA 162.6 162.6 174.2 166.5 2.82
(4AMP)(FA)o.5(MA)o.sPb,Br; 4FAMA 161.1 161.1 179.8 167.3 2.81
(4AMP)(FA)Pb,Br; 4FA 163.1 168.6 179.1 170.3 2.78
(BAMP)o.5 (4AMP)q 5 34MA 164.6
(MA)Pb,Br; 164.2 179.8 169.5 2.73
(3AMP)5 34FAMA 166.8
(4AMP)o5(FA)os(MA)
0.5PbaBr7 168.8 179.8 171.8 2.73
(3AMP),5 34FA 168.6
(4AMP)o.5(FA)Pb,Br7 170.4 177.7 172.2 2.73
(3AMP)(MA)Pb,Br; 3MA 175.8 179.8 173.4 176.3 NA

(BAMP)(FA)os(MA)osPb:Br;  3FAMA 176.5  176.7 176.3 176.5  2.66
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right) are heavily distorted and together belong to the same mode (mode ) that has the perovskite
octahedra connecting out-of-phase along the long axis, so that Br anions do not overlap with each
other viewing perpendicular to the layers. The remaining four compounds (34FAMA, 4FAMA,
34FA and 4FA) share another structural mode (mode v), that has the octahedra tilting in-phase
resulting in an eclipsed overlap of the Br anions. Two types of Pb-Br-Pb angles exist in the
structure, where the horizontal Pb-Br-Pb angles are the ones along the layers and the axial Pb-Br-
Pb angles are the ones perpendicular to the layers (see Table 18). Bases on this analysis, we were

(3AMP),(4AMP), (FA)Pb,Br, D (3AMP),(4AMP), ,(FA), 5(MA), sPb,Br;
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Figure 53. Optical absorption spectra of (a) (3AMP).(4AMP).(FA)Pb,Br;(a =0, 0.5, 1); (b) (3AMP).(4AMP).
a(FA)o.s(MA)o.sPbaBr7 (a =0, 0.5, 1); (c) (4AMP)(FA)s(MA)15Pb:Br7 (b = 0, 0.5,1). (d) Correlation between the
Pb-Br-Pb angle and band gap. Black line is for guidance of the eyes.
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able to quantify the imposed distortion induced by the organic cations to the inorganic lattice. The
two clear-cut trends observed relate to the content of 4AMP, for which the Pb-Br-Pb angle
decreases as 4AMP incorporation increases. On the antipode, the addition of FA is also very clear.
Irrespectively of whether the system contains 3AMP or 4AMP, the averaged Pb-Br-Pb angle
increases with increasing amounts of FA.

The variation of the large organic spacers within the system and the accumulated structural
distortion affect the band gap much more than changing the perovskitizer. This is clearly
demonstrated in the optical absorption of the (3AMP)a(4AMP)1.a(FA)Pb2Br; and
(BAMP)a(4AMP)1.a(FA)o5(MA)osPb2Br7 series. In the optical absorption spectra, we see clear
excitonic peaks below the band gap and take the second slope on the higher energy side as the
band gap. There are some tails below the excitonic peaks in Figure 53a and 53c, which are not
from impurity. When changing the composition of 3AMP vs. 4AMP with a fixed perovskitizer
(Figure 53a, b), the band gap changes significantly, by up to 0.15 eV between 3FAMA and
4FAMA. On the other hand, in the (A4AMP)(FA)s(MA)1,Pb2Br7 system, varying the perovskitizer
content from MA to FA, the band gap changes only marginally (0.04 eV) from 2.82 eV t0 2.78 eV
as seen in Figure 53c. We further correlate the band gap with the Pb-Br-Pb angle in Figure 53d.
The band gap of these materials follows a general trend that, the larger the Pb-Br-Pb angle (less
distorted), the smaller the band gap.®! Increasing Pb-Br-Pb angle results in a higher degree of
overlap of Pb s and Br p orbitals, which leads to strengthening of the antibonding interaction that

increases the energy level of the valence band maximum (VBM).*?® Similar trend is also seen in
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Figure 54. Calculated band structure of (a) (3AMP)(MA)Pb,Br;-1.66 eV (atI), (b) (3AMP)(FA)Pb,Br7-1.46 ¢V
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the PL evolution of these compounds (Figure E3). The PL emission energy varies from 2.30 to
2.48 eV, comparable to a previously reported two-layered lead bromide compound
(BA)2(FA)Ph2B r7 (2.35 eV).12! The stronger effect in changing the optical properties of the large
organic spacers (3AMP and 4AMP) may be attributed to the higher flexibility of these cations to
move outside the 2D inorganic layers whereas the perovskitizers (FA and MA) are trapped inside
the cages. The size-effect of the perovskitizer is more prominent than other factors such as
hydrogen bonding in this system.

The electronic structures of the original parent compounds (3AMP)(MA)Pb2Br7,

(3AMP)(FA)Pb2Br7, (3AMP)(MA)Pb2Br; and (3AMP)(FA)Pb.Br; were calculated based on
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density functional theory (DFT). These compounds are all direct band gap semiconductors with
calculated (including spin-orbit coupling) band gap ranging from 1.46 eV to 1.92 eV. The
calculated energy gap agrees with the experimental observations that 3AMPs have smaller band
gap than the 4AMP, similar to the analogous iodide system. Also in agreement with the experiment,
when keeping the same spacing cation, the FA compound has smaller band gap than the MA one,
as shown in Figure 54. Itis also evident that the FA-based compounds have more dispersed valence

bands than the corresponding MA-based compounds.

7.5 Conclusions

We have demonstrated the successful inclusion of hetero-organic-spacers in the 2D halide
perovskite system, taking advantage of the similarity of the 3AMP and 4AMP cations. The
imperceptible effects of the large organic spacers and perovskitizer are not directly distinguishable
but can be indirectly observed by the distortion of the Pb-Br framework. With the aid of single
crystal X-ray diffraction, we have determined an underlying structural trend, which indicates that
upon addition of 4AMP the Pb-Br-Pb angles tend to decrease whereas addition of FA tends to
increase the Pb-Br-Pb angles. The distortion of Pb-Br-Pb angles is directly linked to the optical
properties of these materials, as they scale proportionally with the band gap with higher Pb-Br-Pb
angles. The indirect tuning of the semiconducting properties by altering the stereochemistry of

organic spacers within a simple hybrid perovskite system further improve our understanding of
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structure-property relationships and provides an additional design tool towards material

exploration and device engineering.
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Summary and Future Outlook

Hybrid 2D halide perovskites are a group of versatile semiconductors that possesses great
potential in optoelectronics. The properties of the 2D halide perovskites can be tailored for specific
applications such as solar cells and LEDs. This thesis focused on synthesizing and characterizing
a wide array of hybrid 2D perovskite compounds incorporating different organic cations, which
play essential roles in affecting the optical properties of the materials by interacting with the
inorganic layers. The first half of the thesis primarily is primarily devoted to the discovery of new
white-light emitting hybrid perovskites and the underlying structure-property relationships.
Specifically, we correlate the structural distortion with the emission bandwidth, and further apply
the rules in new system with different dimensions and connectivity. The second half of the thesis
describes a new family of 2D halide perovskite: the Dion-Jacobson phases. The flexible and
buildable structure incorporating di-cations enable us to achieve the highest layer thickness (n = 7)
reported in 2D halide perovskite history. This group of 2D perovskites has unique structural
characteristics and good performance in solar cells. The expansion and future development of the
DJ phase perovskite is exciting and promising.

To further enrich the structural aspects and improve the optoelectronic properties for the 2D
perovskite family, here are the important aspects to address: (1) Exploration of new structures. The
inorganic side of the hybrid structure has limitations and fewer parameters to tune.

Functionalization on the organic side will enhance the structural diversity by a lot. (2) Investigation



184

of the excited state. Many photo-physical processes happened at the excited states, yet we do most
of the characterization in the ground state. It is important to understand the properties of the excited
states as it is the real functioning condition. (3) Improving the quantum efficiency. For
optoelectronic devices, high PLQY of the materials is needed for working devices. The
determining factors of what controls the PLQY of the hybrid perovskites are not clear and this is
required for improving the current materials and developing new high-performance

semiconductors.
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Table Al. Pb-Br bond lengths in a-(DMEN)PbBr4 and (DMAPA)PbBra4.

a-(DMEN)PbBr,
Pb(1)-Br(1)

Pb(1)-Br(2)
Pb(1)-Br(3)

Pb(1)-Br(3)’

Pb(1)-Br(4)
Pb(1)-Br(6)
Pb(2)-Br(4)
Pb(2)-Br(5)
Pb(2)-Br(6)
Pb(2)-Br(7)

Pb(2)-Br(7)’

Pb(2)-Br(8)

Distances (A)
2.841(2)
2.812(2)
2.965(2)
2.976(2)
3.1750(17)
3.273(2)
3.0163(18)
2.907(2)
3.024(2)
2.990(2)
3.097(2)
3.063(2)

(DMAPA)PbBr;

Pb(1)-Br(1)
Pb(1)-Br(2)
Pb(1)-Br(2)’
Pb(1)-Br(3)
Pb(1)-Br(4)
Pb(1)-Br(4)’

Table A2. Pb-Br bond lengths in (DMABA)PbBr4.

Distances (A)
3.0011(12)
2.9691(8)
3.0408(8)
2.9792(11)
3.0516(8)
3.0338(8)

Label Distances (A) Label Distances (A)
Pb(1)-Br(1) 3.002(3) Pb(3)-Br(9) 2.9706(12)
Pb(1)-Br(2) 3.114(5) Pb(3)-Br(10) 2.980(3)
Pb(1)-Br(2)’ 2.954(4) Pb(3)-Br(11) 2.996(5)
Pb(1)-Br(3) 2.972(3) Pb(3)-Br(12) 2.977(3)
Pb(1)-Br(4) 3.044(3) Pb(3)-Br(13) 3.049(3)
Pb(1)-Br(6)’ 3.002(3) Pb(3)-Br(14)’ 3.052(5)
Pb(2)-Br(4) 2.983(3) Pb(4)-Br(11) 3.095(5)
Pb(2)-Br(5) 2.905(3) Pb(4)-Br(13) 3.008(3)
Pb(2)-Br(6) 3.053(3) Pb(4)-Br(14) 2.949(5)
Pb(2)-Br(7) 3.073(5) Pb(4)-Br(15) 3.126(3)
Pb(2)-Br(7)’ 2.953(5) Pb(4)-Br(16) 3.0495(12)
Pb(2)-Br(3) 3.153(3) Pb(4)-Br(17) 2.935(3)
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Table A3. Pb-Br-Pb angles in a-(DMEN)PbBrs, (DMAPA)PbBrs and (DMABA)PbBr;4

226

Compound Label Angles (°)
a-(DMEN)PbBr, Pb(1)-Br(3)-Pb(1)’ 165.74(10)
Pb(2)-Br(4)-Pb(1) 176.86(9)
Pb(2)-Br(7)-Pb(2)’ 151.36(8)
(DMAPA)PbBr4 Pb(1)-Br(2)-Pb(1)’ 156.79(3)
Pb(1)-Br(4)-Pb(1) 170.90(2)
(DMABA)PbBr4 Pb(1)-Br(2)-Pb(1)’ 166.78(13)
Pb(2)-Br(4)-Pb(1) 170.48(17)
Pb(1)’-Br(6)-Pb(2) 163.46(14)
Pb(3)-Br(9)-Pb(3)’ 173.0(3)
Pb(3)-Br(11)-Pb(4)’ 169.07(15)
Pb(4)-Br(13)-Pb(3) 162.91(14)
Pb(4)-Br(14)-Pb(3)” 167.82(16)
Pb(4)-Br(16)-Pb(4)” 174.9(3)

Table A4. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for a-
(DMEN)PbBr4 at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) -2558(1) 394(1) 4221(1) 1 35(1)
Pb(2) -68(1) 266(1) 2526(1) 1 43(1)
Br(1) -3656(2) 683(2) 5028(2) 1 85(1)
Br(2) -1627(2) 243(3) 5144(2) 1 108(2)
Br(3) -2308(2) 2878(2) 4194(2) 1 90(1)
Br(4) -1309(1) 349(2) 3325(1) 1 60(1)
Br(5) 828(1) 961(2) 3461(1) 1 67(1)
Br(6) 1140(2) 281(2) 1688(2) 1 105(2)
Br(7) -271(2) 2729(2) 2267(1) 1 59(1)
Br(8) -1122(2) -505(2) 1621(1) 1 64(1)
N(L) -3351(14) 2250(20) 7722(11) 1 130(6)
H(1A) -3556 1715 7510 1 155
H(1B) -3571 2905 7670 1 155
H1C() -3380 2047 8084 1 155



N(2)
H(2)
C(1)
H(1D)
H(LE)
C(2)
H(2A)
H(2B)
C3)
H(3A)
H(3B)
H3C()
C(4)
H(4A)
H(4B)
H4C()
N(3)
H(3D)
H(3E)
H(3F)
N(4)
H(4)
C()
H(5A)
H(5B)
C(6)
H(6A)
H(6B)
C(7)
H(7A)
H(7B)
H7C()
C(8)
H(8A)

-2483(17)
-2967
-2609(19)
-2363
-2412
-2450(20)
-1975
-2775
-2070(20)
-2248
-2097
-1591
-2479(16)
-2662
-2770
-2004
-477(8)
521
-882
1132
86(9)
463
-312(12)
722

70
-98(12)
-484

305
385(19)
45

812

487
-470(14)
-660

2320(20)
2018
2360(30)
2737
1508
2970(30)
3284
3597
1340(40)
839

963
1535
3000(30)
3740
2639
3061
2788(14)
3398
2402
2349
2542(16)
3108
3133(17)
3505
3683
2167(17)
1625
1784
1580(30)
1370
1833
941
3070(20)
3700

6543(13)
6553
7560(13)
7865
7530
7030(13)
7059
6993
6528(18)
6240
6888
6448
6030(14)
6111
5749
5891
3813(7)
3594
3813
3681
5321(8)
5282
4374(8)
4537
4362
4746(9)
4767
4580
5681(13)
5963
5862
5445
5649(10)
5444

P R R R R R R R R R R R R R R R R R R R PR PP R R R R R R R R R B
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134(10)
161
130(6)
155
155
130(6)
155
155
151(14)
227
227
227
108(9)
162
162
162
59(4)
71

71

71
69(5)
83
61(5)
73

73
65(6)
78

78
141(16)
212
212
212
89(8)
133
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H(8B) -282 3324 6003 1 133
H8C() -839 2522 5718 1 133

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

Table A5. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10%) for
(DMAPA)PbBr4 at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 5008(1) 7421(1) 2698(1) 1 25(1)
Br(1) 7973(1) 7769(1) 3922(1) | 45(1)
Br(2) 4442(1) 9904(1) 2516(1) 1 38(1)
Br(3) 2074(1) 6938(1) 1699(1) 1 41(1)
Br(4) 4806(1) 7614(1) 5122(1) 1 36(1)
N(1) 22870(6) 5078(5) 362(5) 1 44(2)
H(1A) -3396 4605 1187 1 53
H(1B) 22599 5640 11 1 53
HIC() 3327 5367 779 1 53
NQ) 1550(5) 5236(4) 3570(4) 1 30(1)
H(2) 1667 5787 3008 1 36
(1) -1701(8) 4454(6) 1155(7) 1 50(2)
H(1D) 1211 4136 695 1 60
H(1E) 22003 3826 1513 1 60
cQ) 2782(8) 5194(5) 2110(7) 1 45(2)
H(2A) 11260 5509 2581 1 54
H(2B) -466 5821 1761 1 54
C3) 392(7) 4500(5) 2888(6) 1 402)
H(3A) 122 4054 3435 1 48
H(3B) 665 3976 2399 1 48
C(4) 1315(8) 5901(7) 4515(7) 1 54(2)
H(4A) 473 6295 4187 1 82
H(4B) 2025 6445 4841 1 82
H4C() 1293 5395 5130 1 82
C(5) 2812(7) 4589(6) 4061(7) 1 43(2)
H(5A) 2722 4008 4584 1 65
H(5B) 3529 5095 4492 1 65
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H5C() 3008 4241 3426 1 65

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

Table A6. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
(DMABA)PbBI;4 at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 7432(1) -3054(1) 5867(1) 1 33(1)
Pb(2) 7532(1) -554(1) 5794(1) 1 33(1)
Br(1) 8143(1) 13254(2) 5815(3) 1 48(1)
Br(2) 7462(2) 3186(2) 3422(3) 1 48(1)
Br(3) 6722(1) 22943(2) 5796(4) 1 53(1)
Br(4) 7430(1) -1786(2) 5728(5) 1 56(1)
Br(5) 8221(1) 732(2) 5730(4) 1 55(1)
Br(6) 7649(1) 701(1) 5947(5) 1 55(1)
Br(7) 7517(2) -454(2) 3342(4) 1 60(1)
Br(8) 6802(1) 208(2) 5715(4) 1 52(1)
Pb(3) 5072(1) 3769(1) 4884(2) 1 33(1)
Pb(4) 5027(1) 1270(1) 4924(2) 1 34(1)
Br(9) 5000 5000 5035(6) 1 58(2)
Br(10) 5778(1) 3967(2) 4917(4) 1 58(1)
Br(11) 5062(2) 3649(2) 7368(4) 1 50(1)
Br(12) 4368(1) 3561(2) 4906(4) 1 48(1)
Br(13) 5156(1) 2505(1) 4844(6) 1 58(1)
Br(14) 4974(2) 1384(2) 7364(4) 1 55(1)
Br(15) 4305(1) 1620(2) 4981(4) 1 52(1)
Br(16) 5000 0 5037(7) 1 65(2)
Br(17) 5728(1) 1145(2) 4934(4) 1 54(1)
N(1) 6985(9) 674(10) 7850(30) 1 68(10)
H(1A) 6912 376 7489 1 82
H(1B) 7145 574 8298 1 82
H1C() 7056 924 7358 1 82
NQ) 5788(9) 183(12) 6980(30) 1 739)
H(2) 5709 422 6379 1 88
(1) 6737(11) 910(30) 8480(50) 1 148(14)
H(1D) 6654 1210 8026 1 177



H(1E)
C(2)
H(2A)
H(2B)
C@3)
H(3A)
H(3B)
C4)
H(4A)
H(4B)
C)
H(5A)
H(5B)
H5C()
C(6)
H(6A)
H(6B)
H6C()
N(@3)
H3C()
H(3D)
H(3E)
N4)
H(4)
C(7)
H(7A)
H(7B)
C(8)
H(8A)
H(8B)
C©9)
H(9A)
H(9B)
C(10)

6344
6449(11)
6299
6512
6278(12)
6430
6167
6044(12)
6163
5936
5888(10)
6107
5753
5870
5509(11)
5569
5335
5444
5511(8)
5457
5532
5359
6704(8)
6777
5842(11)
5980
5806
5998(11)
6059
5851
6286(11)
6432
6220
6456(10)

1089
650(20)
941

467
230(20)
30

-39
540(20)
744

811
-332(14)
-297
-396
-640
122(17)
-107

51

483
-2582(10)
2792
2228
2604
-1652(13)
-1387
-2798(17)
-2944
-3087
-2255(15)
-1982
-2084
-2495(16)
12653
2791
-2034(15)

9105
8980(40)
9169
9667
8270(40)
7806
8738
7570(50)
7006
8035
6420(30)
6178
5782
6924
7750(40)
8369
7353
8006
6970(30)
6392
6757
7492
8750(20)
9321
7480(40)
6899
8032
8040(30)
7485
8569
8620(40)
8073
9122
9270(30)

bt e e e e e ek ek ek e e e e ek ek ek e e e e ek ek ek e e e e ek ek e e e ek e
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177
148(14)
177
177
148(14)
177
177
148(14)
177
177
76(4)
115
115
115
76(4)
115
115
115
52(8)
63
63
63
66(8)
79
76(4)
92
92
76(4)
92
92
76(4)
92
92
76(4)



H(10A)
H(10B)
C(11)
H(11A)
H(11B)
H11C()
C(12)
H(12A)
H(12B)
H12C()
N(5)
H(5D)
H(5E)
H(5F)
N(6)
H(6)
C(13)
H(13A)
H(13B)
C(14)
H(14A)
H(14B)
C(15)
H(15A)
H(15B)
C(16)
H(16A)
H(16B)
c(17)
H(17A)
H(17B)
H17C()
C(18)
H(18A)

6289
6559
6978(11)
7089
7122
6903
6582(11)
6546
6735
6383
6979(8)
7064
6940
7115
5798(6)
5713
6671(9)
6717
6539
6490(13)
6627
6443
6196(8)
6237
6046
6040(9)
5940
6207
5511(8)
5507
5321
5520
5940(12)
6106

-1795
2212
-1998(15)
2128
1779
2311
-1340(15)
-1589
-1060
1164
744(10)
493

587
1027
-131(9)
361
956(11)
1252
1110
487(16)
329

195
665(13)
997

766
225(12)
414

13
160(20)
124

5

547
-543(16)
-750

9575
9905
8420(30)
9068
7969
7993
7810(30)
7193
7596
8008
13780(30)
13322
14438
13869
12000(20)
11392
13300(30)
12768
13885
12710(40)
12134
13242
12210(30)
11766
12791
11460(30)
10836
11163
12450(30)
13243
12137
12248
12790(30)
12423

bt e e e e e ek ek ek e e e e ek ek ek e e e e ek ek ek e e e e ek ek e e e ek e
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92
92
76(4)
115
115
115
76(4)
115
115
115
52(8)
63

63

63
51(7)
61
58(9)
70

70
100(17)
120
120
55(8)
65

65
64(9)
76

76
88(14)
133
133
133
96(14)
144



H(18B)
H18C()
N(7)
H7C()
H(7D)
H(7E)
N(8)
H(8)
C(19)
H(19A)
H(19B)
C(20)
H(20A)
H(20B)
c21)
H(21A)
H(21B)
C(22)
H(22A)
H(22B)
C(23)
H(23A)
H(23B)
H23C()
C(24)
H(24A)
H(24B)
H24C()

5776
6029
5526(8)
5405
5608
5407
6698(6)
6787
5797(11)
5914
5701
6008(8)
5889
6145
6239(10)
6378
6110
6427(11)
6519
6291
6591(8)
6430
6501
6769
6993(9)
6928
7066
7164

-794
-349
2488(11)
2690
2708
2224
2988(10)
2754
2219(17)
1978
1981
2549(14)
2783
2311
2952(15)
3156
3220
2639(12)
2321
2498
3496(15)
3402
3750
3670
3110(17)
3362
2767
3276

13044
13420
7900(30)
7441
8424
8216
8710(20)
9308
7240(30)
7749
6681
6740(30)
6225
6289
7450(30)
6943
7853
8200(30)
7818
8795
9280(30)
9824
8745
9647
7920(40)
7336
7590
8337

b b e e e e ek e e e e e ek ek e e e e e ek ek e e e e e e e

144
144
56(9)
67

67

67
49(6)
59
76(4)
92

92
60(9)
72

72
76(11)
91

91
69(11)
83

83
66(10)
99

99

99
80(12)
120
120
120

232

"Ueq is defined as one third of the trace of the orthogonalized Uj tensor.
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Table A7. Anisotropic displacement parameters (A?x10%) for a-(DMEN)PbBr, at 293(2) K with estimated
standard deviations in parentheses.

Label Un Uz, Us3 U Uis Uzs
Pb(1) 36(1) 30(1) 39(1) 0(1) 2(1) 0(1)
Pb(2) 55(1) 34(1) 41(2) 4(1) 16(1) 1(0)
Br(1) 76(2) 70(2) 109(2) 9(2) 55(2) -16(2)
Br(2) 89(2) 163(3) 7302) 18(2) 44(2) 28(2)
Br(3) 106(2) 27(2) 137(2) 6(1) 40(2) 2(2)
Br(4) 60(1) 59(2) 63(2) 7(1) 28(1) 11(1)
Br(5) 52(1) 7302) 7702) 13(1) 13(1) 7(2)
Br(6) 117(2) 7902) 118(2) 41(2) 80(2) 46(2)
Br(7) 79(2) 34(1) 65(2) 1() 1(1) 2(1)
Br(8) 68(2) 57(2) 68(2) -16(1) 6(1) 70)
N(L) 145(16) 139(16) 104(13) -25(14) 10(13) 119(12)
N(2) 180(30) 86(17) 140(20) 67(18) -10(20) -13(16)
c(L) 145(16) 139(16) 104(13) -25(14) 10(13) 119(12)
c2) 145(16) 139(16) 104(13) -25(14) 10(13) 119(12)
N(3) 43(8) 56(10) 78(12) 9(7) 7(7) 7(9)
N(4) 70(11) 57(11) 80(14) 18(9) 11(9) 4(9)
c(5) 79(13) 52(12) 50(11) 10(10) -18(10) -10(9)
C(6) 90(15) 41(11) 63(13) 0(10) 9(11) -10(9)
() 200(30) 130(30) 90(20) 120(30) 20(20) 40(20)
c(8) 109(19) 100(20) 55(14) 25(16) 18(13) 6(13)

The anisotropic displacement factor exponent takes the form: -2n’[h?a"?Uy; + ...

+ 2hka"b"U, 2].
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Table A8. Anisotropic displacement parameters (A?x10%) for (DMAPA)PbBr, at 293(2) K with estimated
standard deviations in parentheses.

Label Un U Uss U Uis Uz
Pb(1) 31(1) 22(1) 22(1) 0(1) 1(1) 0(1)
Br(1) 36(1) 48(1) 54(1) 21) 19(1) 3(1)
Br(2) 52(1) 21(1) 40(1) (1) 15(1) 1(1)
Br(3) 38(1) 50(1) 34(1) 6(1) 121) 9(1)
Br(4) 46(1) 41(1) 25(1) 9(1) 18(1) 3(1)
N(1) 35(4) 54(3) 35(3) 502) 5(3) 202)
NQ) 29(3) 33(2) 29(3) 202) 132) 32)
(1) 54(6) 44(3) 39(4) 33) 24) -10(3)
c) 35(4) 4(3) 52(4) 0(3) 93) -14(3)
C@3) 36(4) 43(3) 36(3) 203) 8(3) 11(3)
C(4) 42(5) 68(4) 47(4) 8(4) 10(4) 29(4)
() 29(4) 52(3) 44(4) 8(3) 8(3) 5(3)
The anisotropic displacement factor exponent takes the form: -2n[h%a™Uy; +... + 2hka"b"Uis].

Table A9. Anisotropic displacement parameters (A?x10%) for (DMABA)PbBr, at 293(2) K with estimated
standard deviations in parentheses.

Label Ui U2 Us; Ui Uis Uas
Pb(1) 43(1) 29(1) 28(1) 1(1) 1(1) 2(1)
Pb(2) 40(1) 31(1) 28(1) 1(1) 1(1) o(1)
Br(1) 48(2) 56(2) 42(2) 42) 12) 402)
Br(2) 60(2) 54(2) 30(2) -1202) 3(2) 3(2)
Br(3) 48(2) 62(2) 51(2) 302) 12) 22)
Br(4) 78(3) 30(2) 61(2) 202) 302) 42)
Br(5) 44(2) 55(2) 66(2) 6(2) 22) -18(2)
Br(6) 66(2) 28(2) 72(3) 202) 5(3) 12)
Br(7) 90(3) 61(2) 27(2) -14(2) 02) 202)
Br(8) 51(2) 49(2) 57(2) 202) 72) 12)
Pb(3) 43(1) 29(1) 28(1) o(1) -1(1) -1(1)
Pb(4) 43(1) 31(1) 29(1) o(1) 2(1) o(1)
Br(9) 84(4) 292) 59(4) 8(2) 0 0
Br(10) £(2) 60(2) 71(2) 42) 22) -18(2)
Br(11) 74(3) 46(2) 29(2) 72) 202) 22)



Br(12)
Br(13)
Br(14)
Br(15)
Br(16)
Br(17)
N(1)
N(@2)
C(1)
C@2)
&€)
C4)
C(5)
C(6)
N@3)
N4
()
C(®)
CO)
C(10)
C(11)
C(12)
N(5)
N(6)
C(13)
C(14)
C(15)
C(16)
C(17)
N(7)
N(8)
C(19)
C(20)
C21)

42(2)
69(2)
75(3)
54(2)
95(4)
48(2)
60(20)
90(30)
54(16)
54(16)
54(16)
54(16)
86(10)
86(10)
60(20)
80(20)
86(10)
86(10)
86(10)
86(10)
86(10)
86(10)
48(19)
65(19)
100(30)
150(50)
50(20)
90(30)
70(30)
50(20)
41(16)
86(10)
50(20)
100(30)

55(2)
31(2)
62(2)
52(2)
37(2)
59(2)
45(17)
61(18)
260(40)
260(40)
260(40)
260(40)
71(8)
71(8)
33(13)
90(20)
71(8)
71(8)
71(8)
71(8)
71(8)
71(8)
51(15)
29(12)
29(13)
70(20)
59(17)
41(15)
160(40)
63(19)
58(15)
71(8)
80(20)
80(20)

47(2)
73(2)
27(2)
49(2)
65(4)
55(2)
100(30)
70(20)
130(30)
130(30)
130(30)
130(30)
72(9)
72(9)
60(20)
33(15)
72(9)
72(9)
72(9)
72(9)
72(9)
72(9)
60(20)
59(17)
49(18)
80(30)
55(19)
60(20)
37(19)
60(20)
49(15)
72(9)
44(18)
50(20)

5(2)
2(2)
0(2)
2(2)
-17(2)
0(2)
1(12)
17(16)
-60(19)
-60(19)
-60(19)
-60(19)
11(6)
11(6)
-7(11)
16(17)
11(6)
11(6)
11(6)
11(6)
11(6)
11(6)
8(12)
2(11)
10(14)
50(20)
18(15)
-1(15)
10(30)
-10(12)
9(12)
11(6)
-40(17)
30(20)

4(2)
2(3)
-4(2)
-4(2)

0

2(2)
20(20)
-6(19)
24(15)
24(15)
24(15)
24(15)
-4(7)
-4(7)
7(16)
8(15)
-4(7)
-4(7)
-4(7)
-4(7)
-4(7)
-4(7)
21(15)
-8(14)
21(18)
-40(30)
-11(15)
18(18)
-8(19)
15(16)
7(12)
-4(7)
3(15)
10(20)

3(2)
0(2)
3(2)
7(2)

0

7(2)
2(14)
-28(15)
-90(20)
-90(20)
-90(20)
-90(20)
-17(7)
-17(7)
-10(11)
2(13)
-17(7)
-17(7)
-17(7)
-17(7)
-17(7)
-17(7)
5(12)
20(11)
15(12)
-50(20)
-29(14)
15(14)
-50(20)
-17(12)
-8(12)
-17(7)
10(15)
-13(17)
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C(22) 120(40) 35(15) 47(19) 7(17) 10(20) 6(13)
C(23) 50(20) 90(20) 60(20) 4(17) -5(16) -43(18)
C(24) 50(20) 110(30) 90(30) 10(20) -10(20) 40(20)

The anisotropic displacement factor exponent takes the form: -2n’[h*a*Uy; + ... + 2hka’b’Uy].
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a-(DMEN)PbBr,

b
Lo a-(HA)Snl, (b)
| d=4.2A 4

: a-[NH,(CH,)sNH,]Snl, (c)
DA d=4.4A §

—

Figure A1. Crystal structures of a-(DMEN)PbBr4, a-(HA)Snls!' and a-[NH3(CH,)sNH3]Snls?, showing the
size-dependency of the cation that templates this unique class of structure. The distances labeled in the
above figure roughly equal to \2 times bond length (e.g. Sn-I bond length: 3.1-3.2A; Pb-Br bond length:
2.9A; V2 x (3.1A) =4.3A; V2 x (2.9A) = 4A).
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\ \. t/hd
| \ )

“distorted” octahedra

Figure A2. Crystallographically independent Pb composed octahedra in a-(DMEN)PbBr,.

A — Calculated B —— Calculated
—— o-(DMEN)PbBr, —— B-(DMEN)PbBr,

" :QUM
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C — Calculated D — Calculated
—— (DMABA)PbB, — (DMAPA)PbE,

e —j%

10 20 30 40 50 10 20 30 40 50
20 (deg) 20 (deg)
Figure A3. Calculated and experimental PXRD of (A) a~(DMEN)PbBr4, (B) B-((DMEN)PbBr4, (C)
(DMABA)PbBr; and (D) (DMAPA)PbBTr4.

Intensity (a.u.)
Intensity (a.u.)
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Figure A4. Power-dependent PL of (a) a-(DMEN)PbBr4, (b) (DMABA)PbBr4 and (c) (DMAPA)PbBrs4,
exhibiting linear dependence on excitation power from 0.068-3mW/cm? (Aexe = 370 nm).
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Figure AS. Wavelength-dependent PL (Aexe = 355 to 405 nm) of (a) a-(DMEN)PbBr4, (b) (DMABA)PbBr4

and (c) (DMAPA)PbBrs.
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Figure A6. PL decay curves of a-(DMEN)PbBrs, (DMABA)PbBrs and (DMAPA)PbBr4.
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Figure A7. PL Spectra of the shorter wavelength emission A and the longer wavelength emission B for a-

(DMEN)PbBrs, (DMABA)PbBr, and (DMAPA )PbBr..
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Figure A8. Time-resolved PL of (DMAPA)PbBr4. Fittings of the (a) emission at lower wavelength (~ 430
nm) and (b) emission at higher wavelength (~ 550 nm). (c) Picture of blue light emitting polycrystalline
sample of (DMAPA)PbBr4 (Aexc = 365 nm). Two-dimensional TRPL (c) and (d) show the much short-lived
emission A within ns scale and long-lived emission B within ps scale.
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Figure A9. Time-resolved PL of (DMABA)PbBr,. Fittings of the (a) emission at lower wavelength (~ 440
nm) and (b) emission at higher wavelength (~ 550 nm). (¢) Picture of pale blue light emitting polycrystalline
sample of (DMABA)PbBr4 (Aexc = 365 nm). Two-dimensional TRPL (c) and (d) show the much short-lived
emission A within ns scale and long-lived emission B within ps scale.
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Film samples were prepared by dissolving 0.5 mmol A in 1 ml dimethylformamide (DMF), then
spin-coating the solution onto plain glass substrate at 2500 rpm for 20 s. Films of B were prepared

in the same way. (A = a-(DMEN)PbBr4, B = (N-MEDA)[PbBr4]? (reference) )

A_film
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R—— - S
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< 0.9
I 10°]
o 5
£ 0.6 -
5 Z 1071
Z —
= 0.3 10"+
0.0 ; : : : . 10° . ; ; ;
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2/ nm Time / ns B film
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4E3
103+
= 3E3- 5
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0 . : : 10° . : : |
0 3000 6000 92000 0 3000 6000 9000 12000
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Figure A10. Steady state and time-resolved PL of Film A and B. A shows a longer lifetime than B, possibly

due to the more corrugated crystal structure.
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Figure A1l. Two-dimensional TRPL of A and B. The emissions from band edge and self-trapped exciton
(STE) states have a faster decay than the permanent defect states emission which is long-lasting.
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Figure A12. Experimental and calculated PXRD patterns of A and B. Because of strong preferred
orientation in the films, we calculated the simulated patterns that have the (100) preferred orientation for A

and (001) preferred orientation for B using the Mercury software.*
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Table B1. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
EA4Pb;Bripat 293 K with estimated standard deviations in parentheses.

*

Label X y z Occupancy Ueq
Pb(1) 385(4) 0 0 1 58(2)
Pb(2) 499(3) 1357(1) 1(3) 1 45(1)
Br(1) 498(12) 642(1) 20(12) 1 85(3)
Br(2) 2435(8) 45(2) 2969(8) 1 65(2)
Br(3) -1944(8) 1420(2) -2340(8) 1 114(4)
Br(4) 2826(10) 1345(3) 2485(13) 1 164(6)
Br(5) 480(20) 1940(2) -583(8) 1 147(5)
N(1) 500(60) 3201(5) -400(40) 1 80(8)
C(2) 50(50) 2912(6) 260(30) 1 80(8)
C(1) 230(70) 2686(6) -990(50) 1 80(8)
N(2) 940(40) 4287(7) 740(50) 1 75(8)
C4) -620(30) 4436(8) 1020(70) 1 75(8)
C@3) -320(50) 4744(8) 1480(60) 1 75(8)
H(1nl) -227.9 3326.65 -168.14 1 95.5
H(2nl) 1403.49 3255.4 -2.58 1 95.5
H(3nl) 588.07 3187.87 -1430.18 1 95.5
H(1c2) 731.94 2867.33 1144.33 1 95.5
H(2c2) -1030.79 2917.67 618.13 1 95.5
H(lcl) 55.79 2498.63 -535.53 1 95.5
H(_2cl) -529.7 2718.9 -1819.7 1 95.5
H(3cl) 1283.63 2694.32 -1426.71 1 95.5
H(1n2) 769.41 4105.01 553.19 1 89.9
H(2n2) 1407.03 4364.52 -77.77 1 89.9
H(3n2) 1534.16 4305.81 1571.48 1 89.9
H(1c4) -1241.9 4430.5 63.1 1 89.9
H(2c4) -1181.77 4339.85 1853.75 1 89.9
H(1c3) -1293.07 4828.62 1854.33 1 89.9
H(2c3) 461.02 4750.78 2302.24 1 89.9
H(3c3) 49.31 4849.59 571.96 1 89.9

"Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table B2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
EA4Pb;Clyo at 293 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 236(3) 5000 2615(3) 1 37(1)
Pb(2) -43(3) 3657(1) 2509(2) | 38(1)
Ci(1) 2290(30) 3694(4) -60(30) 1 66(5)
Cl(2) 2380(30) 3518(4) 5030(20) 1 69(5)
CI(3) 110(40) 4375(3) 2250(17) 1 85(6)
Cl(4) 2250(50) 5000 -393(18) 1 70(11)
CI(5) 120(50) 3093(3) 1842(11) 1 101(9)
ClI(6) 3100(40) 5000 4340(20) 1 88(13)
N(1) 4940(120) 6821(8) 2190(60) 1 101(10)
(1) 5200(80) 7142(7) 2540(70) 1 101(10)
cQ) 6610(90) 7171(16) 3750(60) 1 101(10)
NQ) 900(90) 4433(14) -1570(60) 1 123(15)
C3) 750(90) 4298(15) -3260(50) 1 123(15)
C(4) -620(100) 4075(16) -3220(70) 1 123(15)
H(Inl) 5893.84 6730.66 2209.47 1 121.6
H(2nl) 4285.17 6746.31 2938.75 1 121.6
H(3nl) 4486.14 6800.73 1218.5 1 121.6
H(lcl) 4203.69 7223.04 3011.97 1 121.6
H(2cl) 5483.74 7241.65 1534.16 1 121.6
H(1c2) 6178.99 7155.93 4861.63 1 121.6
H(2c2) 7406 7018.09 3566.3 1 121.6
H(3c2) 7132.58 7359.16 3613.21 1 121.6
H(1n2) 1920.68 4490.33 -1410.76 1 147.7
H(2n2) 231.55 4582.6 -1498.42 1 147.7
H(3n2) 632.83 4302.87 -826.19 1 147.7
H(1c3) 1782.09 4203.26 -3545.17 1 147.7
H(2c3) 489.4 4448.31 -4053 1 147.7
H(1c4) -1165.3 4069.58 -4283.38 1 147.7
H(2c4) -165.52 3884.65 -2981.49 1 147.7
H(3c4) -1416.58 4127.29 -2386.5 1 147.7

*Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table B3. Anisotropic displacement parameters (A?x10°%) for EA4Pb;Brioat 293 K with estimated standard

deviations in parentheses.

Label Un Uz Uss U Uiz Uz
Pb(1) 45(2) 50(1) 78(2) 0 0 -10(2)
Pb(2) 33(2) 58(1) 43(2) 3(2) 21) -5(2)
Br(1) 90(5) 52(2) 113(7) 5(5) -25(5) 8(5)
Br(2) 72(3) 55(4) 69(4) 42(4) 92) 2203)
Br(3) 23(3) 282(10) 36(4) 34(5) -20(2) -49(5)
Br(4) 66(7) 355(14) 70(7) -75(8) -43(4) 35(8)
Br(5) 330(15) 58(3) 54(3) 63(9) -1(8) 1(3)

The anisotropic displacement factor exponent takes the form: -2n’[h*a"U;; + ...

+ 2hka*b*U12] .

Table B4. Anisotropic displacement parameters (A?x10%) for EA4Pb;Cloat 293 K with estimated standard

deviations in parentheses.

Label Ui Ux Us; Ui Uis Uz
Pb(1) 38(2) 36(1) 36(1) 0 32) 0
Pb(2) 38(1) 42(1) 34(1) 1(1) 02) 2(1)
CI(1) 29(11) 18(11) 52(5) 12(11) 18(7) 4(10)
Ci2) 36(10) 124(12) 47(4) 42(13) -5(6) -11(13)
CI3) 103(14) 59(7) 92(8) 134(13) -54(13) 25(7)
Cl(4) 100(30) 60(13) 47(13) 0 38(13) 0

CI(5) 200(30) 43(6) 62(5) 51(17) 6(15) 1(4)
CI(6) 110(30) 110(20) 47(9) 0 23(12) 0

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

Table BS5. Octahedral distortion angles 3 and & for EA4Pb;Clio and EA4Pb;Bry¢ as defined in Figure B1.

EA4Pb3Bl‘10 EA4Pb3Cl10
B 5 (%) P 5 (%)
Inner-layer 10 1 11 6
Outer-layerl 2 5 2 8

Outer-layer2 3 5 2 8
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EA,PbsCly, EA,Pb;Br,

Figure B1. Labeled Pb-X-Pb angle (°) based on crystal structures of EA4Pb3Clio and EA4PbsBri.
EA4Pb3Clio have overall smaller Pb-X-Pb angles than EA4Pb3Brj0, suggesting larger distortion.
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Figure B2. Optical microscope images of EA4Pb3Clio and EA4PbsBrio showing the plate-like

morphology.
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Figure B3. Refined and fitted high-resolution PXRD pattern of EA4PbsBrio based on C2ch
(identical to Aba2).
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Figure B4. Refined and fitted high-resolution PXRD pattern of EA4PbsClio based on Cmc2;
(identical to A21ma).
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Figure BS. Refined and fitted high-resolution PXRD pattern of EA4Pb3BrsCls based on C2ch.

The rest of the intermediates are refined and fitted in the same way.
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——EACI
—— EABr

5 10 15 20 25 30 35 40 45 30

26 (deg.)
Figure B6. PXRD pattern of precursor EAC] and EABr. EACI was synthesized by direct addition
of ethylamine hydrochloride (4g, 49mmol) into HCI (20 ml) under stirring and heating at 150°C
until solution became clear. Colorless crystals precipitated upon slow cooling to room temperature.

EACI powder was obtained after vacuum filtration. EABr was synthesized the same way as

decribed aboved.



Table B6. Synthetic ratio for EA4Pb3Brio.Clx (x =2, 4, 6, 8, 9.5) using solid-state grinding method.

Compound | EACI EABr PbCl; PbBr;

x=95 0.571g 0.126g 1.669¢g -
(7 mmol) | (1 mmol) | (6 mmol)

X=8 0.652¢g - 1.112¢g 0.734g
(8 mmol) (4 mmol) | (2 mmol)

X=6 0.652¢g - 0.556¢g 1.468¢
(8 mmol) (2 mmol) | (4 mmol)

X=4 - 1.008g 1.112¢g 0.734¢g

(8 mmol) | (4 mmol) | (2 mmol)
X=2 - 1.008g 0.556¢g 1.468g

(8 mmol) | (2 mmol) | (4 mmol)
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Figure B7. Excitation and emission spectra of EA4Pb3Bri0xClx (x =0, 2, 4, 6, 8, 9.5, 10).
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I—; z vBM2

VBM1 ~ 0.4 eV above VBM2

CcBM1 CcBM2
CBM2 ~ 0.04 eV above CBM1

255

Figure B8. I'-point wave functions of EA4Pb3Brio without spin-obit coupling (SOC). The VBM1

and VBM2 are composed of in-plane anti-bonding hybridization of 4p orbitals of Br and 6s of Pb,

whereas the CBM1 and CBM2 are composed of in-plane bonding hybridization dominated by 6p,

orbitals of Pb. And for the CBM, wave functions are at the “outer-layers” only.
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i
CBM2

> -
)
I

CBM1

I—> z VEMR

VBM1 ~ 0.5 eV above VBM2 CBM1, CBM2 almost degenerate ~ 0.03 eV

Figure B9. I'-point wave functions of EA4Pb3Clio without spin-obit coupling (SOC). The VBM1
and VBM2 are composed of in-plane anti-bonding hybridization of 3p orbitals of Cl and 6s of Pb,
whereas the CBM1 and CBM2 are composed of in-plane bonding hybridization dominated by 6p
orbitals of Pb. For the VBM1, wave functions are mainly on the “inner-layers” unlike EA4Pb3Brio

and for VBM2 the wave functions are mainly on the “outer-layers” due to symmetry reasons.
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EA,Pb,Br,, EA,Pb,Cl,,

VBM1-2 CBM1-2 VBM1-2 CBM1-2

Figure B10. Local density of states integrated over VBM1-2 and CBM1-2 for EA4Pb3Brio and
EA4PbsClyo, computed with the revPBE functional including SOC.
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Figure B11. Band alignment between the organic and inorganic parts of EA4Pb3Brio and
EA4Pb3Clyo, computed using the VDW-C09 functional based on the method described in reference
1.!
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Figure B12. High frequency dielectric profile €» for EA4Pb3Brio (€x ~3.9) and EA4Pb3Clio (&

~3.5). Similar dielectric contrast in both materials; dielectric constants are systematically larger

for Br compounds



259

Table B6. Effective masses, exciton binding energy and exciton Bohr radius of Cs,PbB4 and Cs,PbCls in

the 3D and 2D limits. The values are averages of calculated effective masses along [100] and [010]

directions.

Cs2PbBry

Cs2PbCl4

inner
layer
outer
layer
outer
layer
inner
layer
outer
layer
outer
layer

B=10°38
=1°
B=2%
0=75°
B=3°%
0=75°
B=11°
5=16°
B=2°%
5=28°
B=1°%
5=28°

<mp>

0.069m,

0.060m,

0.060m,

0.087m,

0.074m,

0.073m,

<me>

0.055m,

0.048m,

0.048m,

0.077m,

0.065m,

0.065m,

<@h3p>

(A)
67

78
77
45
54

54

<Epzp>

(meV)
28

24

24

45

38

38

<ap2p>

A)
34

39
39
23
27

27

<Epop>

(meV)
110
95
96
181

154

153
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APPENDIX C

Supporting Information for Chapter 4
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Table C1. Crystal Data and Structure Refinement for (hex)PbBr; and (hep)PbBrs.

Compound (hex)PbBrs; (hep)PbBr;
Empirical formula (CsNH14)PbBr3 (C7NH16)PbBr3
Formula weight 547.10 561.13
Temperature 249.99 K 293(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2; Cc

Unit cell dimensions

Volume (A3)

Z

Density (g/cm?)
Absorption coefficient
F(000)

Crystal size (mm?®)

6 range for data collection

Index ranges

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

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 26(I)]

R indices [all data]

Largest diff. peak and hole

a=7.9457(4) A,

b = 16.1647(9) A,

¢ =37.860(2) A,

B =89.999(1)°
4862.7(5)

16

2.9890

23.692 mm'?

3904

0.656 x 0.125 x 0.059
1.08to 27.47°
-10<=h<=10,
-20<=k<=20,
-48<=I<=49

44028

21686 [Rin = 0.0401]

99.9%

a=16.550(3) A,

b =39.660(8) A,

c =7.9623(16) A,

B =90.00(3)°
5226.3(18)

16

2.853

22.045 mm™!

4032

0.0143 x 0.0194 x 0.0293
1.972 to 24.985°
-19<=h<=19,
-47<=k<=47,
-9<=|<=9

15674

8230 [Rin: = 0.0756]
85.5%

Full-matrix least-squares on F?

21686 / 42 | 465
1.0104

Robs = 0.0500,

WRobs = 0.1378

Ran = 0.1117,

WRa = 0.1639

2.159 and -2.275 e-A®

8230/37 /248
1.044

Robs = 0.0921,

WRobs = 0.2670

Ran = 0.1588,

WRa = 0.3147
3.313and -2.537 e-A*

IR = 3|[Fol-|Fe|| / o], WR = {S[W(|Fo - [Fe2)?] / Z[w([Fo[)]}"? and w=1/[c*(Fo?)+(0.0550P)>+21.2640P] where

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

IR = X||Fo|-|Fe|| / Z[Fo|, WR = {Z[W(|Fo|?* - [Fc])?] / Z[W(|Fo[*)]} "? and w=1/[c*(F0?)*+(0.1750P)?] where P=(Fo?*+2Fc?)/3
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Table C2. Crystal Data and Structure Refinement for (4amp)PbBr4 and (epz)PbBr.

Compound (4amp)PbBry (epz)PbBry
Empirical formula (CsN2H6)PbBr4 (CsN2H6)PbBr4
Formula weight 643.04 643.04
Temperature 293(2) K
Wavelength 0.71073 A

Crystal system Orthorhombic Monoclinic
Space group Pca2, Pc

Unit cell dimensions

Volume

Z

Density (g/cm?)
Absorption coefficient
F(000)

Crystal size (mm?®)

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 26.000°
Refinement method

Data / restraints / parameters

Goodness-of-fit

Final R indices [I > 26(I)]

R indices [all data]

Largest diff. peak and hole

a=17.745(4) A,
b=10.235(2) A,
c=7.8299(16) A,

1422.1(5) A3

4

2.992

22.986 mm'!

1152

0.0435 x 0.0347 x 0.0141

1.990 to 29.254°
23<=h<=24,
_14<=k<=14,
-10<=1<=10

12316

3840 [Rin = 0.0417]
99.7%

a=10.536(2) A,
b=12.415Q2) A,
c=16.43003) A,
B=196.77(3)°

2134.2(8) A3

6

2.983

23.11 mm"

1704

0.0911 x 0.0549 x 0.0196

2.733 t0 29.206°
_13<=h<=14,
_16<=k<=16,
22<=1<=02

20074

10816 [Rin = 0.0876]

99.9%

Full-matrix least-squares on F?

3840/1/122

1.060

Robs = 0.0452,

WRobs = 0.1156

Ran = 0.0559,

WRan = 0.1284

1.636 and -1.850 e- A"

10816/29/216
0.862

Robs = 0.0575,

WRobs = 0.1332
Ran=0.1370,

WRan = 0.1807

1.694 and -1.681 e-A

IR = S||Fo-{Fe|| / ZIFo), WR = {S[W(Fo - [Fe)?] / Z[w([Fo[)]}? and w=1/[c*(Fo?)+(0.0790P)>+2.6940P] where

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

IR = X||Fo|-|Fe|| / Z[Fo|, WR = {Z[W(|Fo|* - [Fc])?] / Z[W(|Fo[*)]}"? and w=1/[c*(F0?)*+(0.0870P)?] where P=(Fo?+2Fc?)/3
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Table C3. Crystal Data and Structure Refinement for (hmp)PbBr4 and (mpz),Pb;Bri.

Compound (hmp)PbBr4 (mpz)2Pb3Brio
Empirical formula (CsN2H14)PbBrs (CsN2H14)2Pb3Brg
Formula weight 629.01 1625.03
Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/m C2/c

Unit cell dimensions

Volume

Z

Density (g/cmd)
Absorption coefficient
F(000)

Crystal size (mm?)

0 range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 26.000°
Refinement method

Data / restraints / parameters
Goodness-of-fit

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

R indices [all data]

Largest diff. peak and hole

a=28.452(6) A,
b=12.218(2) A,
¢ =15.839(3) A,
B =104.93(3)°
5320(2) A3
16
3.141
24.663 mm*
4480

0.1314 x 0.0453 x 0.0159
1.824 to 29.320°
-38<=h<=38,
-16<=k<=16,
-21<=I<=21
24005
7529 [Rine = 0.0744]
99.9%
Full-matrix least-squares on F?
7529/0/ 242
1.053
Robs = 0.0566,
WRops = 0.1289
Rau = 0.0914,
WRai = 0.1467
2.636 and -1.990 e- A3

a=45.062(9) A,

b =9.5432(19) A,

¢ =15.205(3) A,
B=97.92(3)°
6476(2) A

8

3.333

27.906 mm*

5696

0.1626 x 0.0824 x 0.0236
1.825 to0 29.205°
-59<=h<=61,
-13<=k<=13,
-18<=1<=20

24781

8706 [Rint = 0.0820]
99.6%

8706 /0 /248
1.030

Robs = 0.0662,

WRops = 0.1497

Rau = 0.1231,

WRa1 =0.1736

5.254 and -1.680 e-A®

IR = 3|[Fol-Fe|| / o, WR = {S[W(|Fo - [Fe®)?] / Z[w(|Fo[)]}"? and w=1/[c*(Fo?)+(0.0690P)>+36.8830P] where

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

IR = X||Fo|-|Fe|| / Z[Fo|, WR = {Z[W(|Fo|?* - [Fc])?] / Z[W(|Fo[*)]}"? and w=1/[c*(F0?)*+(0.0800P)?] where P=(Fo?+2Fc?)/3



Table C4. Crystal Data and Structure Refinement for (2,6-dmpz);Pb,Bri.

Compound

(2,6-dmpz)3Pb,Brio

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 = 26.000°
Refinement method

Data / restraints / parameters
Goodness-of-fit

Final R indices [I > 25(I)]

R indices [all data]

Largest diff. peak and hole

(CsN2Hi4)3Pb,Brio
1562.10

249.96 K

0.71073 A
Triclinic

P-1

a=6.2455(4) A, o =73.597(3)°
b=16.8901(10) A, B = 84.960(3)°
c=20.1013(11) A, y = 88.793(3)°

2026.2(2) A®

2

2.560 g/cm?

18.177 mm™!

1424

0.185x 0.067 x 0.033 mm°
1.257 to 28.432°

_8<=h<=8, -22<=k<=22, -26<=1<=26

31554
10015 [Rin = 0.0381]
98.6%

Full-matrix least-squares on F?

10015/0/331

0.971

Robs = 0.0315, wRops = 0.0847
Ran =0.0441, wRan = 0.0951
1.639 and -1.844 ¢- A>3

264

R = 3|[Fol-[Fd| / ZFo|, WR = {Z[W(Fo]? - [FeP)?] / S[W(Fo)]}? and w=1/[c*(F0?)+(0.0570P)>+4.4410P] where

P=(Fo*+2Fc?)/3
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Table C5. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10%) for
(hex)PbBr; at 249.99 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ue
Pb(01) -4739(1) 18(1) -5026(1) 1.000000 24(1)
Pb(02) 259(1) 21(1) -4975(1) 1.000000 24(1)
Pb(03) -4735(2) 2476(1) -2526(1) 1.000000 27(1)
Pb(04) 263(2) 2481(1) -2474(1) 1.000000 28(1)
Pb(05) -4964(2) -1(1) -2(1) 1.000000 60(1)
Pb(06) 42(2) 1(1) 3(1) 1.000000 63(1)
Pb(07) 260(2) 2477(1) 2527(1) 1.000000 29(1)
Pb(08) -4740(2) 2476(1) 2472(1) 1.000000 31(1)
Br(09) -2762(3) 18(1) -4390(1) 1.000000 36(1)
Br(0A) -2018(4) 1290(1) -5256(1) 1.000000 41(1)
Br(0B) 2228(3) 23(1) -5613(1) 1.000000 37(1)
Br(0C) -2771(3) 2450(1) 3112(1) 1.000000 40(1)
Br(OD) 2248(3) 2458(1) 1891(1) 1.000000 42(1)
Br(0E) -7002(4) 1293(1) -4746(1) 1.000000 42(1)
Br(0F) -2014(4) 3750(1) -2754(1) 1.000000 46(1)
Br(0G) -7017(4) 1205(1) -2239(1) 1.000000 48(1)
Br(OH) -7029(4) -1263(1) -4747(1) 1.000000 48(1)
Br(0l) -7019(4) 3765(1) -2256(1) 1.000000 48(1)
Br(0J) 2453(5) -14(1) -616(1) 1.000000 75(2)
Br(0K) -2014(4) 1202(1) -2756(1) 1.000000 48(1)
Br(0L) -2007(4) -1269(1) -5247(1) 1.000000 51(1)
Br(OM) -2539(5) -6(1) 610(1) 1.000000 72(1)
Br(ON) -2400(8) 1281(1) -253(2) 1.000000 124(2)
Br(00) -2746(3) 2453(1) -1886(1) 1.000000 40(1)
Br(OP) 2252(3) 2445(1) -3112(1) 1.000000 37(1)
Br(0Q) -7022(4) 1197(1) 2758(1) 1.000000 48(1)
Br(OR) -7407(8) 1271(1) 258(2) 1.000000 119(2)
Br(0S) -2026(4) 3754(1) 2250(1) 1.000000 51(1)
Br(0T) -7386(8) -1274(1) 256(2) 1.000000 134(2)
Br(0U) -2397(8) -1278(1) -251(2) 1.000000 128(2)

Br(0V) -7002(4) 3749(1) 2750(1) 1.000000 52(1)



Br(0W)
N(5)
H(5a)
H(5b)
C(21)
H(21a)
H(21b)
N(4)
H(4a)
H(4b)
N(8)
H(8a)
H(8b)
C(53)
N(2)
H(2a)
H(2b)
N(1)
H(1a)
H(1b)
C(39)
H(39a)
H(39b)
C(49)
H(49a)
H(49b)
C(12)
H(12a)
H(12b)
C(7)
H(7c¢)
H(7d)
C(10)
H(10a)

-2009(4)

-2917(19)
-3237(19)
-2947(19)
-6250(30)
-5570(30)
-6070(30)
-8040(20)
-8250(20)
-8230(20)
-7990(18)
-8116(18)
-8265(18)
-1130(30)
-2880(20)
-3200(20)
-2880(20)
-6100(30)
-5500(30)
-5740(30)
-1100(20)
-660(20)

-510(20)

-6220(20)
-5600(20)
-5840(20)
-1120(20)
-580(20)

-650(20)

-7870(20)
-7890(20)
-8150(20)
-4180(20)
-5190(20)

1198(1)
190(7)
730(7)
43(7)
-9(11)
329(11)
-587(11)
190(7)
143(7)
725(7)
197(7)
104(7)
736(7)
-2309(11)
153(8)
694(8)
-19(8)
-2391(9)
-1981(9)
-2868(9)
143(10)
-376(10)
588(10)
95(10)
541(10)
-427(10)
114(10)
-287(10)
653(10)
-2277(9)
-2460(9)
-1687(9)
-323(9)
-364(9)

2241(1)
-1982(4)
-1970(4)
-2214(4)
1916(8)
2078(8)
1984(8)
1983(5)
2219(5)
1921(5)
-3021(4)
-2785(4)
-3060(4)
-4419(7)
3008(5)
3008(5)
2779(5)
4357(7)
4463(7)
4460(7)
-1863(6)
-1960(6)
-1990(6)
-3106(6)
-2988(6)
-3001(6)
3139(6)
2981(6)
3074(6)
4503(5)
4750(5)
4500(5)
3198(5)
3051(5)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

50(1)
51(5)
61(6)
61(6)
73(8)
87(9)
87(9)
48(4)
57(5)
57(5)
48(4)
58(5)
58(5)
76(8)
60(5)
71(6)
71(6)
108(6)
130(7)
130(7)
61(6)
74(8)
74(8)
50(6)
60(7)
60(7)
51(6)
61(7)
61(7)
42(5)
50(6)
50(6)
45(5)
54(6)
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H(10b) -3760(20) -885(9) 3242(5) 1.000000 54(6)
C(41) -4200(20) -299(9) -1798(5) 1.000000 42(5)
H(41a) -5240(20) -304(9) -1937(5) 1.000000 50(6)
H(41b) -3810(20) -871(9) -1773(5) 1.000000 50(6)
C(2) -5350(30) -2432(11) 3993(6) 1.000000 86(11)
H(2c) -4610(30) -1951(11) 3962(6) 1.000000 104(13)
H(2d) -4640(30) -2926(11) 3980(6) 1.000000 104(13)
C(9) -4620(30) 81(10) 3544(5) 1.000000 54(6)
H(9a) -4670(30) 679(10) 3505(5) 1.000000 64(7)
H(9b) -5750(30) -100(10) 3609(5) 1.000000 64(7)
C(46) -8570(30) -115(12) -3825(8) 1.000000 133(14)
H(46a) -8470(30) -719(12) -3825(8) 1.000000 159(17)
H(46b) -9070(30) 52(12) -4051(8) 1.000000 159(17)
N(7) -2970(30) -2297(9) -4523(7) 1.000000 108(6)
H(7a) -3290(30) -1757(9) -4531(7) 1.000000 130(7)
H(7b) -3040(30) -2495(9) -4748(7) 1.000000 130(7)
Cc(8) -3490(40) -73(12) 3849(8) 1.000000 126(15)
H(8c) -3500(40) 417(12) 4002(8) 1.000000 151(18)
H(8d) -3950(40) -536(12) 3987(8) 1.000000 151(18)
C(6) -9180(30) -2736(10) 4305(6) 1.000000 75(8)
H(6a) -8870(30) -3321(10) 4295(6) 1.000000 90(10)
H(6b) -10250(30) -2697(10) 4434(6) 1.000000 90(10)
C(45) -9690(30) 146(10) -3530(5) 1.000000 54(6)
H(45a) -9570(30) 742(10) -3490(5) 1.000000 65(8)
H(45b) -10860(30) 31(10) -3591(5) 1.000000 65(8)
C(20) -5470(50) 105(12) 1532(9) 1.000000 126(14)
H(20a) -4860(50) 632(12) 1527(9) 1.000000 151(16)
H(20b) -4640(50) -336(12) 1494(9) 1.000000 151(16)
C(44) -9220(30) -315(9) -3206(5) 1.000000 48(5)
H(44a) -8730(30) -852(9) -3267(5) 1.000000 57(7)
H(44b) -10210(30) -409(9) -3057(5) 1.000000 57(7)
C(16) -9220(30) -345(9) 1790(6) 1.000000 45(5)
H(16a) -8690(30) -884(9) 1749(6) 1.000000 54(6)

H(16b) -10230(30) -434(9) 1934(6) 1.000000 54(6)



C(13)
H(13a)
H(13b)
C(26)
H(26a)
H(26b)
C(48)
H(48a)
H(48b)
C@)
H(3a)
H(3b)
C(55)
C(5)
H(5c)
H(5d)
C(27)
H(27a)
H(27b)
C(38)
H(38a)
H(38b)
C(33)
H(33a)
H(33b)
C(42)
H(42a)
H(42b)
N(3)
H(3c)
H(3d)
C(4)
H(4c)
H(4d)

-370(40)
420(40)
260(40)
-310(40)
-250(40)
800(40)
-5730(50)
-4790(50)
-5240(50)
-6560(30)
-6820(30)
-5960(30)
-1490(30)
-9440(30)
-10590(30)
-9200(30)
-1570(40)
-1810(40)
-1090(40)
-460(40)
580(40)
-140(40)
-6340(30)
-5930(30)
-6340(30)
-4530(40)
-5030(40)
-5440(40)
-2370(30)
-2330(30)
-2460(30)
-8200(30)
-8670(30)
-8000(30)

-61(12)
-526(12)
424(12)
-2450(11)
-1854(11)
-2688(11)
92(13)
487(13)
-456(13)
-2456(10)
-1883(10)
-2700(10)
-2592(10)
-2425(10)
-2527(10)
-1831(10)
-2832(12)
-3396(12)
-2869(12)
180(12)
-148(12)
756(12)
-2424(12)
-2751(12)
-1846(12)
53(11)
598(11)
-286(11)
-2349(9)
-2523(9)
-1788(9)
-2911(11)
-3022(11)
-3444(11)

3488(6)
3468(6)
3570(6)
1055(7)
1102(7)
1104(7)
-3483(7)
-3503(7)
-3528(7)
3688(7)
3625(7)
3487(7)
-3684(7)
3941(5)
3861(5)
3927(5)
1296(12)
1215(12)
1534(12)
-1499(6)
-1490(6)
-1451(6)
-1327(9)
-1527(9)
-1404(9)
-1449(6)
-1495(6)
-1349(6)
499(7)
270(7)
496(7)
3729(9)
3494(9)
3844(9)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

115(13)
138(16)
138(16)
78(9)
94(11)
94(11)
210(20)
250(30)
250(30)
69(8)
82(9)
82(9)
75(8)
58(6)
70(8)
70(8)
210(20)
250(30)
250(30)
111(12)
133(14)
133(14)
123(5)
148(6)
148(6)
92(10)
110(12)
110(12)
110(9)
132(11)
132(11)
123(12)
148(15)
148(15)
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C(56)
H(56a)
H(56b)
C(32)
H(32a)
H(32b)
C(22)
H(22a)
H(22b)
C(18)
H(18a)
H(18b)
C(23)
H(23a)
H(23b)
Cc(@17)
H(17a)
H(17b)
C(19)
H(19a)
H(19b)
C(36)
H(36a)
H(36b)
C(37)
H(37a)
H(37b)
C(28)
H(28a)
H(28b)
C(14)
H(14a)
H(14b)
C(47)

-3340(30)
-3810(30)
-3390(30)
-8160(40)
-8770(40)
-8210(40)
-4430(30)
-5020(30)
-5260(30)
-8350(40)
-8190(40)
-8770(40)
-3940(30)
-4900(30)
-3810(30)
-9700(40)
-10790(40)
-9730(40)
-6650(50)
-6820(50)
-6040(50)
-3290(40)
-3250(40)
-3740(40)
-1550(40)
-1610(40)
-940(40)
-3180(30)
-3730(30)
-2900(30)
-1710(40)
-1120(40)
-1760(40)
-6870(40)

-2388(12)
-2763(12)
-1837(12)
-2662(12)
-2433(12)
-3265(12)
-2457(10)
-1927(10)
-2861(10)
-286(12)
-875(12)
-250(12)
-2709(11)
-2587(11)
-3312(11)
3(11)
-204(11)
609(11)
97(13)
678(13)
-157(13)
188(13)
782(13)
-87(13)
-101(12)
-706(12)
26(12)
-2363(11)
-2509(11)
-1774(11)
-267(12)
-175(12)
-871(12)
267(12)

-3684(9)
-3506(9)
-3577(9)
-1277(9)
-1480(9)
-1302(9)
1035(6)
1013(6)
1118(6)
1232(10)
1283(10)
989(10)
674(7)
519(7)
676(7)
1461(8)
1384(8)
1473(8)
1233(12)
1168(12)
1036(12)
-1147(10)
-1096(10)
-937(10)
-1201(9)
-1217(9)
-983(9)
1314(7)
1538(7)
1328(7)
3746(10)
3971(10)
3723(10)
-3790(10)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

108(6)
130(7)
130(7)
123(5)
148(6)
148(6)
66(8)
80(9)
80(9)
120(13)
144(15)
144(15)
90(10)
108(13)
108(13)
93(10)
112(12)
112(12)
175(17)
210(20)
210(20)
180(20)
210(30)
210(30)
139(14)
167(17)
167(17)
83(9)
100(10)
100(10)
146(15)
175(19)
175(19)
124(13)
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H(47a)
H(47b)
C(25)
H(25a)
H(25b)
C(51)
H(51a)
H(51b)
C(50)
H(50a)
H(50b)
N(6)
H(6c)
H(6d)
C(34)
H(34a)
H(34b)
C(30)
H(30a)
H(30b)
C(35)
H(35a)
H(35b)
C(31)
H(31a)
H(31b)
C(54)
H(55a)
H(55b)
H(54a)
H(54b)
H(53a)
H(53b)

-6240(40)
-7030(40)
-740(50)
150(50)
-600(50)
-4250(20)
-5290(20)
-3850(20)
-4660(30)
-5660(30)
-4940(30)
-6740(30)
-6630(30)
-6500(30)
-5050(50)
-4910(50)
-3980(50)
-8550(40)
-9100(40)
-8970(40)
-5350(40)
-5610(40)
-4310(40)
-9220(50)
-9770(50)
-10110(50)
-570(50)
-950(30)
-1360(30)
370(50)
-60(50)
-620(30)
-630(30)

120(12)
867(12)
-2583(13)
-2308(13)
-3178(13)
-2746(9)
-2783(9)
-3311(9)
-2360(11)
-2631(11)
-1778(11)
-2412(9)
-2185(9)
-2959(9)
-2494(12)
-3082(12)
-2295(12)
-2373(12)
-2807(12)
-1844(12)
-2054(12)
-1473(12)
-2066(12)
-2456(12)
-1930(12)
-2875(12)
-2371(12)
-2291(10)
-3185(10)
-2761(12)
-1830(12)
-2773(11)
-1803(11)

-4004(10)
-3797(10)
677(9)
541(9)
635(9)
-4311(5)
-4449(5)
-4270(5)
-3961(6)
-3868(6)
-4002(6)
-485(8)
-266(8)
-460(8)
-1042(8)
-988(8)
-1138(8)
-568(9)
-429(9)
-477(9)
-702(8)
-753(8)
-563(8)
-952(8)
-1006(8)
-944(8)
-4039(7)
-3490(7)
-3638(7)
-4047(7)
-3991(7)
-4545(7)
-4515(7)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

149(16)
149(16)
220(30)
270(30)
270(30)
37(5)
44(6)
44(6)
82(9)
98(10)
98(10)
123(5)
148(6)
148(6)
123(5)
148(6)
148(6)
123(5)
148(6)
148(6)
123(5)
148(6)
148(6)
123(5)
148(6)
148(6)
138(15)
90(10)
90(10)
165(18)
165(18)
92(9)
92(9)
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*Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table C6. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10%) for
(hep)PbBr; at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 6464(2) 4976(1) 8376(3) 1 52(1)
Pb(2) 6465(2) 10022(1) 7798(3) 1 40(1)
Br(5) 6451(7) 9413(2) 5874(10) 1 58(2)
Br(8) 5217(8) 5258(4) 6054(17) 1 117(6)
Br(9) 6446(8) 5585(3) 10396(14) 1 72(3)
Br(11) 7716(7) 5241(2) 6113(14) 1 68(3)
Br(13) 7715(6) 9762(2) 10092(13) 1 65(3)
Br(14) 5214(9) 10254(4) 5127(18) 1 115(6)
Pb(3) 3933(3) 7496(1) 8079(6) 1 79(2)
Br(7) 3940(10) 6912(2) 5688(19) 1 79(3)
Br(10) 3931(9) 8084(2) 10665(18) 1 77(3)
Br(17) 2709(11) 7746(5) 5270(30) 1 170(11)
Br(18) 5207(9) 7746(3) 5890(30) 1 128(7)
Pb(0A) 3975(2) 7497(2) 3078(4) 1 79(2)
Br(2) 5216(8) 7250(3) 10290(30) 1 133(7)
N(1) 1240(50) 7002(18) 5040(70) 1 78(8)
H(1A) 693 6917 4960 1 93
H(1B) 1214 7239 4733 1 93
N(4) 6230(50) 6978(19) 6300(80) 1 88(10)
H(4C) 6308 7203 6752 1 106
H(4D) 5669 6918 6480 1 106
C(8) 3690(60) 9490(20) 4880(90) 1 80(8)
H(8A) 3735 9710 4400 1 96
H(8B) 3118 9428 4888 1 96
N(21) 3740(40) 5497(14) 11430(70) 1 57(14)
H(21A) 3181 5523 11799 1 69
H(21B) 3893 5266 11672 1 69
N(2) 3970(50) 9501(19) 6650(90) 1 80(8)
H(2C) 3905 9728 7071 1 96
H(2D) 4544 9447 6683 1 96
C@3) 3750(80) 5540(30) 9560(80) 1 108(13)



H(3A)
H(3B)
C(7)
H(7A)
H(7B)
C(27)
H(27A)
H(27B)
C(10)
H(10A)
H(10B)
C(4)
H(4A)
H(4B)
C(25)
H(25A)
H(25B)
C(20)
H(20A)
H(20B)
C(24)
H(24A)
H(24B)
C(19)
H(19A)
H(19B)
C(5)
H(5A)
H(5B)
C(11)
H(11A)
H(11B)
C(2)
H(2A)

4106
3210
1440(70)
1784
934
6550(80)
7018
6124
4000(70)
3429
4302
1380(70)
973
1854
6270(60)
6255
5719
4250(70)
4753
4376
6710(70)
6501
7260
3970(80)
4410
3538
1600(60)
1159
2058
4220(60)
4709
3802
1490(60)
2014

5362
5469
7000(20)
7193
7049
6372(17)
6297
6390
8866(16)
8826
8786
6100(18)
5952
5963
6150(20)
5926
6230
5720(20)
5757
5596
6352(18)
6271
6274
6070(20)
6184
6039
6356(15)
6347
6254
8650(20)
8538
8483
6470(16)
6362

9172
9212
6880(90)
7066
7454
7590(90)
8205
8431
3610(100)
3365
2649
6620(90)
7097
6388
4860(80)
4330
4752
12510(150)
11916
13518
3580(120)
2510
3643
13070(120)
13605
13896
7910(100)
8699
8485
5080(70)
4752
5152
3780(110)
3636

e = = = = = e e e e S N S S N e = = T = T e e e o o e S e S N

129
129
78(8)
93

93
88(10)
106
106
80(8)
96

96
78(8)
93

93
88(10)
106
106
108(13)
129
129
88(10)
106
106
108(13)
129
129
78(8)
93

93
80(8)
96

96
78(8)
93
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H(2B)
C(6)
H(6A)
H(6B)
C(14)
H(14A)
H(14B)
C(13)
H(13A)
H(13B)
C(15)
H(15A)
H(15B)
C(22)
H(22A)
H(22B)
C(9)
H(9A)
H(9B)
C(12)
H(12A)
H(12B)
C(28)
H(28A)
H(28B)
C(18)
H(18A)
H(18B)
C(1)
H(1C)
H(1D)
C(0AA)
H(0AA)
H(0AB)

1206
1810(60)
2381
1791
3520(50)
3321
3067
4080(60)
3819
4555
3930(80)
4375
3469
6380(70)
5855
6691
4120(60)
4690
4038
4360(60)
4367
4927
6750(60)
6822
7270
3660(80)
3163
4027
1700(60)
1537
2272
1070(50)
570

916

6429
6718(15)
6724
6791
9262(19)
9379
9168
8990(20)
8851
9090
5830(20)
5751
5847
6990(20)
7032
7196
9242(17)
9271
9328
8770(20)
8549
8829
6740(17)
6841
6741
6270(30)
6355
6460
6835(15)
6925
6869
6240(20)
6352
6043

2741
7860(110)
7551
9020
7740(110)
8728
7140
8260(90)
9096
8779
8410(130)
7712
7675
4430(90)
3922
4241
3740(110)
3978
2611
6850(80)
7421
6792
7270(130)
8366
6727
11600(110)
12110
11601
3670(100)
2591
3817
5000(90)
5287
4344

e = = = = = e e e e S N S S N e = = T = T e e e o o e S e S N
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93
78(8)
93

93
80(8)
96

96
80(8)
96

96
108(13)
129
129
88(10)
106
106
80(8)
96

96
80(8)
96

96
88(10)
106
106
108(13)
129
129
78(8)
93

93
78(8)
93

93



C(26)
H(26A)
H(26B)
C(17)
H(17A)
H(17B)
C(23)
H(23A)
H(23B)
C(16)
H(16A)
H(16B)
Br(0A)

6300(70)
5780
6698
3430(70)
3320
2949
6770(70)
6599
7347
4150(70)
4236
4629
2704(10)

6055(16)
5977
5879
6310(30)
6546
6180
6726(16)
6771
6775
6180(20)
6318
6193
7259(5)

6680(90)
7070
6869
9800(100)
9540
9542
3370(120)
2224
3397
8850(160)
7845
9540
10900(30)
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88(10)
106
106
108(13)
129
129
88(10)
106
106
108(13)
129
129
179(12)

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

Table C7. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (Ax10°%) for

(4amp)PbBry at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 1227(1) 5073(1) 1617(2) 1 36(1)
Br(2) 1521(2) 2069(2) 1411(3) 1 47(1)
Br(3) 1130(2) 7857(2) 1856(4) 1 50(1)
Br(4) 2330(2) 5196(2) 4639(3) 1 47(1)
Br(5A) -371(2) 4973(2) 3356(3) 0.968(11) 51(1)
N(1) 1179(9) 7626(15) 6210(30) 1 50(4)
H(1A) 1146 6730 6604 1 59
H(1B) 1291 7608 4995 1 59
N(2) 1667(10) 12629(15) 7210(20) 1 49(4)
H(2A) 2124 12444 6812 1 59
H(2B) 1650 12452 8326 1 59
H2C() 1569 13472 7048 1 59
C@3) 1839(9) 9732(17) 6590(40) 1 53(5)
H(3A) 2231 10164 7242 1 64
H(3B) 1974 9787 5389 1 64
C(4) 1096(10) 10427(19) 6880(30) 1 44(4)
H(4) 984 10406 8102 1 52
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C(5) 444(10) 8277(19) 6470(40) 1 64(6)
H(5A) 303 8214 7668 1 77
H(5B) 61 7840 5802 1 77
C(6) 1097(11) 11827(19) 6310(30) 1 50(5)
H(6A) 1197 11861 5089 1 60
H(6B) 601 12198 6501 1 60
c(7) 1795(12) 8300(20) 7120(40) 1 62(6)
H(7A) 2269 7868 6863 1 74
H(7B) 1710 8239 8339 1 74
Cc(8) 487(11) 9700(19) 5960(40) 1 61(6)
H(8A) 575 9755 4739 1 73
H(8B) 6 10114 6197 1 73

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

Table C8. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A’x10°%) for
(epz)PbBry at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 3205(5) 6704(1) 3637(3) 1 42(1)
Pb(2) 6679(2) 6840(3) 6951(1) 1 43(1)
Pb(3) -253(2) 6845(3) 308(1) 1 40(1)
Br(4) 8541(9) 8329(8) 6406(5) 1 57(2)
Br(5) 1388(10) 6774(9) 1993(6) 1 58(2)
Br(6) 4912(10) 6733(7) 5288(6) 1 54(2)
Br(7) 4763(9) 8294(9) 3036(5) 1 72(3)
Br(8) 8205(14) 6985(3) 8626(8) 1 64(1)
Br(9) 946(8) 8741(8) -234(5) 1 56(2)
Br(10) 1872(7) 5362(7) -356(5) 1 60(2)
Br(11) -2086(7) 8359(8) 823(5) 1 50(2)
Br(12) 4594(8) 5361(7) 7619(4) 1 56(2)
Br(13) -1741(16) 4999(14) 1104(11) 1 83(2)
Br(1) 5444(8) 8694(8) 7511(5) 1 58(2)
Br(2) 1745(9) 8300(6) 4235(5) 1 55(2)
N(1) 4920(40) 1830(30) 5080(20) 1 44(3)
H(1) 5833 1723 5247 1 52
N(5) 1490(40) 8100(30) 7170(20) 1 48(4)



H(5)
C(18)
H(18A)
H(18B)
N(2)
H(2A)
H(2B)
C(6)
H(6A)
H(6B)
C(16)
H(16A)
H(16B)
C(4)
H(4A)
H(4B)
C(17)
H(17A)
H(17B)
N(6)
H6C()
H(6D)
CE3)
H(3A)
H(3B)
C(15)
H(15A)
H(15B)
C(2)
H2C()
H(2D)
C()
H(5A)
H(5B)

580
1520(40)
906
2367
4930(30)
5418
4063
4750(30)
3847
4983
1680(40)
2187
793
4930(40)
4465
5801
1210(40)
289
1448
1810(30)
1402
2705
4320(40)
4360
3424
2090(50)
3013
1823
4330(30)
4650
3412
5500(30)
6401
5378

8163
7260(30)
7437
7238
4130(20)
4743
4369
2760(30)
2944
2523
6830(30)
6658
6877
3280(30)
3530
3123
6200(30)
6163
5640
5930(30)
5286
5769
2260(30)
1720
2407
7910(30)
7935
8472
790(20)
601

858
3770(30)
3616
4313

6975
7830(20)
8199
8136
5499(16)
5735
5341
4500(20)
4414
3971
6050(20)
5611
5810
6130(20)
6572
6365
7420(20)
7289
7826
6665(17)
6417
6815
5780(20)
6203
5599
6400(20)
6512
6001
4760(20)
4247
4661
4750(20)
4868
4318

P R R R R R R R R R R R R R R R R R R PR PP PR R R R R R R R R B

58
48(4)
58
58
44(3)
52
52
44(3)
52
52
48(4)
58
58
44(3)
52
52
48(4)
58
58
48(4)
58
58
44(3)
52
52
48(4)
58
58
44(3)
52
52
44(3)
52
52
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C(14)
H(14A)
H(14B)
N(3)
H(3)
C(13)
H(13A)
H(13B)
H13C()
C(1)
H(1A)
H(1B)
H1C()
C(12)
H(12A)
H(12B)
C(9)
H(9A)
H(9B)
C(10)
H(10A)
H(10B)
C(11)
H(11A)
H(11B)
N(4)
H4C()
H(4D)
C(7)
H(7A)
H(7B)
H7C()
C(8)
H(8A)

1810(40)
2713
1331
8520(50)
9304
1570(40)
2154
1695
709
4700(40)
4582
4163
5576
8470(60)
7643
9113
7780(50)
7981
6872
8020(60)
8818
7346
8650(50)
9563
8284
8090(50)
7231
8584
8130(50)
7347
8565
7950
8960(40)
9844

9160(30)
9155
9230
7880(30)
8204
10160(30)
10179
10791
10151
-80(30)
773

-16

12
8640(30)
8559
8428
8240(30)
7772
8153
9370(30)
9400
9597
9800(40)
9948
10216
10180(30)
10435
10792
5970(40)
5882
5289
6227
6760(30)
6653

7570(20)
7787
8037
3580(30)
3854
7050(20)
6643
7390
6785
5400(20)
5144
5828
5617
2900(30)
2578
2560
4250(30)
4719
4063
4510(30)
4866
4826
3100(30)
3177
2629
3830(20)
3657
4057
3370(30)
3602
3365
2814
3860(30)
3770

P R R R R R R R R R R R R R R R R R R PR PP PR R R R R R R R R B

48(4)
58
58
92(5)
111
48(4)
73
73
73
44(3)
65
65
65
92(5)
111
111
92(5)
111
111
92(5)
111
111
92(5)
111
111
92(5)
111
111
92(5)
138
138
138
92(5)
111
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H(8B) 8885 6663 4436 1 111

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

Table C9. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10%) for
(hmp)PbBr4at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 4298(1) 5000 3981(1) 1 43(1)
Pb(2) 2349(1) 5000 4898(1) 1 41(1)
Pb(3) 4203(1) 5000 300(1) 1 45(1)
Ph(4) 4265(1) 0 473(1) 1 41(1)
Br(5) 5365(1) 5000 4053(1) 1 46(1)
Br(6) 2724(1) 5000 6870(2) 1 53(1)
Br(7) 4295(1) 0 2278(1) 1 46(1)
Br(8) 2500 2500 5000 1 54(1)
Br(9) 5416(1) 0 1265(1) 1 48(1)
Br(10) 4268(1) 2499(2) 334(1) 1 63(1)
Br(11) 3953(1) 5000 2020(2) 1 77(1)
Br(12) 4639(1) 5000 -1268(2) 1 53(1)
Br(13) 1382(1) 5000 5199(2) 1 56(1)
Br(14) 4370(1) 2592(2) 3932(1) 1 59(1)
Br(15) 3266(1) 5000 4128(2) 1 81(1)
Br(16) 3222(1) 0 205(2) 1 76(1)
Br(17) 1861(1) 5000 3023(2) 1 65(1)
Br(18) 3204(1) 5000 -521(2) 1 99(1)
N(1) 5522(4) 2496(8) 1919(7) 1 53(3)
H(1A) 5477 1878 1522 1 63
H(1B) 5407 3141 1571 1 63
N(2) 5703(4) 2228(10) 4047(6) 1 59(3)
H(2A) 5510 2851 4136 1 70
H(2B) 5754 1767 4561 1 70
N(3) 3481(4) 2200(12) 1933(8) 1 66(3)
H(3A) 3675 2796 2249 1 80
H(3B) 3700 1714 1734 1 80
C(4) 5201(5) 2323(11) 2524(7) 1 50(3)
H(4A) 5129 3028 2743 1 61



H(4B)
C()
H(5A)
H(5B)
C(6)
H(6A)
H(6B)
C(7)
H(7A)
H(7B)
C(8)
H(8A)
H(8B)
C(9)
H(9A)
H(9B)
N(14)
H(14A)
H(14B)
C(11)
H(11A)
H(11B)
C(12)
H(12A)
H(12B)
C(15)
H(15A)
H(15B)
C(14)
H14C()
H(14D)

4896
3268(5)
3023
3522
6049(6)
6191
6197
5421(5)
5165
5634
6170(5)
5934
6486
6183(5)
6398
6320
2555(5)
2502
2347
3046(5)
3063
3244
3135(6)
2991
3308
2389(7)
2283
2106
2724(8)
2881
2533

2005
1586(12)
1086
1151
2629(12)
3000
1910
1598(10)
1193
1073
3259(12)
3845
3597
2630(13)
2008
3098
2623(11)
3281
2059
2291(12)
1909
2945
2662(12)
2071
3135
2840(20)
2149
3308
3330(20)
3919
3662

2197
2557(9)
2229
2936
2309(9)
1801
2415
3280(8)
3444
3106
3145(10)
3094
3211
3972(10)
4005
4469
2742(10)
3047
2882
3099(8)
3643
3242
1160(10)
769

851
1824(14)
1531
1729
1410(17)
1786
877
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61
54(3)
65
65
64(4)
77
77
55(3)
66
66
65(4)
78
78
67(4)
81
81
80(4)
96
96
59(3)
70
70
68(4)
82
82
102(7)
122
122
123(9)
148
148

"Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table C10. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°) for
(mpz):Pb3Brio at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 5003(1) 2960(1) 4366(1) 1 39(1)
Pb(2) 3640(1) 2882(1) 3770(1) 1 39(1)
Pb(3) 6370(1) 2851(1) 4917(1) 1 40(1)
Br(6) 4320(1) 2917(2) 3989(2) 1 57(1)
Br(7) 5000 1814(3) 2500 1 53(1)
Br(8) 5664(1) 2896(2) 4547(2) 1 57(1)
Br(9) 5000(1) 6101(2) 3760(2) 1 51(1)
Br(10) 3657(1) 1560(2) 1939(2) 1 56(1)
Br(11) 5000 0 5000 1 66(1)
Br(1) 6432(1) 5941(2) 4425(2) 1 50(1)
Br(2) 7011(1) 2360(2) 5045(2) 1 54(1)
Br(3) 3560(1) 5980(2) 3214(2) 1 50(1)
Br(4) 2975(1) 2428(2) 3392(2) 1 53(1)
Br(5) 3720(1) 22(2) 4463(2) 1 71(1)
N(1) 5630(3) -2895(16) 2761(9) 1 48(3)
H(1) 5410 -2927 2670 1 57
N(2) 2968(3) 3240(14) 6649(8) 1 38(3)
H(2) 3184 3428 6761 1 45
C@3) 5716(5) -2100(20) 3589(11) 1 59(5)
H(3A) 5932 -2042 3707 1 71
H(3B) 5647 -2602 4077 1 71
C(4) 5716(5) -2110(20) 2004(12) 1 59(5)
H(4A) 5651 -2624 1460 1 71
H(4B) 5932 -2025 2070 1 71
N(5) 2999(4) 229(14) 6640(11) 1 55(4)
H(5A) 2789 -28 6537 1 66
H(5B) 3117 -624 6688 1 66
N(6) 5668(3) 152(18) 2759(13) 1 69(5)
H(6A) 5564 1045 2711 1 83
H(6B) 5881 331 2830 1 83
C(8) 2879(5) 2401(17) 7386(11) 1 48(4)



H(8A)
H(8B)
C(9)
H(9A)
H(9B)
C(10)
H(10A)
H(10B)
C(11)
H(11A)
H(11B)
H11C()
C(12)
H(12A)
H(12B)
C(13)
H(13A)
H(13B)
C(14)
H(14A)
H(14B)
C(15)
H(15A)
H(15B)
H15C()

2666
2918
2899(4)
2945
2687
3061(5)
3273
3007
5729(5)
5943
5637
5674
5578(5)
5638
5362
3076(4)
3289
3029
5589(5)
5666
5373
2799(5)
2588
2861
2839

2193
2924
2430(20)
2986
2212
1030(20)
1239
472
-4340(20)
-4373
-4834
4777
-690(20)
-201
782
1097(18)
1307
577
-650(30)
1151
-701
4600(20)
4415
5171
5081

7272
7937
5825(11)
5328
5726
7463(13)
7583
7952
2802(15)
2823
2285
3325
1943(15)
1437
1845
5873(14)
5956
5323
3553(16)
4092
3521
6595(13)
6464
6134
7153

O e e e Y e T e e e e e e e e S N Sy S e Y S SN

58
58
51(4)
61
61
61(5)
73
73
70(6)
105
105
105
70(6)
84
84
56(5)
67
67
82(8)
98
98
58(5)
87
87
87
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"Ueq is defined as one third of the trace of the orthogonalized U tensor.

Table C11. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for (2,6-

dmpz),Pb,Brio at 296.15 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(01) 3054(2) 3095(1) 8371(1) 1 26(1)
Pb(02) -4706(2) 1350(1) 4290(1) 1 26(1)
Br(03) -5170(3) 478(1) 5882(1) 1 30(1)
Br(04) -4277(3) 2327(1) 2819(1) 1 33(1)
Br(05) 7987(3) 3074(1) 8203(1) 1 32(1)



Br(06)
Br(07)
Br(08)
Br(09)
Br(0A)
Br(0B)
Br(0C)
N(00D)
H(00A)
H(00B)
N(0OE)
H(00L)
HOON()
N(0OF)
H(0AA)
H
N(00G)
HO0C()
H(00D)
N(00H)
H(1AA)
H(A)
N(001)
H(00P)
H(00Q)
C(00J)
H(OOR)
C(00K)
H(2AA)
H(B)
c(00L)
H(3AA)
C(00M)
H(00M)

2981(3)
-4838(4)
2707(3)
32(3)
3264(3)
11246(3)
3453(4)
6360(20)
5206
7700
-1510(20)
-2639
-154
9370(30)
10502
8014
7830(30)
8969
6474
8150(20)
7051
9524
-270(20)
-1644
842
-1580(30)
-3000
9390(30)
10815
9093
8080(30)
6648
6300(30)
4905

1334(1)
2833(1)
3828(2)
1150(1)
4731(1)
1635(1)
2254(2)
1813(7)
1860
1830
1984(7)
2246
2141
6996(7)
7399
7285
1643(8)
1600
1630
5304(8)
4886
5033
925(8)
777
660
2291(9)
2165
6409(9)
6178
6707
5883(8)
6123
2533(9)
2544

9433(1)
4651(1)
9490(1)
4230(1)
7359(1)
11794(1)
7191(1)
11260(6)
11508
11464
6952(6)
7173
7073
7155(7)
7085
7120
9920(7)
9574
9727
7437(7)
7512
7472
6092(7)
5972
5869
6189(8)
6076
7864(9)
7919
8206
6706(7)
6666
10635(8)
10448

N e e = T = = = T e S S S S S B S N e = e T T N S e S o S S S e Y

34(1)
39(1)
40(1)
33(1)
41(1)
34(1)
47(2)
24(3)
28
28
29(4)
35
35
33(4)
40
40
35(4)
42
42
29(3)
34
34
29(3)
34
34
26(4)
32
36(5)
43
43
32(5)
38
35(5)
42
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COON()
H(00S)
H(00T)
C(000)
H(000)
C(00P)
H(4AA)
C(00Q)
H(00U)
H(00V)
H(00W)
C(00R)
H(0OE)
H(00F)
C(00S)
H(00G)
H(00H)
C(00T)
H(5AA)
HC()
C(00V)
H(00X)
H(00Y)
C(00V)
H(002)
H(D)
H(E)
C(00W)
H(00)
C(00X)
H(6AA)
H(F)
H(G)
C(00Y)

-190(30)
1237
-497
6180(30)
4781
7810(30)
6370
-1650(30)
-289
-1789
2778
7940(40)
7760
9328
8050(40)
9436
7970
9670(30)
9508
11103
40(30)
1464
-99
-1270(40)
-2350
-1399
119
-1780(30)
-3217
8470(40)
9905
8255
7478
7940(40)

631(10)
717

47
990(9)
953
5732(8)
5969
822(10)
992

237
1081
915(10)
407

906
2449(11)
2474
2900
6564(9)
6957
6344
1873(10)
2017
2055
3222(12)
3474
3417
3360
1070(9)
929
5407(11)
5204
5761
4954
5130(12)

6859(8)
6974
7017
11115(8)
10943
7993(8)
7976
8014(8)
8114
8194
8227
10565(9)
10446
10743
10094(9)
10266
9678
6593(9)
6148
6583
5826(7)
5905
5331
5948(9)
6188
5459
6047
7229(7)
7144
6174(9)
6179
5722
6285
8691(9)

N e e = T = = = T e S S S S S B S N e = e T T N S e S o S S S e Y

36(5)
43
43
23(4)
27
23(4)
27
35(5)
52
52
52
38(5)
45
45
42(5)
50
50
34(5)
40
40
32(5)
38
38
52(6)
78
78
78
26(4)
31
39(5)
58
58
58
52(6)
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H(7AA)
H(H)
H(1)
C(002)
H(001)
H(00J)
H(00K)
C(010)
H(01A)
H(01B)
HO1C()

6908
7654
9353
6600(40)
5768
6142
8087
6350(40)
7667
6344
5165

4700
5404
4900
3318(11)
3293
3774
3385
304(10)
364
213
327

8755
9044
8719
10827(10)
11255
10469
10881
11771(10)
11964
11667
12099

O e S N S S N = = W SN
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77
77
77
56(7)
85
85
85
46(6)
70
70
70

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

Table C12. Anisotropic displacement parameters (A?x10%) for (hex)PbBr; at 249.99 K with estimated
standard deviations in parentheses.

Label Un Uz Uss U Uis Uzs
Pb(01) 13(1) 25(1) 33(1) 8(1) 0(L) 1(0)
Pb(02) 14(1) 25(1) 34(1) A1) 1() 0(L)
Pb(03) 18(1) 20(1) 35(1) 3(1) (1) 2(1)
Pb(04) 18(1) 25(1) 40(1) 3(1) 4(1) 0()
Pb(05) 69(1) 52(1) 60(1) 16(1) -24(1) 6(1)
Pb(06) 72(0) 53(1) 62(1) 13(1) 27(1) 9(1)
Pb(07) 19(1) 32(1) 37(1) 2(1) 0(L) 3(1)
Pb(08) 19(1) 31(1) 44(1) 2(1) 2(1) 0()
Br(09) 31(1) 53(2) 23(2) 3(2) (1) 1(2)
Br(0A) 36(2) 37(2) 49(2) 5(2) 15(2) 20(2)
Br(0B) 34(2) 49(2) 28(2) 8(2) (1) 4(2)
Br(0C) 28(2) 51(2) 40(2) 4(2) 1(2) 5(2)
Br(OD) 35(2) 49(2) 4102) 6(2) 2(2) 3(2)
Br(OE) 48(2) 34(2) 44(2) 3(2) 12(2) -16(2)
Br(OF) 32(2) 46(2) 61(2) 70) 13(2) 26(2)
Br(0G) 44(2) 42(2) 59(2) 12(2) -16(2) 22(2)
Br(OH) 43(2) 37(2) 66(2) 13(2) 12(2) 26(2)
Br(Ol) 4702) 41(2) 56(2) 72) 13(2) 25(2)
Br(0J) 96(3) 84(2) 44(2) 24(2) 2(2) 4(2)



Br(0K)
Br(0L)
Br(OM)
Br(ON)
Br(00)
Br(OP)
Br(0Q)
Br(OR)
Br(0S)
Br(0T)
Br(0U)
Br(0V)
Br(OW)

55(2)
57(2)
92(2)
242(6)
35(2)
28(2)
42(2)
226(6)
41(2)
270(7)
245(7)
43(2)
49(2)

37(2)
36(2)
88(3)
66(3)
56(2)
62(2)
42(2)
67(3)
46(2)
62(3)
63(3)
47(2)
43(2)

53(2)
61(2)
38(2)
66(3)
29(2)
23(2)
58(2)
62(3)
67(2)
72(3)
75(3)
66(2)
57(2)

-13(2)
-14(2)
-11(2)
34(3)
-5(2)
-9(2)
-6(2)
33(3)
14(2)
30(3)
21(3)
15(2)
-4(2)

12(2)
10(2)
-1(2)
-3(3)
-1(2)
-2(1)
-13(2)
-1(3)
15(2)
-10(4)
23(4)
-11(2)
%)
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-21(2)
-24(2)
0(2)
23(2)
-4(2)
1(2)
20(2)
-18(2)
28(2)
16(2)
-18(2)
-24(2)
-15(2)

The anisotropic displacement factor exponent takes the form: -2n’[h%a"Uy; + ...

+ 2hka’b"U, 2].

Table C13. Anisotropic displacement parameters (Ax10°) for (hep)PbBr; at 293(2) K with estimated
standard deviations in parentheses.

Label U Uz Uss U Uis Uzs
Pb(1) 58(2) 68(2) 30(2) 9(2) 6(2) 5(2)
Pb(2) 42(2) 49(2) 29(2) 11(2) 5(2) 1(2)
Br(5) 75(7) 57(5) 41(4) 23(4) 6(4) 1(3)
Br(8) 76(9) 173(13) 102(9) 46(8) -18(7) -98(9)
Br(9) 85(8) 51(5) 79(7) 28(5) -15(6) 9(a)
Br(11) 55(6) 63(5) 87(7) -15(4) 38(5) 6(4)
Br(13) 54(6) 61(4) 81(6) 18(4) 27(5) 10(4)
Br(14) 81(9) 162(12) 103(9) 38(8) 10(7) 91(9)
Pb(3) 63(3) 59(2) 115(3) 5(2) 6(3) 18(2)
Br(7) 86(7) 70(5) 80(5) -29(6) 29(5) -19(6)
Br(10) 85(7) 69(5) 77(5) 36(6) 15(5) -11(6)
Br(17) 82(11) 182(16) 250(20) 48(11) 47(13) 150(17)
Br(18) 67(9) 56(5) 260(20) 21(5) 70(11) 21(8)
Pb(0A) 59(3) 106(4) 7102) 1(2) 4(2) 50(3)
Br(2) 63(8) 56(5) 280(20) 16(5) 64(11) 5(9)
Br(0A) 89(11) 185(16) 260(20) 52(11) 64(14) 167(18)

The anisotropic displacement factor exponent takes the form: -2n?[h?a"?Uy; + ...

+ 2hka"b"U 2]
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Table C14. Anisotropic displacement parameters (A?x10%) for (4amp)PbBrs at 293(2) K with estimated
standard deviations in parentheses.

Label Uu Uz, Us3 U Uis Uzs
Pb(1) 33(1) 39(1) 37(1) 2(1) 1(1) 2(1)
Br(2) 41(2) 46(1) 54(2) 1() 2(1) 0(L)
Br(3) 48(1) 43(2) 59(2) 7(1) 2(1) (1)
Br(4) 45(1) 52(1) 45(1) 6(1) 11(0) 2(1)
Br(5A) 48(2) 56(2) 49(2) 0(L) 16(1) 1(2)
N(1) 45(8) 36(7) 67(13) 0(6) 6(8) A7)
N(2) 47(9) 44(7) 55(10) 3(7) 6(7) A7)
c@3) 29(7) 47(8) 83(15) 6(6) 7(12) 2(11)
c(a) 35(8) 55(9) 41(10) A7) 10(7) 5(8)
C(5) 33(8) 58(10) 100(20) 3(7) 8(13) -20(14)
C(6) 54(10) 47(9) 50(12) 1(8) 5(10) 8(8)
c() 47(11) 51(10) 87(18) 2(9) -16(12) 1(11)
c(8) 37(10) 50(10) 96(19) 1(8) -9(10) 17(11)

The anisotropic displacement factor exponent takes the form:

2n%[h*a™U + ...

+ 2hkab"U, 2].

Table C15. Anisotropic displacement parameters (A?x10°) for (epz)PbBrs at 293(2) K with estimated
standard deviations in parentheses.

Label Un Uz, Uss Ui Uis Uzs
Pb(1) 43(1) 42(1) 41(1) 1(2) 4(1) 1(2)
Pb(2) 39(2) 51(2) 39(2) 3(2) 2(2) 102)
Pb(3) 39(2) 41(2) 41(2) 0@2) 3(2) 5(2)
Br(4) 58(4) 57(5) 58(4) 3(4) 7(4) 13(4)
Br(5) 59(4) 59(4) 51(3) 2(3) -13(3) -6(4)
Br(6) 56(3) 41(3) 62(4) 0(3) -7(3) -3(4)
Br(7) 64(4) 93(6) 62(4) 37(4) 17(4) 0(4)
Br(8) 68(2) 7302) 46(2) 11(7) [15(2) 3(6)
Br(9) 54(4) 58(5) 60(4) -10(4) 17(4) 2(4)
Br(10) 39(3) 54(5) 84(5) 0(3) 3(3) 9(4)
Br(11) 34(3) 59(5) 54(4) 7(3) 2(3) 3(4)
Br(12) 74(5) 54(5) 40(3) -16(4) 16(3) 4(3)
Br(13) 74(2) 67(2) 103(3) -20(2) -10(2) 36(2)



Br(1)
Br(2)

54(4)
66(4)

55(5)
48(4)

64(5)
47(3)

15(4)
5(3)

9(4)
11(3)
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2(4)
-10(3)

The anisotropic displacement factor exponent takes the form: -2n*[h*a*?Uy; + ...

+ 2hka’b"Uj2].

Table C16. Anisotropic displacement parameters (Ax10°) for (hmp)PbBrs at 293(2) K with estimated
standard deviations in parentheses.

Label Uu Uz, Uss U Uis Uzs
Ph(1) 37(1) 50(1) 42(1) 0 9(1) 0
Pb(2) 43(2) 36(1) 47() 0 14(1) 0
Pb(3) 54(1) 38(1) 43(1) 0 16(1) 0
Pb(4) 46(1) 36(1) 44(1) 0 15(1) 0
Br(5) 44(1) 46(1) 48(1) 0 15(1) 0
Br(6) 54(1) 53(1) 54(1) 0 15(1) 0
Br(7) 44(1) 52(1) 44(1) 0 15(1) 0
Br(8) 54(1) 53(1) 58(1) 2(1) 16(1) 2(1)
Br(9) 61(1) 40(1) 45(1) 0 19(1) 0
Br(10) 82(1) 40(2) 70() 3(1) 26(1) 2(1)
Br(L1) 90(2) 98(2) 44(1) 0 18(1) 0
Br(12) 73(2) 38(1) 50(1) 0 18(1) 0
Br(13) 52(1) 59(2) 62(1) 0 21(1) 0
Br(14) 66(1) 53(1) 59(1) 4(1) 17(1) 6(1)
Br(15) 50(2) 94(2) 108(2) 0 34(2) 0
Br(16) 47(1) 85(2) 84(2) 0 (1) 0
Br(17) 63(2) 78(2) 50(1) 0 7(0) 0
Br(18) 71(2) 128(3) 82(2) 0 ) 0
N(1) 68(7) 36(5) 56(6) 6(5) 20(5) 1(4)
N(2) 64(7) 66(7) 43(5) 1(6) 10(5) -4(5)
N(3) 50(6) 77(8) 80(8) 12(6) 33(6) 2(6)
C(4) 48(7) 52(8) 45(6) 1(6) 1(5) -5(5)
C(5) 46(6) 53(8) 66(7) 6(6) 19(6) 3(6)
C(6) 77(10) 57(9) 72(8) 27(8) 43(8) 24(7)
c(7) 67(8) 39(6) 60(7) -11(6) 17(6) 1(5)
c(8) 38(6) 57(9) 100(11) 3(6) 16(7) 1(8)
C(9) 44(7) 70(10) 73(9) 9(7) -14(6) 11(7)
N(14) 82(9) 63(9) 110(11) 12(7) 54(9) 4(7)



C(11)
C(12)
C(15)
C(14)

72(9)

92(12)
66(11)
75(12)

57(8)
54(9)
127(18)
121(19)

55(7)
65(8)

114(15)
160(20)

22(7)
7(8)

50(12)
26(13)

31(6)
32(8)
25(10)
11(14)
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5(6)
11(7)
3(13)
85(17)

The anisotropic displacement factor exponent takes the form: -2n?[h*a*?Uy; + ...

+ 2hkab*Usa].

Table C17. Anisotropic displacement parameters (A’x10°%) for C5 H12 Br4 N2 Pb at 293(2) K with

estimated standard deviations in parentheses.

Label Un Uz Us3 U Uis Uzs
Pb(1) 39(1) 41(2) 37(1) 0(L) 5(1) 0(L)
Pb(2) 37(1) 40(1) 39(1) 1() 4(1) 2(1)
Pb(3) 40(1) 40(1) 39(1) 2(1) 5(1) 1(1)
Br(6) 42(1) 68(2) 61(2) 5(1) 3(1) 7(1)
Br(7) 53(2) 72(2) 34(1) 0 6(1) 0
Br(8) 42(1) 69(2) 61(2) 3(1) 8(1) 6(1)
Br(9) 58(1) 56(1) 40(1) 1(1) 8(1) 4(1)
Br(10) 45(1) 84(2) 39(1) 2(1) 6(1) 0(1)
Br(L1) 87(2) 48(2) 65(2) 2(2) 13(2) 11(2)
Br(1) 60(1) 48(1) 45(1) 7(1) 11(1) 1()
Br(2) 43(1) 54(1) 65(2) 7(1) 6(1) -16(1)
Br(3) 57(1) 51(1) 41(1) 9(1) 4(1) 2(1)
Br(4) 42(1) 55(1) 60(1) 3(1) 5(1) 5(1)
Br(5) 70(2) 50(2) 93(2) 0(1) 132) 28(2)
N(1) 53(9) 43(8) 43(7) -1(7) 5(7) 3(6)
N(2) 44(7) 38(7) 35(6) -4(6) 19(6) 3(5)
C3) 67(12) 69(13) 39(8) 8(10) 4(8) -19(9)
0 65(12) 70(13) 42(9) 5(11) 6(8) 7(9)
N() 60(9) 27(6) 77(11) 5(7) 5(8) 77)
N(6) 37(8) 46(9) 122(16) 9(7) 2(9) 16(10)
c(8) 75(12) 38(8) 37(8) 6(8) 22(8) 7(7)
C(9) 57(11) 57(11) 37(8) 2(9) 3(7) 15(8)
C(10) 76(14) 48(10) 56(10) -15(10) 2(10) 10(9)
Cc(11) 80(15) 50(12) 79(14) 13(11) 11(12) 0(10)
C(12) 63(13) 72(14) 74(14) 5(11) 1(12) 37(12)
C(13) 56(11) 36(8) 78(13) -10(8) 19(10) -16(9)
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C(14) 62(14) 98(19) 85(16) 14(13) 9(12) -45(15)
C(15) 63(12) 51(10) 63(12) 13(9) 18(10) 3(9)

The anisotropic displacement factor exponent takes the form: -2n[h%a™Uy; +... + 2hka"b"Uia].

Table C18. Anisotropic displacement parameters (A’x10%) for (2,6-dmpz).Pb,Brio at 296.15 K with
estimated standard deviations in parentheses.

Label Uu Uz, Us3 U Uis Uzs
Pb(01) 20(1) 27(2) 32(1) 2(1) A1) 7(1)
Pb(02) 23(1) 26(1) 20(1) 0(L) A1) 6(1)
Br(03) 19(2) 33(1) 39(1) 2(1) A1) 13(2)
Br(04) 23(2) 47() 20(1) 1(1) 5(1) 9(1)
Br(05) 25(2) 38(1) 37(1) 1(1) 6(1) -15(1)
Br(06) 30(2) 30(1) 43(1) 4(1) 3(1) 8(1)
Br(07) 49(2) 31(1) 40(1) 5(1) 9(1) 13(2)
Br(08) 38(2) 45(1) 38(1) 3(1) -10(1) -15(1)
Br(09) 27(2) 32(1) 41(2) 0(L) 5(1) 9(1)
Br(0A) 20(2) 34(1) 60(2) 1(1) 7(1) 6(1)
Br(0B) 19(2) 38(1) 51(1) 0(L) 7(1) -19(2)
Br(0C) 20(2) 76(2) 60(2) 1() 7(1) 44(2)
N(00D) 22(11) 23(7) 26(7) 1(5) 6(6) 7(5)
N(00E) 39(12) 24(7) 27(7) -9(6) 7(7) 8(6)
N(0OF) 27(12) 15(7) 53(9) 8(6) 5(7) 5(6)
N(00G) 49(14) 30(8) 27(7) -9(7) -5(7) -9(6)
N(O0H) 0(11) 31(8) 52(9) 5(5) 1(7) -7(6)
N(001) 12(11) 41(8) 38(8) 3(6) 4(7) -19(6)
C(00J) 27(14) 25(8) 29(9) -5(7) -6(8) -8(7)
C(00K) 50(16) 12(8) 50(11) 3(7) -14(10) -14(7)
C(o0L) 70(16) 7(7) 18(8) -11(7) -18(8) 3(6)
C(0OM)  53(17) 17(8) 33(9) 4(7) -20(9) 2(7)
COON() 38(16) 34(9) 33(10) -10(8) -12(9) :3(8)
C(000) 11(13) 28(8) 30(8) -3(6) -5(7) -10(7)
C(00P) 7(13) 25(8) 40(9) 10(6) 4(8) -16(7)
C(00Q) 33(15) 43(10) 28(9) 3(8) -15(9) 5(8)
C(O0R) 46(18) 29(9) 43(10) 9(8) 2(9) -20(8)

C(00S) 54(19) 47(11) 27(9) 5(9) -13(9) -14(8)



C(00T) 29(15)
C(00V) 33(15)
C(00V) 50(20)
C(00W) 22(14)
C(00X) 21(17)
C(00Y) 80(20)
C(002) 70(20)
C(010) 46(18)

14(8)

60(11)
61(13)
35(9)

57(12)
52(12)
48(12)
30(10)

51(11)
7(7)
34(10)
25(8)
43(11)
27(10)
47(12)
50(12)

0(7)
-7(9)
-20(11)
1(7)
4(9)
1(11)
12(11)
-7(8)

0(9) 1(7)
-3(7) -14(7)
-10(10) 1(9)

0(7) -13(7)
7(9) -23(9)
-7(10) -10(9)
-20(12) -8(10)
-15(11) 15(8)
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The anisotropic displacement factor exponent takes the form: -2n[h%a™Uy; +... + 2hka"b"Uia].
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Figure C1. Experimental and calculated Powder X-ray diffraction (PXRD) patterns of (a) (2,6-
dmpz);:Pb2Brio, (b) (4amp)PbBr4, (c) (mpz):Pbs3Brio, (d) (epz)PbBrs, (e) (hmp)PbBr4, (f)
(hep)PbBr3 and (g) (hex)PbBr;. PXRD analysis was performed using a Rigaku Miniflex600
powder X-ray diffractometer (Cu Ka graphite, > = 1.5406 A) operating at 40 kV/15 mA with a KB
foil filter. Calculated patterns were simulated using the Mercury software. !
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Figure C2. Comparison of the calculated and experimental band gaps of (2,6-dmpz)3;Pb2Bro,

(hep)PbBr3, (4amp)PbBr4 and (epz)PbBra.
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Figure C3. Projected density of states (PDOS) of (a) (2,6-dmpz)3;Pb2Brio, (b) (hep)PbBr3, (c)

(4amp)PbBr4 and (d) (epz)PbBry4.
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(2,6-dmpz);Pb,Bry,

Figure C4. Localized density of states of the conduction band and valence band of (2,6-
dmpz);Pb2Brio. CB; and VB, are the conduction band minimum and valence band maximum,
respectively.

(hep)PbBr,

Figure C5. Localized density of states of the conduction band and valence band of (hep)PbBrs.
CBi and VB4 are the conduction band minimum and valence band maximum, respectively.
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(4amp)PbBr,

Figure C6. Localized density of states of the conduction band and valence band of (4amp)PbBra.

(epz)PbBr,

Figure C7. Localized density of states of the conduction band and valence band of (epz)PbBr4.
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Figure C8. Unnormalized steady-state PL spectra of (a) (2,6-dmpz)3;Pb2Brio, (b) (hep)PbBr3, (c)
(4amp)PbBr4, (d) (epz)PbBr4, () (hmp)PbBrs and (f) (mpz)2PbsBrio.
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Figure C9. Time-resolved PL decay of (a) (4amp)PbBr4, (b) (2,6-dmpz);Pb2Br10, (c) (epz)PbBrs,
(d) (hep)PbBr3, (e) (hmp)PbBrs, (f) (mpz)2PbsBrio.

a b
\ 5K, 450 nm | 5K, 620 nm
\‘ .
|
|
‘\ Tavg= 2.95 ns ! Tag= 0.78 Ns
\ ‘l
\ x
\_ \
— \\-u y —_— -
0 10 20 30 40 50 0 10 20 30 40 50
c Time (ns) d Time (ns)
i |
l 195K, 450 nm ‘ 195K, 620 nm
!
1 :
‘; Tpg= 0.56 ns Tavg= 28.02 ns
\ |
|
”’Wwwwmmm%m ——— Bt
0 10 20 30 40 50 0 10 20 30 40 50
Time (ns)

Time (ns)
Figure C10. Time-resolved PL decay of (2,6-dmpz);Pb,Brio at different temperatures
emission wavelength.
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Figure C11. 2D time-resolved PL spectra of (mpz)>Pb3Br at different temperatures.
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Figure C12. 2D time-resolved PL spectra of (hep)PbBr3 at different temperatures.
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Figure C14. 2D time-resolved PL spectra of (epz)PbBr; at different temperatures.
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Figure C15. 2D time-resolved PL spectra of (hmp)PbBr4 at different temperatures.
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Table D1. Pb-I bond lengths and Pb-I-Pb angles in 3AMPPbl,.

Label
Pb(1)-I(1)
Pb(1)-1(2)
Pb(1)-1(3)
Pb(1)-1(4)
Pb(1)-1(5)
Pb(1)-1(7)
Pb(2)-1(3)#1
Pb(2)-1(5)
Pb(2)-1(6)
Pb(3)-1(4)#1
Pb(3)-1(7)
Pb(3)-1(8)

Distances (A)
3.223(3)
3.143(3)
3.164(5)
3.225(6)
3.208(5)
3.241(5)
3.196(4)
3.199(5)
3.186(3)
3.151(5)
3.149(4)
3.164(3)

Label
Pb(1)-1(3)-Pb(2)#8
Pb(1)-1(4)-Pb(3)#8
Pb(1)-1(5)-Pb(2)
Pb(1)-1(7)-Pb(3)

Table D2. Pb-1 bond lengths and Pb-I-Pb angles in 4AMPPbL.

Label
Pb(1)-1(1)
Pb(1)-1(2)
Pb(1)-1(3)
Pb(1)-1(4)
Pb(1)-1(4)#1
Pb(1)-1(5)
Pb(2)-1(1)#2
Pb(2)-1(5)
Pb(2)-1(6)
Pb(2)-1(7)
Pb(2)-I(8)
Pb(2)-1(8)#3

Distances (A)
3.329(7)
3.108(9)
3.213(9)
3.170(5)
3.258(4)
3.166(6)
3.107(7)
3.268(6)
3.138(11)
3.246(10)
3.160(6)
3.270(6)

Label
Pb(1)-I(1)-Pb(2)#11
Pb(1)-1(4)-Pb(1)#5
Pb(1)-1(5)-Pb(2)
Pb(2)-1(8)-Pb(2)#9

Angles (°)
168.83(17)
163.39(15)
164.43(17)
163.94(14)

Angles (°)
154.59(18)
154.37(18)
154.3(2)
154.2(3)
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Table D3. Pb-I bond lengths and Pb-I-Pb angles in 3AMP(MA)Pb.l-.

Label
Pb(1)-1(1)
Pb(1)-1(2)
Pb(1)-1(5)
Pb(1)-1(5)#1
Pb(1)-1(7)#2
Pb(1)-1(7)#1
Pb(2)-I(1)
Pb(2)-1(3)
Pb(2)-1(4)
Pb(2)-1(4)#3
Pb(2)-1(6)#4
Pb(2)-1(6)#3

Distances (A)
3.219(3)
3.1383(19)
3.1650(19)
3.1669(18)
3.1682(18)
3.1681(18)
3.198(3)
3.1276(18)
3.1642(18)
3.1652(18)
3.1667(17)
3.1678(18)

Label

Pb(1)-1(1)-Pb(2)
Pb(2)-1(4)-Pb(2)#9
Pb(1)-1(5)-Pb(1)#10
Pb(2)#2-1(6)-Pb(2)#9
Pb(1)#4-1(7)-Pb(1)#10

Table D4. Pb-I bond lengths and Pb-I-Pb angles in 4AMP(MA)Pb:l-.

Label
Pb(1)-I(1)
Pb(1)-1(2)
Pb(1)-1(5)
Pb(1)-1(5)#1
Pb(1)-1(7)#2
Pb(1)-1(7)#1
Pb(2)-1(1)
Pb(2)-1(3)
Pb(2)-1(4)
Pb(2)-1(4)#3
Pb(2)-1(6)#4
Pb(2)-1(6)#3

Distances (A)
3.233(5)
3.090(4)
3.192(3)
3.193(3)
3.185(3)
3.20003)
3.266(5)
3.097(3)
3.188(3)
3.202(3)
3.198(3)
3.191(3)

Label

Pb(1)-1(1)-Pb(2)
Pb(2)-1(4)-Pb(2)#9
Pb(1)-1(5)-Pb(1)#10
Pb(2)#2-1(6)-Pb(2)#9
Pb(1)#4-1(7)-Pb(1)#10

Angles (°)
180.0(5)

163.40(6)
163.16(6)
163.13(6)
162.85(6)

Angles (°)
179.80(19)
156.38(10)
156.81(10)
156.08(10)
156.48(10)
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Table DS. Pb-I bond lengths and Pb-I-Pb angles in 3AMP(MA ),Pbsljo.

Label Distances (A) Label Angles (°)
Pb(1)-1(2) 3.203(4) Pb(1)-1(2)-Pb(1)#3 156.53(14)
Pb(1)-1(2)#1 3.196(4) Pb(1)-1(3)-Pb(1)#5 156.57(13)
Pb(1)-1(3) 3.198(4) Pb(1)-1(4)-Pb(2) 179.84(18)
Pb(1)-1(3)#2 3.203(4) Pb(1)-1(5)-Pb(3) 179.88(16)
Pb(1)-1(4) 3.185(5) Pb(2)-1(6)-Pb(2)#5 166.15(15)
Pb(1)-1(5) 3.130(4) Pb(3)#10-1(7)-Pb(3)#2 167.96(15)
Pb(2)-1(4) 3.178(4) Pb(2)-1(8)-Pb(2)#1 166.26(15)
Pb(2)-1(6) 3.153(4) Pb(3)-1(9)-Pb(3)#2 167.80(15)
Pb(2)-1(6)#2 3.158(4)
Pb(2)-1(8) 3.153(4)
Pb(2)-1(8)#3 3.160(4)
Pb(2)-1(10) 3.120(4)
Pb(3)-I(1) 3.093(3)
Pb(3)-1(5) 3.304(4)
Pb(3)-1(7)#4 3.153(4)
Pb(3)-I(7)#5 3.149(4)
Pb(3)-1(9) 3.153(4)

Pb(3)-1(9)#5 3.148(4)
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Table D6. Pb-I bond lengths and Pb-I-Pb angles in 4AMP(MA ),Pbslo.

Label Distances (A) Label Angles (°)
Pb(1)-12) 3.184(3) Pb(1)-1(2)-Pb(1)#5 157.73(10)
Pb(1)-I(2)#1 3.184(3) Ph(1#11-13)-Pb(1#7 | 157.80(10)
Pb(1)-1(3)#2 3.183(3) Pb(1)-1(4)-Pb(2) 179.60(14)
Pb(1)-1(3)#3 3.184(3) Pb(1)#11-1(5)-Pb(3) 179.58(15)
Pb(1)-1(4) 3.174(4) Pb(2)#6-1(6)-Pb(2)#1 | 157.01(10)
Pb(1)-1(5)#2 3.171(4) Pb(Y#4-I(7)-Pb3)#7 | 157.37(10)
Pb(2)-1(4) 3.258(4) Pb(2)-I(8)-Pb(2)#1 156.95(10)
Pb(2)-1(6)#4 3.185(3) Pb(3)-I(9)-Pb(3)#7 157.38(10)
Pb(2)-I(6)#5 3.189(3)
Pb(2)-I(8) 3.186(3)
Pb(2)-I(8)#5 3.193(3)
Pb(2)-I(10) 3.087(3)
Pb(3)-I(1) 3.061(4)
Pb(3)-I(5) 3.278(4)
Pb(3)-I(7)#6 3.186(3)
Pb(3)-I(7)#3 3.187(3)
Pb(3)-1(9) 3.188(3)

Pb(3)-1(9)#3 3.182(3)



Table D7. Pb-I bond lengths and Pb-I-Pb angles in 3AMP(MA );Pbal;s.

Label
Pb(4)-1(1)
Pb(4)-1(3)
Pb(4)-1(6)
Pb(4)-1(6)#1
Pb(4)-1(7)
Pb(4)-1(7)#2
Pb(1)-1(2)
Pb(1)-1(2)#1
Pb(1)-1(4)
Pb(1)-1(10)
Pb(1)-1(12)
Pb(1)-I(12)#2
Pb(2)-1(4)
Pb(2)-1(8)
Pb(2)-1(14)
Pb(2)-1(14)#3
Pb(2)-1(15)
Pb(2)-1(15)#4
Pb(3)-1(3)
Pb(3)-1(9)
Pb(3)-1(9)#2
Pb(3)-1(10)
Pb(3)-I(11)
Pb(3)-I(11)#1

Distances (A)
3.197(6)
3.196(5)
3.175(7)
3.138(8)
3.176(8)
3.143(7)
3.202(5)
3.170(6)
3.112(5)
3.251(6)
3.210(6)
3.179(6)
3.313(5)
3.060(5)
3.141(8)
3.168(7)
3.146(8)
3.174(8)
3.173(5)
3.204(5)
3.174(6)
3.131(6)
3.216(6)
3.178(5)

Label
Pb(1)-1(2)-Pb(1)#4
Pb(4)-1(3)-Pb(3)
Pb(1)-1(4)-Pb(2)
Pb(4)-1(6)-Pb(4)#4
Pb(4)-1(7)-Pb(4)#3
Pb(3)-1(9)-Pb(3)#3
Pb(1)-1(10)-Pb(3)
Pb(3)-1(11)-Pb(3)#4
Pb(1)-1(12)-Pb(1)#3
Pb(2)-1(14)-Pb(2)#2
Pb(2)-1(15)-Pb(2)#1

Angles (°)
158.61(18)
176.42(18)
176.6(2)
165.7(3)
166.2(3)
158.13(18)
176.4(2)
157.98(19)
158.46(19)
166.2(3)
166.2(3)
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Table D8. Pb-I bond lengths and Pb-I-Pb angles in 4AMP(MA );Pbal;s.

Label Distances (A) Label Angles (°)
Pb(1)-I(1) 3.137(9) Pb(1)-1(2)-Pb(4) 178.93)
Pb(1)-1(2) 3.254(7) Pb(2)-1(3)-Pb(3) 178.6(3)
Pb(1)-1(4) 3.170(7) Pb(1)-1(4)-Pb(1)#4 157.9(2)
Pb(1)-1(4)#1 3.177(7) Pb(1)-1(5)-Pb(1)#3 158.6(2)
Pb(1)-1(5) 3.211(7) Pb(4)-1(7)-Pb(4)#3 160.3(2)
Pb(1)-1(5)#2 3.199(7) Pb(2)-1(8)-Pb(4) 178.3(4)
Pb(2)-1(3) 3.122(8) Pb(4)-1(9)-Pb(4)#4 160.5(2)
Pb(2)-1(8) 3.214(10) Pb(2)-1(10)-Pb(2)#3 162.5(3)
Pb(2)-1(10) 3.116(8) Pb(3)-1(11)-Pb(3)#2 157.7(3)
Pb(2)-1(10)#2 3.172(8) Pb(3)-1(12)-Pb(3)#1 158.4(2)
Pb(2)-1(13) 3.181(7) Pb(2)-1(13)-Pb(2)#4 161.7(2)
Pb(2)-1(13)#1 3.212(7)

Pb(3)-1(3) 3.284(8)

Pb(3)-1(6) 3.004(8)

Pb(3)-1(11) 3.168(8)

Pb(3)-1(11)#3 3.182(8)

Pb(3)-1(12) 3.213(7)

Pb(3)-1(12)#4 3.197(7)

Pb(4)-1(2) 3.175(7)

Pb(4)-1(7) 3.173(7)

Pb(4)-1(7)#2 3.229(8)

Pb(4)-1(8) 3.166(10)

Pb(4)-1(9) 3.142(7)

Pb(4)-1(9)#1 3.169(7)
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Table D9. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10%) for
3AMPPbL, at 293 K with estimated standard deviations in parentheses.

*

Label X y z Occupancy Ueq
Pb(1) -44(2) 2492(1) -75(1) 1 32(1)
Pb(2) 5000 5000 0 1 33(1)
Pb(3) 5000 0 0 1 33(1)
I(1) 493(5) 2086(2) 1478(2) 1 51(2)
1(2) -517(5) 2692(2) -1620(2) 1 47(2)
1(3) -2462(4) 3729(3) 115(2) 1 55(2)
1(4) -2699(6) 1250(3) -263(2) 1 70(2)
I(5) 2779(6) 3637(3) 123(2) 1 69(2)
1(6) 4553(5) 4770(2) -1563(2) 1 46(2)
1(7) 2234(4) 1126(3) -216(2) 1 49(2)
1(8) 4422(5) -443(2) -1515(2) 1 57(2)
N(1) 6340(40) 7974(13) -3018(12) 1 62(4)
N(2) 4570(50) 7642(19) -1117(16) 1 62(4)
C(1) 4360(50) 7035(16) -1612(12) 1 62(4)
C(2) 5060(30) 7232(11) -2212(9) 1 62(4)
C@3) 5260(40) 7961(10) -2515(12) 1 62(4)
C4) 6150(40) 7351(15) -3497(10) 1 62(4)
C(5) 5950(40) 6623(13) -3195(12) 1 62(4)
C(6) 4870(40) 6610(11) -2691(11) 1 62(4)
N(@3) 8830(40) 4502(14) -1900(14) 1 65(4)
N(4) 10660(50) 4800(20) -3859(15) 1 65(4)
C(7) 10880(40) 5271(18) -3251(12) 1 65(4)
C(8) 10200(30) 5313(13) -2624(9) 1 65(4)
C(9) 10350(40) 5893(13) -2104(11) 1 65(4)
C(10) 9210(40) 5836(14) -1625(13) 1 65(4)
C(11) 8980(40) 5083(16) -1380(11) 1 65(4)
C(12) 9960(40) 4560(12) -2378(13) 1 65(4)
H(lcl) 4853.68 6604.9 -1413.44 1 75
H(2cl) 3265 6937 -1742.07 1 75
H(1c2) 6047.57 7361.41 -1953.38 1 75
H(1c3) 5610.41 8305.52 -2170.57 1 75
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H(2c3) 4254.39 8145.99 -2710.1 1 75
H(1c4) 7024.51 7337.8 -3730.6 1 75
H(2c4) 5280.13 7443.87 -3841.68 1 75
H(1c5) 6956.89 6437.9 -2999.28 1 75
H(2c5) 5600.85 6278.26 -3538.79 1 75
H(1c6) 3811.03 6589.75 -2913.2 1 75
H(2c6) 4999.54 6160.68 -2450.55 1 75
H(1c7) 11933.6 5454.05 -3171.48 1 78
H(2c7) 11227.93 5744.74 -3359.91 1 78
H(1c8) 9349 5615.63 -2821.38 1 78
H(1c9) 10246.17 6361.18 -2312.81 1 78
H(2c¢9) 11392.6 5897.46 -1863.57 1 78
H(1cl0) 9533.19 6150.93 -1254.78 1 78
H(2c10) 8220.97 6033.6 -1823.68 1 78
H(lcll) 9816.81 4964.06 -1029.9 1 78
H(2cll) 8073.97 5074.79 -1163.15 1 78
H(lcl2) 9640.61 4244.57 -2748.84 1 78
H(2c12) 10953.15 4361.46 -2179.98 1 78
H(1nl) 6223.91 8380.86 -3236.12 1 75
H(2nl) 7300.57 7991.76 -2816.87 1 75
H(1n2) 3656.9 7807.94 -1063.86 1 75
H(2n2) 5060.24 7482.35 -740.51 1 75
H(3n2) 5106.92 7989 -1260.55 1 75
H(1n3) 7879.98 4498.97 -2117.42 1 78
H(2n3) 8918.41 4078.36 -1710.4 1 78
H(1n4) 11125.31 5002.19 -4160.62 1 78
H(2n4) 11061.8 4376.59 -3759.84 1 78
H(3n4) 9668.69 4759.36 -4009.36 1 78

"Ueq is defined as one third of the trace of the orthogonalized U tensor.

Table D10. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°) for
4AMPPDI, at 293 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq'
Pb(1) 7(3) 4916(3) 312) 1 32(1)
Pb(2) 9(4) -82(3) 2102) 1 43(2)




I(1)
1(2)
1(3)
1(4)
I(5)
1(6)
1(7)
1(8)
N(1)
N(2)
C)
C@2)
&€)
C4)
C(5)
C(6)
N@3)
N(4)
C(7)
C(®)
CO)
C(10)
C(11)
C(12)
H(lcl)
H(2cl)
H(1c2)
H(1c3)
H(2c3)
H(1c4)
H(2c¢4)
H(1c5)
H(2¢5)
H(1c6)

32(8)
-2955(7)
3036(8)
45(6)
33(8)
-2995(9)
3081(9)
77(10)
2620(30)
7520(40)
3540(30)
4850(30)
5590(30)
6920(30)
6950(30)
5530(30)
7260(30)
2950(30)
7060(30)
5660(30)
5150(30)
3770(30)
3530(30)
4860(40)
3286.03
3531.47
4758.19
5612.88
5129.16
7450.16
6929.35
7320.36
7208.87
5290.71

7488(5)
4760(10)
4679(8)
5565(4)
2439(4)
-17(9)
-79(10)
-568(6)
2740(70)
2210(50)
2850(60)
2560(40)
2770(50)
2340(60)
2890(40)
2840(60)
1340(40)
2470(40)
2510(40)
2750(20)
1660(30)
1640(40)
2980(30)
3380(30)
2375.99
3567.8
1863.76
3528.27
2502.12
2783.6
1667.21
2699.27
3614.75
2337.67

636(4)
-127(6)
-99(6)
2414(3)
451(4)
284(7)
242(6)
2264(4)
2040(40)
2510(30)
2950(30)
2575(18)
3576(18)
3580(30)
1640(30)
1558(19)
-2200(30)
-2290(30)
-2380(40)
-2350(20)
-2090(30)
-1760(30)
-3260(20)
-3110(30)
3514.52
3198.95
2260.62
3705.27
4179.31
4021.08
3952.04
967.49
1739.29
1011.11

63(3)
119(4)
106(4)
41(2)
59(2)
107(3)
108(4)
96(3)
133(11)
133(11)
133(11)
133(11)
133(11)
133(11)
133(11)
133(11)
97(6)
97(6)
97(6)
97(6)
97(6)
97(6)
97(6)
97(6)
159.8
159.8
159.8
159.8
159.8
159.8
159.8
159.8
159.8
159.8
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H(2c6) 5207.3 3502.78 1292.2 1 159.8
H(1c7) 7403.73 2704.18 -3059.67 1 116.5
H(2c7) 7484.07 2904.31 -1826.5 1 116.5
H(1cB) 5586.79 3357.69 -1893.93 1 116.5
H(1c9) 5657.47 1350.81 -1530.34 1 116.5
H(2c9) 5280.42 1193.13 -2679.05 1 116.5
H(1c10) 3429.75 945.16 -1898.07 1 116.5
H(2c10) 3708.2 1712.58 -1003.84 1 116.5
H(1cl1) 3504.26 2493.96 -3848.26 1 116.5
H(2cll) 2991.94 3557.16 -3491.73 1 116.5
H(lcl2) 4839.24 4114.59 -2884.32 1 116.5
H(2c12) 5279.6 3420.53 -3792.8 1 116.5
H(Inl) 2131.73 2185.2 2141.06 1 159.8
H(2nl) 2150.01 3308.22 1994.51 1 159.8
H(3nl) 3038.33 2655.15 1443.28 1 159.8
H(1n2) 7485.65 1542.92 2315.91 1 159.8
H(2n2) 8330 2336.29 2549.53 1 159.8
H(1n3) 6959.93 1159.52 -1575.68 1 116.5
H(2n3) 6876.76 976.99 -2692.53 1 116.5
H(3n3) 8075.73 1196.74 -2215.69 1 116.5
H(1n4) 2746.37 2952.88 -1831.06 1 116.5
H(2n4) 2223.96 2182.68 -2463.51 1 116.5

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

Table D11. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
3AMP(MA)Pb.l; at 250 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"

Pb(1) 33(1) 1(1) 1292(1) 1 35(1)
Pb(2) 33(1) -1(1) 3209(1) 1 30(1)
1(1) 33(3) -1(1) 2254(1) 1 65(1)
12) 31(2) 3(3) 355(1) | 97(1)
13) 33(2) 3(3) 4143(1) | 96(1)
1(4) 2830(2) 2136(2) 3198(1) 1 80(1)
1(5) 2834(2) 2131(2) 1306(1) 1 78(1)
1(6) 2097(2) 71312) 3196(1) 1 80(1)



I(7)
N(1)
N(2)
NQ@3)
C(1)
C(2)
C@3)
C4)
C(5)
C(6)
C(7)
H(lcl)
H(2cl)
H(3cl)
H(1c4)
H(2c4)
H(1c5)
H(2c5)
H(1c6)
H(2c6)
H(1c7)
H(2c7)
H(Inl)
H(2nl1)
H(3nl)
H(1n2)
H(2n2)
H(1n3)
H(2n3)
H(3n3)
H(1c2)
H(1c3)
H(2c3)

2092(2)
4250(30)
6030(30)
5760(50)
5460(40)
5350(30)
5690(40)
3810(30)
3790(30)
4930(50)
4850(40)
5791.3
6303.73
5075.9
3151.02
3362.01
2782.4
4022.23
5210.82
3865.94
5330.72
4285.69
4568.48
3450.88
4027.04
6901.28
6161.52
5516.38
6727.03
5511.49
6222.7
4852.67
6515.97

7125(2)
630(30)
610(30)
870(40)
-550(40)
-300(20)
1020(20)
-400(30)
-1090(40)
-360(30)
-350(40)
-642.62
-255.41
-1499.4
-968.91
584.2
-1061.35
214718
-1320.91
211.1
1112.01
242.7
1462.01
314.12
786.83
154.25
1429.98
1739.44
728.33
842.5
-940.88
1715.6
1583.86

1307(1)
2357(11)
296(7)
-1045(8)
2330(13)
-392(7)
-129(7)
-208(8)
201(9)
-826(7)
490(8)
2057.98
249435
2421.36
-380.92
-197.55
306.84
182.32
-934.7
-854.89
651.15
677.48
22493
2230.79
2606.59
307.07
436.03
-945.12
-1021.68
-1296.91
-398.3
-134.75
-238.71

— = = e ek e e ek e e e e e e ek e e e e e e ek e e e e e ek e e e e
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78(1)
247(12)
312(8)
312(8)
247(12)
312(8)
312(8)
312(8)
312(8)
312(8)
312(8)
296.8
296.8
296.8
374.8
374.8
374.8
374.8
374.8
374.8
374.8
374.8
296.8
296.8
296.8
374.8
374.8
374.8
374.8
374.8
374.8
374.8
374.8

*Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table D12. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10°) for
4AMP(MA)PD:I; at 250 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 33(2) 2(2) 1285(1) | 33(1)
Pb(2) 34(2) 202) 3219(1) | 32(1)
1(1) -40(6) 0(1) 2247(2) | 55(1)
12) 33(5) 2(4) 365(1) | 140(3)
13) 37(4) -1(4) 4140(1) | 133(2)
1(4) 2982(4) -1973(2) 3204(2) | 58(1)
1(5) 2979(4) 1987(2) 1293(2) 1 60(1)
1(6) 1941(4) -6970(2) 3204(2) | 58(1)
1(7) 1941(4) 6986(2) 1294(2) 1 59(1)
N(1) 4310(30) 470(40) 2387(9) 1 195(9)
NQ) 5360(20) 380(20) 483(5) 1 172(4)
NG) 5380(30) 340(30) -1064(4) 1 172(4)
(1) 5640(30) -570(40) 2353(12) 1 195(9)
cQ) 4951(16) 98(16) 347(4) 1 149(10)
C3) 6433(19) 720(30) 2205(5) 1 172(4)
C(4) 4320(20) -1140(20) -89(5) | 172(4)
C(5) 4180(20) -710(30) 342(5) 1 172(4)
C(6) 4500(30) -480(30) -749(5) 1 172(4)
C(7) 6749(17) 420(30) 227(5) 1 172(4)
H(lcl) 6203.44 -328.27 2117.51 1 2344
H(2cl) 6277.85 -446.53 2582.57 1 2344
H(3cl) 5295.22 -1596.42 2339.22 1 2344
H(1c2) 4600.72 1125.82 -344.26 1 179
H(1c3) 6467.5 1788.58 -254.29 1 205.8
H(2c3) 7238.38 311.47 -363.49 1 205.8
H(1c4) 4939.19 -2022.26 -113.5 1 205.8
H(2c4) 3349 .81 -1439.34 -189.49 1 205.8
H(1c5) 3191.54 -295.83 389.41 1 205.8
H(2c5) 4210.36 -1610.09 502.04 1 205.8
H(1c6) 4716.47 -1545.09 -765.12 1 205.8
H(2c6) 3441.97 -316.26 -789.95 1 205.8
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H(1c7) 7292.96 -510.01 253.33 1 205.8
H(2c7) 7432.3 1178.63 326.4 1 205.8
H(Inl) 4181.55 949.42 2162.8 1 2344
H(2nl) 3498.36 -55.05 2439.48 1 2344
H(3nl) 4462.39 1119.78 2576.65 1 2344
H(1n2) 4972.11 1280.7 498.31 1 205.8
H(2n2) 5615.26 158.63 726.02 1 205.8
H(1n3) 5118.85 7.63 -1297.47 1 205.8
H(2n3) 5197.91 1302.55 -1048.12 1 205.8
H(3n3) 6346.03 181.08 -1028.37 1 205.8

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

Table D13. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°) for
3AMP(MA),Pbslio at 250 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 4955(2) 5001(3) 4994(1) 1 29(1)
Pb(2) 4956(2) 4999(2) 7757(1) 1 30(1)
Pb(3) 4956(2) 4999(2) 2200(1) | 29(1)
1(1) 4972(5) 5006(5) 858(2) 1 102(2)
12) 1935(4) 6986(3) 4968(2) 1 54(2)
13) 7969(4) 3018(3) 4968(2) 1 55(2)
1(4) 4951(6) 5002(4) 6377(2) 1 64(2)
1(5) 4952(5) 5002(4) 3635(2) 1 55(1)
1(6) 7163(4) 2211(5) 7709(2) 1 76(2)
1(7) 2718(4) 12235(5) 2190(2) 1 80(2)
1(8) 7742(5) 7209(5) 7710(2) 1 77(2)
109) 2187(4) 2764(5) 2190(2) | 79(2)
1(10) 4972(5) 5006(5) 9112(2) 1 101(2)
N(1) 5340(40) -1010(40) 764(16) 1 255(9)
NQ) 9260(20) 5610(30) 6198(12) 1 112(6)
NG) 9670(50) 4200(40) 3288(19) 1 242(16)
N@4) 4110(50) 420(60) -1070(12) 1 255(9)
(1) 4770(60) 480(50) 984(14) 1 255(9)
CQ) 10020(60) 5850(40) 3240(30) 1 242(16)
C3) 4050(50) 1440(30) 525(17) 1 255(9)



C4)

C(5)

C(6)

C(7)

C(8)

H(lcl)
H(2cl)
H(1c2)
H(2c2)
H(3c2)
H(1c3)
H(2c3)
H(1c4)
H(2c4)
H(1c5)
H(2c5)
H(1c6)
H(1c7)
H(2c7)
H(1c8)
H(2c8)
H(3c8)
H(Inl)
H(2nl1)
H(1n2)
H(2n2)
H(3n2)
H(1n3)
H(2n3)
H(3n3)
H(1n4)
H(2n4)
H(3n4)

4690(50)
5560(40)
5410(40)
4100(30)
10520(30)
5580.4
4059.68
9662.2
9523.21
11087.12
5148.51
6423.51
5083.52
3614.45
6360.67
5783.63
6462.69
4120.3
3177.63
11012.89
10112.01
11230.11
4486.9
3121.79
9637.3
8676.59
8740.05
9693.73
10334.64
8774.03
3384.04
4196.85
3896.94

-1470(30)
-150(50)
-270(30)
770(50)
4490(30)
1024.26
308.86
6224.76
6382.91
5999.4
-1776.88
-972.31
244224
-1323.43
540.74
11225
-248.78
1561.74
238.9
4657.02
3486.87
4613.32
2323.88
1630.35
6495.01
5329.31
5657.25
3791.96
3764.59
4079.87
301.45
1378.52
-75.05

191(15)
-818(15)
-171(14)
-72(13)
6269(13)
1163.18
1291.69
2874.72
3550.55
3268.68
1048.07
734.78
82.92
197.19
-911.94
-978.39
-68.68
-356.23
-146.5
6634.06
6259.34
5958.76
520.05
619.43
6121.43
5914.87
6518.18
2944.14
3509.46
3437.11
-818.49
-1151.55
-1384.68

255(9)
255(9)
255(9)
255(9)
112(6)
305.7
305.7
291
291
291
305.7
305.7
305.7
305.7
305.7
305.7
305.7
305.7
305.7
133.9
133.9
133.9
305.7
305.7
133.9
133.9
133.9
291
291
291
305.7
305.7
305.7
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"Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table D14. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A?x10°) for
4AMP(MA),Pbsl;g at 250 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 22(1) 0(2) -45(2) 1 28(1)
Pb(2) 2759(1) 202) 43(2) 1 34(1)
Pb(3) -2809(1) 12) -10044(2) 1 30(1)
1(1) 4133(2) -10(4) -10026(6) 1 137(2)
12) 26(2) -2008(2) -3037(4) 1 54(1)
13) 26(2) 2009(2) 27055(4) 1 52(1)
14) 1350(2) 0(3) 32(4) 1 58(1)
1(5) -1392(2) 0(2) -10031(4) 1 50(1)
1(6) 2737(2) -6995(2) 1948(4) 1 62(2)
1(7) 2787(2) 7002(2) J12045(4) 1 61(2)
1(8) 2735(2) -1990(2) 2962(4) 1 61(1)
109) 2792(2) 2003(2) _13045(4) 1 62(1)
1(10) 4093(2) 7(4) 230(5) 1 137(2)
N(1) -3982(8) 4430(20) -10620(30) 1 207(5)
NQ) 1133(8) -810(20) -5860(20) 1 126(5)
NG3) -1564(11) 650(20) -5570(30) 1 151(6)
N(4) -6048(10) 4380(30) -10910(30) 1 207(5)
(1) -4106(9) 5790(20) -9650(30) 1 207(5)
cQ) -1227(12) ~780(30) -5770(30) 1 151(6)
C3) -4507(9) 3514(18) -11010(30) 1 207(5)
C(4) -4702(9) 6422(16) -9850(30) 1 207(5)
C(5) -5819(8) 5470(30) -9760(30) 1 207(5)
C(6) -5176(8) 5288(17) -9630(20) 1 207(5)
C(7) -5057(9) 4410(20) -11050(20) 1 207(5)
C(8) 1433(11) 620(20) -5400(30) 1 126(5)
H(lcl) -3824.57 6559.56 -9851.22 1 249
H(2cl) -4046.98 5530.52 -8604.16 1 249
H(1c2) -1485.66 -1591.74 -6027.27 1 180.6
H(2c2) -949.28 -651.75 -6567.7 1 180.6
H(3c2) -1029.64 -1021.54 -4845.17 1 180.6
H(1c3) -4449 .43 3022.88 -11962.72 1 249



H(2c3)
H(1c4)
H(2c4)
H(1c5)
H(2c5)
H(1c6)
H(1c7)
H(2c7)
H(1c8)
H(2c8)
H(3c8)
H(Inl)
H(2nl1)
H(1n2)
H(2n2)
H(3n3)
H(1n3)
H(2n3)
H(1n4)
H(2n4)
H(3n4)
H(3n2)

-4547.08
-4756.44
-4734.18
-5995.53
-5906.67
-5147.71
-5375.48
-5046.57
1268.78
1385.5
1837.29
-3729.37
-3810.6
1373.18
1010.05
-1555.96
-1412.36
-1920.89
-6419.54
-5977.13
-5881.04
840.56

2699.15
7255.19
6862.5
5276.02
6486.32
5024.14
3751.37
5095.45
1464.74
776.84
548.33
3855.54
4717.52
-1382.83
-1278.65
922.98
1363.66
505.46
4275.31
4714.93
3502.28
-587.45

-10294.43
-9170.36
-10842.43
-8798.26
-10074.53
-8578.17
-11260.66
-11896.94
-5936.65
-4329.96
-5632.52
-10165.72
-11445.25
-6352.26
-5059.69
-4623.69
-6123.68
-5847.73
-10791.06
-11816
-10790.63
-6441.99

249
249
249
249
249
249
249
249
151.4
151.4
151.4
249
249
151.4
151.4
180.6
180.6
180.6
249
249
249
151.4
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*Ueq is defined as one third of the trace of the orthogonalized Uj tensor.

Table D15. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°) for
3AMP(MA)3Pbali3 at 250 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"

Pb(4) 5062(2) 4(4) 2775(1) 1 26(1)
Pb(1) 5069(2) 6(3) 609(1) 1 26(1)
Pb(2) 5056(2) -5(4) 482(1) 1 31(1)
Pb(3) 5070(2) .5(3) 1693(1) 1 20(1)
12) 2089(5) 2046(6) 595(1) 1 48(2)
1(1) 5137(7) 1(12) 3318(1) 1 91(3)
13) 5178(6) 1(8) 2232(1) 1 52(2)
14) 5171(6) 22(9) 80(1) 1 58(2)



1(6)
I(7)
I(8)
1(9)
1(10)
I(11)
1(12)
1(14)
I(15)
N(1)
C(13)
C@3)
C(1)
C(2)
C4)
C(5)
N(2)
NQ@3)
N@4)
C(8)
C(7)
N(11)
C(12)
H(1c13)
H(2c13)
H(1c3)
H(2c3)
H(lcl)
H(2cl)
H(1c2)
H(1c4)
H(2c4)
H(1c5)
H(2c5)

2245(6)
2839(7)
5139(6)
2079(5)
5183(6)
3037(5)
3030(5)
7243(6)
7847(7)
440(130)
-670(130)
580(100)
-860(150)
~700(80)
740(100)
-1740(90)
-1470(90)
650(50)
760(50)
-630(60)
-620(60)
9400(70)
10700(90)
-1357.88
-446.02
469.56
1504.99
-1791.9
-873.37
79222
1527.57
1109.29
-1693.27
-2769.5

2213(9)
-2803(8)
3(12)
-2033(6)
1(4)
2996(6)
-2984(6)
-2792(9)
2188(9)
320(170)
-160(100)
840(100)
-300(200)
70(70)
420(80)
-1070(110)
-1390(80)
400(60)
-350(60)
610(80)
-690(70)
-510(90)
500(110)
660.34
-504.68
1909.1
633.48
83.79
-1402.31
1136.64
315.41
1268.36
-1987.48
74527

2758(2)
2756(2)
-1002(1)
1681(1)
1161(1)
1678(1)
597(1)
-486(2)
-486(2)
-909(14)
-1765(12)
-1409(13)
-1040(13)
-1287(12)
-1655(15)
-1390(15)
-1637(15)
2199(10)
1074(12)
1062(13)
2162(11)
-60(13)
1(18)
-1790.22
-1915.88
-1395.48
-1330.7
-982.86
-1023.77
-1314.84
-1670.9
-1738.38
-1305.13
-1369.63

b e e e e e ek ek ek e e e e ek ek e e e e e ek ek ek e e e e ek ek e e e e e

75(3)
75(3)
93(3)
48(2)
46(1)
50(2)
51(2)
83(3)
83(3)
460(30)
460(30)
460(30)
460(30)
460(30)
460(30)
460(30)
460(30)
118(14)
134(16)
134(16)
118(14)
200(30)
200(30)
547.2
547.2
547.2
547.2
547.2
547.2
547.2
547.2
547.2
547.2
547.2
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H(1c8) -1475.53 46.58 1117.57 1 160.4
H(2¢8) -488.01 1493.46 1153.6 1 160.4
H(3c8) -803.35 898.71 907.25 1 160.4
H(1c7) -819.96 -776.34 2001.82 1 141.8
H(2¢7) -352.07 -1654.13 2222.07 1 141.8
H(3c7) -1511.72 -323.24 2237.32 1 141.8
H(lc12) 11371.35 573.18 -126.48 1 239.3
H(2c12) 10324.72 1481.65 38.99 1 239.3
H(3c12) 11227.3 82.41 128.55 1 239.3
H(1nl) 537.75 1269.1 -941.91 1 5472
H(2nl) 266.41 220.2 -764.06 1 5472
H(3nl) 1259.12 -161.31 -944.71 1 5472
H(1n2) 2321.12 -1594.99 -1703.38 1 5472
H(2n2) -962.72 -2227.19 -1650.01 1 5472
H(1n3) 661.67 1060.57 2089.29 1 141.8
H(2n3) 522.65 863.56 2327.98 1 141.8
H(3n3) 1499.98 -86.25 2200.97 1 141.8
H(1n4) 537.13 -1277.42 1038.64 1 160.4
H(2n4) 1437.23 -10.33 979.97 1 160.4
H(3n4) 1125.72 -329.26 1211.88 1 160.4
H(1Inll) 9288.91 -1194.3 44.66 1 239.3
H(2nl1) 8578.18 24.13 -69.83 1 239.3
H(3nll) 9577 -943.4 -189.82 1 239.3

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

Table D16. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10°) for
4AMP(MA)3;Pbali3 at 293 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"
Pb(1) 5087(4) 28(4) 4030(1) 1 48(2)
Pb(2) 5091(4) -39(4) 1856(1) 1 41(1)
Pb(3) 5089(4) 27(3) 768(1) 1 39(1)
Pb(4) 5090(3) 35(4) 2938(1) 1 35(1)
1(1) 5037(13) 45(17) 4562(2) 1 134(4)
12) 5073(9) -1(9) 3477(2) 1 86(3)
13) 5068(7) 5(8) 1326(2) 1 702)



1(4)
I(5)
1(6)
1(7)
1(8)
19)
1(10)
I(11)
1(12)
1(13)
N(D)
N(2)
N@3)
N4
N()
C)
C@2)
&€)
C4)
C(5)
C(6)
C(7)
C(®)
CO)
H(lcl)
H(2cl)
H(1c2)
H(1c3)
H(2c3)
H(1c4)
H(2c¢4)
H(1c5)
H(2¢5)
H(1c6)

2117(6)
3056(6)
5021(16)
2174(7)
5036(12)
3018(7)
2993(8)
7097(8)
8076(7)
2198(7)
-380(60)
80(60)
-220(50)
680(50)
-90(60)
550(70)
210(40)
860(40)
1120(70)
-1220(50)
-1390(50)
~700(60)
-580(50)
-800(70)
1600.84
302.15
587.58
1790.72
208.23
1030.3
2150.79
2071.44
-1272.59
-1973.51

2019(7)
-2973(7)
-62(19)
2044(8)
3(6)
2912(7)
-2863(8)
-2986(8)
2031(8)
2087(7)
-570(70)
-360(60)
500(50)
-460(60)
-490(50)
340(70)
-160(40)
1140(50)
810(70)
~790(70)
-510(70)
~700(50)
670(60)
860(60)
187.9
1385.99
-1178.97
1448.44
1998.36
1729.38
502.93
-372.05
-1852.08
-1301.48

4009(2)
4017(2)
258(2)
2928(2)
2401(2)
2923(2)
1851(2)
773(2)
764(2)
1846(2)
362(7)
-513(8)
3495(9)
2352(9)
1305(10)
198(7)
-40(7)
-170(8)
-417(8)
-139(8)
-389(8)
3331(10)
2338(11)
1414(12)
229.43
214.25
-46.74
-100.68
-155.18
-502.25
-438.67
-60.52
-110.4
-455.95

— = = e e e e e e e e e e e e e e e ek e e ek e e e e e e ek e e e e

72(2)
82(3)
168(6)
66(2)
73(2)
77(2)
87(3)
78(3)
84(3)
77(3)
158(10)
158(10)
100(14)
103(14)
115(15)
158(10)
158(10)
158(10)
158(10)
158(10)
158(10)
100(14)
103(14)
115(15)
189.5
189.5
189.5
189.5
189.5
189.5
189.5
189.5
189.5
189.5
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H(2c6)
H(1c7)
H(2c7)
H(3c7)
H(1c8)
H(2c8)
H(3cB)
H(1c9)
H(2c9)
H(3c9)
H(Inl)
H(2nl1)
H(3nl)
H(1n2)
H(2n2)
H(1n3)
H(2n3)
H(3n3)
H(1n4)
H(2n4)
H(3n4)
H(1n5)
H(2n5)
H(3n5)

-1979.49
-1764.97
-163.41
-479.3
-1110.84
-1257.66
-161.72
-1882.89
-513.98
-478.1
163.52
-659.23
-1168.27
-90.54
539.18
-986.73
119.18
491.32
1199.38
1261.55
298.22
-695.8
753.15
105.05

388.65
-620.59
-581.41
-1677.81
544.61
524.88
1672.31
772.99
901.85
1757.76
-1319.04
-2.19
-929
-158.51
-1229.83
1074.46
83.96
1045.51
-442.22
-245.04
-1360.43
-866.28
-221.16
-1171.21

-412.8
3304.04
3191.01
3394.43
2197.68
2462.83
2344.97
1403.8
1571.31
1338.46
413.68
474.12
292.8
-655.62
-515.45
3527.45
3618.69
3433.96
2226.84
2465.97
2370.83
1203.92
1239.66
1407.75

— = = ek ek e e ek e R e e e e ek e e e e e e e e

189.5
120.5
120.5
120.5
124
124
124
138
138
138
189.5
189.5
189.5
189.5
189.5
120.5
120.5
120.5
124
124
124
138
138
138
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*Ueq is defined as one third of the trace of the orthogonalized Uj tensor.

Table D17. Anisotropic displacement parameters (A?x10%) for 3AMPPblsat 293 K with estimated standard
deviations in parentheses.

Label Ui Ux Us; Ui Uis Uz
Pb(1) 31(2) 28(2) 38(1) 8(1) 10(1) 2(1)
Pb(2) 34(2) 33(2) 34(2) 92) 8(1) 20)
Pb(3) 34(2) 302) 36(2) 92) 92) 02)
1(1) 72(3) 41(2) 38(2) -5(2) 6(2) 32)
12) 59(2) 44(2) 37(2) 32) 52) 6(2)
13) 26(2) 56(2) 84(3) 28(2) 16(2) 102)



1(4)
I(5)
1(6)
I(7)
1(8)

85(3)
78(3)
61(2)
28(2)
83(3)

63(3)
56(3)
45(2)
50(3)
49(3)

64(2)
78(3)
34(2)
71(2)
37(2)

-34(3)
20(3)
3(2)
28(2)
16(2)

13(2)
26(2)
9(2)
18(2)
9(2)
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0(2)

-3(2)
-4(2)
10(2)
7(2)

The anisotropic displacement factor exponent takes the form: -2n’[h%a"?Uy; + ...

+ 2hka'b*Upa].

Table D18. Anisotropic displacement parameters (A?x10%) for 4AMPPbl, at 293 K with estimated standard

deviations in parentheses.

Label Ui U Us; U Uis Uz
Pb(1) 38(2) 36(2) 20(1) 12) 1(1) 102)
Pb(2) (2) 33(2) 56(2) 12) 202) 23(2)
1(1) 96(6) 64(4) 43(3) 2(4) 03) 32)
12) 22(4) 198(12) 138(5) 15(5) 16(3) -53(6)
13) 32(4) 154(9) 131(4) -16(5) 4(3) L43(4)
1(4) 56(3) 56(3) 12(2) 203) 202) 1)
1(5) 71(5) 6(2) 100(4) 6(3) 2(4) 72)
1(6) 45(5) 108(7) 168(6) 2(5) -16(4) 58(5)
17) 52(5) 126(8) 144(5) 24(5) 10(4) 43(5)
1(8) 142(7) 92(5) 55(3) 8(6) 303) 103)

The anisotropic displacement factor exponent takes the form: -27*[h?a"*Uy; + ...

+ 2hka"b"U, 2].

Table D19. Anisotropic displacement parameters (A?x10%) for 3AMP(MA)Pb,l; at 250 K with estimated
standard deviations in parentheses.

Label Ui U2 Us; Ui Uis Uas
Pb(1) 35(1) 32(1) 39(1) 0(1) 0(1) 0(1)
Pb(2) 27(1) 29(1) 36(1) (1) 0(1) 0(1)
1(1) 83(1) 83(1) 29(1) 72) 0(1) 1)
12) 130(2) 128(2) 34(1) 6(2) 202) L4(1)
13) 1272) 129(2) 31(1) 6(2) 0(1) 25(1)
1(4) 68(2) 69(2) 104(2) 46(1) J14(1) J12(1)
1(5) 74(2) 75(2) 86(2) 47(1) 14(1) -13(1)
1(6) 68(2) 66(2) 105(2) L45(1) 10(1) -10(1)
17) 73(2) 73(2) 87(2) 45(1) _10(1) _12(1)

The anisotropic displacement factor exponent takes the form: -2n*[h%a"Uy; + ...

+ 2hka*b*U12].
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Table D20. Anisotropic displacement parameters (A?x10%) for 4AMP(MA)Pb.l; at 250 K with estimated
standard deviations in parentheses.

Label Un Uz Uss U Uiz Uz
Pb(1) 39(1) 28(1) 33(1) 1(1) 0(1) 0(1)
Pb(2) 26(1) 40(1) 30(1) 1(1) 0(1) 0(1)
1(1) 71(1) 72(1) 24(1) 8(2) 0(1) 1(2)
12) 233(5) 157(5) 31(2) 25(2) 3(3) -4(2)
13) 153(4) 225(6) 19Q2) 26(2) 0Q2) -4(2)
1(4) 44(2) 49(2) 83(2) 19(1) 2(2) 3(2)
1(5) 472) 43(2) 89(2) 21(1) 6(2) 202)
1(6) 2(2) 49(2) 83(2) -19(1) 20) 702)
17) 46(2) 432) 89(2) 20(1) 8(2) -6(2)
The anisotropic displacement factor exponent takes the form: -2n[h%a™Uy; +... + 2hka"b"Uis].

Table D21. Anisotropic displacement parameters (Ax10%) for 3BAMP(MA ),Pbsl; at 250 K with estimated
standard deviations in parentheses.

Label Un U Us; Ui Uis Uz
Pb(1) 28(1) 28(1) 31(1) 0(1) 0(1) 0(1)
Pb(2) 27(1) 28(1) 35(2) 0(1) 1(1) 0(1)
Pb(3) 27(1) 26(1) 35(2) 0(1) -1(1) 0(1)
I(1) 142(5) 136(5) 29(2) 5(3) -1(2) 0(2)
1(2) 46(2) 43(3) 74(2) 24(2) -6(2) -7(2)
1(3) 43(2) 45(3) 76(2) 23(2) 6(2) 6(2)
1(4) 81(2) 85(2) 27(2) -1(2) -1(2) 0(2)
1(5) 75(2) 73(2) 17(2) 0(2) 2(1) -1(1)
1(6) 70(3) 68(3) 90(2) 49(2) 0(2) -2(2)
1(7) 61(3) 64(3) 116(3) 40(2) 13(2) 16(2)
1(8) 72(3) 66(3) 93(2) -50(2) 2(2) 0(2)
19) 61(3) 66(3) 111(3) -39(2) -16(2) 12(2)
1(10) 135(5) 139(5) 29(2) -6(3) 0(2) 0(2)
The anisotropic displacement factor exponent takes the form: -2n[h*a™Uy; +...  + 2hka"b"Uia].
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Table D22. Anisotropic displacement parameters (Ax10%) for 4AMP(MA ),Pbsl; at 250 K with estimated
standard deviations in parentheses.

Label Un Uxn Uss U Ui Uas
Pb(1) 30(1) 27(1) 27(1) 0(1) 0(1) 0(1)
Pb(2) 29(1) 33(1) 40(1) 0(1) 0(1) 1(1)
Pb(3) 34(1) 31(1) 26(1) 0(1) 0(1) 0(1)
1(1) 37(2) 163(4) 212(6) 4(2) 4(3) 24(2)
12) 712) 46(2) 452) 12) 402) 24(2)
13) 712) 41(2) 44(2) 102) 52) 23(1)
1(4) 20(2) 90(2) 64(2) -5(1) 202) -4(2)
1(5) 27(2) 51(1) 70(2) 5(1) 102) 402)
1(6) 90(2) 45(2) 52(2) 702) 40) 2102)
17) 97(2) 46(2) 40(2) 4(2) 72) 22(2)
1(8) 88(2) 452) 50(2) 25(2) 202) 202)
19) 97(2) 47(2) 22) 6(2) 9(2) 212)
1(10) 17(2) 220(5) 174(5) 40) 4(2) 232)
The anisotropic displacement factor exponent takes the form: -2n’[h?a”?U;; + ... + 2hka’b*Uy,].

Table D23. Anisotropic displacement parameters (Ax10%) for 3AMP(MA );Pbl;5 at 250 K with estimated
standard deviations in parentheses.

Label Ui Ux Us; Ui Uis Uas

Pb(4) 23(2) 24(2) 31(2) 02) 4(1) 102)
Pb(1) 20(1) 28(2) 30(2) 02) -1(1) 02)
Pb(2) 22(1) 38(2) 31(2) 02) 2(1) 02)
Pb(3) 17(1) 24(2) 20(1) 02) 2(1) 12)
12) 32(2) 46(5) 65(3) 16(2) 3(2) 303)
1(1) 103(4) 114(8) 56(3) 3(4) 17(3) 0(5)
13) 60(2) 88(4) 8(2) 102) 102) 0(3)
1(4) 61(2) 89(5) 24(2) 103) -16(2) 1(3)
1(6) 58(3) 85(6) 82(4) 49(4) 33) J1(4)
17) 74(4) 62(5) 89(4) -55(4) 103) J1(4)
1(8) 118(4) 136(8) 26(2) 14) 12) 0(4)
19) 27(2) 47(5) 71(3) -18(2) 12) 53)
1(10) 49(2) 75(2) 132) 02) 9(2) 03)
1(11) 44(2) 38(5) 69(3) 34(2) 52) 93)



1(12)
1(14)
1(15)

472)
60(4)
76(4)

39(4)
89(6)
67(6)

63(3)
100(4)
105(5)

33(2)
44(4)
51(4)

-2(2)
_16(3)
143)
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-4(3)
-17(4)
20(4)

The anisotropic displacement factor exponent takes the form: -2n?[h%a"?Uy; + ...

+ 2hka’b"Uj2].

Table D24. Anisotropic displacement parameters (Ax10%) for 4AMP(MA );Pbal;5 at 293 K with estimated
standard deviations in parentheses.

Label Un Uz Uss U Uiz Uz
Pb(1) 52(2) 532) 39(2) 8(2) 3(2) 2(2)
Pb(2) 47(2) 312) 44(2) 0Q2) 10(2) 6(2)
Pb(3) 42(2) 30Q2) 45(2) -6(2) 8(2) 202)
Pb(4) 29(2) 38(2) 38(2) 0(1) 8(2) 1(2)
I(1) 180(8) 173(9) 50(4) 0(7) 15(5) -16(6)
12) 125(5) 120(6) 112) 26(5) 2(3) 2(4)
I(3) 84(4) 77(4) 51(3) 15(3) 9(3) 4(4)
1(4) 51(3) 58(3) 106(5) 31(3) -13(3) -8(3)
I(5) 48(3) 56(4) 142(7) -34(3) -8(3) 7(4)
1(6) 255(11) 241(12) 8(2) -6(9) -8(3) -5(6)
1(7) 59(3) 63(4) 77(4) -31(3) -10(3) 11(3)
1(8) 97(2) 96(2) 27(2) 22(4) 12) 1(4)
1(9) 69(3) 60(3) 103(5) 33(3) 30(3) 28(3)
1(10) 85(4) 62(4) 113(7) -44(3) 13(4) 7(4)
I(11) 85(4) 64(4) 85(5) 19(3) 2(4) -6(4)
1(12) 76(4) 63(4) 112(6) 24(3) 33(4) 25(4)
I(13) 68(4) 67(4) 97(5) 42(3) -20(3) -27(3)

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

+ 2hka"b"U, 2].
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Figure D1. Calculated and experimental PXRD for the 3AMP. The PXRD patterns for n = 2, 3
and 4 are calculated including preferred orientation (001).
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Figure D2. Calculated and experimental PXRD for the 4AMP. The PXRD patterns for n = 3 and
4 are calculated including preferred orientation (001).
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Figure D4. TGA and DTA for the 3AMP series from 25 °C to 480°C. The species which start to

disappear at ~150 °C for 3AMP (n = 4) comes from solvent residue (HI) from incomplete drying.
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Figure D5. TGA and DTA for the 4AMP series from 25 °C to 480°C.
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Figure D6. Time-resolved PL decay for the 3AMP and 4AMP series. The 3AMP series show

generally longer lifetimes than the 4AMP series.
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4AMPPDI,

spinor densities
illustrating inter-
layer coupling due
to I-I interlayer
interactions,
leading to

the reduction of the
bandgap

Figure D9. Inter-layer coupling due to I-I interlayer interactions have to be anti-bonding to further
destabilize the VBM; this is possible at the BZ center whenever two inorganic sheets build the unit
cell (case of 3AMP n=1) or at BZ edge (B-point for 4AMP) if only one layer. For CBM,
stabilization (bonding interaction) is less important but does exist. This contributes to reduce the

band gap as compared to (BA)2Pbls and other analogues.
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Figure D10. Partial density of states (PDOS) of the 3AMP and 4AMP series.
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Figure D11. “Edge effect” of (3AMP)Pbl4 (A) and (3AMP)(MA)2Pbslio (B). PL was measured
perpendicular to the layers (flat) and parallel to the layers (edge) on single crystals. Inserted show

the way crystals were mounted during the measurement.



Table D25. Detailed calculated energy gap at different symmetry points.

3AMP

4AMP
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Pbls Egp=1.13 eV (at G)
without SOC:
Eep=1.83 eV (at G)
Pb.l; Egp=0.48 eV (at Yo,)
Egp=0.63 eV(at G)
Pbslio Egp=0.47 eV (at Z)
Eep=10.61 ¢V (at G)
without SOC:
Eep=1.17¢eV (at Z)
Epp=1.24¢V (at G)
Pbalis Egp=0.07 eV (at Yo,)

Eep=10.14 eV (at G)

Eep=1.14 €V (at B)
without SOC:
Egp=1.89 ¢V (at B)
Eep=0.70 eV (at Yo)

Eep=0.85¢eV (at G)
Eep=0.74 ¢V (at Z)
Eep=0.91 eV (at G)
without SOC:
Egp=1.51eV (at Z2)
Egp=1.60 eV (at G)
Egp=0.53 eV (at Yo)

Eop=0.62 eV (at G)
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Table D26. Summary of the photovoltaic parameters of solar cells using various perovskite absorbers. Each

data is averaged from 6 devices.

Voo Jie FF PCE
[Vl [mA em?| [Yo] [Ye]
3AMPPb;l; 0.95 +0.09 2.96 +0.39 55.18 + 14.28 1.60 + 0.62
3AMPPbI;3 1.03 +0.06 10.16 +0.10 64.51 + 4.01 6.74+0.74
4AMPPb;1 0.96 +0.03 6.31+0.10 60.30 + 1.46 3.67+0.22
4AMPPb,1;; 0.94 +0.03 7.05 +0.44 64.05 + 1.82 4.24 +0.50
3AMPPb,,

4AMPPbyl,,

'3AMPPb, 15

b

AMPPb,l,,

Figure D12. Pictures of thin films of 3AMPPbslio, 4AMPPbsl10, 3AMPPbsl13 and 4AMPPb4l;5.
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Figure D13. A representative SEM image of 3AMPPbsli3 perovskite film deposited on a
FTO/PEDOT:PSS substrate.
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Figure D14. J-V curves of a fresh 3AMPPbul;3 solar cell without encapsulation and the same cell

after storage for 133 days in a N»-filled glovebox.
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Table E1. Pb-Br bond lengths in (3AMP)(FA)Pb,Br;.

Label
Pb(1)-Br(3)#1
Pb(1)-Br(3)
Pb(1)-Br(3)#2
Pb(1)-Br(3)#3
Pb(1)-Br(6)
Pb(1)-Br(9)

Distances (A)
2.978(9)
3.009(9)
2.978(9)
3.009(9)
3.009(14)
2.887(9)

Label
Pb(2)-Br(4)
Pb(2)-Br(4)#3
Pb(2)-Br(4)#2
Pb(2)-Br(4)#1
Pb(2)-Br(6)
Pb(2)-Br(8)

Table E2. Pb-Br bond lengths in (3AMP)(MA)Pb,Br.

Label
Pb(1)-Br(5)
Pb(1)-Br(6)
Pb(1)-Br(6)#1
Pb(1)-Br(7)#2
Pb(1)-Br(7)
Pb(1)-Br(2)

Distances (A)
3.068(11)
3.080(5)
2.868(5)
2.860(5)
3.092(5)
2.937(9)

Label
Pb(2)-Br(5)
Pb(2)-Br(8)
Pb(2)-Br(9)
Pb(2)-Br(9)#1
Pb(2)-Br(10)#3
Pb(2)-Br(10)

Table E3. Pb-Br bond lengths in (4AMP)(FA)Pb,Br;.

Label
Pb(1)-Br(6)
Pb(1)-Br(7)
Pb(1)-Br(8)#1
Pb(1)-Br(8)
Pb(1)-Br(12)
Pb(1)-Br(14)
Pb(2)-Br(5)
Pb(2)-Br(6)
Pb(2)-Br(10)
Pb(2)-Br(10)#1
Pb(2)-Br(11)
Pb(2)-Br(15)

Distances (A)
3.095(15)
3.002(9)
3.003(9)
2.997(9)
2.934(10)
2.783(11)
2.879(19)
3.088(15)
2.983(9)
3.057(9)
3.013(10)
2.955(10)

Label
Pb(3)-Br(7)
Pb(3)-Br(12)#2
Pb(3)-Br(13)
Pb(3)-Br(16)#3
Pb(3)-Br(16)
Pb(3)-Br(18)
Pb(4)-Br(9)
Pb(4)-Br(11)
Pb(4)-Br(13)
Pb(4)-Br(15)#2
Pb(4)-Br(17)#3
Pb(4)-Br(17)

Distances (A)
3.011(9)
3.011(9)
2.976(9)
2.976(9)
3.109(14)
2.927(9)

Distances (A)
2.941(12)
2.978(11)
3.086(5)
2.863(5)
3.085(4)
2.870(5)

Distances (A)
2.999(8)
3.104(9)
3.082(14)
3.012(13)
2.986(13)
2.923(14)
2.964(15)
3.008(9)
3.087(14)
3.066(10)
2.958(12)
3.080(11)
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Table E4. Pb-Br bond lengths in (4AMP)(MA)Pb,Br.

Label Distances (A) Label Distances (A)
Pb(1)-Br(3) 3.08(2) Pb(2)-Br(3) 3.03(2)
Pb(1)-Br(4) 2.930(10) Pb(2)-Br(6) 2.929(11)
Pb(1)-Br(4)#1 3.051(9) Pb(2)-Br(6)#3 3.063(10)
Pb(1)-Br(8) 2.853(14) Pb(2)-Br(12)#4 2.960(11)
Pb(1)-Br(10)#2 2.943(10) Pb(2)-Br(12) 3.088(12)
Pb(1)-Br(10) 3.097(11) Pb(2)-Br(13) 2.927(16)

Table ES. Pb-Br bond lengths in (3AMP) .(4AMP)  (FA),.(MA), .Pb,Br

05" 2Pl
Label Distances (A) Label Distances (A)
Pb(1)-Br(4) 2.988(8) Pb(2)-Br(3)#1 2.998(7)
Pb(1)-Br(4)#1 2.994(7) Pb(2)-Br(3) 2.983(8)
Pb(1)-Br(5) 2.991(7) Pb(2)-Br(6) 2.993(7)
Pb(1)-Br(5)#2 3.002(8) Pb(2)-Br(6)#2 2.999(8)
Pb(1)-Br(7) 3.061(8) Pb(2)-Br(7) 3.022(8)
Pb(1)-Br(11) 2.840(5) Pb(2)-Br(10) 2.946(5)

Table E6. Pb-Br bond lengths in (4AMP)(FA), .(MA), .Pb,Br.

Label Distances (A) Label Distances (A)
Pb(1)-Br(1) 2.905(10) Pb(2)-Br(4) 3.022(5)
Pb(1)-Br(3)#1 2.978(6) Pb(2)-Br(4)#1 2.984(6)
Pb(1)-Br(3) 3.023(5) Pb(2)-Br(6) 3.021(6)
Pb(1)-Br(5) 3.009(6) Pb(2)-Br(6)#2 2.975(5)
Pb(1)-Br(5)#2 2.980(5) Pb(2)-Br(7) 2.863(6)

Pb(1)-Br(9) 3.000(10) Pb(2)-Br(9) 3.119(10)
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Table E7. Pb-Br bond lengths in (3AMP)  .(4AMP) (FA),Pb,Br

05 T27 7.

Label

Distances (A)

Label

Distances (A)

Pb(1)-Br(3) 3.011(8) Pb(2)-Br(5) 3.010(7)
Pb(1)-Br(3)#1 2.994(3) Pb(2)-Br(5)#1 2.994(7)
Pb(1)-Br(6)#2 3.005(8) Pb(2)-Br(7) 2.990(8)
Pb(1)-Br(6) 2.992(3) Pb(2)-Br(7)#2 3.004(8)
Pb(1)-Br(8) 3.115(11) Pb(2)-Br(8) 3.028(11)
Pb(1)-Br(9) 2.842(7) Pb(2)-Br(1) 2.933(9)

Table E8. Pb-Br bond lengths in (3AMP), .(4AMP) .(MA), .Pb,Br.

Label Distances (A) Label Distances (A)
Pb(1)-Br(3)#1 2.980(2) Pb(2)-Br(4) 3.0180(15)
Pb(1)-Br(3) 3.0199(15) Pb(2)-Br(4)#2 2.983(2)
Pb(1)-Br(6) 3.0694(19) Pb(2)-Br(6) 2.9954(19)
Pb(1)-Br(8) 3.009(2) Pb(2)-Br(9)#1 2.9718(18)
Pb(1)-Br(8)#2 2.9739(17) Pb(2)-Br(9) 3.01002)
Pb(1)-Br(10) 2.8989(16) Pb(2)-Br(12) 2.9082(17)
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Table E9. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A2x10%) for
(3AMP)(FA)Pb.Br7at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 8322(1) 5000 11496(1) 1 48(1)
Pb(2) 8322(1) 5000 7676(1) 1 45(1)
Br(3) 5871(8) 7575(13) 11536(6) 1 87(2)
Br(4) 5876(8) 7583(14) 7692(5) 1 89(2)
Br(6) 8200(20) 5000 9617(9) 1 86(2)
Br(8) 8199(17) 5000 5848(6) 1 139(5)
Br(9) 8188(18) 5000 13299(6) 1 149(6)
N(1) 9260(120) 10000 3220(60) 1 340(30)
H(1A) 9745 9081 2963 0.5 403
H(1B) 9745 10919 2963 0.5 403
NQ) 8120(130) 10000 6400(60) 1 340(30)
H(2A) 7938 10991 6561 0.5 403
H(2B) 8620 9485 6806 0.5 403
H2C() 7200 9524 6296 0.5 403
(1) 7580(140) 10000 2960(60) 1 340(30)
HI1C() 7399 10924 2612 0.5 403
H(1D) 7399 9076 2612 0.5 403
cQ) 6420(100) 10000 3640(70) 1 340(30)
H(2D) 5751 9084 3546 0.5 403
H(2E) 5751 10916 3546 0.5 403
C3) 6780(110) 10000 4550(60) 1 340(30)
H(3A) 6299 9076 4800 0.5 403
H(3B) 6299 10924 4800 0.5 403
C(4) 8500(110) 10000 4760(50) 1 340(30)
H(4) 8496 8842 4762 0.5 403
C(5) 9730(100) 10000 4100(60) 1 340(30)
H(5A) 10389 10921 4195 0.5 403
H(5B) 10389 9079 4195 0.5 403
C(6) 9090(120) 10000 5650(60) 1 340(30)
H(6A) 9769 9084 5693 0.5 403
H(6B) 9769 10916 5693 0.5 403



(7
H(7)
N@3)
H3C()
H(3D)
N(4)
H(4A)
H(4B)

7090(160)
6510
8720(170)
9267
9180
6290(120)
6308
5273

10000
10000
10000
10000
10000
10000
10000
10000

9630(80)
10125
9670(110)
9222
10152
8380(80)
8416
8871

339

350(40)
420
350(40)
420
420
350(40)
420
420

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

Table E10. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
(3AMP)(MA)Pb,Br7at 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 11006(1) 7498(2) 4392(2) 1 53(1)
Pb(2) 7247(1) 7499(2) 4393(2) 1 54(1)
Br(5) 9087(7) 7451(5) 4621(14) | 90(2)
Br(6) 11033(6) 4896(11) 1818(10) 1 107(2)
Br(7) 10986(6) 10113(11) 1811(11) 1 118(2)
Br(8) 5390(7) 7746(11) 4660(15) 1 127(4)
Br(9) 7253(6) 4898(11) 1808(10) 1 107(2)
Br(10) 7318(7) 9879(11) 6833(11) 1 119(2)
Br(2) 12838(5) 7739(12) 4648(15) | 132(4)
NG) 9180(50) 1770(60) 4390(60) 1 130(15)
H3C() 9216 2101 3383 1 156
H(3D) 8724 1167 4498 1 156
HQ3E) 9633 1207 4633 1 156
C(9) 9120(50) 3180(70) 5470(70) 1 130(15)
H(9A) 8735 2951 6322 1 195
H(9B) 8916 4085 4884 1 195
H9C() 9660 3419 5904 1 195
NQ) 5780(60) 1860(120) 5430(120) 1 270(20)
H(2A) 5564 890 5397 1 325
H(2B) 5770 2222 6425 1 325
H2C() 6312 1828 5096 1 325
CQ) 2640(50) 2440(120) 5350(130) 1 270(20)



H(2D)
H(2E)
C(4)
H(4A)
H(4B)
N(1)
H(1A)
H(1B)
C(3)
H(A)
H(3B)
C(5)
H(5)
C(7)
H(7A)
H(7B)
C(6)
H(6A)
H(6B)

2603
2087
4120(50)
4433
4264
2950(50)
2618
2865
3200(60)
3086
3071
4370(40)
4259
5290(40)
5540
5339
3860(50)
4029
3947

2908
2100
1410(80)
440

1834
3680(90)
4635
3297
1020(80)
338

425
2590(80)
2155
2950(100)
2938
4020
4070(70)
4880
4466

6396
5030
5440(110)
5283
6474
4200(90)
4333
3123
5430(120)
4525
6384
4190(90)
3127
4380(140)
3331
4790
4440(110)
3692
5507
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325
325
270(20)
325
325
270(20)
325
325
270(20)
325
325
270(20)
325
270(20)
325
325
270(20)
325
325

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

Table E11. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A2x10%) for
(4AMP)(FA)Pb.Bryat 293(2) K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"
Pb(1) 5476(2) 5087(2) 3944(2) 1 35(1)
Pb(2) 1646(2) 5073(3) 3943(2) | 44(1)
Pb(3) 5467(2) 81(3) 3799(2) 1 48(2)
Pb(4) 1645(2) 52(3) 3798(3) 1 54(2)
Br(5) -137(11) 5110(20) 3890(20) 1 177(10)
Br(6) 3559(9) 5055(10) 3877(13) 1 713)
Br(7) 5459(10) 2591(7) 3593(12) 1 102(5)
Br(8) 5486(9) 4696(10) 6430(7) 1 82(4)
Br(9) -180(9) 204(17) 3572(17) 1 144(7)
Br(10) 1641(8) 4577(7) 6399(7) 1 61(2)
Br(11) 1659(10) 2569(7) 3582(11) 1 100(5)



Br(12)
Br(13)
Br(14)
Br(15)
Br(16)
Br(17)
Br(18)
C(1)

H(1A)
H(1B)
C4)

H(4A)
H(4B)
C(2)

H(2A)
H(2B)
N(1)

H1C()
H(1D)
C@3)

H(@3)

C)

H(5A)
H(5B)
N@3)

H(3A)
H(3B)
N(4)

H4C()
H(4D)
H(4E)
C(8)

H(8A)
H(8B)

5469(7)
3557(8)
7199(7)
1640(8)
5455(11)
1668(10)
7268(8)
7480(40)
7205
7429
8380(40)
8421
8659
8390(30)
8662
8444
7020(30)
6640
6685
8830(30)
8681
7470(40)
7433
7194
6970(50)
6490
6835
10230(60)
10172
10696
10251
7690(60)
7603
7700

7524(7)
102(10)
5170(20)
7528(7)
296(13)
421(8)
223(17)
3430(50)
3531
4134
1530(40)
943
1265
3240(50)
3963
2873
2550(60)
2938
2140
2550(50)
3028
1700(60)
1921
986
2530(100)
2077
3302
2450(120)
2537
2781
1721
2160(100)
2428
1349

4304(9)
3749(10)
3912(18)
4303(8)
6297(10)
6358(9)
3577(16)
1980(60)
2695
1571
920(60)
1482
250
2210(50)
2259
2930
1340(60)
838
1873
1350(60)
709
640(60)
-138
724
7090(80)
7296
7287
6470(90)
7208
6245
6306
7800(60)
8565
7826

341

69(3)
73(3)
161(9)
63(3)
113(5)
79(3)
132(6)
110(9)
132
132
110(9)
132
132
110(9)
132
132
110(9)
132
132
110(9)
132
110(9)
132
132
200(20)
243
243
200(20)
243
243
243
200(20)
243
243



C(10)
H(10)
C(13)
H(13A)
H(13B)
C(11)
H(11A)
H(11B)
C)
H(9A)
H(9B)
C(12)
H(12A)
H(12B)
N(2)
H2C()
H(2D)
H(2E)
C(7)
H(7A)
H(7B)
N(7)
H7C()
H(7D)
N(5)
H5C()
H(5D)
N(6)
H(6A)
H(6B)
N(8)
H8C()
H(8D)
C(14)

8620(50)
8648
9510(50)
9583
9560
7870(60)
7973
7815
8520(50)
8615
8941
7060(60)
6608
7030
10370(30)
10334
10285
10874
9740(30)
9822
9857
3440(60)
3165
3606
3730(50)
4093
3539
3760(50)
4116
3577
3390(60)
3115
3523
3620(70)

2680(120)
1880
2970(100)
2828
3778
2970(100)
2715
3777
2580(120)
3313
2079
2470(120)
2876
1695
1960(50)
1677
1415
2247
2850(50)
3399
3229
3400(50)
3391
4021
2440(70)
1910
2710
2460(70)
1924
2734
1490(50)
1442

886
2450(60)

6140(60)
5968
5880(90)
5084
5979
5440(60)
4681
5422
7390(60)
7724
7674
5830(70)
5482
5596
1190(50)
500
1691
1293
1340(70)
747
2044
1490(80)
2105
1204
5510(50)
5495
4894
7420(50)
7428
8039
1370(70)
1981
1006
990(60)

200(20)
243
200(20)
243
243
200(20)
243
243
200(20)
243
243
200(20)
243
243
110(9)
132
132
132
110(9)
132
132
121(14)
145
145
126(15)
151
151
126(15)
151
151
121(14)
145
145
121(14)

342
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H(14) 3919 2482 321 1 145
C(6) 3480(70) 2840(70) 6470(50) 1 126(15)
H(6) 3090 3412 6468 1 151

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

Table E12. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for
(4AMP)(MA)Pb,Br7 at 293(2) K with estimated standard deviations in parentheses.

*

Label X y z Occupancy Ueq
Pb(1) 1638(2) 2493(4) 3974(7) 1 52(1)
Pb(2) 3523(2) 2505(4) 5863(7) 1 54(1)
Br(3) 2589(6) 2487(10) 4760(30) 1 83(3)
Br(4) 1622(5) 426(13) 1137(18) 1 95(4)
Br(6) 3513(4) 4544(14) 3010(20) 1 94(4)
Br(8) 757(5) 2420(40) 2970(50) 1 222(18)
Br(10) 1629(5) 4585(13) 7015(17) 1 85(3)
Br(12) 3505(5) 450(12) 8905(17) 1 85(3)
Br(13) 4427(5) 2580(30) 6650(50) 1 197(15)
N(2) 4350(20) 7520(100) 6380(130) 1 176(17)
H(2A) 4056 7469 6202 1 211
H(2B) 4417 8116 5487 1 211
N(@3) 5840(20) 7880(130) 9170(130) 1 176(17)
HQ3A) 5860 8942 9245 1 211
H(3B) 6095 7465 9435 1 211
H3C() 5701 7520 9869 1 211
C4) 5164(18) 7510(80) 7120(100) 1 176(17)
H(4) 5067 7982 6022 1 211
N(1) 2630(60) 7620(150) 5400(200) 1 210(40)
H(1A) 2897 7374 5486 1 252
H(1B) 2496 6783 5598 1 252
HIC() 2611 8434 6015 1 252
C(1) 2450(50) 8100(200) 3600(300) 1 210(40)
H(1D) 2432 9247 3516 1 315
H(1E) 2178 7653 3217 1 315
H(1F) 2622 7719 2914 1 315
C(7) 5626(18) 7410(130) 7450(120) 1 176(17)



H(7A)
H(7B)
C(3)

H(3D)
H(3E)
C(5)

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

H(6A)
H(6B)
CQ2)

H2C()
H(2D)

5704
5717
4990(20)
5102
5064
5000(20)
5065
5142
4550(20)
4420
4491
4520(20)
4408
4445

6328
8106
5860(70)
5225
5360
8550(120)
9655
8275
8370(130)
9412
7749
5860(90)
5193
5409

7250
6681
7010(160)
6263
8088
8280(130)
8095
9402
8050(130)
8053
8948
6410(180)
7130
5311
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344

211
211
176(17)
211
211
176(17)
211
211
176(17)
211
211
176(17)
211
211

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

Table E13. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A%x10%) for

(3AMP)  (4AMP), .(FA),(MA), Pb,Br. at 292.93 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq
Pb(1) 14197(1) 2499(2) 9656(1) 1 36(1)
Pb(2) 10399(1) 2499(2) 9655(1) 1 36(1)
Br(3) 10404(4) 4752(8) 6920(12) 1 94(2)
Br(4) 14185(4) 4753(8) 6914(11) 1 93(2)
Br(5) 14184(4) -290(7) 7454(11) 1 80(2)
Br(6) 10408(4) -292(7) 7452(10) 1 82(2)
Br(7) 12286(5) 2507(6) 9633(16) 1 76(1)
Br(10) 8559(3) 2502(5) 9653(11) 1 129(3)
Br(11) 15971(3) 2505(7) 9635(13) 1 178(5)
N(1) 8900(30) 2170(60) 5290(70) 1 272(10)
H(1A) 9073 2938 5940 1 327
H(1B) 9339 1613 4955 1 327
H1C() 8549 1535 5803 1 327
N(3) 5720(30) 2310(50) 5050(80) 1 272(10)
H(3A) 5568 2604 6127 1 327



H(3B)
C(2)
H(2A)
H(2B)
C3)
H3C()
H(3D)
C(4)
H(4)
Co)
H(5A)
H(5B)
C(6)
H(6A)
H(6B)
C(7)
H(7A)
H(7B)
N(2)
H2C()
H(2D)
H(2E)
C(8)
H(8A)
H(8B)
H8C()

5211
6120(30)
5865
5954
7040(30)
7130
7256
7560(30)
7420
7190(40)
7163
7539
6320(40)
6352
6131
8470(30)
8691
8522
12360(40)
12507
11869
12745
12310(50)
12860
11953
12091

2002
3700(40)
3768
4645
3840(40)
4256
4628
2390(40)
1726
1530(50)
2233
621
980(40)
522

168
2890(70)
2484
4041
1890(40)
1001
1751
2109
3220(50)
3650
4031
2837

4491
4210(80)
3174
4790
3950(70)
2892
4694
4130(70)
3204
5560(60)
6464
5835
5060(70)
4002
5782
3900(80)
2907
3904
5360(70)
4853
5824
6097
4210(80)
4040
4625
3221
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327
272(10)
327
327
272(10)
327
327
272(10)
327
272(10)
327
327
272(10)
327
327
272(10)
327
327
196(10)
236
236
236
196(10)
294
294
294

"Ueq is defined as one third of the trace of the orthogonalized U tensor.

Table E14. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A%x10%) for

(4AMP)(FA),(MA), Pb.Br.at 293.01 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"

Pb(1) 9390(1) 2501(2) 8552(1) 1 41(1)
Pb(2) 5611(1) 2500(1) 8552(1) 1 33(1)
Br(1) 11184(6) 2556(11) 8540(20) 1 206(9)



Br(3)
Br(4)
Br(5)
Br(6)
Br(7)
Br(9)
N(1)
H(1A)
H(1B)
HI1C()
C(1)
H(1D)
H(1E)
H(1F)
N(2)
H(2A)
H(2B)
NQ@3)
HQ3A)
H(3B)
H3C()
C(2)
H2C()
H(2D)
C@3)
H(3D)
HQE)
C4)
H(4)
()
H(5A)
H(5B)
C(6)
H(6A)

9360(5)
5592(5)
9353(5)
5592(5)
3843(4)
7537(6)
7580(30)
7796
7061
7874
7590(40)
8006
7719
7062
930(30)
503

649
4160(30)
4582
4093
4272
1370(30)
1277
1144
2300(30)
2404
2556
2670(30)
2783
2290(30)
2347
2599
1400(30)
1362

-455(4)
-468(4)
4601(4)
4592(5)
2555(11)
2501(6)
1750(50)
908
1535
1969
3190(60)
3034
4138
3308
2440(70)
2911
1855
2180(60)
2600
1167
2231
1260(70)
200
1274
1520(70)
2318
531
2050(60)
1189
3510(60)
3449
4432
3760(60)
4675

6471(9)
6490(8)
5626(9)
5603(9)
8535(19)
8556(14)
4340(60)
3838
4615
5209
3210(70)
2402
3814
2716
3700(80)
4366
2852
3980(90)
3432
3693
5024
4690(80)
4246
5760
4800(70)
5617
5138
3250(60)
2489
2540(80)
1389
2906
2940(90)
3649

bt e e e e e ek ek ek e e e e ek ek e e e e b ek ek e e e e e ek ek e e e ek e

74(2)
70(2)
82(2)
77(2)
200(8)
78(1)
131(11)
157
157
157
131(11)
196
196
196
177(10)
212
212
177(10)
212
212
212
177(10)
212
212
177(10)
212
212
177(10)
212
177(10)
212
212
177(10)
212
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H(6B)
C(7)

H(7A)
H(7B)

1116
3400(30)
3506
3270

4041
3090(60)
3799
3750

1958
3640(80)
2738
4559

O S S
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212
177(10)
212
212

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

Table E15. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for

(3AMP), .(4AMP), .(FA), ,Pb,Br, at 297.98 K with estimated standard deviations in parentheses.

*

Label X y z Occupancy Ugq
Pb(1) 5236(1) 2500(2) 5389(1) 1 38(1)
Pb(2) 1407(1) 2499(2) 5388(1) 1 40(1)
Br(3) 5245(5) 4752(9) 8151(10) 1 78(2)
Br(5) 1407(5) 4758(9) 8143(10) 1 78(2)
Br(6) 5243(6) 222(11) 2677(11) 1 86(3)
Br(7) 1414(5) 215(11) 2684(11) 1 87(3)
Br(8) 3294(7) 2511(8) 5316(16) 1 70(1)
Br(9) 7008(5) 2509(9) 5334(18) 1 158(6)
Br(1) -422(6) 2512(8) 5347(18) 1 157(6)
N(2) 3070(30) 8330(60) 4400(60) 1 172(12)
H2C() 2756 7676 3890 1 206
H(2D) 3178 9243 4002 1 206
N(1) 3180(30) 6490(50) 6220(60) 1 172(12)
H(1A) 2855 5929 5630 1 206
H(1B) 3353 6114 7106 1 206
C(1) 3390(50) 7910(50) 5780(60) 1 172(12)
H(1) 3737 8570 6376 1 206
N@4) 6690(40) 7700(70) 5200(80) 1 245(15)
H(4A) 6816 8200 4304 1 295
H(4B) 6338 8287 5762 1 295
H4C() 6454 6773 4975 1 295
NQ@3) 9750(40) 8070(70) 4910(70) 1 245(15)
H(3A) 10295 8535 5023 1 295
H(3B) 9700 7661 3839 1 295
C4) 8180(30) 6970(70) 5080(70) 1 245(15)
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H(4) 7951 6268 4274 1 295
Cc(3) 8420(50) 8450(70) 4240(70) 1 245(15)
H3C() 7941 9127 4126 1 295
H(3D) 8629 8189 3193 1 295
C(5) 8810(40) 6010(50) 5980(80) 1 245(15)
H(5A) 8604 5857 7046 1 295
H(5B) 8848 4976 5484 1 295
CQ) 9100(40) 9320(50) 5160(80) 1 245(15)
H(Q2A) 9249 10321 4686 1 295
H(2B) 8958 9460 6268 1 295
c(7) 7470(40) 7430(90) 6130(70) 1 245(15)
H(7A) 7369 6594 6899 1 295
H(7B) 7607 8386 6708 1 295
C(6) 9660(40) 6710(70) 6060(90) 1 245(15)
H(6A) 10074 5904 5815 1 295
H(6B) 9769 7086 7128 1 295

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

Table E16. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A?x10%) for

(3AMP)  (4AMP), .(MA), .Pb,Br, at 293.0 K with estimated standard deviations in parentheses.

Label X y z Occupancy Ueq"
Pb(1) 4776(1) 2501(1) 4891(1) 1.000000 34(1)
Pb(2) 6661(1) 2499(1) 6778(1) 1.000000 35(1)
Br(3) 4776(1) 4620(3) 7806(1) 1.000000 73(1)
Br(4) 6651(1) 381(3) 9679(1) 1.000000 76(1)
Br(6) 5730(1) 2497(2) 5832(1) 1.000000 72(1)
Br(8) 4775(1) -355(3) 7065(1) 1.000000 83(2)
Br(9) 6651(1) 5353(3) 8947(1) 1.000000 86(2)
Br(10) 3875(1) 2516(4) 3922(1) 1.000000 144(2)
Br(12) 7565(1) 2492(5) 7627(1) 1.000000 162(3)
N(1) 3966(6) 2130(30) 8657(14) 1.000000 239(7)
H(la) 4087(6) 1460(30) 9478(14) 1.000000 287(8)
H(1b) 4163(6) 2460(30) 8167(14) 1.000000 287(8)

C(4) 3094(6) 3120(30) 7828(17) 1000000 239(7)



H(4)
C@)
H(3a)
H(3b)
C(5)
H(5a)
H(5b)
C(7)
H(7a)
H(7b)
C(2)
H(2a)
H(2b)
C(6)
H(6a)
H(6b)
N(2)
H(2c)
H(2d)
H(2e)
C(1)
H(1c)
H(1d)
H(le)
N(4)
H(4a)
H(4b)
H(4c)

3165(6)
3197(7)
3134(7)
3024(7)
3359(7)
3280(7)
3330(7)
2642(7)
2603(7)
2518(7)
3645(7)
3671(7)
3712(7)
3802(7)
3982(7)
3825(7)
5789(6)
5680(50)
6064(7)
5690(50)
5682(10)
5387(11)
5820(60)
5760(70)
2477(8)
2450(80)
2650(40)
2230(40)

3860(30)
1440(20)
730(20)
1140(20)
3440(30)
4440(30)
2590(30)
3300(30)
3320(30)
4250(30)
1250(30)
1550(30)
130(30)
3530(30)
3720(30)
4450(30)
3250(30)
3760(50)
3350(30)
3660(60)
1580(30)
1460(40)
1010(60)
1160(80)
1830(30)
1960(120)
1020(70)
1610(180)

7036(17)
7450(18)
8267(18)
6380(18)
9527(16)
9947(16)
10273(16)
7831(19)
8941(19)
7242(19)
7445(18)
6357(18)
7584(18)
9372(18)
10463(18)
8703(18)
10367(13)
11090(180)
10700(200)
9370(60)
10344(16)
9900(300)
9700(200)
11440(50)
6943(13)
5870(40)
7300(200)
7100(300)

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

287(8)
239(7)
287(8)
287(8)
239(7)
287(8)
287(8)
239(7)
287(8)
287(8)
239(7)
287(8)
287(8)
239(7)
287(8)
287(8)
168(8)
201(9)
201(9)
201(9)
168(8)
251(11)
251(11)
251(11)
271(12)
326(14)
326(14)
326(14)
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"Ueq is defined as one third of the trace of the orthogonalized U tensor.
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Table E17. Anisotropic displacement parameters (A?x10%) for (3AMP)(FA)Pb,Br; at 293(2) K with

estimated standard deviations in parentheses.

Label Un Uz Uss U Uis Uz
Pb(1) 44(2) 47(1) 54(2) 0 3(1) 0
Pb(2) 40(1) 39(1) 57(1) 0 -3(1) 0
Br(3) 79(3) 74(2) 108(3) 37(2) -8(2) -9(2)
Br(4) 702) 71(3) 125(4) 352) 32) 32)
Br(6) 100(4) 110(2) 49(2) 0 6(2) 0
Br(8) 173(10) 184(13) 60(4) 0 -25(5) 0
Br(9) 197(11) 200(13) 49(4) 0 21(5) 0

The anisotropic displacement factor exponent takes the form:

Table E18. Anisotropic displacement parameters (A%x10%)
estimated standard deviations in parentheses.

2n’[h*a™Uy + ...

+ 2hka*b*U12] .

for (3AMP)(MA)Pb,Br; at 293(2) K with

Label Un Uz Us; Uiz Uis Uz
Pb(1) 69(2) 50(2) 41(1) 0(1) 3(1) -1(1)
Pb(2) 732) 46(1) 42(1) (1) 8(1) (1)
Br(5) 56(2) 129(4) 85(6) L4(3) 17(3) -13(3)
Br(6) 132(5) 104(4) 86(3) 6(4) 17(3) -68(3)
Br(7) 147(5) 94(4) 115(5) .5(4) -18(4) 84(4)
Br(8) 78(4) 153(8) 150(9) 9(4) 14(5) 67(6)
Br(9) 134(5) 103(4) 84(3) 0(4) 220(3) -69(3)
Br(10) 161(6) 88(4) 107(4) 10(4) 21(4) 278(3)
Br(2) 62(4) 198(10) 135(3) 5(4) 7(4) 71(6)

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

Table E19. Anisotropic displacement parameters (A’x10%)
estimated standard deviations in parentheses.

+ 2hka"b"U, 2].

for (4AMP)(FA)Pb,Br; at 293(2) K with

Label Ui Ux Us; U Uis U

Pb(1) 40(2) 35(2) 29(2) 6(2) 02) 102)
Pb(2) 46(2) 2(2) 44(2) 102) 8(2) 302)
Pb(3) 51(2) 45(2) 47(3) 32) 402) 11(2)
Pb(4) 51(2) 51(2) 61(2) 8(2) 22) 122)



Br(5)
Br(6)
Br(7)
Br(8)
Br(9)
Br(10)
Br(11)
Br(12)
Br(13)
Br(14)
Br(15)
Br(16)
Br(17)
Br(18)

55(9)
32(4)
116(11)
99(8)
63(8)
90(7)
158(14)
81(7)
52(6)
6(3)
101(8)
134(13)
119(9)
43(7)

240(20)
87(6)
26(4)
124(9)
196(15)
58(4)
29(4)
45(4)
91(7)
250(20)
50(4)
148(12)
62(5)
195(14)

240(20)
94(7)
165(10)
22(3)
173(12)
34(4)
113(8)
80(6)
77(7)
225(17)
54(4)
57(6)
56(5)
156(10)

2(13)
7(6)
3(5)
14(8)
36(10)
-12(5)
3(5)
-7(5)
-3(6)
20(9)
0(5)
-6(10)
-1(6)
-18(8)

25(11)
5(5)
14(9)
4(4)
-14(8)
8(4)
19(8)
31(5)
-10(6)
11(6)
20(5)
-16(7)
-10(5)
23(7)
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21(17)
-24(6)
37(5)
19(5)
76(11)
9(3)
22(4)
17(4)
2(5)
-28(14)
13(3)
29(7)
“11(4)
82(10)

The anisotropic displacement factor exponent takes the form:

Table E20. Anisotropic displacement parameters (A%x10°)
estimated standard deviations in parentheses.

2n*[h?a™ Uy + ...

+ 2hka*b*U12] .

for (4AMP)(MA)Pb,Br; at 293(2) K with

Label U Uz Us; Ui Uis Uz
Pb(1) 76(2) 39(1) 45(2) 10(1) 22(2) 6(2)
Pb(2) 53(1) 58(2) 49(2) 8(1) 72) 72)
Br(3) 62(3) 107(3) 80(8) 4(5) 16(3) 22(6)
Br(4) 126(8) 76(6) 75(8) 22(5) 7(6) -53(6)
Br(6) 112(7) 82(6) 100(10) 0(5) 48(6) 56(6)
Br(8) 53(7) 320(40) 280(40) -14(10) 11(11) -60(20)
Br(10) 147(9) 63(5) 53(6) 21(5) 40(5) -19(4)
Br(12) 134(8) 66(5) 61(7) 3(5) 36(6) 8(4)
Br(13) 58(8) 270(30) 250(40) -33(9) 26(11) 134(18)

The anisotropic displacement factor exponent takes the form: -2n[h?a"?Uy; + ...

+ 2hka"b"U, 2]
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Table E21. Anisotropic displacement parameters (A>x10?) for (3AM P),s(4AMP) .(FA),.(MA) .Pb.Br. at

292.93 K with estimated standard deviations in parentheses.

Label Uu Uz, Uss U Uis Uzs
Pb(1) 38(1) 20(1) 39(1) 0(1) 0(1) 0(1)
Pb(2) 43(1) 38(1) 28(1) 0(1) 0(1) 0(1)
Br(3) 112(4) 84(4) 85(5) 6(4) -1(4) 56(3)
Br(4) 107(4) 87(4) 84(5) 4(4) 8(4) 56(3)
BI (5) 108(4) 66(3) 67(4) 8(3) 11(3) 35(2)
Br (6) 115(4) 65(3) 66(4) 8(3) 4(3) -36(3)
Br(7) 32(1) 96(2) 100(2) 0(L) 1(1) 1()
Br(10) 37(2) 172(7) 177(8) 2(2) 3(3) -14(4)
Br(11) 30(2) 257(9) 246(12) 4(3) 3(3) 19(6)

The anisotropic displacement factor exponent takes the form: -2x°[h*a™Uy; + ...

+ 2hka*b*U12] .

Table E22. Anisotropic displacement parameters (A’x10%) for (4AMP)(FA), . (MA),.Pb.Br_ at 293.01 K

with estimated standard deviations in parentheses.

Label Un Uz Us; Uiz Uis Uz
Pb(1) 38(1) 42(1) 42(1) 21) (1) 1(1)
Pb(2) 32(1) 32(1) 34(1) 2(1) 0(1) 0(1)
Br(1) 59(7) 258(18) 300(20) 220(5) 309) 225(10)
Br(3) 117(4) 50(2) 56(3) 10(2) 1103) 22(2)
Br(4) 102(4) 60(3) 472) -18(2) 16(2) 23(2)
Br(5) 123(5) 51(2) 713) 202) 303) 28(2)
Br(6) 106(4) 64(3) 60(3) 113) -10(3) 302)
Br(7) 15(3) 300(17) 285(16) 6(4) -1(5) 20(9)
Br(9) 31(2) 101(3) 103(3) 0(2) 202) 02)

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

+ 2hka"b"U, 2].
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Table E23. Anisotropic displacement parameters (A>x10?) for (3AM P),s(4AMP) .(FA),.Pb,Br, at 297.98

K with estimated standard deviations in parentheses.

Label Un Uz Uss U Uiz Uz
Pb(1) 42(1) 32(1) 40(1) 0(1) -5(1) 0(1)
Pb(2) 49(1) 39(1) 32(1) 0(1) 6(1) 0(1)
Br(3) 107(4) 63(4) 65(5) 4(5) -7(4) -31(3)
Br(5) 106(4) 68(4) 61(5) -6(5) 14(4) 31(4)
Br(6) 106(5) 74(5) 78(6) -5(5) -1(5) -46(4)
Br(7) 110(5) 78(5) 73(6) 10(5) -6(5) -45(4)
Br(8) 40(2) 86(2) 85(2) 12) -5(2) 1(2)
Br(9) 34(3) 214(12) 227(13) 1(4) 21(4) 16(7)
Br(1) 50(3) 213(12) 207(12) 1(4) 18(4) -14(7)

The anisotropic displacement factor exponent takes the form: -2n’[h%a™Uy; + ...

+ 2hka*b*U12] .

Table E24. Anisotropic displacement parameters (A?x10°) for (3AM P),s(4AMP), .(MA) Pb,Br. at 293.0

K with estimated standard deviations in parentheses.

Label Un Uz Uss Uiz Uis Uzs
Pb(1) 36(1) 26(1) 39(1) 0(1) 9(1) 0(1)
Pb(2) 42(1) 37(1) 27(1) 0() 10(1) 0(L)
Br(3) 98(3) 59(2) 69(2) -13(2) 32(2) 33(2)
Br(4) 106(3) 62(2) 64(2) 8(2) 28(2) 31(2)
Br(6) 32(1) 90(2) 90(2) 5(2) 8(1) 02)
Br(8) 100(3) 72(2) 71(3) 7(2) 12(2) 2202)
Br(9) 108(3) 76(2) 80(3) 1(2) 35(2) 47(2)
Br(10) 29(2) 197(6) 183(5) 42) -14(2) 6(3)
Br(12) 48(2) 209(6) 232(6) 72) 43(3) 6(3)

The anisotropic displacement factor exponent takes the form: -2n’[h%a™Uy; + ...

+ 2hka"b"U, 2].
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(4AMP)(FA)Pb,Br; (3AMP)(FA)Pb,Br, (4AMP)(FA), 5(MA), 5Pb,Br;
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Figure E1. Representative microscopic photos of the (A”)(A)Pb2Br; compounds.
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Figure E2. Low-frequency Raman spectra of hybrid lead bromide crystals. The spectral region
between =8 cm ™! has been deleted because of the use of notch filter. The spectra were collected
using 473 nm laser under ambient condition. The mixing of templating and perovskitizer makes
the spectra much less resolved and much broader than the ones with no mixing (4MA, 4FA and
3FA), indicating a more dynamically disorder environment for the mixed ones (4FAMA, 3FAMA,
34MA, 34FA and 34FAMA).
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Figure E3. Steady-state PL spectra were collected using HORIBA LabRAM HR Evolution
Confocal RAMAN microscope. 473 nm laser (25mW, 0.1% power) was used to excite all samples
at 10x or 50% magnification (2um beam size). The PL emission energy shows a similar trend as
the band gap, where with increasing Pb-Br-Pb angle the emission energy decreases. 4FA and
34FAMA are a bit off from the trend, which have lower emission energy than expected.
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Figure E4. Time-resolved PL decay of (a) (3AMP)(FA)Pb2Br; and (b) (4AMP)(FA)Pb,Br;
(inserted shows the compound excited by UV flashlight, exhibiting greenlight emission). Time-
resolved PL spectra were captured with a streak camera. During the measurements, the samples
were mounted in a vacuum cryostat and maintained under < 107 Torr pressure (Aexc: 330 nm).
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Figure ES. On/off switching cycles of photocurrent responses under 10V bias and ambient light.
The electrodes were placed on the same side of the crystal plate. 3FA (on/off ratio ~10) shows
better photo-response than the 34MA sample (on/off ratio ~2). The rest of the compounds were
not measured due to size limitation.
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