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1. Abstract

In recent years hybrid organic-inorganic perovskites (HOIPs) based on lead halides gained
substantial interest in materials science and industry due to exceptional properties, such as high
power conversion and quantum efficiencies, long carrier diffusion lengths, etc. combined with
costly efficient synthesis. However, their potential for applications is limited by several factors,
including high vulnerability to moisture or chemicals, resulting in rapid degradation. As the
unique properties of molecular lead halides arise directly from the intermolecular interactions
and depend on the crystal composition, the attention of researchers is increasingly directed

toward new analogs by substituting the A- B-, and X- sites in the perovskite ABX3 structure.

The family of lead halide HOIPs has been recently expanded with compounds comprising
methylhydrazinium (MHy") cation. The crystal structure of MHyPbX3 perovskites (X = Br, Cl)
consists of a three-dimensional (3D) network of corner-sharing PbXs octahedra, which are
heavily distorted due to interactions with MHy" cations situated within the voids. Unlike their
counterparts, MHyPbX3 crystallize in noncentrosymmetric, polar space groups, thus opening
the possibilities for observations of nonlinear optical and ferroic features. MHy " has also been
found to act as a spacer in MHy>PbX4 (X = Br, I) two-dimensional (2D) HOIPs. The current
state of the art on MHy-based lead halide hybrids calls for developing new compounds using

the A- and X-site compositional engineering.

The effects of substitution and alloying of the A and X sites on crystal structure and selected
optoelectronic properties are described in six articles (D1 — D6). In D1, halide-alloying
introduced to MHyPbBr«Cls.x 3D HOIPs prompts the stabilization of both high-temperature
polymorphs of single-halide analogs and enables tuning of bandgap value, ionic conductivity,
and the characteristics of photoluminescence bands. The same approach is used in D2 for
MHy:PbBr4.xIx 2D HOIPs, inducing a rich polymorphism driven by the temperature and halides
contribution. In D3, layered MHy2PbCls is characterized. This compound shows a unique
sequence of temperature-induced polymorphs, starting from  high-temperature
centrosymmetric, intermediate modulated, and low-temperature polar phase. The concurrence
of MHy" and imidazolium cation in D4 promotes a formation of 2D perovskites with (110)-
oriented layers, featuring a profound tilting arising from interactions with organic cations.
Finally, articles DS and D6 describe the hybrid compounds of lower dimensionality of
octahedra connections, i.e., MHyPblz 1D compound with parallel double-chains, and

Cs:MHy>PbXs (X = Br, I) 0D analog with isolated octahedra, respectively.



2. Streszczenie

Organiczno-nieorganiczne zwigzki halogenkéw otowiu o strukturze perowskitu zyskuja
w ostatnich latach coraz wigksza popularno$§¢ w nauce oraz przemysle ze wzgledu na ich
unikalne wiasciwosci m.in. wysokg wydajno$¢ konwersji energii, wydluzone drogi dyfuzji
nos$nikéw tadunku oraz niski koszt 1 tatwo$¢ otrzymywania. Potencjal aplikacyjny jest jednak
ograniczony przez wysoka wrazliwo§¢ tych materiatéw na dzialanie wilgoci 1 zwigzkéw
chemicznych, co przektada si¢ na obnizong stabilno$¢ opartych na nich urzagdzen. Wtasciwosci
fizykochemiczne perowskitow hybrydowych wynikaja bezposrednio z budowy
(wymiarowosci) struktury nieorganicznej oraz oddzialywan migdzy czeScig molekularng
1 nieorganiczng, w zwigzku z tym sg determinowane sktadem krysztatu. Dlatego coraz wigcej
uwagi poswigca si¢ poszukiwaniu nowych analogéw stosujac podstawienia chemiczne

w pozycjach A, B oraz X w tréjwymiarowej strukturze perowskitu opisanej wzorem ABX3s.

Do waskiej grupy kationéw organicznych, mogacych stabilizowaé strukture perowskitu
w halogenkach otowiu, nalezy kation metylohydrazyniowy (MHy"). Struktura krystaliczna
MHyPbX3 (X = Br, Cl) zbudowana jest z trojwymiarowej (3D) sieci potaczonych narozami
oktaedrow PbXs, ktore cechuja si¢ silng dystorsja ze wzgledu na oddziatywania z kationami
MHy" obsadzajacymi przestrzenie migdzy oktaedrami. Perowskity MHyPbX3 wyrdzniajg sie
sposrod innych 3D HOIPs krystalizacjag w uktadach niecentrosymetrycznych, stwarzajac tym
samym mozliwos¢ obserwacji efektow optyki nieliniowej oraz wilasciwosci ferroicznych.
MHy" krystalizuje rowniez w uktadach 2D o wzorze MHy,PbX4 (X = Br, I), w ktorych znajduje
si¢ w przestrzeniach migdzy warstwami oktaedrow. Dotychczasowe wyniki wskazujg na duzy
potencjat otrzymania nowych zwigzkow hybrydowych halogenkow otowiu na bazie MHy"

o unikalnych wtasciwos$ciach poprzez modytikacje sktadu chemicznego w pozycjach A lub X.

Wplyw podstawiania halogenkow i obecnosci dwoch jondow na pozycji A lub X na strukturg
krystaliczng oraz na wybrane wtasciwosci optoelektroniczne opisano w szesciu artykutach (D1
— D6) stanowigcych tre$¢ niniejszej rozprawy. W artykule D1 dotyczacym serii zwigzkow 3D
o wzorze MHyPbBrClzx, obecno$¢ dwodch halogenkéw pozwala na stabilizacje faz
wysokotemperaturowych. Poprzez zmian¢ stezenia halogenkdéw uzyskano przestrajalnos$é
szeroko$ci przerwy energetycznej, przewodnictwa jonowego oraz potozenia i intensywnosci
pasm emisji fotoluminescencji. Uktady dwuhalogenkowe 2D o wzorze MHy>PbBrslx,
opisywane w pracy D2, charakteryzujg si¢ bogatym polimorfizmem regulowanym temperaturg

oraz sktadem. W artykule D3 opisany zostal zwigzek 2D o wzorze MHy:PbCls, ktory



charakteryzuje si¢ rzadka sekwencja przemian fazowych indukowanych temperaturg t;.
wysokotemperaturowa fazg centrosymetryczng, przejsciowa fazg modulowang oraz
niskotemperaturowg faza polarng. Artykut D4 opisuje zwigzki o wzorze IMMHyPbX4 (X = Br,
Cl) zawierajace dwa kationy organiczne, imidazoliowy (IM") oraz MHy". Materiaty te naleza
do nielicznej grupy perowskitow 2D typu (110) i cechujg si¢ znaczaca dystorsja warstw
nieorganicznych w wyniku oddzialywan wodorowych z kationami organicznymi. Artykuty D5
1 D6 opisujg zwigzki hybrydowe o nizszej wymiarowosci potaczen oktaedrow — odpowiednio
1D o wzorze MHyPblz z tancuchowa budowa czesci nieorganicznej, oraz 0D o wzorze

Cs:MHy2PbXs (X = Br, I) z izolowanymi oktaedrami.



3. Aims and Objectives

The following dissertation focuses on a specific class of hybrid organic-inorganic materials,
i.e., lead halides comprising methylhydrazinium (MHy") cation. The already reported 3D
perovskites (APbX3) with A =MHy" and X = Br,, CI offer enhanced stability compared to their
well-known analogs and reveal exceptional properties arising from noncentrosymmetric and
strongly distorted alignment. The MHy-based lead halides with inorganic layers (2D, A2PbXa4,

X =Br, I) are characterized, for instance, by record-breaking low interlayer distances.

This dissertation aims to develop and characterize newcomers to this emerging class of
hybrids that demonstrate novel tunable properties. The general scientific goal is to understand
the structure-property relationships and mechanisms of structural phase transitions that

determine the physicochemical properties of the synthesized materials.
The proposed paths for the development of new compounds are as follows:

e Halide substitution: compositions with one of the following halide anions: CI", Br', I'.
e Halide alloying: coexistence of two halides at the X site.
e A-site cation alloying: introducing the second organic or inorganic cation to the MHy-

based systems.

These compositional engineering techniques have already demonstrated their usability for the
flagship lead halide perovskites in terms of modification of crystal structure and tunability of
the optoelectronic features. In the case of the titular compounds, A- and X-site engineering is
expected to alter the intermolecular interactions, yielding specific structural alignments, and
consequently affecting the physicochemical properties. Apart from 3D and 2D structures, it is
likely that the synthesized compounds may adopt other types of dimensionalities, including 1D

and 0D.

To address the aims and objectives set in the dissertation, detailed studies of the crystal structure
are provided via X-ray diffraction measurements on single-crystal and powdered samples,
conducted in a broad temperature range (from 100 K to the temperature of decomposition of
the sample). Apart from the structural studies, the articles constituting the thesis also describe
the linear and nonlinear optical properties and the dielectric characterization, performed by the

collaborators.
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Energy dispersive X-ray analysis
Formamidinium (cation)

Free exciton

Full width at half maximum
Hydrogen bonds

Hybrid organic-inorganic perovskites
High temperature
Isobutylammonium (cation)
Imidazolium (cation)

Potassium dihydrogen phosphate
Low temperature
Methylammonium (cation)
Methylhydrazinium (cation)
Power conversion efficiency
Photoluminescence

Structural phase transition, polymorphic transition

Ruddlesden-Popper

Room temperature
Single-crystal X-ray diffraction
Second harmonic generation
Self-trapped exciton
Goldschmidt tolerance factor
X-ray diffraction

11



SYMBOL DESCRIPTION UNIT
a,b,c Lattice parameters A

din 180° — O deg (%)
dout 180° — eout deg (O)
= Energy band gap eV

q* Modulation vector -

ACp Heat capacity Jmol K
Ad Bond length distortion -

g' Dielectric constant -

Oin In-plane Pb—X-Pb angle deg (°)
Olink Pb—X-Pb angle for (110)-oriented type deg (°)
Oout Out-of-plane Pb—X—Pb angle deg (°)
6° Octahedra angle variance deg?
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6. Introduction

6.1. Hybrid organic-inorganic compounds

Materials that combine inorganic and organic units present significant prospects for developing
novel and functional materials for scientific investigation and technological utilization.
Inorganic materials may demonstrate high electrical mobility, intriguing magnetic behavior,
notable mechanical strength, thermal robustness, etc. They also exhibit a broad range of band
gap (Eg) widths, resulting in a vast group of superconductors, semiconductors, and
insulators [1]. The organic compounds, in turn, are characterized by highly effective
luminescence, flexible mechanical characteristics, considerable polarizability, and, as in the
case of their inorganic counterparts, conductivity or superconductivity [2]. The research on
organic-inorganic hybrids generally aims to benefit from the diverse interaction mechanisms
inherent in both inorganic and organic chemistry. This leads to new materials with enhanced
properties than those attainable with either of the subgroups. In certain scenarios, the objective
is to explore novel phenomena arising from the intermolecular forces between the organic and

inorganic species.

Hybrid materials may be roughly classified concerning the bonding relations between the
abovementioned, as depicted in Fig. 1. The first group includes the weaker intermolecular
interactions, such as hydrogen bonds (HBs), van der Waals, and subtle electrostatic forces. In
this type of structures, the linking distances between the electrically neutral organic and
inorganic frameworks are relatively long, resembling the physisorption process [3,4]. The
second class is defined by stronger organic-inorganic interactions, i.e., coordination, ionic, and
covalent bonds. In ionic compounds, the organic moiety is integral to the inorganic structure
and is essential for maintaining overall charge neutrality. In contrast to the previous class, these
materials generally reveal smaller bonding distances and well-defined stoichiometries, with the
organic cations occupying specific sites in the lattice. While all the presented types of hybrid
compounds hold significant scientific and technological interest, a particular group has
garnered attention from researchers and industry in recent decades due to its strong potential
for optoelectronic (i.e., light-emitting, photovoltaic, dielectric, etc.) applications — ionically

interacting systems built on the perovskite framework.
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Figure 1. Classification of the hybrid organic-inorganic materials based on the strength of the intermolecular
interactions [3].

6.2. Hybrid perovskites

Perovskite, a calcium titanium oxide mineral with the chemical formula CaTiOs, was
discovered in 1839 by the Prussian mineralogist Gustav Rose in the Ural Mountains and named
in honor of Lev Perovski — the initiator of the Russian Geographical Society [5]. Today, the
‘perovskite’ term broadly refers to materials sharing the same structure as CaTiOs, expressed
by the general chemical formula ABX3 [6,7]. The crystal structure is built of BXs octahedra,
which through corner-sharing, form a three-dimensional framework accommodating A-site

cations in the 12-fold coordinated cavities (Fig. 2). The archetypal perovskite structure adopts

cubic O, symmetry described in Pm3m space group. Within a great diversity of perovskite
oxide compositions, one may find examples with lower symmetry. For instance, the crystal
structure of barium titanate (BaTiO3) is described in the trigonal R3m space group at ambient
conditions [8]. The displacement of Ti** from the octahedra center induces ferroelectric
ordering and spontaneous polarization. This feature has placed the BaTiO3 as one of the most
widely used ferroelectric ceramics [9-11]. Other examples, such as BiFeOs; and LaMnOs3
demonstrate advisable properties (enormous magnetoresistance effect, multiferroicity, etc.) in

terms of spintronics, storage devices, and other electronic and magnetic applications [12,13].

The A-, B-, and X-sites of the perovskite structure are not restricted only to metal cations and
oxygen anions. They can adopt a variety of compositions, as long as the charge balance and
lattice compatibility are preserved. Substituting the A- and X-site ions with organic compounds
creates a subclass of perovskite materials known as hybrid organic-inorganic perovskites
(HOIPs) [14]. Incorporating organic components into the perovskite alignment notably alters

their electronic nature and structural flexibility compared to their inorganic counterparts. These
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features may enable novel properties and functionalities absent in perovskite oxides. Moreover,
a vast structural and chemical variability of HOIPs offers multipurpose physicochemical
properties and substantial opportunities for their tunability and controllability through simple

bottom-up chemical synthesis.

Perovskite structure )

/

“——° ¢ %

Crystal structure of CaTiO4
(cubic, Pm3m)

Unit cell BXs octahedra

Figure 2. The crystal structure of perovskite (calcium titanate, CaTiO3) with the characteristic features.

An extensive variety of the components on the A-, B-, and X-site results in numerous
combinations of HOIPs, with the compositions spanning over a large section of the periodic
table. Regarding the crystal structure, one may distinguish several subcategories apart from the
ABX3 cubic exemplar, including ABX3 hexagonal perovskites (6H, 4H), A3;BX anti-
perovskites, A2BB'Xs double perovskites, and other [7,15-17]. Another path of classification
refers to the type of the mono- or multiatomic anion at the X site, as illustrated in Fig. 3. This
type of categorization encompasses anions such as halides (CI, Br, I'), cyanides (CN),

formates (HCOQ"), hypophosphites (H2PO>"), azides (N3), etc. [18].

HOIPs, much like their inorganic counterparts, can demonstrate a wide range of physical
properties based on their unique configurations. Perovskite formates are attractive due to their
multiferroic properties [19-21], whereas azides, cyanides, and hypophosphites exhibit
switchable dielectric behavior, as well as versatile magnetic, luminescent, and non-linear
optical features [22-25]. Nevertheless, one specific class, namely 3D lead halide HOIPs (with
Pb?* metal centers and comprising small organic cations at the A site, often referred to as
‘perovskitizers’) has captured the largest attention of both material science and industry,
demonstrating exceptional optoelectronic properties, thoroughly investigated and rapidly

improved over the last 15 years.
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Thiocyanates Azides Dicyanamides Dicyanometallates

Figure 3. Classification of HOIPs centered on the type of introduced X-site anion [18].

6.3. 3D lead halide HOIPs

3D lead halide HOIPs comprising methylammonium (MA*, CH3NH3") or formamidinium
(FA", CH(NH2)") started to attract worldwide attention in 2009, when the MAPbI3-based solar
cell device was reported, exhibiting the power conversion efficiency (PCE) of 3.8% [26]. Since
then, the PCE of the perovskite solar cells has promptly grown to 26.1%, matching the
conventional devices based on silicone [27,28]. Such rapid progress is driven by the exceptional
photoelectronic properties of MAPbX3; and FAPbX3 absorbers, e.g., high extinction and
absorption coefficients, and long carrier diffusion lengths. [29-31]. With all these features and
low-cost fabrication, lead halide HOIPs constitute the core for thin, flexible, and
semitransparent solar cells. They are considered for contemporary and future applications in
optoelectronics, photodynamic therapy, etc. [32—34]. However, the commercialization process
of MA/FAPbX;-based photovoltaics still faces critical issues, mainly regarding their high
sensitivity to moisture and other external factors, resulting in poor long-term stability and
performance [35]. Thus, several strategies have evolved throughout the years to address these

1SSues.

The first approach involves the substitution of the organic cation at the A site, an essential tool
for achieving highly tunable HOIP properties. However, such modifications are limited due to
steric hindrance from the three-dimensional inorganic substructure. The stability of the 3D
perovskite can be parametrized using the Goldschmidt tolerance factor (7F) [36]. Bearing in
mind that the A-site cations are not spherical ions but molecular groups, the TF has been

adjusted in this case to the following formula [37]:
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where r4,¢1s the effective radius of the A-site molecule, and 7 and rx represent the radius of
B and X ions, respectively. Typical TF values for the perovskites span between ~0.8 and ~1.0.
In the case of 3D lead halides, only moieties with a moderately small 74 . may fulfill the above
rule. Thus far, four A-site cations have been reported to fit into the 3D structure, namely MA™,
FA", aziridinium (AZr") and methylhydrazinium (MHy") (r4¢f provided in Fig. 4). When
compared to the well-known MA- and FA-based compounds, AZrPbX3 3D HOIPs possess the
favored cubic phase down to the lowest temperatures (132 — 162 K) and demonstrate the optical
band gap values (1.51 eV for AZrPblz) more preferable for the photovoltaics [38—41]. The
MHy-based compositions, despite exceeding the 7F (1.01, 1.03, and 1.05 for I, Br, and Cl,
respectively), adopt two stable 3D structures of MHyPbBr3 and MHyPbCls; formula [42,43].
With the largest 7407 of MHy" among all mentioned cations (Fig. 4), MHyPbX3 (X = Br, Cl)
are the only 3D lead halide HOIPs that crystallize and adopt noncentrosymmetric phases
with severely distorted perovskite substructure. Combined with the order-disorder phase
transitions, observed in MHyPbBr3, this specific family demonstrates the greatest potential for
the studies of the crystal structure and its rearrangement upon varying temperature.
Furthermore, the lack of the center of symmetry is manifested in the non-linear optical
phenomena, ferroic properties, etc., paving the way for new fields of optoelectronic

applications.

Another approach that has gained significant interest in recent years is the A- and X-site
alloying, which involves the coexistence of two constituents at a single site. Several studies
have reported enhanced stability and performance of HOIPs through the incorporation of
secondary organic cations [44—46]. For instance, doping of imidazolium (IM") or its derivatives
to the MA-based 3D HOIPs results in improved PCE and moisture resistance, benefiting from
the hydrophobic nature of the introduced moiety [47,48]. In the case of halide-mixing, an
expanding body of reports on MAPbX,X'3., and FAPbX,X'3., 3D hybrids reveals the anion-
tunable characteristics [49—52]. Halide alloying offers tunability of E,, PL bands, and extended
charge carrier diffusion lengths, maintaining facile and low-cost synthesis and fabrication
[53,54]. Similarly to A-site alloying, mixed-halide compositions can address a critical issue of
poor stability, e.g., in the way of incorporation of Br™ to the MAPbI3 films [55]. In general, site
alloying is regarded as an influential tool to strengthen the tunability of physicochemical

properties, in some cases controlling them by changing the ratio of halides. While this technique
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proved its usefulness for the analogs with MA" and FA", there is a lack of studies on the A-

and X-site alloying impact on the systems comprising MHy".

g ( A-site cations )

LRy

217 pm 253 pm 227 pm 264 pm
Methylammonium Formamidinium  Aziridinium  Methylhydrazinium
(MA¥) (FA*) (Azr) (MHy*)

MA* Azrt FA* MHy*

I N I v I N I v 1 N I Y 1 N I v I’
3D lead halide HOIPs 090 092 094 096 098 1.00 102 1.04 1.06

(APbX3;) Tolerance factor (TF)

Figure 4. Three-dimensional (3D) lead halide HOIPs with four A-site cations introduced thus far. Under each
cation its 74 ¢y is provided, adapted from ref. [21,41,56]. TF values are calculated for B =Pb and X = Cl, Br, I.

6.4. The hybrids of low dimensionality

A limited number of A-site cations that maintain a stable perovskite structure has led to a focus
on lead halide hybrids with reduced dimensionality. As outlined above, the inorganic
substructure in perovskite consists of BXs octahedra propagating along each of the three spatial
dimensions. Accordingly, the octahedra may connect along two dimensions, one dimension, or
even be separated from each other, creating 2D, 1D, and 0D subclasses, as presented in Fig. 5.
This path of modification offers more degrees of freedom and allows for the introduction of
more moieties, particularly larger organic cations. Reduced dimensionality generally leads to
thermodynamically preferred and therefore more stable alignments, addressing one of the main
concerns regarding the potential of lead halide hybrids for diverse applications. Before
describing each subclass, a brief explanation regarding the ‘perovskite’ term is provided. The
question of which lower-dimensional subgroups can be regarded as perovskites remains
contentious, leading to several publications on the topic. [57-59]. Some papers consider each
of the 0D-2D groups as perovskites [60—63], whereas others suggest limiting this term only to
structures with three-dimensionally linked octahedra and describe the remaining ones as e.g.,
perovskite-related materials or simply lower-dimensional hybrid compounds [57,58]. Without
a clear definition provided by any international committees or institutions and bearing in mind

the similarities in the properties and scope of applications (further explained in the following
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paragraph), here the term ‘perovskite’ is preserved for the 3D and 2D subgroups, by
analogy with ref. [64].

3D, ABX, 2D, A,BX, 1D, A,BX, 0D, A,BX,

Figure 5. The classification of hybrid compounds based on the dimensionality of octahedra connections.

Two-dimensional hybrid perovskites (2D HOIPs, general formula of A2BX4), which consist of
octahedra propagating along two directions (‘layers’) separated by organic cations (‘spacers’),
are emerging as promising alternatives to their 3D counterparts. These materials offer
considerably better stability and resistance to moisture, due to the higher formation energy and
the hydrophobic properties of the organic spacers [65—67]. The distinctive alignment of 2D
HOIPs is characterized by the electronic structure directly controlled by the inorganic
components. Owing to the separation of inorganic layers, they are described as natural (in some
cases even perfect) quantum wells with two-dimensional electronic confinement [68]. This
effect can be manifested in increased photoluminescence quantum yield (PLQY ca. 80%) and
profoundly narrower PL bandwidths (< 20 nm) in comparison to 3D counterparts [69,70].
Conversely, the presence of insulating spacers induces the formation of stable electron-hole
pairs (excitons), resulting in significantly increased exciton binding energies (typically
>150 meV and ~10 meV for 2D and 3D perovskites, respectively) [71,72]. These characteristics
are highly preferable for light-emitting applications; however, large binding energy leads to
lower PCE, which is an undesirable feature for photovoltaics. Nevertheless, one may find
reports describing the 2D-3D multidimensional perovskite solar cells that demonstrate

relatively high PCE and long-term usability simultaneously [73].

An unquestionable advantage of 2D perovskites over their 3D analogs is presumably countless
A-site organic cations that can act as spacers. A plethora of diverse reported and calculated
types of crystal structures that one might classify concerning different characteristic features.
One of the possible criteria involves the ‘slicing’ of parental 3D inorganic structure along

a specific direction of propagation, forming the subgroup known as the single-layered 2D
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Figure 6. Classification of single-layered 2D HOIPs based on (a) multiplicity of the inorganic layers along the
direction perpendicular to the propagation, (b) ‘slicing’ the 3D parental structure along (001), (110), and (111)
planes, respectively, and (c) a valency of the introduced organic cation and a shift between the adjacent layers. RP
= Ruddlesden-Popper, DJ = Dion-Jacobson, ACI = Alternating Cation in the Interlayer space.

HOIPs (octahedra layers isolated from each other, n = 1) or multi-layered analogs (share the
halide corners with one, two, etc. adjacent layers, n > 1), as illustrated in Fig. 6a. The single-
layered compounds are regarded as the most stable and easily synthesized phase pure,
with the most natural quantum-well character [68], and therefore are the only group
considered in this thesis. Another way of categorization is based on slicing as well, but made
along particular crystallographic planes, generating the (001)-, (110)-, and (111)-oriented
subclasses (Fig. 6b). A vast majority of structures (over 600 lead halides in the online 2D
perovskites database [74]) is (001)-oriented (sliced across the octahedral corners), making this
configuration the most favorable and adaptable to the chemical substitution. The (110)-oriented
compounds (sliced across the octahedra edges, 25 records in the database) deserve attention,
exhibiting broadband and white-light colored PL with superior PLQY and Stokes shifts than
the (001)-type counterparts, owing to higher dielectric confinement and octahedra

distortion [75—78]. The (111)-oriented 2D perovskites are not a part of this thesis, as they can
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only be formed with the B*>" metals from group 15, like Bi, Sb, As, etc. [79]. The last proposed
way of classification refers to the valency of the organic cation(s) and a relative stacking of the
adjacent layers (Fig. 6¢), resulting in the Ruddlesden-Popper (RP, A2BX4, A is monovalent)
phases with a characteristic shift of the adjacent layers [80,81], Dion-Jacobson (DJ, ABX4) with
divalent cation [82,83], and the Alternating Cation in the Interlayer space (ACI, AA’BX4, A and
A’ are monovalent) compounds [84]. The RP hybrids demonstrate the ability to tune the Eg
across a broad spectral range (410 — 760 nm) and increased light absorption coefficient [85,86].
The presence of a divalent cation in DJ structures allows the creation of HBs involving two
ends of an organic moiety, leading to improved stability. They may also exhibit a prolonged
carrier lifetime twice as for RP counterparts [§7—89]. The last subclass, i.e., ACI is relatively
new and the least common, however, the coexistence of two different organic cations has
already demonstrated the potential to reduce dielectric and electronic confinement [84,90].
Consequently, ACI-type compounds may serve as a crucial link between solar cells and light-

emitting applications.

In semiconducting materials exhibiting strong coupling of electrons and holes to the lattice,
a carrier can become self-trapped within its lattice distortion field. An electron-hole pair with
such a carrier is referred to as a self-trapped exciton (STEx) — a frequently common
phenomenon in the metal halide hybrids, which greatly affects the energy transport and
luminescent properties of these materials [91]. Owing to phonon-exciton interaction, STEX is
crucially dependent on the dimensionality of the crystal structure [92]. Lowering the
dimensionality to 1D and 0D systems (Fig. 5c, d) facilitates the self-trapping process, giving
rise to broadband PL from STEx with large Stokes shifts (approx. 1 eV) and high PLQY
[93,94]. 1D structures, composed of PbX¢ octahedra propagating along a single direction
surrounded by organic moieties, may be regarded as quantum wire systems with
semiconducting inorganic chains surrounded by insulating organic barriers, interacting with
each other via HBs. The chains may be formed differently, including single/double or corner-,
edge-, and face-sharing chains, etc. (Fig. 7). Due to their unique structural and chemical
characteristics, 1D hybrid lead halides form highly stable excitons with large exciton binding
energies of several hundred meV, benefiting from heavy quantum confinement [93]. The 0D
analogs, built of lead halide clusters or isolated PbX¢*™ octahedra, also demonstrate substantial
exciton binding energies with increased radiative recombination. Both alignments are usually

more stable than their 3D and 2D counterparts under ambient conditions [95,96].
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Figure 7. Examples of typical alignments of the octahedra chains reported for 1D hybrid metal halide compounds.

6.5. Lead halide hybrids comprising methylhydrazinium

All of the 3D and lower-dimensional subgroups of lead halides demonstrate unique properties
and deserve to be developed. If compounds from each subclass contain the same organic cation,
their intermolecular interactions and observed physicochemical properties can be compared.
Among four known perovskitizers in lead halide HOIPs (MA", FA", AZr", and MHy"),
perovskites comprising MHy" demonstrate exceptional structural features and, according to the
database [74], MHy" is the sole reported so far to be a spacer for the (001) single-layered 2D
structures without introducing the secondary moiety (layered MA-based materials are stabilized
with SCN anions, whereas FA>PbBr4 adopts (110)-oriented corrugated layers [97,98]). This
section is dedicated to the description of already reported hybrid perovskites and perovskite-

related compounds comprising MHy™".

As mentioned above (subchapter 6.3.), 3D HOIPs of the MHyPbX; (X = Br, Cl) formula

crystallize in a strongly noncentrosymmetric phase (monoclinic, P21), unlike the other analogs

(e.g., cubic Pm3m for FAPbBr; and AZrPbBrs, tetragonal [4/mem for MAPbBr, all
centrosymmetric [38,99—101]). This peculiarity is associated with the largest 7. of MHy"
(264 pm, [21]) among all four perovskitizers. In MHyPbX3 (X = Br, Cl), the presence of
a sizeable cation in the space limited by the octahedra induces the formation of the anisotropic
3D structure. Two inequivalent positions of Pb are distinguished, creating perovskite [001]
layers composed of Pb(1)Xs and Pb(2)XGs, as presented in Fig. 8a. The terminal NH>" group of
MHy" violates the coordination sphere of metal centers unequally, bringing more deformations
to the Pb(2) layers, which surround the NH>-NH>" group (Fig. 8b). The Pb(2)~NH,"
coordination bonds are 2.92 and 3.04 A (2.83 and 2.89 A) for Br (Cl), which is under the limit
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for this type of interaction [42,43]. Besides the coordination bonds, the position of MHy" is
stabilized via N-H---X HBs with the halide acceptors (Fig. 8b).

Pb(1)Xg octahedra Pb(2)Xg octahedra
(@) Pb(1) o Pb(2 (1% (2)Xe (b)

&
K 535
204 %

Figure 8. The crystal structure of MHyPbX3 (X = Br, Cl) 3D HOIPs at RT (monoclinic, P2;). (a) View along [100]
and [001] directions, presenting layers of two symmetrically inequivalent positions of Pb. (b) Intermolecular
interactions between MHy" cations and the inorganic substructure. Green and blue dashed lines represent N—H---X
HBs and Pb(2)-NH:" coordination bonds, respectively [42,43].

Deformations of the octahedra can be expressed using various criteria. In this thesis,
distortions of the single octahedra are characterized by the bond length distortion (Ad)
and octahedra angle variance (¢?). Both parameters have been calculated according to Fleet’s

method [102], with the formulas provided below:

6 - 2 12
A _12 ll—l 2_129 9002
i=1 i=1

where /; denotes the mean bond length. Generally, greater Aq and 6° values indicate a larger

deviation of the Pb—X bond lengths and X-—Pb—X angles from the ideal O, octahedron

characteristic for the cubic Pm3m phase, as depicted in Fig. 9a. In the MHyPbXj3 systems, the
largest distortions are reported for X = Cl and are as follows: Aq=2.2:10* (11.4-10*) and 6> =
21 deg? (314 deg?) for the Pb(1)Cls (Pb(2)Cls) octahedra at RT. The calculated values are far
greater than for the counterparts with other perovskitizers (e.g., Aa of Pb(2)Brs is roughly
50 times bigger than for the most distorted phase of MAPbBr; [42]), depicting a greater
influence of MHy" on the octahedra geometry.

The most common deformations occurring in the systems of linked octahedra are associated
with the tilting along the in-plane or out-of-plane direction (Fig. 9b), identified through the Pb—
X-Pb angles concerning Pb atoms of the adjacent octahedra (€i» and 8 respectively, also
expressed as Din = 180° — @in and Dour = 180° — Oour). It 1s important to note, that the deviations
from 180° do not have to entail tilting but may originate from the single octahedra distortions.
Tilting in itself refers mainly to the relative rotation against each of the neighboring octahedra,

which does not occur for the MHyPbX3, but is present in several 2D systems (vide infra).
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Figure 9. Parameters describing the distortions of (a) a single octahedra and (b) the linked octahedra systems [102].

The hallmark of the 3D HOIPs comprising MHy", i.e., a lack of a center of symmetry, induces
the effects that require this specific structural property (examples illustrated in Fig. 10). The
first of the described phenomena is a nonlinear optical process, where two photons with the
same energy interact with the material, producing a new photon with doubled energy of the
initial photons (equivalently: doubled frequency and half of the wavelength). This process,
known as the Second Harmonic Generation (SHG) occurs for the noncentrosymmetric
structures (besides the 432, 422, and 622 point groups) [103,104], and it may be utilized as
a proving tool for the existence or absence of the center of symmetry. In both MHyPbBr3 and
MHyPbCl;, the SHG response is present, with the intensity at RT equal to 0.18 and 0.03 of
KDP, respectively (KDP = potassium dihydrogen phosphate, a reference material used in the
Kurtz-Perry test [105]). Noncentrosymmetric materials may also exhibit, for instance, pyro-,

piezo-, and ferroelectricity, opening new ways of applications in optoelectronics, including

| (d)

Figure 10. Examples of the phenomena that occur (or may occur) in the crystalline materials that adopt
noncentrosymmetric phases: (a) Second Harmonic Generation (SHG), (b) ferroelectricity, (¢) pyroelectricity and
(d) piezoelectricity.

lasers, sensors, photodetectors, etc.

A genuinely exceptional feature of the MHy" lies in its size small enough to be a perovskitizer
for 3D structures, but also sufficiently large to be a spacer for the 2D counterparts without
the introduction of a second organic cation. To the present day, 2D lead halide HOIPs of the
MHy>PbX4 formula have been reported for X = Br, CL, I [106-108]. Ref. [108] describing
MHy>PbCly is also a part of the thesis (D3) and thus, this section is limited to the description

of the Br- and I-based compounds only.
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Analogously to the 3D analogs, MHy2PbBr4 crystallizes at RT in a polar symmetry. The crystal
structure is presented in Fig. 11a. One may distinguish two types of intermolecular forces that
anchor the organic moieties, namely N—H---N HBs and, similarly to 3D perovskite, N-H---Br
HBs. However, due to the reduced dimensionality of the inorganic part, only the apical Br-
ligands act as acceptors. The influence of MHy" on the octahedra geometry is therefore
undermined, which is manifested in lower Aq and o* (2.2-10* and 18.6 deg?) as well as the
decreased deviation of the Pb—Br—Pb angles from 180°. Consequently, MHy>PbBr3 is described
in higher symmetry, i.e., orthorhombic Pmn2; [42,107]. This phase is stable from the LT region
(measured to 100 K) and upon 350 K on heating. Its polar character is confirmed by the SHG
response. Contrarily to 3D compounds, MHy2PbBrs demonstrates ferro-, pyro-, and
piezoelectric properties as well, originating from the existence of non-compensated MHy"

dipoles and a spontaneous polarization along the polar [001] direction (Fig. 11a).

( MHy,PbBr, ) ( MHy,Pbl, )

b

POLARIZATION

Figure 11. RT phases of (a) MHy,PbBrs (Pmn2;) and (b) MHy,Pbly (Pccn). Green (blue dashed) lines represent
N-H---X (N-H---N) HBs. Arrows in (a) represent locations of MHy" dipoles, oriented along the polar [001]
direction. Red ovals in (b) indicate disordered MHy" cations [107,109].

MHy:Pbls crystallizes in the orthorhombic, Pccn symmetry, with the unit cell markedly
expanded when compared to the Br™ analog. This phase is stable from ca. 230 K up to nearly
300 K, at which exceeding the PT occurs (further described in the subchapter 6.6.). Nonetheless,
a centrosymmetric character of MHy2Pbls4 remains at all observed crystal phases [109]. The
crystal structure at 280 K is depicted in Fig. 11b. Dynamic behavior of MHy" cations differs
from the abovementioned compounds, as every third cation is disordered over two positions
with a 0.7 to 0.3 ratio. Another distinguishing attribute is the existence of out-of-plane tilting,

with Doy up to 7.9° along the [010] direction. The observed tilting system is thoroughly
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analyzed in ref. [64], pointing out that every third octahedron along the b direction is unique
(marked with yellow color in Fig. 11b). Despite lower translational symmetry and more
distorted perovskite layers, both Ag¢ and o* (1.4:10* and 11.9 deg? for the most distorted
octahedron at 280 K) are reduced regarding MHy>PbBrs4, which is a direct consequence of
increased interatomic distances associated with the incorporation of the larger anion (I"). Lastly,
MHy:Pbls demonstrates an E; of 2.20 eV — an exceptionally low value compared to other
A:2Pbls 2D HOIPs [110-112], which is beneficial from the viewpoint of applications in

photovoltaics.

Benefiting from a high ability of MHy" to create an HBs network and its smaller 74 in
comparison to other spacers (e.g., dimethylammonium — 272 pm, ethylammonium — 274 pm,
guanidinium — 278 nm [56]), MHy2PbX4 2D systems reveal record-breaking low interlayer
distances among the lead halide 2D HOIPs. They also exhibit a variety of PL emission colors
upon changing temperature [107-109]. Apart from the single-layered RP structures, MHy" has
also been reported to co-create multilayered (n = 3) 2D compounds of the BA;MHy>Pb3Bri9
formula (BA = butylammonium), in which it is situated in the intralayer space [113]. This
material crystallizes in the noncentrosymmetric Cc group with a distorted inorganic
substructure and reveals narrow PL associated with a shoulder peak originating from the trap
states. In another trilayered material, i.e., IBA2MHy>Pb3Brio (IBA = isobutylammonium),
a lone pair of electrons in MHy" induces the creation of directional dipoles, thereby generating
bulk photovoltage and leading to polarization-dependent photocurrent [114]. This observation
is beneficial for constructing polar multilayer materials and creating opportunities for highly

sensitive polarized photodetection.

In the case of both 1D and 0D compounds, there are no reports on lead halide hybrids
comprising MHy" hitherto. Nonetheless one may find papers regarding 1D analogs with other
metals. For chlorides with B = Co, Ni, Mn, and Cu, MHy" not only interacts with the inorganic
part via HBs but also the terminal NH»>" group participates in a rare [BCIsN] coordination sphere
[115,116]. MHy" has also been reported to embed in the 1D materials with face-sharing double
octahedra chains for MHyCdCl; and edge-sharing for MHy2Sbls [117]. The second material
exhibits notably low E; of 2.01 eV (2.12 eV) for the polar (centrosymmetric) polymorph.

To summarize this subchapter, MHy" demonstrates exceptional ability to stabilize the 3D and
2D lead halide HOIPs, and the 1D metal halide hybrids. One may therefore presume the

potential of MHy" to cocreate lower-dimensional structures with lead halides, as well as

26



other structural types (e.g., ACI, (110)-oriented), giving rise to a wide variety of atomic

alignments with notable structural and optoelectronic characteristics.

6.6. Polymorphism and phase transitions

In crystallography, polymorphism refers to the condition where a solid chemical compound can
exist in multiple crystalline forms. These forms may vary in physical properties, although the
chemical composition remains identical. Typically, one polymorph is stable within a certain
temperature and pressure range, while another one is stable under different surrounding
conditions [118]. At a specific temperature and pressure (namely inversion point) a reversible
transition from one crystalline phase to another occurs. This process is known as structural
phase transition or polymorphic transition (PT, PTs for plural) [119]. This paragraph, as
well as the whole thesis, is aimed at the structural transformations as the function of
temperature. The polymorphs for each material exhibiting PTs are annotated as I, II, III, etc.,

from higher to lower temperatures.

One of the first and widely known paths of classification of PTs was proposed by Ehrenfest in
1933, referring to discontinuity in the first or second derivative of the Gibbs free energy
concerning a specific thermodynamic variable (e.g., temperature), thereby forming first-order
and second-order PTs, respectively [120]. In other terms, a first-order transition is linked with
an exchange of energy (latent heat) with the surroundings. The Ehrenfest classification does not
need to be compliant with the alternations at the molecular level. A more adequate and also
frequently encountered way of categorization, associated with structural modifications, was
established by Buerger in 1961 and distinguishes [121]:

e reconstructive PT — involves a significant reorganization of the crystal structure,
achieved by breaking and reforming the adjacent coordination bonds. One polymorph
transforms into another with an unrelated structure.

e displacive PT — atoms and molecules exhibit small shifts. The main bonds are not
broken, whereas changes in the coordination spheres may occur. Both polymorphs are
symmetrically related (group-subgroup).

e order-disorder PT — a certain molecule adopts several positions in one polymorph and
becomes ordered in the second one, and vice versa.

It should be noted that for most cases both polymorphs are described in different symmetry,
however, one may also find examples of compounds with transitions occurring without

a change of the space group, which is defined as the isostructural PT [122].
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The most prevalent cause of temperature-induced PTs in lead halide hybrids is a change in the
dynamics of the organic moieties, including their order-disorder behavior. This also applies to
MHyPbBr3, where the earlier mentioned RT phase (P21, II) is characterized by ordered MHy "

cations. When heated, increasing interatomic distances diminish the intermolecular forces that

stabilize the positions of MHy", eventually leading to PT above 418 K to the cubic Pm3m
polymorph (I), in which the MHy " cations freely rotate within the perovskite cavities (Fig. 12a).
The inorganic substructure in I consists of the ideal octahedra of O, symmetry, with all Pb—Br
bond lengths the same (3.018(1) A at 430 K) and without octahedra distortions [42]. Phase I is
centrosymmetric and isotypic to the MAPbBr3; and FAPbBr3; analogs [123,124]. The I > 1 PT
is of an order-disorder type and is associated with a breaking of both HBs and Pb(2)-"NH,"
coordination bonds. It is also defined by the transition between polar and centrosymmetric
polymorphs. The last feature is reflected in switchable dielectric and nonlinear optical behavior,
i.e., step-like change of the dielectric constant (&', Fig. 12b). The SHG signal vanishes in the
area of the transition temperature and appears again after cooling down from HT to RT due to

the PT [42].
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Figure 12. (a, b) HT and RT polymorphs of (a) MHyPbBr; (Pm3m and P2, respectively) and (b) MHyPbCl;
(Pb2ym and P2, respectively) with the temperatures of PTs on cooling and heating. Reoriented MHy" cations
upon PT are marked with a blue oval in (b). (c) Change in heat capacity (AC,) and dielectric constant (g') in
MHyPbBrs. (d) Change in AC,, and intensity of SHG signal on a heating run in MHyPbCls. All plots in (c, d) are
presented as a function of temperature [42,43].

The strength of intermolecular interactions in MHyPbCl; (P2; at RT, II) is greater than in Br
analog, owing to reduced bond lengths. In this case, therefore, there is no transition to the

structure with heavily disordered organic moieties upon heating. In turn, above 342 K a PT
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occurs to another polar polymorph — orthorhombic, Pb21m (I) [43]. The MHy" cations in I are
still ordered, the number of inequivalent Pb atoms remains the same, and the distortions of the
perovskite substructure are marginally changed in comparison to II. Nevertheless, the
rearrangement of every second MHy" cation and the HBs system occurs, as presented in
Fig. 12c. The reorganization is also manifested in a reduction of the independent positions of
MHy" from two to one, prompting the formation of new N-H--Cl HBs involving the middle
NHz group. The Pb(2):+NH2" coordination bond length remains unchanged at 2.88 A.
According to Buerger classification and the International Tables for Crystallography [125], the
I - II PT is of displacive type with the group-subgroup relation — P2; is the maximal subgroup
of Pb21m. From the perspective of MHy " dipoles, the spontaneous polarization along the polar
direction increases upon the I = I PT. This translates to an exceptional nonlinear property. As
depicted in Fig. 12d, the intensity of the SHG signal progressively decreases when heated until
ca. 337 K, where it then abruptly increases by ~50% due to the II = I PT. Accordingly, upon
cooling from HT to RT, the signal decreases by ~40% around 330 K, confirming the
reversibility of PT. Hence, MHyPbCl; demonstrates switching between two SHG-active states,
with greater activity exhibited by the HT phase II [43].

In the 2D material of the MHy>PbBr4 formula, the polar RT polymorph (Pmn2i, III) undergoes
two PTs, both in the HT area, as illustrated in Fig. 13a. The first PT occurs when heated above
351 K. The low-intensity diffraction peaks appear, indicating the modulated structure with the
modulation vector g* = 0.25b*. This corresponds to a fourfold increase of the b parameter and
the unit cell expansion along the [010] direction. The modulated HT polymorph II is stable only
within a narrow temperature range (15 — 20 K) and thus may be considered as a metastable
phase. Adding this to the very weak intensity of satellite peaks, the structure model has not been
obtained. Nevertheless, the averaged structure was determined in the Pmnm centrosymmetric
space group, suggesting the disruption of the ferroelectric ordering characteristic for III. Upon
heating above 371 K, the modulations disappear, and the symmetry of the averaged structure
becomes the proper one. The characteristic feature of the HT polymorph I (Pmnm) is the
disorder of MHy" cations, which are split into two equivalent positions with equal probability
over the mirror plane. The thermally induced disorder prevents the formation of a stable
network of the N-H:---Br and N-H:---N HBs. The weakened interactions mitigate the octahedra
distortion, expressed in lower o for I (11.3 deg? at 380 K) in comparison to III (18.6 deg? at
300 K) [107]. Another difference between phases I and III is the off-center displacement of Pb

in the polar polymorph, which produces net dipoles contributing to the ferroelectric properties.
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Analyzing the crystal structure alternations in MHy>PbBrs4 one may assume that the modulated
phase II also demonstrates unique dynamics of the organic moieties, and therefore the PTs are
of order-disorder type. Analogously to the 3D Br-based analog, structural transitions are
coupled with the presence of a center of symmetry. It is revealed in the absence of SHG
response in phases I and II (Fig. 13b), thus confirming their centrosymmetric nature. In the
case of dielectric measurements, a step-like change of ¢’ around the temperatures of PTs is
observed, and, with the implementation of Curie-Weiss law, it is concluded that the PT has

a ferroelectric (IIT) to paraelectric (I) character [107].
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Figure 13. (a) The crystal structures of MHy,PbBr4 in Pmnm (I) and Pmn2, (III) with the temperatures of PTs
upon cooling (blue arrows) and heating (red arrows). (b) The change in AC, associated with PTs and integral
intensities of the SHG signal of MHy,PbBr; for heating (red) and cooling (blue) runs. (¢) The crystal structures of
MHy,PbBr4 in Pmmn (I) and P1 (IV). The tilting of [Pbls]* octahedra in subsequent polymorphs projected along

the [010] direction [107,109].

The last compound in this subchapter, i.e., MHy2Pbl4 2D HOIP is the only one described herein
that exhibits the PTs in both heating and cooling starting from the RT phase. To maintain clarity,
the polymorphs are described starting from the highest temperature. The HT polymorph I
(stable above ~320 K) is isostructural to the HT phase of MHy.PbBrs, adopting an
orthorhombic Pmmn symmetry. However, the dynamics of MHy" differs from the one for Br
analog, as the organic moieties are disordered not over two, but three positions linked to
a rotation along the long axis (Fig. 13c). The first PT occurs after cooling below 318 K and is
of isostructural type, leading to another polymorph of the same symmetry (Pmmn, II). Further
cooling induces the II = III PT below 295 K to the RT polymorph (Pccn, III), described

previously. I1I is characterized by notably expanded unit cell volume when compared to II, as
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the b and c are tripled and doubled, respectively [109]. This is a consequence of a partial
stabilization of MHy" positions, i.e., one of three independent cations remains disordered over

two positions with a 0.7 to 0.3 ratio (vide infra, Fig. 11b). The last PT occurs below 233 K,

leading to the triclinic LT polymorph of P1 symmetry (IV). In IV, all atoms are ordered. The
abundant network of N—H---I HBs is created, involving each of the 24 inequivalent iodides as
acceptors. Both symmetry reduction and anchoring of the MHy" cations provoke out-of-plane
tilting, which is present in III and IV, reaching the max. Do values of 7.9° and 13.5°,
respectively. Despite the lack of noncentrosymmetric phases, MHy>Pbls demonstrates
a switchable dielectric behavior arising from the order-disorder nature of PTs, displayed in
a step-like change of the dielectric permittivity around 295-300 K. The ordering of MHy " upon
III = 1V PT is responsible for the dipolar relaxation process observed ~250 K [109].

Recognizing the significant impact of halide substitution on revealed structural and
optoelectronic properties of MHy-based hybrid perovskites, both the A-site and especially X-
site alloying approaches may be incorporated into these materials. This might potentially
open the way for new materials with retained benefits of their single-site parental

structures.
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7. Experimental section

Details about every experimental method are given in the D1 — D6 articles. Herein, a general

overview of the synthesis, crystallization, and structural analysis, is provided.
7.1. Synthesis and Crystallization Methods

All the chemical reagents and solvents, i.e., PbX> (X = Br, Cl, 1, all 98% pure), HCI (37% wt.
in H>0), HBr (48% wt. in H20), HI (37% wt. in H2O, stabilized with H3PO>), methylhydrazine
(MHy, 98%), imidazole (IM, 99.5%), N, N-dimethylformamide (DMF, 99.8%), methyl acetate
(99.5%) and propylene carbonate (99.7%) were commercially available (purchased from

Sigma-Aldrich) and utilized without further purification.

All compounds investigated in the presented papers were synthesized using wet chemical
methods. The precursor solution, containing methylhydrazine, lead halide salts, HX acids (X =
Br, Cl, I), and other chemical compounds (depending on the final composition and the
crystallization method) was vigorously stirred at 30-50 °C, until the complete dissolving of the
reagents. Three different crystallization techniques have been used in total (Fig. 14). In the
antisolvent approach, utilized in D1, D3, and D5, the solution was placed in a glass vial, which
was then placed inside a larger vial containing methyl acetate. The outer vial was sealed tightly,
while the inner vial's lid was loosened to enable the diffusion of the methyl acetate to the
precursor solution. In D1 and D3, this technique required the additional solvent (DMF),

introduced after prior neutralization (pH = 7) of the precursor mixture. In D2, D4, and D6, the
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Figure 14. (left) Illustration of the synthesis of the compounds reported in D1 — D6. (upper right) methods of
crystallization: antisolvent, crystallization ambient conditions, and storage at 50 °C. (lower right) additional
solvents used: N,N-dimethylformamide (DMF, D1 — D4) and propylene carbonate (PC, D2, D6).
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precursor solution, containing the DMF (D2, D4) or PC (D6) was left undisturbed at RT. To
synthesize the compounds with greater iodine contribution in D2, the clear solution dissolved
in PC was stored in a glass vial at 50 °C. Single crystals were harvested after 2-7 days, extracted
from the mother liquid, and dried at RT. The series of mixed-halide single crystals (D1, D2) is
presented in Fig. 15.

MHyPbBr,Cl;_, ) MHy,PbBr,_,

X

STEF 44

*

Figure 15. Series of single crystals with two halides at the ‘X’ site. (a) 3D HOIPs of the MHyPbBr,Cls- formula
(x=10.40, 0.58, 0.85, 1.33, 1.95, 2.25, 2.55) — D1. (b) 2D HOIPs of the MHy,PbBr4.,Ix formula (x = 0.25, 0.3, 0.4,
1.1,2.35,2.5,3.1) - D2.

7.2. X-ray diffraction

Single-crystal X-ray diffraction (SCXRD) experiments were conducted using an Xcalibur four-
circle diffractometer (Oxford Diffraction) equipped with an Atlas CCD detector and graphite-
monochromated MoKo radiation (A = 0.7107 A). SCXRD experiments in nonambient
conditions were carried out with the Oxford Cryostream open-flow cooler. Absorption was
corrected using multi-scan methods with CrysAlis PRO 1.171.41.93a (Rigaku Oxford
Diffraction, 2020). Empirical absorption correction was employed, utilizing spherical
harmonics, executed in the SCALE3 ABSPACK scaling algorithm. All crystal structures were
solved in the Olex2 software with the SHELXT program [126,127]. For all non-modulated
phases, the least-squares refinement was performed using SHELXL [128]. Hydrogen atoms
were inserted at calculated positions and treated as riding atoms. Refinement of the modulated
phases (D2, D3) was conducted in Jana2020 [ 129], with the application of the (3 + 1) superspace
approach. In both cases, the refinement started from the inorganic part, modulated assuming
positional modulation with first-order harmonics. The same procedure was applied to the
organic part in D2, whereas in D3 the occupational modulation was adopted to MHy", using
a crenel function (Axs = 0.5) and positional modulation functions described as harmonics within
the (0,1) interval. The tables containing the main experimental details from the SCXRD
measurements are provided in the supplementary information in all publications. The crystal

structures are deposited in the Cambridge Crystallographic Data Centre (CCDC [130]).
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Powder X-ray diffraction patterns of the grounded samples were measured in reflection mode
using an X’Pert PRO X-ray diffraction system equipped with a PIXcel ultrafast line detector
and Soller slits for CuKa radiation (1 = 1.5406 A). High-temperature (HT) experiments (D2,

D5) were conducted with the Anton Paar Oven Chamber.
7.3. Initial characterization

Initial characterization of the synthesized materials involved Raman spectroscopy (Bruker FT
MultiRam spectrometer with the YAG:Nd laser excitation at 1064 nm) and powder X-ray

diffraction of bulk samples (described above).

For the mixed-halide systems (D1, D2), the examination of the chemical composition via
Energy Dispersive X-ray Analysis (EDAX) was applied, with the FEI Nova NanoSEM 230
scanning electron microscope. The measurements were performed by Dr Damian Szymanski
from ILT&SR PAS. The results obtained from the EDAX were compared with the calculations
of the halide occupancy on SCXRD models (Fig. 16). The accuracy of EDAX measurements is

specified below, provided by the manufacturer.

Quantitative analysis accuracy for standardless analysis

Results (in wt.%) Description Relative %
20-100 Main element 2%
5-20 Major element 4%
1-5 Minor element 10 —-20%
02-1 Trace element 50 -100%

Example: Pb = 21.13% =+ 2% of 21.13% (0.42%)
Result: 21.13 £ 0.42%

§Z: N MHyPbBI,Cl,, | E:Z: MHy,PbBr,_I.
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Figure 16. Comparison of halide concentration determined via SCXRD experiments and EDAX analysis for (left)
MHyPbBrCls« (D1) and (right) MHy,PbBrsIx (D2). For SCXRD models compositions were determined through
free variables refinement of the halides site occupancy.
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8. Results published in the series of D1-D6 articles

The summaries of each publication constituting the thesis are provided in this section. Full

versions are included in the Appendices.
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Three-Dimensional Methylhydrazinium Lead Halide Perovskites: D 1
Structural Changes and Effects on Dielectric, Linear, and Nonlinear
Optical Properties Entailed by the Halide Tuning

Dawid Drozdowski, Anna Gagor, Dagmara Stefanska, Jan K. Zargba, Katarzyna Fedoruk,
Miroslaw Maczka,* and Adam Sieradzki

The D1 article describes the synthesis of seven new mixed-halide 3D HOIPs of the
MHyPbBrCl3—x formula (x = 0.40, 0.58, 0.85, 1.33, 1.95, 2.25, and 2.55) and a Br—I co-doped
material - MHyPbBr2 sl (formulas determined from the EDAX analysis). The study involves
the preparation of a (x, T) phase diagram based on SCXRD and differential scanning
calorimetry (DSC) experiments. The impact of the structural changes and X-site alloying on
dielectric, linear, and second-order nonlinear optical properties is examined, utilizing the
Broadband Dielectric Spectroscopy (BDS), measurements of absorption and PL emission, and
examination of the SHG response via Kurtz-Perry test. D1 refers to previous studies on
MHyPbBr; and MHyPbCls [42,43]. Despite large TF values (1.05 and 1.03) both materials
adopt 3D perovskite alignment and stand out among lead halide HOIPs by crystallizing in polar
(P21) symmetry with profoundly distorted inorganic substructure. MHyPbBr3; undergoes a P2,
> Pm3m PT at 418 K, exhibiting a switchable dielectric behavior, whereas MHyPbCl; displays
P21 > Pb2im PT, manifested in a unique feature, i.c., enhanced SHG response in HT phase.
This work examines and underscores the potential of halide-alloying in MHy-based 3D
perovskites, demonstrating a substantial tunability of structural, optical, and dielectric

characteristics.

As shown in the (x, T) phase diagram (Fig. 17g), MHyPbBr«Cls.x systems abundant in bromine
(x > 1.33) exhibit three polymorphic phases — cubic Pm3m (I), orthorhombic Pb2im (II) and
monoclinic P2; (III), whereas two polymorphs (II and III) are observed in the chloride-rich
area. Phase I, which appears at T1 > 409 K, is centrosymmetric and isostructural to the HT
phase of MHyPbBr3. The MHy" cations freely rotate, exerting no noticeable influence on the
shape of the inorganic substructure, and thus the [PbXe]* octahedra (X = halide) are of Op

symmetry (Fig. 17a, d). It is worth mentioning that the cubic Pm3m symmetry is an aristotype
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of both inorganic and hybrid perovskites. The noncentrosymmetric II (HT analog of
MHyPbCl3) is stable at T» > 318 K. The I = II PT involves the positional ordering of MHy",
leading to their spontaneous polarization along the polar [010] direction (Fig. 17b). Further
reorganization of the organic cations occurs in III (also polar, RT polymorph of both
MHyPbBr; and MHyPbCls), with every second MHy" dipole aligning more in (010) planes
rather than along the [010] direction (Fig. 17¢). In the polar polymorphs, MHy" disrupts the
coordination sphere of Pb(2)Xe, bringing a heavy distortion to these octahedra (Fig. 17 e, f).

The o values for MHyPbBryCls— series are in the range of 14-21 deg? and 301-314 deg? for
Pb(1)Xs and Pb(2)Xe, respectively, increasing along with CI contribution. The Pb(2)--NH,"
coordination bonds elongate with increasing Br content, consequently diminishing the strength
of intermolecular interactions. Along with x, the volume of the void housing the organic cations
expands, reaching the minimum value (~77 A%) to allow the free rotation of MHy" (crucial
condition for stable phase I) for x > 1.95 (Fig. 17h), which agrees with the experimental

observations.

MHyPbBrslo> crystallizes in polar P2; symmetry, isostructural to III. Above 411 K (390 K)

on heating (cooling) a PT to cubic Pm3m phase occurs, with lattice parameter a = 6.046(5) A
at 400 K. This transition occurs at lower temperatures compared to Br™ analog, (418 K (409 K)
on heating (cooling)), indicating the role of the iodine in the stabilization of the cubic phase at
lower temperature. Further observation of this trend was not possible, as the syntheses towards

higher iodide content led to a non-perovskite phase, described in D5.

The halide substitution in MHyPbBrCl3—x remarkably changes the electric properties. The
activation energy of Cl™ ionic conductivity rises with growing Br” content in phases II and III,
while in I, the conductivity of Br™ ion heightens with increasing CI” content. In the case of
optical properties, the E, narrows, and PL bands display a redshift when going from Cl to Br’
and subsequently to I'. PL color shifts from greenish blue for Cl-rich samples to yellowish-
green for MHyPbBr2 3lo.2. SHG measurements reveal that the incorporation of Br to MHyPbCl3
reduces the disparity in SHG signal intensities between phases I and II. The relative SHG

efficiencies of Br—Cl mixed materials at RT enhance with increasing Br content.
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Figure 17. (a-c) Crystal structure of MHyPbBr«Cls.« in phases I, II, and III, respectively. Arrows in (b, ¢) represent
MHy" dipoles. (d-f) Single [100] PbXe octahedra (X = Br, Cl) layer. (g) (x, T) phase diagram. (h) Void volume vs
x — dashed line denotes the volume of freely-rotating MHy" cation.
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This report includes a synthesis of the 2D HOIPs series of MHy2PbBr4.xIx formula across a wide
concentration (x = 0.25, 0.3, 0.4, 1.1, 2.35, 2.5, 3.1, formulas derived from the EDAX analysis).
The study involves the crystal structure determination on both single-crystal and powdered
samples, preparation of the (x, T) phase diagram, Raman and diffuse reflectance spectroscopy
(DRS), and the PL properties as a function of temperature and halide concentration. The choice
of the Br-I system is dictated by the previous studies on MHy>PbBr4s and MHy>Pbl4 [107,109].
Both compounds are characterized by exceptionally low interlayer distances among 2D lead
halide HOIPs. MHy,PbBr4 is ferroelectric in a broad temperature range (Pmn2; phase below
343 K) and undergoes two PTs on heating — through the modulated intermediate phase to

centrosymmetric Pmnm. MHy>Pbls reveals two polymorphs besides the Pmmn, namely Pccn

(below 295 K) and P1 (below 233 K), and exhibits a distinctive octahedra tilting system with
remarkably low E; of 2.20 eV. Notably different symmetries of both materials result in an

abundant polymorphism in MHy2PbBraxIx driven by the temperature and halides ratio.
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Furthermore, D2 once again demonstrates the facile tunability of selected

physicochemical properties accomplished via X-site alloying.

MHy,PbBralx crystallize in RP 2D perovskite alignment with corner-sharing [PbXe]™* (X =
Br, I) octahedra creating (010) slabs, spaced by the MHy" cations. The (x, T) phase diagram is
presented in Fig. 18a, segmented into 3 areas with varying iodine content. The boundaries are

determined by the symmetry of LT (RT) phases between the 1t and 2™ (2" and 3™) zones.

The HT phase in the 1° and 2" region (0.2 <x < 2.2) is of Pmmn orthorhombic symmetry (II),
being isostructural to other halide-based analogs [107—109]. The crystal structure consists of
slightly distorted octahedra layers with the MHy" moieties divided into two symmetrically
equivalent positions with equal probability. The RT phase (III), for 0.2 < x < 2.2, is of
orthorhombic Pnma symmetry, (a” = 2a superstructure of II). The individual octahedra contain
three symmetrically inequivalent halide positions, i.e., X1, X2 (bridging along [001] and [100]
directions, respectively) and an apical X3. In both II and III, the octahedra are marginally
distorted with Aq =2.6-10*and 6* = 13.8 deg®. The MHy" cations remain disordered in III but
occupy two nonequivalent positions with unequal probabilities (0.65:0.35). A few N—H--*N and

N-H--X HBs form, primarily involving the apical halides as acceptors.

The ferroelectric ordering, an attribute of MHy>PbBry, is disrupted even for the compositions
with x = 0.25. For 0.2 <x <1 and below 220-230 K, a PT occurs, with the symmetry reduction
to the monoclinic P21/c space group (IV, ¢’ = 2¢ superstructure of III). The crystal structure in
IV is shown in Fig. 18c. All atoms are situated in general positions, and the MHy" cations are
ordered, being anchored via N-H:-N and N-H--X HBs. The symmetry breaking also
strengthens the intermolecular interactions, manifested in Aq¢ and ¢® parameters increasing to
8.7-10%and 6® = 26.9 deg?, respectively, and provokes the out-of-plane tilting of the perovskite
layers with Doy up to 17.9°. For 1 <x < 2.2 the mmmF1 symmetry reduction (following the
Aizu notation [131]) occurs upon cooling, leading to the LT phase of triclinic, P1 space group
(V). Analogously to IV, V is ¢’ = 2¢ superstructure of III, but the lower symmetry and
augmented iodine contribution lead to a greater number of inequivalent positions of MHy"

(8 vs 4) and moderate suppression of the octahedra deformation (Aq = 5.5-10%, 6* = 16.5 deg?

al’ld Dout = 16.50).

In the iodine-rich area (x > 2.2), a reconstructive transformation occurs in the HT zone — the
layered structure transforms into the 3D perovskite with heavily disordered organic cations

(Fig. 18d). For the MHy>PbBr; 5125 composition, the crystal structure was refined in the cubic
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Pm3m symmetry (I) with a = 6.270(3) A at 350 K. Phase I was also recorded for powdered
MHy,PbBr3 7103 with @ = 5.992(3) A at RT, preceded by heating to 420 K. The presence of the
3D phase addresses the stabilization challenge of lead iodide hybrids (the 3D has not been
obtained through chemical synthesis thus far), offering a resolution by incorporating

bromine, as in the previous reports on FA-based analogs [132].

The RT phase for x > 2.2 is incommensurately modulated, described in Pnma(00y)0s0
superspace symmetry (VI) with the modulation vector ¢* decreasing along with increasing
iodine contribution — from 0.46 for x = 2.35 to 0.44 for x = 3.1. The modulation involves
positional shifts of all atoms along the [010] direction. The largest displacement amplitude is
observed for the halides at the X2 site (Fig. 18e-f). Considering that both X1 and X3 sites serve
as proton acceptors in N—H---X HBs, bromides are favored at these positions. Consequently,
X2 is almost entirely occupied by iodide, being less affected by the intermolecular forces
(Fig. 18f). Unlike phase III, VI exhibits tilted octahedral layers with a maximum D, of 14.45°,
marginally lower than in IV and V. The MHy" moieties are well-ordered in VI, evidenced by
the absence of a PT upon cooling. The average symmetry of VI differs from the intermediate

phase of MHy>PbBr4 (Pmnm) and is stabilized in a wide temperature range.

The impact of halide substitution on geometric parameters in MHy>PbBrsxIx is depicted in
Fig. 18g. As mentioned above, iodine prefers to occupy the X2 site (non-involved in HBs),
which is particularly evident in the x > 2.2 range. The occupancy at X2 for low x values does
not notably alter the distances between the layers. The lattice parameter b (perpendicular to the
layers) increases substantially for higher x values at the apical X3 site. The increasing I’
contribution also mitigates octahedral deformation and influences thermal equilibrium,
stabilizing LT phases of different symmetry (IV and V) at comparable temperatures. The
juxtaposition of RT structures and single-halide analogs reveals a relationship between lattice
parameters and iodine concentration: a doubling of the a occurs initially, and in phase VI, the
q* approaches 0.33c*, corresponding to the 3¢ supercell, characteristic of the RT phase of

MHy:Pbly (Fig. 18b).

Raman spectroscopy confirmed the altered MHy " dynamics at RT in mixed-halide compounds
compared to single-halide compounds, with MHy" movements freezing at low temperatures.
Linear optical analysis revealed a redshift in excitonic absorption bands at RT (from 445 to
554 nm) and a reduction of E; from 2.91 eV to 2.31 eV for 0.3 <x <3.1 (Fig. 18h). In addition,
a noticeable change in PL color is observed — from bluish green for x = 0.3 to yellow-green for

x = 2.5, alongside a shift in PL bands from 478 nm (x = 0.3) to 557 nm (x = 2.5).
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Anna Gagor, and Adam Sieradzki*

The D3 article outlines the synthesis and structure-property relations of the newcomer to the
2D HOIPs family — MHy>PbCls. The multi-technique investigation is performed, including the
crystal structure analysis via XRD combined with DSC, electrical measurements (BDS and the
field-dependent polarization), Raman spectroscopy, and the examination of nonlinear (SHG)
and linear optical (DRS, PL) properties. Studies on MHy2PbCl4 serve as another illustration
of MHy-directed creation of the polar polymorphs in 2D perovskites, coupled with the

centrosymmetric and rarely observed modulated phase.

MHy,PbCls represents the Ruddlesden-Popper structural type of 2D compounds and is
characterized by complex HT to LT phase behavior. Three distinct crystal polymorphs are
observed — HT phase I of orthorhombic, centrosymmetric Pmmn symmetry, modulated RT
phase II (below 332 K), described in Pmmn(00y)s00 superspace group, and the LT phase (IIT)
of monoclinic, polar P2; symmetry (below 205 K).
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The structure of I (Fig. 19a) consists of corner-sharing [PbCls]*" octahedra layers, propagating
along [010] direction, interspersed with MHy" cations. MHy" is disordered over the m mirror
plane, occupying two positions with equal probability. Phase I exhibits the same symmetry as
the HT polymorphs of the MHy,PbX4 (X = Br, I) [107,109]. The smaller ionic radius of CI°
leads to a decrease in the interlayer distance (8.97 A at 350 K) and stronger intermolecular
interactions, evidenced by heightened A4 and o parameters (1.6-10 and 14.4 deg?) when

compared to Br- and I-based analogs.

Lowering the temperature results in the interlayer distance reduction to 8.66 A at RT and
triggers a PT to the modulated Pmmn(00y)s00 phase (II) with the modulation vector g* =
0.25c¢*. The 4-fold approximant of II is depicted in Fig. 19b. In comparison to I, the inorganic
part slightly deviates from the mirror plane towards the [100] direction, with the maximum
deviation from 180° of the Pb—CI—Pb angle equal to 14.2°. Furthermore, both A4 and ¢® values
increase to the maximum of 1.73-107° and 24.7 deg?, respectively. The MHy" cations are
ordered, and their distribution in the structure is directed by the supplementary translation
component of the superspace group (intrinsic phase shift of 1/2) related to the 2-fold axis
(bottom part of Fig. 19b). This arrangement leads to the formation of N—H---N and N—H---Cl
HBs, however, in the crystal structure, of II there are NH," groups not involved in hydrogen
bonding, pointing out to the instability of the HBs network. Phase II is likely to be isostructural
to the intermediate phase of MHy2PbBr4, where a narrow temperature window (~350 — 370 K)
prevents the determination of the crystal structure from SCXRD experiments. Nevertheless, in
both cases ¢* is ca. 0.25 along the same direction and the symmetry reduction from the Pmmn

HT polymorph occurs.

As temperature decreases further, the II = III PT leads to the LT phase III with a P2; polar
space group (Fig. 19¢). In III, certain MHy" cations undergo spontaneous rotation, resulting in
uncompensated MHy" dipoles and polarization along the [010] direction. The reduced
interatomic distances facilitate the creation of a stable network of both N—H:--Cl and N—H:--N
HBs. Enhanced intermolecular interactions and symmetry reduction impact the shape of the
perovskite layers, reflected in arisen distortion parameters (Ad = 3.4:107 and ¢ = 61.4 deg?)

and an appearance of the out-of-plane tilting with 8 = 161°.

The interlayer gap reaches ~8.52 A at 100 K, surpassing the previous record (held by
MHy:PbBr4) for the shortest distance between layers in the 2D lead halide HOIPs. Unlike its
bromine and iodine analogs, a short interlayer span in MHy>PbCls does not convert to an

unusually low exciton binding energy. Instead, it reaches 366 meV, falling within the typical
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range for 2D perovskites. The estimated E; of 3.75 eV is also the largest among the MHy2PbX4
(X =Br, Cl, I) series. The acentric arrangement in III is supported by SHG investigations and
the pyroelectric effect, displaying the decay of spontaneous polarization along the [010]
direction following the PT. Contrary to the Br analog, MHy,PbCls does not reveal the
ferroelectric properties. This may be explained when the types of symmetry-breaking PTs are
compared. MHy>PbBrs undergoes the ferroelectric PT of the mmmFmm2 type, whereas
MHy,PbCls exhibits the mmmF2 PT, associated with the presence of ferroelastic domains
[131]. This type of PT combined with heavier octahedra distortion and stronger HBs network

might be the reason for the adverse attempts of polarization switching in MHy>PbCly.
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Figure 19. Crystal structure of MHy,PbCly in (a) centrosymmetric Pmmn, (b) modulated Pmmn(00y)s00, and (c)
polar P2, symmetry. Arrows in (a, c¢) represent the locations of compensated (dark blue) and non-compensated
(red and green) MHy" dipoles. The temperatures of PTs are determined via DSC measurements.
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This work includes the synthesis of new 2D lead halide HOIPs with two A-site constituents —
IMMHyPbBrs (IMPB, IM = imidazolium) and IMMHyPbCls (IMPC). Utilizing the XRD,
DSC, BDS, PL absorption, and temperature-dependent emission measurements, the crystal
structures, PT mechanisms, and dielectric and linear optical properties of the obtained materials

are investigated. This article describes another feature of MHy" in lead halides, i.e., an
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ability to occupy the intralayer sites in the ACI-type 2D HOIPs with heavily distorted,
(110)-oriented layers.

Both IMPB and IMPC adopt the ACI structural alignment, with IM" in the interlayer site and
MHy" in the intralayer site. The HT phases (I) are of monoclinic P2/c symmetry. The inorganic
part consists of corrugated, (110)-oriented inorganic layers comprising [PbXe]* octahedra (X =
Br, Cl) bound by cis ligands (Fig. 20a). Both organic cations and the linking halides display the
dynamic disorder. The distortion parameters Ag = 8.3-10* (10.5-10%) and o? = 13.7 deg?
(15.1 deg?) for IMPB (IMPC) are common of the (110)-oriented 2D lead halide HOIPs.

On cooling, both compounds undergo a PT to the monoclinic P21/c polymorph (II, Fig. 20b).
The T - II PT involves the translational symmetry breaking (formation of the 2b
superstructure) The IM" cations are well-ordered and involved in N-H--X and C-H---X HBs.
The heightened intermolecular forces induce the tilting of the octahedra layers with the Pb—
Xiink—Pb angle (i, Xiink = linking halide) equal to 158° (153°) for IMPB (IMPC) at 295 K.
The A4 and o? parameters rise to 13.5:10% (31.5-10) and 28.7 deg® (44.7 deg?®) for IMPB
(IMPC) at 100 K. Both compounds are characterized by considerably greater tilting and
extraordinarily low Pb—Pb intralayer distances in comparison to the literature analogs.
MHy" cations still exhibit disorder at RT, nonetheless, notably reduced in comparison to I,
being split into three positions with the same probability. A partial stabilization of MHy " may
be caused by the formation of N-H---N HBs between IM" and N atoms from NH,". On further
cooling, a gradual ordering of the MHy" arises with anchoring one position at 100 K. This

occurs without altering the symmetry of the structure.

The progressive positional ordering of the MHy" moieties, taking place in the LT region,
induces the single dipolar relaxation process, observed on the BDS spectra (Fig. 20c) from
150K (170 K) to 188 K (230 K) for IMPB (IMPC). A uniquely large distortion of the
perovskite layers is responsible for broad PL bands (Full Width at Half Maximum (FWHM) =
160 nm (166 nm) for IMPB (IMPC) at 80 K), accompanied by significant Stokes shifts
(178 nm (252 nm) for IMPB (IMPC)) and one of the widest energy band gaps among (110)-
oriented 2D lead halide hybrids (3.22 eV and 3.79 eV for IMPB and IMPC, respectively).
A shift in PL emission color is noted with changing temperature, particularly notable for IMPB,
varying from yellow at 80 K to white at 200 K (Fig. 20d). While the white-light PL was
documented in several (110)-oriented compounds [76,133,134], this is the first report of such

a phenomenon among ACI-type perovskites.
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Figure 20. (a-b) The crystal structures of IMPB and IMPC in (a) HT phase (P2/c, I) and (b) LT phase (P21/c, II)
at 100 K. Dashed lines in (b) represent HBs: blue for N-H::-N and dark red for N-H---X and C—H:--X. (c¢) Dielectric
curves for IMPC with the anomaly arising from the ordering of the MHy™". (d) Linear optical properties of IMPB
with broad PL and white-light emission at 200 K (0.34, 0.37; 5226 K).
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Despite a more suitable TF value (1.01) of iodine-based compounds compared to other halides
—1.03 (1.05) for MHyPbBr3; (MHyPbCl3), the 3D perovskite of MHyPbl3 formula has not been
synthesized yet. Anti-solvent crystallization attempts targeting MHyPbls or MHyPbBr«I3.«
(with iodine content above ~7%) 3D HOIPs lead to yellow needle-like crystals with 1D
inorganic substructure, adopting the same formula — MHyPbls. This paper describes in detail
the crystal structure of the obtained material. DSC and HT powder diffractometry were
employed to examine the PTs. The RT absorption spectra were recorded to estimate the Eg
value. As the phase reported herein is a predominant (or sole) outcome of the syntheses
conducted to MHy-based lead iodide HOIPs, comprehending the thermodynamically

favored alignments is vital for ongoing quests to discover novel hybrids.

At RT MHyPbl; adopts monoclinic symmetry described in the P21/c space group. Its structure
consists of parallel double chains of edge-sharing [Pbls]*~ octahedra extending along the [100]
direction, with MHy" cations situated in between. Three inequivalent iodine positions are

distinguished and the Pb—I bond lengths are 3.07-3.43 A. The intermolecular interactions are
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expressed in N-H---1 HBs involving only I3 acceptor (H---A (D--A) distances of 2.96-3.04 A
(3.48-3.56 A)). The weakly-developed network of HBs and low o? (6.32 deg?) indicate
a weaker influence on intermolecular forces on the shape and symmetry of inorganic
substructure when compared to other MHy-based lead halides. The analogous crystal packing
was reported for several lead halide hybrid compounds, including HyPblz, MAPbI3-DMF, and
(NH4)Pbls (Hy = hydrazinium) [135-137].

When heated above 357 K, a PT occurs, causing a multi-domain twinning of the single-crystal
sample. The powder diffraction patterns recorded at 363 K are indexed in monoclinic P21/m
symmetry — a maximal non-isomorphic supergroup of P2i/c for a' =2a [125]. The doubling of
lattice parameter a takes place without significant alteration in interatomic distances compared
to the pristine phase. Given that this direction represents the propagation of the chains, they
undergo marginal alternations in geometry. Notable changes occur in the remaining directions,
associated with the relative positions of the adjacent chains, as evidenced by the unit cell
elongation (contraction) of by ca. 5.2% (9.9%) along [010] ([001]) direction. Fig. 21 depicts
potential modifications of the unit cell at HT, likely prompted by increased dynamics of the
MHy" cations. The HT polymorph is metastable — the first traces of the initial phase reappear
after approx. 20 min after cooling to RT, with complete structural restoration occurring ca. 50
minutes post-cooling. According to DSC traces, the metastable polymorph adopts its sequence
of PTs when immediately cooled down below RT, with heat anomaly at 277 (269) K on heating
(cooling).

The 1D MHyPbl; hybrid exhibits no PL activity at either RT or 77 K. The estimated E; equals
3.11 eV — significantly higher than for 2D MHy2Pbls perovskite (2.20 eV [109]), likely due to

the lower dimensionality of the inorganic substructure.
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Figure 21. Crystal structure of MHyPbls along (a) [100] and (b) [010] direction. Grey and red lines represent the
unit cell at RT and 363 K, respectively. (c) Powder diffractograms at (1) RT (virgin sample), (2) 363 K, and (3)
50 minutes after cooling down from 363 K to RT.
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The D6 article encompasses the synthesis, crystal structures, and phonon and linear optical
examination of three new entrants in the group of 0D lead halides — CsMHy>PbBrs,
Cs:MHy:Pblg, and Cs2MHy2PbBr3l3, marking the initial instances of 0D lead halide hybrids
with mixed A-site cations. The findings presented herein illustrate that the mixed-cation method
demonstrates a potential for the development of new 0D lead halides exhibiting efficient
broadband PL. The MHy" cations reveal the ability to serve as a ‘spacer’ in the structural

subgroup with isolated octahedra.

Cs:MHy2PbXs (X = Br, I) crystallize in the structure isostructural to the high-pressure phase of
Cs4PbXs ternary compound, i.e., orthorhombic Cmce [138]. The all-inorganic analog adopts
rhombohedral (R3c¢) packing upon standard conditions [139,140], and the R3¢ = Cmce PT is
associated with increased octahedra distortion. For the hybrid compound, this effect is attained
through the incorporation of larger and anisotropic counterion, i.e., MHy", creating internal

pressure. The presence of MHy" is also manifested in expanded unit cell parameters.

The crystal packing is presented in Fig. 22. MHy " cations selectively replace Cs” and form HBs
layers with the inorganic substructure through N—H---X bonds (Fig. 22a). The characteristic

feature of Cs2MHy2PbXs, not observed in materials from D1-D5, is a statistical disorder of
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MHy", resulting in two equivalent positions related by a mirror plane, making the terminal CH3
and NH» groups indistinguishable. This effect is observed at both RT and 100 K. Another
intriguing feature is the selective substitution of halides appearing in Cs2MHy2PbI3Br3. The
HB acceptor positions are preferably occupied by Br, whereas the non-interacting sites were
refined with the I (Br) occupancy of 0.75 (0.25). The proposed halide distribution is also
supported by similar Pb—Br bond lengths in the mixed-halide (3.037 A) and bromine (3.011 A)
analogs (Fig. 22b). The selective substitution results in a markedly increased octahedra

distortion, as the Aq arises from 0.12-10 in [PbBrs]* to 29.9:107 in [PbBrsl5]*.

The Raman studies confirm the preferential occupation of anionic sites in the mixed-halide
analog, as well as the static character of MHy" disorder in all compounds. Linear optical studies
reveal that Cs2MHy2PbBrs and CsMHy2Pbls reveal broad orange-yellow PL (FWHM of
158 nm and 175 nm, respectively), accompanied by significant Stokes shifts of 342 nm (280
nm) for Br" (I'). A superior octahedra distortion in Cs2MHy>PbI3Br; induces a redshift and
broadens the PL (FWHM = 280 nm, Fig. 22c).
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Figure 22. (a-b) The crystal structure of Cs;MHy2PbX (X = Br, ). (a) Isolated [PbXs]* octahedra form HBs with
MHy" moieties perpendicular to the [100] direction. (b) Selective occupancy and the N-H---Br HBs in
Cs:MHy,PbBr3l;. (¢) Mixed-halide Cs;MHy>PbBr3l; reveals broadened PL associated with a greater octahedra
distortion when compared to single-halide Cs;MHy,PbBrs.
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9. Discussion

To study the relationships between crystal structure and optoelectronic properties (including
their tunability) of the MHy-based lead halide hybrid materials, one may consider several
factors on the structural level, i.e., intermolecular interactions (here HBs mainly), voids
volumes (for 3D compounds), interlayer spacing (for 2D) and interatomic distances in general.
All these aspects are dependent on the temperature and may also abruptly change upon the PTs.
For a better understanding of demonstrated features, the effect of several chemical engineering
strategies is discussed, including halide substitutions (for single-halide compositions), halide
alloying, and the incorporation of second cation (IM", Cs") beside MHy" (A-site cation
alloying). The dimensionality of inorganic substructure also serves an important role in

structural and physicochemical characterization.
9.1. Halide substitution

The strength of HBs with halide acceptor arises with higher electronegativity and smaller ionic
radius, resulting in enhanced attraction of the H atom and reduced distances. One may
determine decreasing strength and tendency to create the HBs in the following order of
acceptors: Cl, Br', I', with the electronegativity of 3.16, 2.96, and 2.66 eV in Pauling scale, and
ionic radii of 181, 196, and 220 pm, respectively [141]. Halide exchange may therefore impact
the symmetry and physicochemical properties of lead halide hybrids.

As previously discussed, MHy2PbX4 2D HOIPs with X = Br, I, exhibit distinct sequences of
phase transitions and polymorphic phases, despite adopting the same disordered orthorhombic
aristotype with Pmmn symmetry at high temperatures. This behavior underscores the significant
influence of halide substitution on their physicochemical properties [107,109]. Article D3
investigates MHy>PbCls, which also displays a unique sequence of phase transitions. The HT
Pmmn phase is stabilized above 338 K upon heating — a higher temperature than observed in
the iodine analog (320 K). This discrepancy may be attributed to shorter interatomic and
interlayer distances in MHy>PbCls4, which shift the transformation to the disordered phase
towards higher temperatures. In contrast, this explanation does not apply to MHy>PbBrs where
the disordered Pmmn phase emerges at an even higher temperature, above 371 K. This behavior
is potentially related to the presence of ferroelectric order, which stabilizes the room-

temperature polymorph of the bromine analog (Pmn2;) at elevated temperatures.

The modulated phase II (Pmmn(00y)s00) in MHy>PbCly is stable over a broad temperature
range, up to 224 K during heating, and is characterized by positionally ordered MHy" cations.
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A similar modulated phase is observed in MHy>PbBrs (HT polymorph II). Given the identical
average structure (Pmmn) and comparable modulation vector (g* ~0.25¢*), it can be inferred
that both phases are isostructural. Therefore, substituting Br with CI promotes the stabilization
of the modulated phase, likely due to the increased strength of HBs. A PT to a polar phase
occurs for both materials — P21 (Pmn21) for X = Cl1 (Br). In the case of Br, this transition is of
ferroelectric nature, whereas for Cl, the transition involves symmetry reduction accompanied
by the formation of ferroelastic domains. The increased octahedral distortion, driven by stronger
HBs in the Cl analog, results in the loss of ferroelectric properties upon substituting Br with CI.
It is worth noting that the P2, phase with distorted layers was reported for MHy>PbBry4 in high-
pressure studies, with Pmn2; = P21 PT occurring at ca. 4 GPa [142]. Reduced interatomic
distances in MHy>PbCls are also manifested in the lowest interlayer distances among the

MHy>PbX4 series — 8.66 A for MHy,PbCls at 295 K.

Halide substitution effects are also evident in ACI-type 2D HOIPs, as discussed in D4. The
phase transition from phase II to phase I is associated with the order-disorder behavior of the
organic moieties and occurs at a higher temperature for IMMHyPbCls (IMPC) — 383 K,
compared to Br-based IMPB (357 K). IMPC exhibits a greater degree of octahedral distortion
and tilting relative to IMPB. In contrast, for the 0D compositions examined in D6, i.c.,
CsMHyPbXs (X = Br, I), halide substitution does not significantly impact the crystal structure.
The symmetry remains consistent, and the distortion parameters show only slight variations (Aqg

=0.12:107 and 1.1-107 for [PbBrs]* and [Pbls]*, respectively).

In the case of linear optical properties, MHy>PbCls (D3) demonstrates a substantially larger E,
(3.75 V) than Br (2.75 eV) and I (2.20 eV) analogs [107,109]. The band gap reduction from
3.79 eV to 3.20 eV upon CI to Br substitution is also observed in the IMMHyPbX4 (D4). In
general, the £, decreases with the increasing ionic radius of the halogen atom (Fig. 23a), which
is related to the increase of the covalent character of Pb — X bonding (the order from the most
covalent to the least covalent character of the bond is: Pb — 1> Pb — Br > Pb — Cl). Additionally,
the degree of octahedral distortion, which is influenced by halide substitution, also affects Eg
and other optical properties [70]. The positions of excitonic absorption and the maximum of PL
emission bands can be modulated, typically exhibiting a red shift in the sequence of X = Cl, Br,
I (D3, D4). This trend is similarly observed in MHy-based 3D perovskites and various other
lead halide hybrids [42,43,143,144]. The redshifts in PL maxima correspond to changes in

emission color. This phenomenon is particularly noteworthy in ACI 2D HOIPs, where
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substituting Cl with Br enabled the observation of white-light PL emission, as depicted in

Fig. 23b, ¢ (D4, [143)).
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Figure 23. Impact of the halide substitution on linear optical properties of studied materials. (a) Position of PL
band related to free exciton (FE) recombination in MHy>PbX4 (X = CL, Br, I) 2D HOIPs. (b, ¢) CIE diagrams for
IMMHyPbBrs and IMMHyPbCly (article D4) — (110)-oriented and ACI-type 2D HOIPs [107-109,143].

9.2. Halide alloying

The halide alloying approach has been applied to the series of 3D and 2D HOIPs
(MHyPbBrxClsx — D1, MHy2PbBrsxIx — D2) and the Cs;2MHy>PbBr3Iz 0D compound (D6).
In the 3D systems, halide mixing does not result in the emergence of new polymorphs that have
not already been reported for single-halide prototypes. However, the HT phases of both
MHyPbBr3; and MHyPbCl3 are stabilized for compositions with x > 1.33, which is associated
with the minimum volume of the perovskite voids necessary to allow free rotation of MHy"
cations. Notably, even at a low chlorine content (~15% atomic), the sample adopts the HT phase
of MHyPbCls. This stabilization is likely due to increased intermolecular forces resulting from
reduced distances, which facilitate the reorientation of organic cations. Halide alloying
combined with temperature variations induces rich polymorphism in the Br-1 series of 2D
perovskites, resulting in four new RP phases that are not observed in either of the single-halide
analogs (as detailed in the Results chapter for D2). Additionally, it is crucial to emphasize
that the incorporation of Br into MHy:Pbls represents the only known method for

forming the 3D perovskite phase with a significant iodide content.

The series described in the D1 and D2 exhibit a linear relationship between the unit cell volume
and halide concentration, consistent with Vegard’s law on solid solutions [144]. However,
Vegard’s law also traditionally predicts a linear change in lattice parameters, which is not
observed for parameter b in the MHy>PbBrs«Ix systems. As discussed in D2, this anomaly arises
from the selective substitution of the halide sites (Fig. 24). Halide positions that interact with

the MHy" are preferentially occupied by the one that forms stronger HBs, in this case, Br.
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Preferred halide occupancy has also been discussed and reported for other layered metal halide
hybrids [145-147], and similarly observed in the 0D compound, leading to a relevant increase
in Aq in Cs2MHy2PbBr313 (D6). This selective occupancy in 2D and 0D compounds suggests
a need to revisit the 3D series in light of this phenomenon. In fact, in the 3D systems, halides
occupy all six inequivalent sites non-uniformly, as illustrated in Fig. 24a. Similar to the
previously mentioned examples, positions that are weakly involved or not involved in hydrogen
bonding (e.g., X6) are preferentially occupied by the larger halide, Br. Conversely, Cl
predominantly occupies positions that are actively engaged in hydrogen bonding, such as X1.
However, this selective occupancy effect is less pronounced in the 3D systems compared to
their 2D counterparts and becomes progressively diminished as the Br concentration increases,

owing to the expansion of interatomic distances.
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Figure 24. Selective occupying of the halide sites occurring for the halide-alloyed compounds: (a)
MHyPbBrCls.x 3D HOIPs (D1), (b) MHy,PbBr4Ix 2D HOIPs (D2), and (c) Cs;MHy»PbBr3l3 0D hybrids (D6).
Sites occupied with I (0.75) and Br (0.25) in (¢) are displayed as octants. Positions involved in the creation of HBs
(dashed lines) are preferred by smaller halides [148—150].

As described in the previous subchapter, substituting halides at the X site may significantly
alter optical properties, such as E; and position of absorption and PL bands. The application of
the halide alloying in 3D and 2D HOIPs enhances the tunability of these properties. In mixed-

halide compositions, the optical parameters tend to fall between the values observed for the

corresponding single-halide analogs, as illustrated in Fig. 25.
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For the Br-Cl series described in D1, a continuous redshift in the exciton absorption band occurs
with increasing Br content (from 389 nm to 457 nm). This trend is also evident for the
MHyPbBrslo.2 (484 nm), despite a relatively low concentration of I'. The £, and a maximum
of PL emission bands exhibit a linear dependence on the halide ratio x for MHyPbBrCl3«
(Fig. 25a, b). This linear relationship allows not only for the fine-tuning of optical
parameters but also for the precise control of these properties by adjusting the halide

composition ratio.
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Figure 25. Dependence of E; at RT and position of PL bands at 80 K on halide concentration in (a, b)
MHyPbBrCls« 3D HOIPs (D1) and (c, d) MHy>PbBrsIx 2D HOIPs (D2). The colors of dots in (b, d) represent
the positions of maxima on CIE chromaticity diagrams [148,149].

The same series also exhibits varying intensities of the SHG response, with values falling
between those reported for MHyPbX3 and MHyPbCl; [42,43]. In the MHy>PbBraIx layered
compounds E, shows different trends across the entire range of halide concentrations, with the
most significant decrease occurring in Br-rich compositions as x increases, as depicted in
Fig. 25¢c. This behavior is particularly relevant for optoelectronic applications, where the
development of mixed-halide materials with enhanced stability and reduced bandgap
(characteristic features of Br- and I-based hybrids, respectively) can be advantageous. In the
iodine-dominated region, the E; curve flattens, approaching the value calculated for MHy>Pbl4
(2.20 €V) [109]. The impact of halide alloying is also apparent in Cs;MHy>PbBr313 where
increased octahedral distortions, driven by selective halide occupancy, lead to the broadening
of PL emission bands. This is reflected in the FWHM of the PL emission, which increases from

158 nm (175 nm) for X = Br (I) to 230 nm (D6, [150]).

As observed, all the halide-alloyed systems discussed in this subchapter incorporate Br~ in their
compositions. Notably, there is still an absence of compounds based solely on Cl™ and I" ions
that include MHy*. This contrasts with the behavior of analogs based on MA* and FA*, where
examples of CI-I systems are available [151,152]. One possible explanation for this distinction
is the significant difference in ionic radii between ClI~ and I", which may have a more

pronounced effect on MHy-based compounds. Additionally, the absence of CI-I systems in
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MHy" compounds could be attributed to the lack of an appropriate solvent or limitations in the

methods of synthesis or crystallization.
9.3. A-site cation alloying

The impact of incorporating a second A-site cation into MHy-based lead halide hybrids is
explored in articles D4 and D6, which introduce imidazolium (IM*) and cesium (Cs*),
respectively. Imidazolium derivatives are becoming increasingly common additives in 3D
perovskite materials. IM-based ionic liquids are effective in developing high-quality and
moisture-resistant perovskite films, owing to their hydrophobic nature and ability to prevent
rapid crystallization [44,153]. Analogously to MHy", IM" has been reported to stabilize lead
bromide compounds of various structural alignments, including 4H-hexagonal, 1D double-
chain, and 1D single-chain structures [ 15]. Partial replacement of organic cation with inorganic
Cs" (5-20% wt.) has been described as a powerful strategy to increase the thermal stability of
HOIPs by forming primary bonds with PbXs, much stronger than HBs [154,155]. CsPbX3
quantum dots with 3D structure exhibit bright PL with remarkable PLQY and exceedingly
narrow FWHM but simultaneously are characterized by poor durability [156,157]. More stable
0D compounds of the CssPbXs formula demonstrate attractive optical properties as well,

including strong excitonic absorption in the UV region.

As described in D4, the introduction of IM" to MHy-based lead halides results in the formation
of a single-layered 2D perovskite phase of the ACI type, with both cations residing in the
interlayer space. This perovskite structure features layers aligned along the (110) direction,
which is an orientation rarely observed among lead halide hybrids. As illustrated in Fig. 26a,
IM* cations serve as typical spacers in these 2D compounds, engaging in hydrogen bonding
with the adjacent inorganic slabs. MHy" occupies the spaces between the adjacent octahedra
within the corrugated layers. Analogous alignment was reported for IMGUAPbBrs (GUA =
guanidinium) with GUA™ situated in the intralayer area [158]. However, as the GUA™ is
a symmetrical ion with a dipole moment equal to zero, it marginally affects the geometry of
octahedra (6. = 180°). For compounds in D4, a notable tilting of the perovskite layers is
present owing to the polar character of MHy". Another interesting property related to the
presence of two organic A-site cations is the system of N-H-*N HBs between IM" and the
terminal group of MHy", which presumably contributes to the partial stabilization of the second
moiety at RT, and its final anchoring at LT (vide supra). While there are no reports of the ACI-
and (110)-oriented 2D compositions comprising MHy", one may find two examples with IM"

in the literature, including the aforementioned IMGUAPbBr4 and IMTzPbBrs (Tz = 1,2,4-
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triazolium), which reveals an enhanced (i.e., 3 x 3) corrugation [158,159]. Overall, the A-site

cation alloying in D4 generates the new 2D HOIPs with (110)-oriented layers.

An interplay of specific alignment and heavy distortions is manifested in significantly
broadened PL emission bands in comparison to MHy-based analogs of (001)-type (FWHM of
160 nm (168 nm) and 5 nm (60 nm) for the main PL band in the (110)- and (001)- oriented lead
bromides (chlorides), respectively), which are attributed more likely to the STEx states rather

than FE recombination [143].

Although both MHy" and Cs" demonstrate the ability to stabilize the 3D perovskite structures,
a combination of these two cations leads to the formation of 0D compounds with isolated
octahedra, similar to the most stable all-inorganic analog of Cs4PbXs formula. The insights of
A-site cation alloying on the crystal structure of Cs2MHy2PbXe (D6) are presented in Fig. 26b.
MHy" through a selective substitution of Cs" sites (both cations are in a 1:1 ratio), affects the
geometry of the inorganic part. Consequently, the compounds adopt Cmce symmetry — a high-
pressure analog of CssPbXe [138]. As derived from DRS measurements, the A-site cation

alloying induces a redshift of excitonic absorption, especially for the Cs2MHy2Pbls [150].
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Figure 26. Effects of A-site cation alloying. (a) In IMMHyPbX4 (D4, X = Br, Cl) 2D HOIPs MHy" is situated at
intralayer space due to the presence of IM* spacer. The location of MHy™ brings heavy distortions to the inorganic
part. Both cations interact with each other via N—H:-N HBs. (b) In Cs;MHy,PbXs (D6, X = Br, I) 0D hybrids
MHy" selectively substitutes for Cs* sites and interacts with halides via N-H:--X HBs. (c¢) The presence of MHy"
provokes a redshift of excitonic absorption compared to all-inorganic CssPbXs [143,150].

9.4. Role of dimensionality

The final subsection focuses on the influence of octahedral connectivity on the structural and
optoelectronic properties of the materials under investigation. Fig. 27 displays the distortion
parameters of the octahedra for each halide subgroup as a function of dimensionality and, for

2D structures, the type of structure. Given the significant impact of selective halide occupancy
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on octahedral geometry in halide-alloyed systems, only single-halide analogs are considered

for this comparison.

For chlorides and bromides, a notable decrease in angle variance (o?) is observed in lower-
dimensional hybrids compared to their 3D counterparts. Specifically, bromides exhibit
a smaller, yet still significant, reduction in 6> when comparing 0D to 2D analogs, while iodides
show a decrease in ¢ for 0D and 1D structures relative to 2D. Among 2D HOIPs, compounds
with (110)-oriented layers are characterized by marginally lower 6> compared to those with
(001)-oriented layers. Regarding bond lengths, the relationship between A4 and dimensionality
is inconsistent. For chlorides (X = CI"), distortions increase in 2D phases compared to 3D
phases, whereas for bromides (X = Br™), Aq decreases across the sequence of 3D, 2D, and 0D
phases. In iodides, no clear trend is observed in Aq values, with the largest deviations in bond

lengths reported for 1D structures.

Varying dimensionality of the octahedra connections leads to different spatial arrangements of
MHy" within the crystal structure, which in turn affects the intermolecular forces between
organic and inorganic components. The characteristics of these interactions may be expressed
in the strength of HBs involving MHy" donors and halide acceptors, and the distances
between NH: groups and Pb centers. The first factor has been investigated via Raman
spectroscopy in article D6, comparing the modes for terminal NH," groups in 3D MHyPbBr3,
2D MHy:PbBrs, 1D MHyPblz, and 0D Cs:MHy>PbBrs. The obtained results indicate the
following order of decreasing HB strength: 3D > 1D > 0D > 2D [150]. Considering the second
factor, only for the 3D perovskites the Pb — NH» lengths (in the range of 2.83 — 3.04 A) may be
regarded as coordination bonds, whereas the analogous distances in the hybrids of lower
dimensionality exceed 4 A. It may be concluded, therefore, that the heaviest octahedra
distortions, which are observed for 3D compounds, are attributed to the strongest interactions
of the inorganic part with MHy". However, when excluding 3D analogs from the comparison,
the classification of hydrogen bond strength does not fully align with the observed trends in
distortion parameters. In such cases, the explanations for these discrepancies become more
complex and should be evaluated on a case-by-case basis. For instance, increased Aq values in
(110)-oriented 2D compounds versus (001)-type may arise from a greater out-of-plane tilting
of the layers (D4). In iodides, enhanced Aq4 for the 1D structures might emerge from the fact

that only the apical I are involved in HBs, which brings an asymmetry in bond lengths (D5).

The role of dimensionality is also noted in several aspects of the optical properties. In general,

E; increases with decreasing dimensionality in all of the halide subgroups. An enhanced band
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gap is also recorded for (110)-oriented (ACI type) chlorides and bromides versus their (001)-
oriented (RP) counterparts (D3). The ACI-type 2D HOIPs and 0D hybrids are characterized by
broader PL emission bands than 3D and 2D RP perovskites (D1 — D4, D6). The only
representant of 1D phases, i.e., MHyPbls, is optically inactive (D5). Altogether, the
dimensionality of octahedra connections can be regarded as another contributor to the tunability

of structural and optoelectronic properties of the studied materials.
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Figure 27. Octahedra distortion parameters as a function of dimensionality of octahedra connections in MHy-based
lead halide hybrids. The RT phases of single-halide compounds are taken into consideration, i.e.: (a) MHyPbCls,
MHy,PbCls, and IMMHyPbCls ([43], D3, D4), (b) MHyPbBr3, MHy,PbBrs, IMMHyPbBr4, and Cs;MHy,PbBrs
([42,107], D4, D6), (c) MHy,Pbl4, MHyPbI3, and Cs;MHy»Pbls ([109], D5, D6).
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10. Summary

One of the aims of the studies associated with the dissertation was a synthesis of new hybrid
organic-inorganic lead halides comprising MHy" cation. Selected compositional engineering
techniques (substitution and alloying of the A- and X-site ions), and three crystallization
methods (with varying ratios of lead halide salts and MHy to Pb) have been utilized to obtain
compounds with varying dimensionality of the octahedra connections and, for the layered
systems, different type of crystal structures. The crystal structure analysis has been provided
regarding the intermolecular interactions and polymorphs stabilized upon varying temperature.
The structure-property relationships have been analyzed, herein limited to the optical

characteristics.

The described materials cover the whole range of dimensionality, according to the classification
illustrated in Fig. 5. In the case of 2D HOIPs solely, two types of compounds based on relative

stacking and two based on ‘slicing’ along the planes (Fig. 6) are reported, as outlined below:

Compound formula Dimensionality (type) Article

MHyPbBrCls« (x=0.40, 0.58, 0.85, 1.33, 1.95, 2.25, 2.55)

3D D1
MHyPbBr sl
MHy:PbBralx (x = 0.25,0.3, 0.4, 1.1, 2.35, 2.5, 3.1) 2D (RP, (001)-oriented) D2
MHy,PbCl4 2D (RP, (001)-oriented) D3
IMMHyPbX4 (X = Br, Cl) 2D (ACI, (110)-oriented) D4
MHyPbl; 1D D5
Cs:MHy:PbXs (X = Br, I) 0D D6

All the mixed-halide compounds include Br™ in their composition. Further studies, possibly
requiring a design of the new synthesis paths, shall be provided to obtain compounds with T’

and CI.

The MHy" cation has been found to serve as the perovskitizer in 3D systems and as the spacer
for 2D compounds of RP type and 1D systems without introducing the second A-site moiety.
By definition, the coexistence of two cations at the A site is required to synthesize the ACI type
2D HOIPs, which is herein achieved via integrating MHy" with IM*. Development of the
remaining 0D class is feasible by incorporating the inorganic Cs™ cation, which has already

been found in the literature to form the structures with isolated octahedra.
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Three paths for the development of new compounds have been utilized, including halide
substitution, halide alloying, and A-site cation alloying. Below the impact of each of the

approaches on structural and optoelectrical properties is summarized.

Halide substitution in 2D RP perovskites of MHy,PbX4 (X = Cl, Br, I) formula results in
distinct sequences of structural PTs for each halide. Despite these differences, certain common
features emerge, such as the HT orthorhombic Pmmn polymorph observed across all three
systems. Both MHy>PbBr4 and MHy>PbCl4 transform to a modulated phase upon cooling. For
MHy,PbBr4 this modulated phase exists within a narrow temperature range (approx. 20 K),
while for MHy>PbCls, it is stabilized over a much broader range (approx. 130 K). Both
compounds subsequently undergo a phase transition to noncentrosymmetric polymorphs,
specifically Pmn2; for MHy>PbBrs and P2, for MHy>PbCls. The introduction of smaller halides
leads to decreased interatomic distances and strengthened intermolecular interactions. This is
particularly evident in MHy2PbCls, which exhibits the smallest interlayer spacing and the
highest degree of octahedral distortion among the compounds studied. Additionally, the more
distorted geometry of the perovskite slabs is noticeable in (001)-oriented IMMHyPbCly
compared to its IMMHyPbBrs analog. The substitution of Br with Cl affects the phase
equilibrium, resulting in a shift of the phase transition temperature from 357 K to 383 K upon

heating.

In linear optical characteristics, a general trend of band gap narrowing and a redshift of both
absorption and PL emission bands is observed along with increasing ionic radius of halides
(C1 > Br = I). Another factor affecting the optical properties is the increased octahedral
distortion that accompanies the introduction of smaller halides. This highlights the impact of
halide substitution on optical features and underscores the direct relationship between the
observed optical characteristics and the crystal structure. The shifts of the PL bands correspond
to changes in emission color. In the ACI 2D HOIPs, substituting Cl with Br induces the white-
light PL emission observed near 200 K. This makes the IMMHyPbBT14 the first report of hybrid

perovskite with two organic cations that reveals this feature.

In the halide-alloyed MHyPbB1xCls.x 3D systems both HT phases of the single-halide analogs
(Pb21m and Pm3m for Cl and Br, respectively) are reported for x > 1.33 and the HT polymorph
of MHyPbCls is present for all compositions. Stabilization of the cubic phase is determined by
the volume of voids hosting MHy". In the MHy,PbBrsIx series of 2D hybrids, four new
polymorphs are reported, including RT phases of orthorhombic Pnma and incommensurately

modulated Pnma(00y)0s0 symmetry, and the LT phases described in monoclinic P2i/c and
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triclinic P1 space group. The halide-mixing approach turned out to be a solution to form the 3D
perovskite phase with a large contribution of iodide, which could not be achieved through
chemical synthesis. In the CsoMHy>PbBrsls 0D material a coexistence of two halides is
manifested in a notable increased distortion of Pb—X bond length. A characteristic feature of all
halide-mixed compounds described herein is the preferential occupation of the halide sites. The
positions interacting with MHy" are predominantly occupied by the halide forming stronger

HBs, in this case, CI" for 3D and Br” for 2D and 0D systems.

The implementation of halide alloying in 3D and 2D HOIPs enhances the tunability of optical
properties. A redshift of the excitonic absorption band from 389 nm to 457 nm is demonstrated
with increasing x in MHyPbBr«Cls.x, further enhanced to 484 nm for MHyPbBr28lo2. In the
same series, the values of E; and positions of the PL emission maxima vary linearly on x. In the
MHyPbBrsIx 2D HOIPs E; drops rapidly with x in the Br-dominated systems, eventually
tending to the value of 2.20 eV, reported for MHy,Pbls. Increased octahedral distortions related
to the selective occupancy broaden the PL emission bands in Cs;MHy>PbBr313, with FWHM

increasing from 158 — 175 nm to 230 nm.

The introduction of IM" as an A-site cation into MHy-based lead halides results in the formation
of'a 2D phase of the ACI type. This structure features corrugated inorganic layers oriented along
the (110) direction, with IM* and MHy" cations occupying interlayer and intralayer positions,
respectively. Two polymorphs, described in monoclinic P2/c and P2i/c (HT (I) and LT (II)
phase, respectively) are observed in both IMMHyPbX4 (X = Cl, Br) compounds. The existence
of N-H---N HBs between IM" and MHy" provides gradual stabilization of the second cation on
cooling. The inorganic slabs in II, influenced by interactions with MHy", are distinguished by
the heaviest tilting of the perovskite layers reported to date for the (110)-oriented ACI-type lead
halides. The unique structural features are manifested in broadened PL emission bands
compared to MHy-based analogs of (001)-type. This demonstrates another example of the

relationship between crystal structure and optical properties.

The combination of MHy" and Cs™ at the A site prompts the formation of 0D structures with
isolated octahedra, analogously to the Cs4PbXs. MHy" substitutes the Cs" sites, affecting the
octahedra geometry via HBs. The compounds adopt orthorhombic Cmce symmetry,
isostructural to the high-pressure polymorph of CssPbXs. Here the A-site cation alloying is
also useful for the tunability of optical properties, revealing a redshift of excitonic absorption

against the all-inorganic material.
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The role of dimensionality and a type of structure on the structural and optical properties is
discussed for single-halide materials. Generally, the o parameter (octahedra angle variance)
decreases in hybrids of lower dimensionality vs 3D and 2D perovskites for all studied lead
halides. In 2D HOIPs, the (110)-oriented materials reveal lower 6> compared to (001)-type
analogs. Contradictory dependencies are observed in bond length distortions, with Aqg increasing
in 2D chlorides against 3D, decreasing in the 3D, 2D, and 0D order in bromides, and reaching
the highest values for the 1D structures in iodides. The HB's strengths decrease in the following
order: 3D, 1D, 0D, and 2D. The largest octahedra distortions, which are observed for 3D
structures, are most likely attributed to the largest degree of intermolecular interactions, as only
for 3D systems the Pb — NH> distances are small enough to be treated as coordination bonds. In
the case of linear optical properties, the band gap increases with decreasing dimensionality.
Chlorides and bromides of the ACI-type structures with (110)-oriented layers reveal larger E,
than the (001)-oriented RP analogs. ACI-type 2D HOIPs and 0D hybrids also exhibit broader
PL emission bands than 3D and 2D RP perovskites. The sole 1D phase, MHyPbls, does not

reveal luminescent properties.

In conclusion, the studies presented in this thesis demonstrate that both A-site and X-site
engineering approaches are effective for developing new MHy-based lead halide hybrids. The
described compounds are characterized by rich polymorphism, influenced by temperature
variations and site-specific substitution or site mixing. A detailed analysis of their crystal
structures reveals the significant impact of organic-inorganic intermolecular forces on both
structural features and phase transition behaviors. By employing the compositional engineering
methods discussed, one can precisely tune and control various bulk optoelectronic properties,
including band gap, absorption and photoluminescence (PL) emission band positions and
shapes, second harmonic generation (SHG) intensity, and ionic conductivity. Ultimately, the
structure-property relationships highlighted in this study underscore the importance of
comprehensive characterization techniques to enhance the understanding and applicability of

this emerging subclass of hybrid materials.
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ABSTRACT: Three-dimensional lead halide perovskites are promising
materials for optoelectronic applications. The most famous representative o vy

comprise methylammonium (MA®) and formamidinium (FA*) cations, but 2 FAY e

recently, this group was enlarged by methylhydrazinium (MHy") analogues that 'g “'*Wﬁﬁ >

crystallize in polar structures at room-temperature. Properties of three- 2| o W High sﬁﬁ' w‘ e
dimensional (3D) perovskites can be tuned by mixing of molecular cations or # MHy" dipales _d__\*,__;-f"" C
halide anions. Here, we report synthesis and physicochemical characterization of —_— S
mixed-halide MHyPbBr,Cl,_, (x = 0.40, 0.58, 0.85, 1.33, 1.95, 2.25, and 2.55) M () Low sto~ Wil m{,- dipoies
and MHyPbBr,¢ly, perovskites. X-ray diffraction data show that all materials “Br content

feature a polar monoclinic P2, symmetry at room temperature. With the

temperature increase, all MHyPbBr,Cl;_, perovskites undergo a displacive phase transition to another polar orthorhombic Pb2,m
phase at T, > 318 K. The bromine rich crystals (x > 1.33) exhibit an additional order—disorder phase transition to the archetypal
cubic Pm3m phase at T; > 409 K. In contrast to MHyPbBr,Cl;_, perovskites, MHyPbBr, s, , undergoes a direct P2, to Pm3m phase
transition. The temperature at which the cubic phase is stabilized, stability range of the Pb2,m phase, and distortion of the lead-
halide octahedra decrease with the increase of Br™ content. The structural changes affect dielectric, conductivity, and optical
properties. In particular, the Br-rich samples show switchable dielectric behavior near 410—420 K. Furthermore, the activation
energy of Cl™ ionic conductivity increases with the increase of Br™ content in phases Pb2,m and P2,, whereas in phase Pm3m, the
conductivity of Br™ ions increases with the increase of Cl~ content. The energy band gap narrows and the photoluminescence (PL)
bands exhibit red shift when going from ClI to Br and then to I. Interestingly, whereas PL of the Br-rich and Cl-rich samples is
dominated by bound exciton and self-trapped exciton bands, respectively, these bands are suppressed for 2.25 > x > 0.85. The PL
color is strongly tuned by doping and changes from greenish-blue for the Cl-rich samples to yellowish-green for MHyPbBr, 4l ,.
SHG studies demonstrate that doping of MHyPbCl; with Br~ ions reduces the difference between SHG signal intensities of the
monoclinic and orthorhombic phases, to the extent that beyond x = 1.95, the SHG response of these phases becomes essentially the
same. The relative SHG efficiencies of Br—Cl mixed materials at room temperature increase with the increase in Br content.

1. INTRODUCTION properties, combined with low cost and facile synthesis, open up
Three-dimensional hybrid organic—inorganic perovskites (3D new perspectives for state-of-the-art applications, such as
HOIPs) have been the topic of intense research efforts in recent photovoltaics, light emitting devices, photodetectors, or even
years due to their functional properties. The general formula of in photodynamic therapy.4’14_16

3D HOIPs is the same as for their inorganic analogues, that is, Another field of research on 3D HOIPs is the improvement of
ABXj, in which “A” cations occupy 12-fold coordinated holes their performance via “A” site cation substitution. Such
between the corner-sharing BX octahedra.' ™" In HOIPs, “A” modification is an indispensable tool to allow for highly tunable
stands for an organic cation, “B” is a metal ion and “X” can be modification of HOIP properties, which is usually difficult to

either an organic or inorganic element/group (e.g., halide,
formate, azide, dicyanamide, etc.).S_8 Among these systems, 3D
lead halide HOIPs comprising methylammonium (MA*) and
formamidinium (FA*) cations have grown to be the most
explored materials. Numerous studies revealed technologically
relevant physicochemical properties, such as high PL yields,”
power conversion efliciencies of around 25%,"%'" broad
tunability of emission colors,” high extinction coefficients,'?
unprecedented mobility of charge carriers,"” and the like. These

obtain with all-inorganic counterparts. However, one should
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note that there are some roadblocks to this strategy, as such
modifications are limited by the steric hindrance introduced by
the cubic inorganic subnetwork. A parameter that allows one to
assess the stability of the 3D perovskite is the Goldschmidt
tolerance factor (TF). Typically, TF should be larger than 0.8
and smaller than 1.0 in order to obtain a stable perovskite
structure.’ Thus, for 3D lead halide HOIPs, only organic cations
with a relatively small effective radius, e.g., MA* and FA* (217
and 253 pm, respectively), satisfy the above rule,® leading to the
discovery of MAPbX; and FAPbX; (X stands for Br~, CI,
I7)."77*" Nevertheless, a seemingly finite set of small organic
cations capable of affording 3D HOIPs has recently been
extended by an MHy" cation, despite its large effective ionic
radius of 264 pm. Indeed, our group has discovered 3D lead
halide HOIPs comprising MHy" cations, i.e., MHyPbBr; and
MHyPbCl;. Both these perovskites feature tolerance factors
higher than 1 (TF = 1.03 and 1.05 for Br- and Cl-analogue,
respectively) and crystallize in the monoclinic, polar P2, phase at
room temperature (RT).””*> MHyPbBr, undergoes a phase
transition at 418 K to the cubic Pm-3m phase (which is
archetypical of 3D perovskites) and exhibits a switchable
dielectric behavior, strong second-harmonic generation (SHG)
activity, thermochromism, and two-photon excited lumines-
cence under 800 nm excitation.””> On the other hand,
MHyPbCl; undergoes a phase transition at 342 K to the
Pb2,m orthorhombic space group, which is another polar and
noncentrosymmetric phase. This behavior resulted in an
exceptional property, i.e, enhancement of an SHG response
upon transition from the low-temperature (LT) to the high-
temperature (HT) phase, which has been employed to
demonstrate HT switching between two SHG-active states.”

Recent studies on 3D HOIP analogues also revolved around
alloying halogen anions at the “X” site. As a result, there is a
growing body of literature demonstrating anion-tunable proper-
ties of MAPbX, X', and FAPbX, X', (X, X’ = Br~, CI", I")
HOIPs.>* ™ For these systems, the mixing-halide approach
offer tunability of the optical band gap and emission range,
improved PL intensity, enhanced stability, and prolonged charge
carriers” diffusion lengths while maintaining facileness of the
synthesis and low fabrication cost.”>*'~** Furthermore, mixed-
halide systems can also obviate one of the crucial issues of single-
halide MA/FAPbX; structures, ie., their poor stability to
adventitious water. For instance, Noh et al.”> reported that a
small Br~ content in MAPDbI; thin films results in improved
moisture resistance and prolonged decomposition time.

Whereas the mixing-halide approach has proven its utility for
MAPbX,_ X', and FAPbX;_.X',, a broader picture on various
effects of halide alloying is currently lacking for MHyPbBr; and
MHyPbCl; systems. Hence, we decided to synthesize mixed-
halide MHyPbBr,Cl,_, and MHyPbBr,I,_, perovskites and
investigate their halide-dependent structural, dielectric, linear,
and second-order nonlinear optical properties in wide temper-
ature ranges. In particular, it is tempting to see whether this
series produces similar or different halide-dependent structural
characteristics from those observed for the MA* and FA*-based
analogues. A word of explanation is needed for MHyPbBr,I;_,.
The 3D MHyPbl, perovskite has not been synthesized yet (our
trials led to formation of yellow MHyPbl; phase with a chain
structure®®). Perhaps the only way to incorporate I~ anions into
the MHyPbX; framework is to dope the MHyPbBr; phase with a
small amount of I". Given the large ionic radius of this anion, it
could affect the existence and stability of the cubic phase, which
is explored here.

1601

Herein, we report the synthesis of seven mixed-halide
MHyPbBr,Cl,_, perovskites (x = 0.40, 0.58, 0.8, 1.33, 1.95,
2.25, and 2.55) as well as a Br—I co-doped material of formula
MHyPbBr, gly,. We used differential scanting calorimetry
(DSC), single crystal X-ray diffraction (SCXRD), and dielectric
spectroscopy to determine the uncharted phase diagram of this
system and understand impact of halide alloying on the cation
dynamics. Also, in this work, the impact of halide mixing on the
linear absorption and PL properties was examined to establish
prospects for optical band gap engineering and light-emitting
applications in MHy"-based HOIPs. Lastly, we took a closer
look at effects that arise from one of the most unusual property
of the MHy"-based 3D HOIPs that is SHG response, associated
with structural noncentrosymmetry.””** In this way, not only
the acentric identity of studied phases is confirmed but also
effect of halide mixing on the relative SHG efliciency is
examined.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation. PbBr, (98%, Sigma-
Aldrich), PbCl, (98%, Sigma-Aldrich), Pbl, (98%, Sigma-
Aldrich), hydrobromic acid (48 wt % in H,O, Sigma-Aldrich),
hydrochloric acid (37 wt % in H,O, Sigma-Aldrich), hydroiodic
acid (57 wt % in H,O, Sigma-Aldrich), methylhydrazine (98%,
Sigma-Aldrich), N-N-dimethylformamide (DMF, 99.8%), and
methyl acetate (99.5%, Sigma-Aldrich) were commercially
available and used without further purification.

Powder XRD patterns were obtained on an X’Pert PRO X-ray
diffraction system equipped with a PIXcel ultrafast line detector.
The powders were measured in the reflection mode, using CuKa
radiation.

SCXRD experiments were carried out with MoKa radiation
using an Xcalibur, Atlas diffractometer. Absorption was
corrected for by multi-scan methods, CrysAlis PRO
1.171.39.46 (Rigaku Oxford Diffraction, 2018). Empirical
absorption correction using spherical harmonics, implemented
in the SCALE3 ABSPACK scaling algorithm was applied. H
atom parameters were constrained.

Heat capacity was measured using a Mettler Toledo DSC-1
calorimeter with a high resolution of 0.4 #W. Nitrogen was used
as a purging gas, and the heating and cooling rates were 5 K/min.
The excess heat capacity associated with the phase transitions
was evaluated by subtraction from the data the baseline
representing variation in the absence of the phase transitions.

Raman spectra were measured using a Bruker FT 100/S
spectrometer with the YAG:Nd laser excitation (1064 nm) and
were recorded with a spectral resolution of 2 cm™.

Nonlinear optical studies were performed using a laser system
consisting of a Coherent Astrella Ti:Sapphire regenerative
amplifier providing 800 nm pulses (75 fs pulse duration, 1 kHz
repetition rate) driving a wavelength-tunable TOPAS Prime
optical parametric amplifier (OPA). The output of the OPA was
set to 1300 nm and was vertically polarized. A laser beam was
passed through a 1200 nm longpass dielectric filter (FELH1200,
Thorlabs) in order to suppress unwanted short wavelength
components typically present in the OPA output.

The Kurtz—Perry test was performed at 298 K. Potassium
dihydrogen phosphate (KDP) was used as an SHG reference.
The single crystals of MHyPbBr,Cl;_,, MHyPbBr,gly,, and
KDP were crushed with a spatula and sieved through a mini-
sieve set (Aldrich), collecting a microcrystal size fraction of
125—177 pm. Next, size-graded samples were fixed in-between
microscope glass slides (forming tightly packed layers), sealed,
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and mounted to the horizontally aligned sample holder. No
refractive index matching oil was used. For the Kurtz—Perry test,
the average power of 1300 nm beam was equal to 343 mW (spot
area of 0.5 cm?). The employed measurement setup operates in
the reflection mode. Specifically, the laser beam was directed
onto the sample at 45 degrees to the sample surface and was
unfocused. Emission collecting optics consisted of a ©25.0 mm
plano-convex lens of focal length 25.4 mm (Thorlabs) mounted
to the 400 um 0.22 NA glass optical fiber (Ocean Optics) and
was placed along the normal to the sample surface. The distance
between collection lens and the sample was equal to 30 mm. No
polarizer was used; hence, the emission output of any
polarization was collected. Scattered pumping radiation was
suppressed with the use of a 750 nm shortpass dielectric filter
(FESHO0750, Thorlabs).

Temperature-resolved SHG study was performed in a
separate measurement (1300 nm beam, 130—161 mW, spot
area of 0.5 cm?®), in which the temperature control of the sample
was performed (2—3 K step) using a Linkam LTS420 Heating/
Freezing Stage. Temperature stability was equal to 0.1 K
Excitation geometry, signal collection optics, and the sample
preparation protocol were the same as for the Kurtz—Perry test.
The emission spectra collected in both experiments were
recorded by an Ocean Optics Flame T spectrograph (200 ym
slit), with a signal collection time of 2000 ms per temperature
point.

Dielectric measurements were carried out using a broad band
impedance Novocontrol Alpha analyzer, having a frequency
range from 1 Hz up to 1 MHz. Since the obtained single crystals
were not large enough to perform single-crystal dielectric
measurements, pellets made of well-dried samples were
measured instead. The powder was pressed into cylindrical
pellets of S mm in diameter and from 0.5 to 0.7 mm in thickness.
The surfaces of all analyzed samples were painted with silver
paste to ensure good electrical contact with the electrodes.
Measurements of the dielectric spectra were taken with a step of
1 K over the temperature range from 270 to 380 for the lowest Br
content 280 to 440 K for higher Br contents. The temperature
was controlled with a Novo-Control Quattro system using a
nitrogen gas cryostat. The temperature stability of the samples
was better than 0.1 K. All experiments were performed during a
heating cycle at a § K min™" rate.

The RT diffuse reflectance spectra of the powdered samples
were measured using a Varian Cary SE UV-vis—NIR
spectrophotometer. Emission spectra under a 375 nm excitation
line from a laser diode were measured with the Hamamatsu
photonic multichannel analyzer PMA-12 equipped with a BT-
CCD linear image sensor. The temperature of the samples was
controlled using a Linkam THMS 600 Heating/Freezing Stage.

The elemental analysis was carried out using the scanning
electron microscope FEI Nova NanoSEM 230 (FEI Company,
Hillsboro, OR, USA) equipped with an EDS spectrometer
(EDAX PegasusXM4) and operating acceleration voltage in the
range 3.0—15 kV and spot of 2.5-3.0.

2.2. Synthesis. Single crystals of MHyPbBr,Cl;_, were
grown using the antisolvent crystallization method. In this
method, a mixture of HBr and HCI (in different ratio, adequate
to the ratio of lead halides) was added dropwise to 10 mmol of
methylhydrazine until pH = 7. Then, 2 mL of DMF and 10
mmol of mixed PbBr, and PbCl, powder were added under
continuous stirring and this mixture was heated to 50 °C. Since
not all of the lead halide precursors dissolved, 5—10 mL of DMF
(depending on a sample) was added until complete dissolution
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of the mixture. The clear solution was placed into a glass vial, and
it was placed in a second, larger vial containing methyl acetate.
The lid of the outer vial was thoroughly sealed, whereas the lid of
the inner vial was loosened in order to allow diffusion of methyl
acetate into the precursor solution. Single crystals of
MHyPbBr Cl,_, were harvested after 4—S5 days, filtered from a
mother liquor, and dried at RT. EDS analysis revealed that the
grown crystals feature bromine content x = 0.40, 0.58, 0.85, 1.33,
1.95,2.25, and 2.55.

The same method was used for growing single crystals of
MHyPbBr,l;_,. However, the precursor was prepared by adding
8.5 mmol of PbBr, and 1.5 mmol of Pbl, to a solution containing
10 mmol of methylhydrazine dissolved in S mL of HBr and HI
(volumetric ratio 8.5:1.5, respectively). After S min of
continuous stirring at RT, the precursor solution became
clear. Orange crystals were harvested after S days, filtered from a
mother liquor, and dried at RT. EDS analysis revealed that the
composition of these crystals is MHyPbBr, gl ,.

A good match of the powder X-Ray diffraction (PXRD)
patterns and Raman spectra of the mixed-halide samples with
the patterns and spectra recorded for MHyPbBr; and
MHyPbCl; (Figures S1 and S2) proved the phase purity of
the bulk samples.

3. RESULTS AND DISCUSSION

3.1. Differential Scanning Calorimetry. DSC data show
the presence of two types of heat anomalies for the studied
compounds (Figure 1 and Figures S3—510). The first anomaly is
observed for all MHyPbBr,Cl,_, samples (Figure la). On
cooling, the temperature of this anomaly (T) is about ~320 K
for the Cl-rich samples (x = 0.40, 0.58, 0.85), but it strongly
increases for the Br-rich samples, i.e., from 328 K for x = 1.33 to
368 K for x = 2.55 (Figure 1a). The associated changes in the
enthalpy (AH) and entropy (AS) related to the phase transition
at T, are listed in Table S1. For x ranging from 0.40 to 2.25, the
values of AH and AS are about 0.65 kJ mol™ and 2.0 J mol™"
K™, respectively. For an order—disorder phase transition, AS =
R In(N), where R is the gas constant and N is the ratio of the
number of configurations in the disordered and ordered phases.
Using this formula, the value of N is estimated to be about 1.30.
The small value of N is consistent with a displacive character of
the phase transition. Since very similar values of AH, AS, and N
(0.70 kJ mol™", 2.7 J mol™ K™, and 1.39, respectively) were
previously reported for the phase transition observed in
MHyPbCl, at 329 K,* it is clear that doping of MHyPbCl,
with Br™ up to x = 2.25 has a weak effect on the phase transition
mechanism. Interestingly, this phase transition is observed even
for the highest Br™ concentration (x = 2.55), although the values
of N =1.06, AH = 0.17 k] mol™, and AS = 0.50 ] mol™* K" are
significantly lower than for the other compositions. Thus, our
data show evidence that even a low doping of CI™ induces a
displacive phase transition analogous to that observed in
MHyPbCl;. However, lower values of the thermal parameters
suggest significantly weaker structural changes when compared
to the MHyPbBr,Cl;_, system with x < 2.55.

The second type of heat anomaly is observed for
MHyPbBr,Cl,_, with x > 1.33, and for MHyPbBr, g1, (Figure
1b and Figures S6—S10). In contrast to the former phase
transition, the heat anomaly associated with this transition is
symmetric and much more intense. Furthermore, this anomaly is
observed at much higher temperatures (on cooling, T; ranges
between 390 and 424 K, see Table S1). The average AH, AS,
and N are very large, i.e, ca. 9.0 kJ mol™, 23.0 ] mol™ K™%, and
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Figure 1. Change in C, for MHyPbBr,Cl;_, perovskites upon cooling
related to the (a) first and (b) second type of a phase transition.

17.0, respectively (Table S1), pointing to the first-order and
order—disorder character of this phase transition. A similar
anomaly, previously reported for MHyPbBr; at 409 K (with AH,
AS, and N of 9.9 k] mol™, 25.3 J mol™ K™, and 21.0), was
attributed to the P2, to Pm3m phase transition.”” It is worth
noting that doping of MHyPbBr; with CI™ leads to the increase
in T;. Opposite behavior is observed on doping with I” (Table
S1).

3.2. Single-Crystal X-ray Diffraction. In order to establish
crystal structures of the phases identified in the DSC
measurements, SCXRD experiments were performed. The
experimental details for MHyPbBr,Cl,_, (x = 0.85, 1.95, 2.55)
and MHyPbBr, ¢, are presented in Tables S2—SS.

MHyPbBr,Cl,_, systems rich in bromine (x > 1.33) adopt
three polymorphic phases, while in the chloride-rich area, only
two phases are observed. The HT cubic phase Pm3m (phase I) is
centrosymmetric and isostructural with the HT phase of the
MHyPbBr, analogue (Figure 2a).”* In I, MHy" cations rotate
freely, displaying no noticeable influence on the shape of PbX;
(X = Br, Cl) octahedra. Thus, phase I is built of ideal PbX,
octahedra of the O, symmetry (Figure 2d). The polar
orthorhombic Pb2,m phase (II) is isostructural with the HT
phase of MHyPbCl,.>* In contrast to I, MHy" cations in phase I
are oriented along one direction, giving rise to the onset of
spontaneous polarization (Figure 2b). The monoclinic P2,
phase (III), which is also polar, corresponds to the RT phases
of both MHyPbBr; and MHyPbCl;. If one compares crystal
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structures of IT and III, the arrangement of polar cations in the
latter is substantially reorganized. Every second MHy" dipole
aligns more to the (010) planes than along the polar [010]
direction, which diminishes polarization of this phase relative to
II (Figure 2c). The synergistic effect of MHy" size and dipole
orientation significantly affects crystal structures of II and IIIL In
particular, these structures consist of Pb(1)X, and Pb(2)Xg
octahedra (Figure 2e,f) and the terminal N atoms of MHy" enter
the Pb(2)X4 coordination sphere, leading to higher distortion of
these octahedra (Figure S11).

Experimental data from the SCXRD and DSC measurements
were used together to construct the Br-Cl binary phase diagram
of MHyPbBr,Cl,_, perovskites (Figure 3). At RT, all mixed-
halide systems crystallize in phase III, the same as their single-
halide analogues. However, neither MHyPbBr; nor MHyPbCl,
showed the existence of three temperature-dependent
phases.””** For our mixed-halide structures, the region with
all three stabilized phases starts when the content of Br™ and CI™
is nearly equal (x = 1.33) and extends to x = 3, at which point the
phase II vanishes. Thus, in order to stabilize phase II in the
MHyPbBr; matrix, an incorporation of CI™ anions appears to be
crucial. On the other hand, the phase transition temperature to
phase Lincreases with increasing fraction of CI~, and for x < 1.33,
the sample decomposition occurs before the crystals reach the
cubic phase. On this point, it should be emphasized that these
results are opposite to those found for MAPbBr,Cl;_, systems,
in which the increase of the Cl fraction induces a stabilization of
the Pm3m phase at lower temperatures.”’

To obtain a better grasp of temperature effects on
MAPDBr,Cl;_, structural properties, we performed a detailed
geometrical analysis of the structures. According to the Vegard’s
Law, for an ideal substitutional solution, the lattice parameters
vary linearly with the concentration of the constituents at
constant temperature (for instance, AMHyPbBrL5Cl, s = 0-SAMHyPbBr,

+ O.SaMHbeCl3).38’39 In the case of our structures in phase III, a

linear (or quasilinear) dependence of lattice parameters vs Br~
fraction is observed (Figure S12a,b). Thus, the Vegard’s law is
satisfied.

One should note that the difference between ionic radii of Br™~
and CI” anions (196 and 181 pm, respectively’®) is expected to
have a non-negligible influence on the geometry of PbXj
coordination spheres. Therefore, the octahedral angle variance
(6?) and bond length distortion (A,) values for MHyPbBr,Cl,_,
in III were calculated using the Fleet’s approach.”' A
comparison of MHyPbBr; and MHyPbCl; structures provides
o° values as follows: 14 deg’ and 301 deg” for Pb(1)Br and
Pb(2)Brg octahedra, and 21 deg® and 314 deg” for Pb(1)Cl; and
Pb(2)Cls.** In the MHyPbBr,Cl;_, systems, all 6> values for
both Pb(1)X, and Pb(2)X, octahedra remain between the ones
obtained for the single-halide analogues (Figure S12c). The
increasing Br™ content leads to the decrease of 6° which means
that the octahedra become less distorted. The change of Ay
values with the increasing Br~ fraction is negligible (A4 for
selected structures in Tables S2—S4).

The presence of the interaction between the terminal N atoms
of MHy" with Pb calls for an investigation of the impact of this
interaction on the octahedra distortion. In the single-halide
analogues, the Pb(2)---N bond lengths are equal to 2.91 and 3.04
A (2.83 and 2.89 A) for MHyPbBr; (MHyPbCl,). This is below
the maximum limit for such interactions based on the survey of
CCDC 2020 (Figure S13). Thus, we measured the Pb(2)--N
coordination bond lengths (Figure S12d) for the
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MHyPbBr,Cl,_, structures. Both Pb(2)--N(2) and Pb(2)--
N(4) bond lengths remain between the values for boundary
MHyPbBr; and MHyPbCl; structures. This observation is in
line with the volume expansion of the unit cell resulting in larger
voids between the octahedra. This, in turn, allows more space for
the MHy" cations and translates to an increased Pb(2)-N
distance. In order to verify this relationship, we implemented the
PLATON" software to calculate void volumes (Figure S14).
Considering the volume of the MHy" rotation sphere (ca. 77 A),
for our systems with x > 1.95, the void volume should be large
enough to allow the free rotation of MHy" inside the structure.
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This observation agrees with our SCXRD measurements
because for x = 1.95, we obtained stable perovskite in phase I,
while for x = 1.33 the sample in I started to decompose (both
crystals were measured at temperatures right above T}).

SCXRD measurements of the MHyPbBr, I, showed that at
RT, it crystallizes in the monoclinic phase, space group P2,
which is isostructural to IIL. According to the DSC studies,
MHyPbBr, gl;,, undergoes a phase transition at 411 and 390 K
during heating and cooling, respectively. Unfortunately, we
could not obtain a model of the HT due to the poor stability of
MHyPbBr, gl , above 390 K. Nevertheless, the pre-experiment
made at 400 K (preceded by heating at 415 K) proved the
existence of the cubic phase Pm3m (isostructural to I) with the
lattice parameter a = 6.046(5) A. Compared to single- and
mixed-halide analogues with Br~ and CI~, incorporation of I~
leads to stabilization of phase I at lower temperatures, which is in
line with the largest ionic radius of I~ (220 pm*°). The distortion
parameters, 6> and A4 (Table S5), are almost identical to those
of MHyPbBr;.”* Accordingly, approx. 7% fraction of I” in the
MHyPbBr,¢ly, systems does not affect significantly the
octahedral geometry of the Pb center.

3.3. Dielectric Studies. Inspired by the phase diagram, we
performed the broad band dielectric spectroscopy (BDS)
studies for MHyPbBr,Cl,_, (x = 0.85, 1.33, 1.95, and 2.55)
compounds to analyze in depth the mechanism of the observed
phase transitions. The representative temperature dependences
of the complex dielectric spectra of the samples with x = 0.85 and
x = 2.55 are presented in Figures 4 and 5, respectively. The
overall increase of both the &' (Figures 4a and Sa) and &”
(Figures 4b and Sb) with temperature results from increasing
the contribution of the electrical conductivity and from the
enhancement of this effect at higher frequencies. To suppress the
effect of the electrode polarization and space charge injection
phenomena, the modulus representation (M* = 1/&*) was
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applied (Figures 4c,d, and 5¢,d).** A distinct anomaly of &’ and
M’ at T, & 321 K on heating, indicating III to II phase transition
for MHyPbBr;4Cl, s, can be observed (Figure 4a,c). The
dielectric response of MHyPbBr;4Cl, ;5 is similar to that of
previously published MHyPbCl,.”> By increasing the Br~
content, the dielectric response approaches the one reported
for the MHyPbBr; compound.”” Indeed, for MHyPbBr, 5,Cl, 4,
MHyPbBr, sCl, 45, and MHyPbBr, 55Cl 45 samples, we observe
only one step-like anomaly on the dielectric spectra at T, ~
410—430 K on heating (Figure Sa, S15a, S16a), indicating the
first-order character of the II to I phase transition. The dielectric
permittivity ¢’ and dielectric loss £” become strongly frequency-
dependent above T, and increase with temperature, reaching
values a few orders of magnitude higher (Figure Sa,b and Figures
S15a,b and S16a,b). Furthermore, the shape of the temperature
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dependent complex electric modulus M* spectra revealed the
emergence of an ionic and/or electronic conductivity with
increasing temperature (Figure Sc,d and Figures S15c,d and
S16¢,d). Deeper analysis of the BDS spectra does not reveal a
dipolar relaxation response coming from the movements of
MHy" cations for MHyPbBr, 5,Cl; ;; and MHyPbBr, 4Cl, o5
samples due to the high ionic and/or electronic conductivity
present in these materials. Ionic halide migration has been well
recognized factor affecting the electric properties in hybrid
halide perovskites.****

The dielectric spectra of the MHyPbBr,sCly,s sample,
measured as a function of frequency (Figure S17a—d), reveal the
presence of a relaxation process, which can be well approximated
by the Havriliak—Negami function (see Figure S18). A
quantitative analysis of the frequency domain dielectric data
allowed us to obtain the activation energies E, of the observed
processes in all studied compounds. In order to get insight into
the activation energy tendency, the values for pure MHyPbCl,
and MHyPbBr; were also added. It can be noticed that the
measured relaxation times exhibit activation-like behavior (see
Figure 6a) that can be parameterized using the Arrhenius law:

Ea
T = Tpexp E y
B

where 7, E,, and kz denote the relaxation time at the HT limit,
activation energy, and Boltzmann constant, respectively. The
activation energies vs Br~ content in phases I, II, and III, are
shown in Figure 6b—d, respectively. If one compares the
estimated activation energies for phases II and III of MHyPbCl,,
it can be concluded that the symmetry changes weakly affect the
energy barrier to activate the CI™ migration. On the other hand,
for MHyPbBr;, the E, in phase III is almost twice as high as that
for phase I. This shows that the observed activation of the Br~
ion migration is strongly suppressed by the P2, to Pm3m
symmetry change. In the mixed compounds, depending on the
composition, a change in E, is observed in each phase, which
shows that halide replacement modifies the conductivity process
in all phases. It can be observed that the E, of the conductivity of
CI” ions increases with increasing Br™ content in phases II and
III. Likewise, the E, of the conductivity of Br™ ions decreases
with increasing C1~ content in phase I (Figure 6b—d).

3.4. Linear Optical Properties. The optical absorption
spectra of the investigated perovskites are composed of several
bands (Figure 7a). The most red-shifted band of each sample
can be attributed to the free excitonic (FE) absorption. For
MHyPbCl; and MHyPbB;, the excitonic absorption was
observed at 373 (3.32 eV) and 469 nm (2.64 eV),
respectively.””>® As can be seen in Figure 7a, the excitonic
absorption of the MHyPbBr;_,Cl, samples exhibits monoto-
nous shift to lower energy with increasing Br™ concentration, i.e.,
from 389 nm (3.19 eV) for MHyPbBr,,Cl, ¢ to 457 nm (2.71
eV) for MHyPbBr, (Cly,;. However, the most red-shifted
excitonic absorption of 484 nm (2.56 eV) is observed for
MHyPbBr, gl,. Thus, in spite of a small iodine concentration,
the excitonic absorption exhibits a significant 15 nm shift to the
red compared to pure MHyPbBr;. We have also used the RT
absorption spectra and Kubelka—Munk relation to estimate the
energy band gaps (Eg) of the investigated perovskites (Figures
7b and 8a). In order to estimate E, more precisely, the excitonic
bands were subtracted from the spectra (Figures $19—526). As
is the case with the excitonic absorption, E, also exhibits red shift
with increasing concentration of Br~ and MHyPbBr, g, shows
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the narrowest band gap (Figure 8a). A similar behavior, i.e.,
narrowing of the band gap when going from ClI to Br and then ,
was also reported for other 3D lead halides.*

The LT PL spectrum (Figure 8b) of MHyPbBr, 51, shows an
intense and relatively broad band (FWHM = 46 nm (0.213 V7))
centered at 510 nm characteristic for BE emission.””*’~* In
addition to this broad band, a small hump appears at 484 nm that
overlaps with the excitonic absorption band and can be therefore
attributed to FE recombination. The PL spectra of
MHyPbBr,Cl;_, samples show both narrow and broad bands
(Figure 8b). The narrow and the most blue-shifted band of each
sample, attributed to FE recombination, moves from 399 nm for
MHyPbBr, ,Cl, ; to 453 nm for MHyPbBr, ;Cl, 45 (Figure 8c).
Bands of this kind were observed at 458 and 362 nm for
MHyPbBr; and MHyPbCl,, respectively,””*’ while for
MAPDBr; and FAPbBr; analogues, they appeared at 545—550
nm.””*" In addition to the FE band, the PL spectrum of the
MHyPbBr, sCly 45 sample shows two additional bands at 470
and 494 nm. Their large Stokes shifts and FWHM values
indicate that they can be assigned to BE states. Very similar
bands were also reported for MHyPbBr;, but the BE bands of
MHyPbBr, 55Cly 45 are shifted to higher energies compared to
MHyPbBr, by 15.7 (85 meV) and 11.7 nm (58 meV). The BE
emission disappears with increasing Cl™ content, but a new very
broad PL appears around 460 nm (Figure 8b). A very large
Stokes shift and FWHM value (about 0.95 eV) indicates that it
cannot be assigned to a BE emission but rather to STEx states.
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The origin of this band is associated with the large local structure
distortion and the polar nature of the mixed halides.”®

The changes in the shape and position of the PL bands have
pronounced impact on CIE coordinates. As can be seen in
Figure 8d, the color of PL varies from deep blue and purplish-
blue for bromine content x = 2.55—0.85 to blue and greenish
blue for x = 0.58 and x = 0.40. The sample doped with iodine
exhibits a yellowish-green emission with a CIE of 0.194; 0.688.

3.5. Second Harmonic Generation Studies. In this
section, we move on to the investigation of the halide alloying
effect on RT and temperature-resolved SHG properties (TR-
SHG) of MHyPbBr,Cl,_, (x = 1.33, 1.95, 2.25, 2.55) and
MHyPbBr, gl , materials. To this end, we employed a 1300 nm
femtosecond laser radiation. While that long wavelengths of
laser sources are rarely used in SHG studies of such compounds,
that choice is far from accidental. In our previous report on
MHyPbBr;, we have observed that the use of shorter laser
wavelengths, such as 800 nm, efficiently excites luminescence
through the two-photon absorption (2PA) mechanism.”” As a
result, strong up-converted luminescence obscured much
weaker in intensity SHG signal. Also, the produced SHG (400
nm) falls directly in the optical band gap and so is effectively
attenuated by one-photon absorption resonances. Both these
effects are significantly suppressed at 1300 nm, for two reasons.
Excitation at 1300 nm corresponds to regions of three-photon
and multi-photon absorption, and these processes are weaker
than 2PA. Additionally, the produced SHG sits at 650 nm, and as
can be seen in the reflectance spectra discussed in the previous
section (Figure 7), this spectral region is free of one-photon
absorption bands. It follows that the produced SHG is not
subject to self-absorption.

RT Kurtz—Perry powder tests’” on size-graded microcrystal-
line samples have been performed to reveal the effect of halide
mixing of the relative efficiency of generation of second
harmonic of radiation (Figure 9a). Experimental spectra are
presented in Figure S27. It turns out that relative SHG efficiency
(expressed vs that of KDP) for halide-alloyed samples remains
within the range imposed by pure-halide phases MHyPbCl,
(0.03-1(2@)kpp) and MHyPbBr; (0.181(2w)¢pp). One sees
that bromine doping into the MHyPbCl; matrix starts to impact
Iy values only at x = 1.95 (0.02-1(2@)gpp) and the phase with
x = 2.55 features the same relative SHG efficiency (0.21-
I(2w)xpp) 2as MHyPbBr;, within experimental error. In the case
of MHyPbBr, g1, ,, the obtained Igy value (0.015-1(2w)xpp) is
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still close to that of MHyPbBr;, and likely low doping of iodine
has little effect on SHG efficiency.

It was tempting to see how the temperature-dependent SHG
response evolves in Br—Cl co-doped samples. To this end, TR-
SHG measurements have been performed for MHyPbBr,Cl,_,
samples with x = 1.33, 1.95, 2.25, 2.55 (Figure 9b,c and Figures
S28-S37). We will discuss in detail results for
MHyPbBr, 3;Cl, ¢; and MHyPbBr, osCl, o5 only (Figure 9b,c),
since the latter compositions feature essentially similar TR-SHG
plots (Figures S32 and S35, respectively), which is in agreement
with the derived phase diagram (vide supra, Figure 3).

In the case of MHyPbBr, ;;Cl, 4, one sees that the SHG
response rises upon transition from the monoclinic phase III to
orthorhombic phase II. If one compares data points close to the
phase transition temperature (ca. 330 K), the SHG enhance-
ment is merely of 5%. The same behavior was previously
identified for MHyPbCl;, but for this compound, the SHG signal
increased by about 40%; that high difference in signal strengths
was sufficient to demonstrate temperature switching between
two SHG states.”” This result gave us a hint that doping of
MHyPbCl; with Br~ decreases the SHG contrast between
monoclinic and orthorhombic crystal phases, so we examined
materials with higher bromine content to verify this hypothesis.

The TR-SHG plot recorded for MHyPbBr, sCl, o5 shows
very weakly marked inflection near 330 K in the heating run,
indicative of a phase transition from III to II. Note that for
higher Br~ contents (x = 2.25, 2.55, see Figures $32 and S35,
respectively), III to II phase transition is not visible in TR- SHG
plots at all (though detectable by DSC, BDS and X-ray
crystallography), as the change in SHG response due to phase
transition is so small that is obscured by the signal’s ripple.
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This set of results tells us that stepwise enrichment of the
MHyPbCl; matrix with Br~ suppresses SHG contrast between
monoclinic and orthorhombic crystal phases. Application-wise,
this effect cannot be seen as useful if a high difference between
the SHG signals is required, e.g,, in devices employing switching
of quadratic NLO response.

Structural studies shown that MHyPbBr, 4sCl, s,
MHyPbBr, ,5Cly -5, and MHyPbBr, ¢Cl; 45 feature not only
noncentrosymmetric orthorhombic (II) and monoclinic (IIT)
phases but also a centrosymmetric cubic phase (I). Indeed, this
is reflected in TR-SHG results (see Figure 9c and Figures S32
and S35, respectively). As seen in these Figures, transition from
II to I results in the complete suppression of the SHG response.
An analogous behavior is noted in TR-SHG results for
MHyPbBr, g, (Figures S$38-S40), which confirms that the
cubic phase of this HOIP halide alloy is also centrosymmetric.

Quite a striking observation, which can be made for x = 1.95,
2.25, 2.55, and MHyPbBr, 4l,, compositions, is the significant
enhancement (3—5-fold) of the SHG response seen in their
cooling runs (I to II transition) relative to heating runs. Note
that this is observed only for materials that feature cubic phase I
and only when samples are heated to cross their respective T}
temperatures to reach this phase. While at present, we do not
know specific origins of this phenomenon, we speculate that
transition between these phases generates defects that act as
SHG active centers upon restoration of phase II.

4. CONCLUSIONS

In this contribution, we took a closer look at effects of halide
alloying in HOIPs comprising MHy" cations: Br—Cl systems of
formula MHyPbBr,Cl;_, (x = 0.40, 0.58, 0.8S, 1.33, 1.95, 2.25,
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and 2.55) and a single representative of Br—I compounds, i.e.,
MHyPbBr, gl 5.

SCXRD data showed that lattice parameters vary linearly with
the x value at constant temperature, and thus MHyPbBr,Cl;_,
systems fulfill Vegard’s Law and can be thought of as ideal
substitutional solid-state solutions. X-ray diffraction supported
by SHG results evidence that all MHyPbBr,Cl,_. and
MHyPbBr,¢l,, perovskites crystallize at RT in a polar P2,
structure (III). For the Br-rich compositions (x > 1.33) both
HT phases of MHyPbBry; and MHyPbCl, are observed (cubic
Pm3m (1) for T; > 409 K and orthorhombic Pb2,m (II) for T, >
318K, respectively), while for lower Br content (x < 1.33), phase
I vanishes. This behavior is opposite to that displayed by
MAPDBr,Cl;_, systems, for which the increase of CI™ content
induced a stabilization of the cubic phase at lower temperatures.
The above observations, as well as the analysis of geometrical
parameters, led to a conclusion that the presence of the cubic
phase strongly depends on the volume of the voids in-between
the PbX octahedra, in which MHy" cations are placed. Phase II,
which was not observed for MHyPbBr;, starts to appear at small
doping of Cl™ ions. In a similar manner to MHyPbBr;,
MHyPbBr, gl , undergoes a direct phase transition from III to
I but at lower temperature T; = 390 K.

Dielectric studies confirm the (x,T) phase diagram and
provide evidence for the significant contribution of ionic/

electronic conductivity into dielectric response of mixed-halide
MHy"-based HOIPs. In phases II and III, the activation energy
of CI” conductivity increases along with the Br~ doping, whereas
in phase I, the activation energy of Br~ conductivity decreases
with increasing CI~ content.

Linear optical studies display systematic narrowing of the
optical band gap and red shift of excitonic absorption with
increasing Br™ concentration and then on iodine doping, i.e., the
excitonic absorption changes from 3.19 eV for MHyPbBr, ,Cl, ¢
to 2.56 eV for MHyPbBr,4l;,. PL properties also depend
strongly on the chemical composition. First, the PL spectra of
MHyPbBr, gl, and MHyPbBr, 5sCl, 45 samples are dominated
by broad bands characteristic for BE emission. The BE emission
disappears with increasing CI~ content, and the spectra are
dominated by narrow FE emission for 2.25 > x > 0.85. On
further increase of CI™ content, a new very broad PL appears
around 460 nm that can be attributed to STEx states. Second, PL
bands exhibit red shift with increasing Br™ or I” content. These
changes lead to strong tunability of the PL color, from greenish-
blue for the Cl-rich samples to yellowish-green for MHyPb-
Br, gloa-

TR-SHG studies revealed that doping of MHyPbCl; with Br™
gradually decreases the difference between SHG intensities
provided by monoclinic and orthorhombic crystal phases, to the
point that no measurable difference in SHG intensities between
these crystal phases is observed. Comparison of SHG efficiencies
measured at RT for MHyPbBr,Cl;_, halide alloys shows that
there is no additional gain in SHG efficiency for these hybrids.
Indeed, relative SHG efficiencies of halide-alloyed HOIPs
remain within the range determined for MHyPbCl; and
MHyPbBr; and are higher for the Br-rich samples.

Bearing in mind the wide-ranging investigation of 3D HOIPs
in terms of numerous technological applications in materials
science, our work has clearly revealed the usefulness of the halide
alloying approach. We demonstrated large tunability of
structural, optical, and dielectric properties of the newcomers
in the perovskite family, i.e., lead halide HOIPs comprising
MHy" cations.
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Layered methylhydrazinium lead halide
perovskites: new crystal polymorphs with a
tailored band gap and photoluminescence colour
via halide substitutionf
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An unrelenting focus on improving stability and optoelectronic performance of lead halide three-
dimensional hybrid organic—inorganic perovskites (3D HOIPs, ABX3 formula) leads to the usage of many
chemical engineering techniques, including X-site alloying. Formerly we have shown the usefulness of
this approach in 3D HOIPs comprising methylhydrazinium (MHy™); this time we prove it again in the
layered (A,BX4) perovskites. Herein we report the synthesis, crystal structure and physicochemical char-
acterization of MHy,PbBr,4_,l, in a wide concentration range (x = 0.25, 0.3, 0.4, 1.1, 2.35, 2.5, 3.1).
Reported compounds crystallise in the Ruddlesden—Popper phase with corner-sharing [PbXgl*~ (X = Br,
I) octahedra, forming (010) layers, separated by MHy*. An abundant temperature-driven polymorphism is
observed, starting from the Br-rich compounds with a sequence of Pnmm, Pnma and P2,/c phases on
cooling, through the region with the P1 low-temperature phase, and ending with the I-rich compounds
with an incommensurately modulated Pnma(00y)0s0 superspace group. We also report, for the first time
in the MHy-based perovskites, the 2D — 3D transition to Pm3m cubic symmetry and a 3D perovskite

Received 4th March 2024, phase with a dominant presence of iodine. With the use of Raman spectroscopy. the dynamics of MHy*

Accepted 14th April 2024 cations in particular phases is thoroughly analysed, revealing the positional disorder in room-
temperature and high-temperature zones and its freezing at low temperatures. Linear optical studies

demonstrate the decrease of the energy band gap (2.91 eV to 2.31 eV) and a strong change in photolu-
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Introduction

Since the first reports on photovoltaic devices based on three-
dimensional hybrid organic-inorganic perovskites (3D HOIPs)
back in 2009," this class of materials has garnered significant
interest on a global scale and has been thoroughly investigated
until the present. The flagship 3D HOIPs, based on lead
halides, adopt the perovskite-type structure of the ABX; formula
and Pm3m prototype symmetry, where the ‘A’ components are
situated in the 12-fold coordinated cavities between the corner-
sharing BX, octahedra.>® Notably, 3D lead halide HOIPs with

Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
Okdlna 2, 50-422 Wroctaw, Poland. E-mail: d.drozdowski@intibs.pl,
a.gagor@intibs.pl

t Electronic supplementary information (ESI) available: Fig. S1-S20: PXRD dif-
fractograms, Raman spectra, Fourier maps, crystal structures, absorption spectra,
Tauc plots and integrated PL intensities versus temperature. Tables S1-S6: main
details from SCXRD experiments and Raman wavenumbers. CCDC 2189681,
2307123-2307129, 2324607. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d4tc00865k

This journal is © The Royal Society of Chemistry 2024

minescence colour (bluish-green to yellow-green) along with increasing iodine contribution.

methylammonium (MA') and formamidinium (FA") at the ‘A’
site have exhibited remarkable properties, e.g., power conver-
sion efficiencies (PCE) exceeding 25%, photoluminescence
quantum yield (PLQY) up to 85% and long carrier diffusion
lengths.""® With their remarkable properties, they are considered
a breakthrough in photovoltaics and light-emitting devices.
However, the structural diversity of lead halide 3D HOIPs has
been limited so far to only four organic cations (MA', FA®,
aziridinium (AZR") and methylhydrazinium (MHy"))”"" and
several other polytypes, e.g., 4H-hexagons.'”'* Furthermore,
these materials suffer from sensitivity to outdoor factors, che-
micals, etc.'® To address these issues, 2D HOIPs have emerged as
a potential solution.

In 2D HOIPs, octahedral slabs are separated by organic
cations (‘spacers’), creating a natural (for single-layer structures
even perfect) quantum well character, resulting in narrower PL
bands with higher PLQY when compared to 3D counterparts.'®'”
In contrast, the insulating spacers induce larger band gaps and
exciton binding energies (typically >150 meV and ca. 10 meV for
2D and 3D HOIPs, respectively), and consequently - lower PCE."®
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With all their pros and cons, 2D HOIPs may be preferable for
light-emitting (notably lasing) applications rather than photo-
voltaics. Nevertheless, an unprecedented advantage of 2D HOIPs
is a plethora of the already-known spacers, allowing for the
existence of numerous single-layered (n = 1) and multi-layered
(n = 2, beyond the scope of this work) compounds. One may
classify them relying on the relative stacking of layers and the
type of introduced cation (formulae provided for n = 1): Rud-
dlesden-Popper (RP) phases of A,BX, formula (A = monovalent
cation), Dion-Jacobson (DJ) phases (ABX,, A = divalent cation)
and the alternating cation in the interlayer space (ACI) com-
pounds (AA’BX,, A and A’ denote monovalent cations)."*>" The
RP perovskites are an emerging type of compounds with the
ability to tune the band gap across the wide spectrum range
(~410-760 nm), as well as offering greater stability and an
improved light absorption coefficient.?»** Compositional engi-
neering with comprehensive, multitool analysis is another
powerful way used to examine and modify the physicochemical
properties of HOIPs, enhancing the desired and suppressing the
undesirable ones. Amongst the A-site moieties, the aforemen-
tioned MHy" cation provides a good base for studies, as it is
suitable for the development of both 3D and 2D lead halide
HOIPs. The reports on MHyPbBr; and MHyPbCl; perovskites
revealed the formation of heavily distorted 3D substructures,
adopting the noncentrosymmetric alighment,”® while the 2D
counterparts reveal record-breaking low separation of the per-
ovskite layers.”**® Furthermore, MHy,PbBr, is a room tempera-
ture (RT) uniaxial ferroelectric adopting orthorhombic Pmn2,
symmetry with a ferroelectric phase stable in a wide temperature
range (from 350 K down to at least 100 K). MHy,PbCl, adopts a
sequence of centrosymmetric, modulated and polar phases with
temperature lowering, while MHy,Pbl,, which does not demon-
strate polar properties, reveals a unique octahedral tilting system
and an exceptionally low band gap of 2.20 eV. Given that altering
the halide component in MHy,PbX, perovskites leads to such
significant changes in physicochemical properties, X-site alloying
(two halides in one site) appears to be a promising method for
obtaining materials with novel and intriguing characteristics. This
technique has primarily proven its usefulness for MAPbX,X'5
and FAPbX,X';_, (X, X' = Br, Cl7, I") 3D HOIPs, tuning the PL
bands, optical band gap and carrier diffusion lengths and improv-
ing the moisture resistance.>” > More recently, we have reported
the studies on compounds of the formulae MHyPbBr,Cl;_, and
MHYyPbBI;, gl 5, Where the simple change of the halide ratio leads
to and allows for modification of the absorption and PL emission
bands, the activation energy of ionic conductivity and the intensity
of the second harmonic generation (SHG) effect.® In the case of
2D compounds, halide-mixing also impacts certain physicochem-
ical properties. For instance, in the (PEA),Pb(I, ,Br,), series
(PEA = phenethylammonium), increasing iodine concentration
diminishes the exciton transport, especially noticeable in the
bromine-rich region.” In another example, ie., (2-(1-cyclo-
hexenyl)ethylammonium)PbBr, ,I, 2D HOIPs, X-site alloying
enables highly precise, tuneable, and linear changes of the band
gap of the thin films, together with the redshift of the RT exciton
absorbance band associated with the iodide incorporation.?*
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However, there is a significant lack of information regarding
the influence of halide substitution on the structural changes
of 2D HOIPs. Furthermore, in the 3D HOIPs comprising MHy"
a series of Br-I systems has not been obtained hitherto and
therefore, the iodine contribution to this specific class of
materials remains an obscure field. Here, we report the synth-
esis of the RP perovskites of the MHy,PbBr,_,I, formula. Using
two crystallisation methods, single crystals of a vast composi-
tional range (x between 0.25 and 3.1) were obtained. The multi-
technique analysis in the broad temperature range (80-420 K),
i.e., crystal structure determination on both single-crystal and
powdered materials, Raman spectroscopy measurements and
linear optical properties examination are the content of this
contribution.

Experimental

Materials and methods

Synthetic procedures. PbBr, (98%) PbI, (99%), HBr (48 wt%
in H,0), HI (57 wt% in H,0, stabilized with H3PO,), methylhy-
drazine (MHy, 98%), N,N-dimethylformamide (DMF, 99.8%)
and propylene carbonate (PC, 99.7%) were commercially avail-
able (Sigma-Aldrich) and used without further purification. To
grow MHy,PbBr,_,I, single crystals abundant in bromine (90%
or more), a mixture of HBr and HI was added dropwise to
12 mmol of MHy until pH = 7. A 5 mmol of mixed together
PbBr, and Pbl, was subsequently added to the blend, and
second DMF, upon stirring at 30 °C, until complete dissolution
of lead halides. The solution was remained undisturbed at RT.
The plate-like crystals were harvested after 2-3 days, separated
from the mother fluid, and dried at RT. To obtain compounds
with higher iodine contribution, the clear solution of lead
halides, HBr, HI and MHy dissolved in PC was moved into a
glass vial and stored at 50 °C. After 3-5 days, plate-like crystals
were separated and dried at RT. The PbBr, to Pbl, ratios were as
follows: 9:1, 8:2, 7:3, 5:5, 4:6, 3:7 and 2:8. The energy
dispersive X-ray analysis (EDAX) revealed the iodine content (x)
of: 0.25, 0.3, 0.4, 1.1, 2.35, 2.5 and 3.1, confirmed with a good
match via SCXRD experiments (Fig. S1, ESIt). The powder XRD
diffractograms (Fig. S2, ESIt) prove the phase purity of the
samples. The comparison of PXRD patterns for MHyPbBr; /1, 3
(as-synthesized sample and stored ca. 2.5 years in a desiccator,
RT) and patterns for MHyPbBr 51, 35 (stored ca. 2.5 years in a
desiccator, RT) are presented in Fig. S3 (ESIT), demonstrating
the stability of the reported materials. The Raman spectra
(Fig. S4, ESIt) are in agreement with the ones recorded for MHy,-
PbBr, and MHy,Pbl,.

The elemental analysis was performed using the scanning
electron microscope FEI Nova NanoSEM 230 (FEI Company,
Hillsboro, OR, USA) equipped using an EDAX PegasusXM4
spectrometer, with the operating acceleration voltage in the
range of 3.0-15 kV and spot of 2.5-3.0.

Single-crystal X-ray diffraction (SCXRD) experiments were
carried out using an Xcalibur four-circle diffractometer (Oxford
Diffraction) with an Atlas CCD detector and graphite-

This journal is © The Royal Society of Chemistry 2024
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monochromated MoKa. radiation (1 = 0.7107 A). Absorption was
corrected by multi-scan methods using CrysAlis PRO
1.171.41.93a (Rigaku Oxford Diffraction, 2020). Crystal struc-
tures were solved in Olex2 1.5 using SHELXT.*®*° Refinement
of non-modulated phases was performed in SHELXL.*® Empiri-
cal absorption correction was applied using spherical harmo-
nics, implemented in the SCALE3 ABSPACK scaling algorithm.
H-atom parameters were constrained in all phases. Refinement
of the incommensurately modulated phase was conducted in
Jana2020.*" The (3 + 1) superspace approach was applied. The
studied structure was refined in the Pnma(00y)0s0 superspace
group with modulation vector g* = yc*, where y = 0.44-0.46 for
x = 2.35, 2.5 and 3.1. As presented on Fourier maps (Fig. S5
and S6, ESIY), the positions of all atoms were modulated using
first-order harmonics. All modulation waves were regarded as
one-dimensional, i.e., propagating along the [010] direction. The
final R-factors, as well as other experimental and refinement
details of selected compounds, are listed in Tables S1-S3 (ESIT).

Powder X-ray diffraction (PXRD) of the grounded com-
pounds was measured in the reflection mode using an X’Pert
PRO X-ray diffraction system equipped using a PIXcel ultrafast
line detector and Soller slits for CuKo. radiation (1 = 1.5406 A).
High-temperature (HT) experiments were performed using the
Anton Paar Oven Chamber.

The RT diffuse reflectance spectra (DRS) of powdered sam-
ples were obtained using the Varian Cary 5E UV-VIS-NIR
spectrometer. Measurements of temperature-dependent PL
were performed using the Hamamatsu PMA-12 photonic multi-
channel analyser combined with a BT-CCD sensor while the
temperature was controlled by the Linkam THMS600 stage. As
an excitation source, the 375 nm laser beam was used.

The RT polycrystalline Raman spectra of MHy,PbBr, ,I,
samples were collected in the 3500-50 cm ™' range using a
Bruker FT MultiRam spectrometer with a YAG:Nd laser excita-
tion at 1064 nm. The temperature-dependent Raman spectra in
the 1700-100 cm ™! range were measured for the x = 0.3 sample
using a Renishaw inVia Raman spectrometer, equipped with a
confocal DM2500 Leica optical microscope, a CCD as a detec-
tor, and a diode laser operating at 830 nm.

Results and discussion
Crystal structure

MHy,PbBr,_,I, crystallises in 2D perovskite alignment, where
the corner-sharing [PbX,]*~ (X = Br, I) octahedra forming (010)
layers, separated by the MHy' cations, and reveals rich
temperature-driven polymorphism. All crystal phases discerned
between 100 K and the temperature limited by the decomposi-
tion, are presented in Fig. 1a in the form of a (x, 7) phase
diagram, which is divided into 3 regions with different iodine
contributions. Starting from the lowest x, the boundaries are
defined by the symmetry of low-temperature (LT) phases
(between the 1st and 2nd regions) and RT phases (between
the 2nd and 3™ regions). The HT phase in the first and second
regions (0.2 < x < 2.2) is of orthorhombic Pnmm symmetry (II).

This journal is © The Royal Society of Chemistry 2024
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Fig.1 (a) &, T) Phase diagram of MHyzPbBrs_, 2D HOIPs divided into

three regions depending on the halide concentration. Regions and phase
boundaries were determined with respect to the XRD and (for selected
samples) Raman experiments. (b) The relationship between lattice para-
meters of MHy,PbBr4_,I, 2D HOIPs at room temperature (RT).

This phase is isostructural to all formerly reported MHy,PbX,
(X = Br, Cl, I) single-halide analogues.>**° In II, MHy" are
disordered over the m mirror plane. Consequently, the middle
N1 atom of MHy" is split over two symmetrically equivalent
positions with equal probability (Fig. S7a and S8, ESIt). The
individual octahedra have C,, symmetry, with C,, site symmetry
for Pb and bridging halides, and Cj for apical halide.

The RT phase (III), for 0.2 < x < 1, is 2a superstructure of II
with orthorhombic Pnma symmetry (Fig. S7b and S9, ESIt) with
the number of formula units per unit cell (Z) equal to 4. Fig. 2a
demonstrates the fragment of a single perovskite slab. Three
symmetrically inequivalent halides, namely X1, X2 (i.e., brid-
ging along [001] and [100], respectively) and an apical X3, are
presented as octants. The site symmetry of Pb, X1 and X2 is
reduced to Cs, while the X3 halides occupy general positions.
The MHy" moieties are still disordered, but in III, they adopt
two positions with a nonequal probability (0.65 : 0.35). Despite
the disorder, MHy" may still interact with the inorganic sub-
structure, creating several N-H.--N and N-H-:--X hydrogen
bonds (HBs), mostly involving the apical halides as acceptors
(for distances see Table S4, ESIT). The individual octahedra are
slightly distorted, which is expressed in the octahedral distor-
tion parameters (calculated using the Fleet approach)®® - bond
length distortion Ay = 2.6 x 10~ * and octahedral angle variance
6> = 13.8 deg® (Table 1). It is worth noting that even the
smallest iodine concentration leads to the stabilization of
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centrosymmetric phases and the disruption of ferroelectric
ordering present in MHy,PbBr,, which possesses polar Pmc2,
space group with ordered MHy" cations and ¢ = 18.6 deg”.**
Both the polar symmetry breaking and smaller octahedra
distortion arise from weaker intermolecular interactions in
the presence of larger halides (i.e., iodine).

MHy,PbBr, ,I,, for 0.2 < x < 1 and below 220-230 K,
undergoes a phase transition related to symmetry breaking to
the monoclinic P2,/c. Symmetry reduction leads to twinning of
the sample to a two-domain state (Fig. S7c, ESIT). The LT phase
(IV) is a superstructure of III with ¢’ = 2¢ and Z = 8. In IV, all
atoms occupy general positions and the MHy" cations are well-
ordered (Fig. 2b, c and Fig. S10, ESIT). The amines are anchored
via the network of numerous N-H- - -N and N-H- - -X HBs (Table
S5, ESI). Symmetry lowering also enhances the intermolecular

Table 1
analogues from the literature

i

(a) Fragment of the octahedra layer in phase Ill. (b) and (c) Example of the crystal structure with ordered MHy™ cations — MHy»PbBr3 ;g 3 in P2;/c

Z e
and 2c¢c supercell Phase IV .

interaction, affecting the single octahedra, as expressed in
higher values of 44 and ¢*, and inducing the out-of-plane
tilting of octahedral layers with Doy (180 — 0y) up to 17.94°
(Fig. 2c and Table 1).

In the second region (1 < x < 2.2), a PT in the LT regime
leads to more complex twinning, resulting in four ferroelastic
domains (Fig. S7d, ESIt), with a mmmF1 symmetry reduction,
according to the Aizu notation.”’ Herein, the LT phase (V)
adopts the triclinic P1 space group (Fig. S11, ESIT). Analogously
to IV, V is the ¢’ = 2¢ superstructure of III with Z = 8 and the
network of multiple N-H---X and N-H---N HBs (Table S6,
ESIT). The lower symmetry of V in comparison to IV enforces
a higher number of inequivalent positions of MHy", increasing
from 4 to 8. Owing to greater iodine contribution, V is char-
acterized by slightly less distorted perovskite layers than in IV

(Upper) Selected distortion parameters of MHy,PbBr4_,I, 2D HOIPs in particular polymorphic phases. (Lower) Comparison with selected

x Phase T (K) max® oy (°) Dout (°) max Ag x 10°* max o> (deg?) Ref.
0 Pmn2, 300 180 0 2.2 18.6 24
0.3 Pnmm (II) 380 180 0 1.9 10.3 This work
Prma (II) 295 180 0 2.6 13.8
P2,/c (IV) 100 162.06 17.94 8.7 26.9
1.1 Pnma (III) 295 180 0 2.3 9.9
P1 (V) 100 163.46 16.54 5.5 24.6
3.1 Pnma(00y)0s0 (VI) 295 165.55 14.45 1.8 11.1
4 Pnmm 305 180 0 0.02 8.8 26
Pccn 280 166.86 13.14 1.4 11.9
Pi 100 166.53 13.47 3.9 18.1
Other analogues:
(C¢H1oN,),PbBr, Pbca 296 176.06 3.94 2.3 19.2 42
BA,PbBr, Pbca 295 180 0 0.1 9.4 43
Tz,PbBr, C2/c 298 180 0 0.2 33.6 44
BDA,PbBr, P1 173 149.43 30.57 0.6 8.8 45
PPr,PbBr, Pnma 210 180 0 7.8 20.3 46
(CsH1oN,),PbI, Pbca 296 175.95 4.05 1.7 11.9 42
BA,Pbl, Pbca 295 180 0 0.1 5.6 47
PhE,Pbl, P1 295 180 0 0.2 2.1
(C6H;CIN),PbI, P2,/c 295 143.53 36.47 0.3 9.6 48
(C¢H,BIN),PbI, P2,/c 295 144.34 35.66 1.2 8.8 49
BDA,PbI, C2/c 295 147.18 32.82 0.05 3.8 45

¢ Maximum distortion parameters are given for the phases containing two or more inequivalent [PbXe]*~ octahedra. 0, - out-of-plane Pb-X-Pb

Oou- Aq — bond length distortion. ¢> - octahedra angle variance. (C¢HioN,)= 3-pyridinylmethylammonium, BA =
= 1,2,4-triazolium, BDA =
chloroanilinium, (C¢H,BrN) = 4-bromoanilinium.

angle. Dy, = 180° —
butylammonium, Tz
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1,4-butyldiamine, PPr =

piperidinium, PhE =

phenethylammonium, (C¢H,CIN) = 4-
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(Table 1). This is in agreement with the fact that undoped
MHy,Pbl, distinguishes from its Br and Cl analogues by
exhibiting the smallest distortion parameters.>®

In the iodine-dominated region (x > 2.2), in the HT zone, a
reconstructive transformation leads to a cubic phase with
Pm3m symmetry (I), archetypal for 3D perovskites. The formerly
layered substructure transforms into the 3D network of corner-
sharing octahedra, while the heavily disordered organic cations
are situated within the voids. MHy,PbBr,_,I, with x = 2.5 was
stable enough to collect the diffraction intensities and refine
the structure. Fig. S12 (ESIt) presents the reciprocal space
reconstruction that corresponds to the cubic phase and crystal
structure in phase I The lattice parameter a = 6.270(3) A at
350 K, which is far closer to the one for MAPbI; (6.315(3) A at
350 K)*? than for MHyPbBr; (6.035(3) A at 430 K),” confirms a
dominant concentration of iodide in the crystal composition.
The presence of the cubic 3D phase in MHy,PbBr; 51, 5 sheds
light on the problem of stabilization of the 3D lead iodide
perovskite comprising MHy",*** providing a solution through
the incorporation of bromine, also reported before for the FA-
based compounds.®® The reconstructive 2D to 3D transition
was also observed for other MHy,PbBr,_,I, single crystals, after
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cooling down to RT from 420 K (400 K) for x = 0.3 (1.1).
However, owing to poor thermal stability only preliminary
experiments were conducted. The powder diffractograms of
MHy,PbBr; ;1,3 collected after heating at different tempera-
tures are presented in Fig. S13 (ESIt). The 3D perovskite
structure (with a = 5.992(3) A) was recorded at RT, preceded
by heating to 420 K.

For x > 2.2, MHy,PbBr,_,I, crystallise in the orthorhombic
symmetry with the mean crystal structure and metrics of phase
III. However, the satellite reflections in the diffraction patterns
(Fig. S7e and f, ESIT) indicate that this phase (VI) is incommen-
surately modulated, with q* = ye*. Modulation vector q* does not
depend on the temperature, nonetheless decreases along with
augmenting iodine concentration (from 0.46 to 0.44 for 2.35 < x
< 3.1). According to the systematic absences, VI is described in
the Pnma(00y)0s0 superspace group. The modulation is associated
with the positional displacement of all atoms along the [010]
direction. In the case of the inorganic part, the highest amplitude
of displacement was observed for the halides at the X2 site (Fig. 3
and Fig. S14, ESIt). Bearing in mind that both X1 and X3 sites act
as proton acceptors in N-H- - -X HBs, bromines are more preferred
at these positions. Consequently, X2 is almost fully occupied by
iodine (Fig. 4a), being less affected by the intermolecular forces
and therefore more prone to displacements. In the case of
octahedra distortion parameters — 44 takes values between 1.4
x 10”* and 1.8 x 10™%, being within the range of single-halide
analogues (Fig. 2¢), while ¢” (7.1-11.1 deg?) oscillates around the
value reported for MHy,Pbl, (Fig. S15, ESI1).>**® In contradiction
to III, the octahedral layers exhibit tilting, reaching a maximum
Doy of 14.45°) moderately lower than in IV and V (Table 1).
Another difference in relation to I is the dynamics of MHy"
cations, as in the modulated phase, the MHy" is ordered, which is
also confirmed by the lack of PT on cooling.

The impact of the halides substitution on selected geometric
parameters of MHy,PbBr, ,I, is presented in Fig. 4. First of all,
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a site occupancy of the halides is non-uniform, as the iodine
preferentially located on the bridging X2 site (Fig. 4a) which is
not involved in the HBs interactions. For the x > 2.2 region,
iodine occupancy at X2 is close to 1. Preferential occupation of
certain sites by different anions has been recently reported for
(PEA),Pb(Br,l; ,)s, (tBA),PbBr,I, and bilayer (BA),MAPb,-
(Br,l;_,), RP perovskites (¢-BA = tert-butylammonium).>>>’
Second, the growing iodine concentration leads to an expan-
sion in Pb-X distances (Fig. 4b), which directly translates into
an increase in lattice parameters. A linear unit cell volume vs x
satisfies Vegard’s law (Fig. 4c and d).’® However, the preferen-
tial occupancy of the X2 bridging position by iodine for low x
concentrations does not lead to significant changes in the
distances between perovskite layers. Lattice parameter b,
perpendicular to the layers, barely changes for 0 < x < 2.2.
It expands with the boost of iodine occupancy at the apical X3
site, which experiences a huge increase at high x values. It is
also worth noting that high levels of iodine concentration
suppress the octahedra deformation (Fig. S16, ESIf). The
thermal equilibrium of crystal phases is affected as well,
leading to the LT structures of different symmetry and stabili-
zation of phases of lower translational symmetry at similar
temperatures. Lastly, when all RT structures are juxtaposed
with the single-halide analogues (Fig. 1b), one may find the
relationship between the lattice parameters versus iodine
concentration. Starting from the smallest x, a doubling of a
direction occurs, while with arising x in phase VI, the modula-
tion vector tends to 0.33c* - the value corresponding to the 3¢
supercell, characteristic for the RT phase of MHy,Pbl,.>®

Raman spectroscopy

Raman spectra of MHy,PbBr, ,I, are presented in Fig. S3 (ESIt)
and the observed wavenumbers listed are in Table S6 (ESIT)
together with the assignment based on our previous works on
end members, ie., x = 0 and 4 samples.>*>° Qualitatively, the
Raman spectra do not show any significant changes as a
function of x, in spite of the fact that the RT symmetry of the
phases changes from Pmn2, for x = 0 to three different Pnma
structures for 0 < x < 4.°° This behaviour indicates that
MHy" cations possess similar hydrogen bonds networks in all
these phases at RT. Nevertheless, weak increases in the full
width at half maximum (FWHM) of the bands for intermediate
compositions are noticeable due to the increasing substitu-
tional disorder. Furthermore, a gradual shift of many bands
toward lower wavenumbers occurs with increasing iodine con-
tent (see Table S6, ESIt). The strongest downshifts between the
two end members are observed for the bands corresponding to
skeletal vibrations of MHy', i.e., SCNN (by 9 cm™'), 1,CNN
(by 10 em "), and v,CNN (by 13 cm "), as well as bending
and stretching vibrations of both amino groups, ie., dNH,
(by 8 em™), 6NH," (by 12 em '), vNH, (by 12 ecm™ '), and
UNH," (by 9 ecm™"). The most sensitive to substitution is the
7NH, band, which shows a downshift of 15 cm™* when x
changes from 0 to 4. This effect can be explained by a gradual
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increase in the space available to the MHy' cation in the
inorganic substructure (V/Z). Namely, the value of this para-
meter for x = 0 is equal to 324.5 A per formula unit (f.u.) at
300 K, while for the iodide analogue, it increases to 382.2 Afu?
at 305 K>

In order to obtain further insight into mechanisms and
structural changes induced by the PTs in the first concentration
region, the x = 0.3 sample was thoroughly measured by Raman
spectroscopy as a function of temperature (see Fig. 5). At 80 K
(monoclinic phase IV), Raman bands are very narrow (typically
below 5-7.5 cm™ ', Fig. S17, ESIY), similarly as reported pre-
viously for pure MHy,PbBr, (x = 0),°° indicating the freezing of
MHy" dynamics in the LT phase, where the cations are well-
ordered. It is worth noting that many bands, which were
observed as singlets at 80 K for pure MHy,PbBr,,*® exhibit
large splitting into doublets, triplets or quartets for x = 0.3
(Tab. S6 and Fig. 5 and 6). This behaviour is consistent with the
XRD data, which revealed only one unique MHy" cation in the
Pmn2, phase of MHy,PbBr, and four unique MHy" cations in
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phase IV of the P2,/c symmetry for x = 0.3. On heating, the
disappearance of splitting and broadening of Raman bands
occurs at 220 K (Fig. 5 and 6). These abrupt changes are
congruent with the first-order character of the PT to phase
III, an increase in symmetry and unlocking of the MHy" cation
dynamics. Indeed, X-ray diffraction data indicate partial dis-
order of the MHy' cations and the presence of only one
crystallographically unique MHy" cation in this phase. Further
heating causes a gradual and significant decrease in the
intensity of the Raman bands to about 360 K, where the PT to
phase II occurs. This change in intensity is accompanied by a
slight broadening of the bands in the 230-355 K range. Simi-
larly to pure MHy,PbBr,, the changes in band positions
observed during PT at 360 K are almost imperceptible, indicat-
ing subtle structural changes.®> However, the fitting and
detailed examination of selected parts of the spectra revealed
that a few bands exhibit weak shifts and an increase in FWHM
at the PT to phase II (Fig. 5 and 6). This behaviour suggests a
higher disorder of phase II compared to phase III.

When heated to about 400 K, slight changes occur suggest-
ing the presence of another PT (Fig. 5 and 6). However, careful
examination of the Raman data does not indicate a cubic phase
I” Both weak signal and large broadening of the bands of
MHy,PbBr; 71, 3 hinder the evaluation of the crystal structure
above 400 K using Raman spectroscopy. According to the
SXCRD data, for the low iodine concentration (0 < x < 1),
the 2D — 3D transition was observed above 420 K.

Optical studies

The collation of room-temperature absorption spectra of inves-
tigated materials containing various concentrations of iodine
ions is presented in Fig. S18a (ESIt). The position of the bands,
assigned to the excitonic absorption, shifts towards a higher
wavelength as a result of an increase in x value - from 445 nm
to 554 nm for 0.3 and 3.1, respectively. The influence of the
iodine concentration (x) on the position of the maximum of the
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Fig. 7 The influence of the iodine concentration (x) on the value of the
energy band gap in MHy,PbBrs_l,.
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excitonic band is presented in Fig. S18b (ESIt). Similar beha-
viour has been reported recently for halide perovskites contain-
ing AZR*, MHy", and IM"/MHy" cations."***%°

The absorption results have been used to determine the
energy band gaps (E,) using the Kubelka-Munk relation. The
values of E, were estimated with Tauc plots (Fig. S19, ESI{).*"°
Obtained values vary from 2.91 eV to 2.31 eV for x equal to 0.3
and 3.1, respectively. The influence of iodine concentration on
the energy band gap values is presented in Fig. 7. What is more,
investigated materials have been assigned to the specific
regions according to the division proposed in Fig. 1a. To extend
the scope of a subject, values of E, of two reported materials -
MHy,PbBr, (x = 0)>* and MHy,Pbl, (x = 4)>° - have been added
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Fig. 8 (a) The normalized emission intensity for representative materials
of MHy,PbBr,_,l, measured in 80 K, dexc = 375 nm; (b) CIE chromaticity
coordinates of the investigated samples.
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to Fig. 7 and Fig. S18b (ESI}). The value of E, decreases with
excess iodine, which increases interatomic distances and
reduces octahedral distortion. Analogous relationships have
been reported for several halide HOIPs. *?%%%%3 The reduction
in the band gap can be assigned to the smaller distortion of the
inorganic substructure.”* %%

The photoluminescence (PL) studies (lexc = 375 nm) were
performed for three representative materials containing various
iodine concentrations with x = 0.3; 1.1; 2.5. The LT emission
spectra (Fig. 8a) exhibit a pronounced redshift as the iodine
concentration increases. The position of the emission max-
imum varies from 478 nm (x = 0.3), and 524 nm (x = 1.1) to
557 nm (x = 2.5). The composition MHy,PbBr; ;1,3 exhibits an
asymmetric emission band. The presence of an asymmetric
luminescence spectrum has been reported for multiple lead
halide perovskites and can be attributed to the existence of trap
states (bound excitons, BEs) or domains with differing
symmetries.”'»®* The FWHM is equal to 55.5 nm (0.30 eV),
27.0 nm (0.11 eV), and 21.8 nm (0.09 eV) for x=0.3, 1.1, and 2.5,
respectively. A comparable emission type is observed in the
sample with x = 0.3 and 1.1; however, a smaller FWHM suggests
a lower presence of trap states in x = 1.1. Unfortunately, for
both samples MHy,PbBr;;l,; and MHy,PbBr,¢l; 1, no free
exciton (FE) band was observed.

The PL of MHy,PbBr, sI, 5 stands out from the other sam-
ples. It exhibits an intense emission band with a maximum at
557 nm, which is asymmetric, with a faintly outlined band at
546 nm. The position of this hump almost covers the excitonic
band at the absorption spectrum. Moreover, the small energy
separation between these two maxima and the small FWHM
implies that the PL band originates from a superposition of FE
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and BE emissions. Furthermore, the presence of the additional
band with a maximum of around 646 nm, assigned to the self-
trapped exciton (STEx) emission, was observed. The coexistence
of FE, BE and STEx emission bands has been reported also
for AZRPbCl; and MHy,PbBr,.'%** PL spectra were used to
calculate CIE chromaticity coordinates (Fig. 8b). An increase
in iodine concentration leads to a significant change in the
observed colour - from bluish-green, via yellowish-green (0.259;
0.695) to yellow-green (0.410; 0.559) for x = 0.3, 1,1, and 2.5,
respectively.

The temperature-dependent luminescence measurements
show a meaningful influence of temperature on the intensities
of emission bands (Fig. 9). The increase in temperature induces
a progressing decrease in the luminescence intensity, where the
most rapid thermal quenching observed for MHy,PbBr; sl 5
(To.5 = 94 K). On the other hand, the T, 5 values for samples with
x=0.3 and 1.1 are 137 K and 119 K, respectively. The influence
of the temperature increment on the change in luminescence
intensity is presented in Fig. S20 (ESI{). Materials with x = 0.3
as well as 1.1 do not show a notable change in the shape of the
luminescence spectra. However, the sample of MHy,PbBr; 51, 5
exhibits rapid quenching of the STEx emission. The change in
the position of the emission bans due to the temperature
increment is not observed. Similar positional stability has been
noted for AZRPbCl; and IMMHyPbCl,."**°

Conclusions

We report the synthesis and comprehensive multi-technique
studies investigating the influence of halide mixing on the

This journal is © The Royal Society of Chemistry 2024
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structural and optical properties of 2D Ruddlesden-Popper
Hybrid Organic-Inorganic Perovskites (HOIPs) of the MHys,-
PbBr, ,I, formula (x = 0.25, 0.3, 0.4, 1.1, 2.35, 2.5, 3.1). Crystal
structure analysis revealed five crystal phases not observed in the
single-halide analogues, including room temperature phases:
orthorhombic Prnma (II) and incommensurately modulated
Pnma(00y)0s0 (VI), with the modulation vector dependent on x;
LT phases: monoclinic P2,/c (IV) and triclinic P1 (V); and the 3D
archetypal perovskite phase of cubic Pm3m prototype symmetry
(D). The observation of phase I represents the first report of 3D
HOIPs comprising MHy" with a dominant iodine contribution.
Geometric analysis across x demonstrated a selective halide site
occupancy and a suppression of octahedral deformation and
tilting with increasing iodine content. Raman spectroscopy
revealed a change in MHy' dynamics at RT in mixed-halide
compounds compared to single-halide analogues, and freezing
of MHy" movements at LT, confirming observations from XRD
measurements. Optical studies showed a redshift of the RT
exciton absorption bands (445 to 554 nm) and a decrease in the
energy band gap value from 2.91 eV to 2.31 eV (with increasing x
from 0.3 to 3.1). Additionally, a profound change in emission
colour (from bluish-green (0.178; 0.380) for MHy,PbBr; 1,3 to
yellow-green (0.410; 0.559) for MHy,PbBr; 51, 5) and a shift of PL
bands (from 478 nm (x = 0.3) to 557 nm (x = 2.5)) were observed.
Building upon previous studies on mixed-halide 3D HOIPs com-
prising MHy', the investigation of 2D analogues demonstrates the
facile tuneability of selected physicochemical properties achieved
via X-site alloying. Furthermore, we elucidate a novel aspect
of halide mixing in the MHy-based HOIP family by uncovering
new crystal polymorphs and understanding their formation
mechanisms.
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ABSTRACT: Two-dimensional (2D) lead halide perovskites are a
family of materials at the heart of solar cell, light-emitting diode,
and photodetector technologies. This perspective leads to a

number of synthetic efforts toward materials of this class, including b, 2 E:
those with prescribed polar architectures. The methylhydrazinium i f p e TS S S * “
! ./ b T, il s, X . y

MODULATED CENTROSYMMETRIC
RT phase HT phase

(MHy") cation was recently presumed to have an unusual capacity

to generate non-centrosymmetric perovskite phases, despite its ey W, o 1 Bt T T Yk
g C . . . . = —— " o S b .
intrinsically nonchiral structure. Here, we witness this effect once w Al el wle | A “
again in the case of the Ruddlesden—Popper perovskite phase of :

formula MHy,PbCl,. MHy,PbCl, features three temperature- PYROELECTRICITY

dependent crystal phases, with two first-order phase transitions at P-: : . ﬁ
T, = 3382 K (331.8 K) and T, = 224.0 K (205.2 K) observed in THERMONASNS = CHROMISM

the heating (cooling) modes, respectively. Observed transitions

involve a transformation from high-temperature orthorhombic phase I, with the centrosymmetric space group Pmmn, through the
room-temperature modulated phase II, with the average structure being isostructural to I, to the low-temperature monoclinic phase
III, with non-centrosymmetric space group P2,. The intermediate phase II is a rare example of a modulated structure in 2D
perovskites, with Pmmn(00y)s00 superspace symmetry and modulation vector q & 0.25¢*. MHy,PbCl, beats the previous record of
MHy,PbBr, in terms of the shortest inorganic interlayer distance in 2D perovskites (8.79 A at 350 K vs 8.66 A at 295 K,
respectively). The characteristics of phase transitions are explored with differential scanning calorimetry, dielectric, and Raman
spectroscopies. The non-centrosymmetry of phase III is confirmed with second harmonic generation (SHG) measurements, and
polarity is demonstrated by the pyroelectric effect. MHy,PbCl, also exhibits thermochromism, with the photoluminescence (PL)
color changing from purplish-blue at 80 K to bluish-green at 230 K. The demonstration of polar characteristics for one more member
of the methylhydrazinium perovskites settles a debate about whether this approach can present value for the crystal engineering of
acentric solids similar to that which was recently adopted by a so-called fluorine substitution effect.

1. INTRODUCTION in these topologies the steric hindrance of the coordination
network does not restrict the size of organic cations anymore.
This is so for 2D perovskites, which emerge as structurally
more diverse alternatives to their 3D counterparts.’ Indeed, in
addition to changes in organic, metal, and halide components,
there is also an opportunity to control the number and

. . . 7-9 ... .
photovoltaic context, the most publicity has been gained so thlckness of 1norganic. layfers. _ .Crltlcal. .to the functional
far by three-dimensional (3D) perovskites, spearheaded properties are the physical implications arising from quantum

primarily by MAPbL, (MA = methylammonium).>~> 3D effects associated with reduced dimensionality. The inorganic
layers form slabs of 2D-confined quantum structures, and as a

consequence, the formed quantum wells are separated by the

Considering the unprecedented promise of hybrid organic—
inorganic perovskites (HOIPs) for new types of solar cells' and
other devices, it is an all-important task to have a more in-
depth understanding of the connection between structure and
properties in this class of compounds. Perhaps in the

perovskites feature a general formula of ABX;, where A is an
organic or alkali metal cation, B is a divalent metal cation, and
X stands for halogen. If A-site cation is organic, it must be
small enough to fit into the cubic metal-halide BX;™ (ReO;- Received: June 26, 2022
type) network. Essentially, only a handful of organic cations are Published: September 21, 2022
capable of serving as guests within 3D perovskite lattices, and

the title methylhydrazinium (CH,NH,NH,", MHy") is one of

them. However, there is virtually unrestricted chemical space

of 2D HOIPs and low-dimensional (1D, 0D) structures since

© 2022 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acs.inorgchem.2c02206
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organic barriers. The resulting complex electronic structure is
sensitive to structural inputs, which can assist in controlling the
dielectric and optical properties of these structures. '
Indeed, quantum and dielectric confinement effects in 2D
perovskites increase the effective band gap and the exciton
binding energy compared to 3D perovskites."> For instance,
the exciton binding energies increase by more than an order of
magnitude from ~10 meV for 3D perovskites to typically >150
meV for conventional 2D perovskites,”””'® leading to a
radically improved photoluminescence quantum yield
(PLQY) for layered analogues.l3’19’2()

It is the innumerable choices of organic components that
make possible the tailoring of linear and nonlinear optical
(NLO), electrical, and structural properties of perovskites.
However, in some cases, simplicity, rather than complexity,
yields the most intriguing results. A prime example of that is a
small MHy" cation, which in its simplistic structure is unique
in that it builds up both 2D and 3D lead halides.”' ~*° In the
case of 2D perovskites such as MHy,PbBr, and MHy,Pbl,, the
small size of this cation translates to a record low separation
between inorganic layers (8.91 A at 300 K and 9.36 A at 305 K,
respectively) and a very small, as for 2D perovskites, estimated
exciton binding energy (99.9 and 59.2 meV, respectively).”*>
Quite an interesting aspect of using the MHy" cation for
construction of perovskites is the apparent guided assembly of
non-centrosymmetric perovskite phases. Indeed, the first 3D
perovskite reported, with at least one unequivocally acentric
phase was MHyPbBr,,”' soon after followed by the discovery
of MHyPbCl, with two acentric crystal phases (monoclinic and
orthorhombic), verified by pyrocurrent measurements and
capable even for unusual temperature switching of a second-
order NLO response of SHG-low—SHG-high type.”” Mixed-
halide analogues MHyPbBr;Cl(; ,y mirror the phase behavior
of the MHyPbCl; prototype in that they contain two polar
crystal phases, irrespectively of Br content.”* MHy,PbBr, is
ferroelectric at room temperature with orthorhombic Pmn2,
symmetry.”> Among 2D (n = 1) MHy"-perovskites, only
MHy,Pbl, does not reveal polar properties;> however, it
features the unique octahedral tilt system.® The ability of
MHy" to direct non-centrosymmetric structures does not work
for the 2D and even low-dimensional iodides.”” The same
applies to other organic cations, such as benzylammo-
nium”>*7*° or cyclohexylammonium,”"** wherein only chloride
or bromide analogues adopt polar phases. It may be possibly
explained via weakening of hydrogen bonding (HB) strength
with decreasing electronegativity of halides.”> Thus, the N—
H---1 HBs are the weakest, and therefore for iodide systems the
cations may adopt the most energetically favorable alignment,
i.e, without inducing a resultant dipole moment. Polar
structure, Cc, was also reported for 2D (n = 3)
BA,MHy,Pb,Br,, perovskite (BA = butylammonium).*
Accordingly, one sees that there is mounting evidence that
the MHy" component promotes the formation of non-
centrosymmetric phases, which however requires further
experimental verification. Of large comparative value would
be to explore the properties of unknown halide analogues of
extant methylhydrazinium perovskites, one of which is a 2D
analogue of formula MHy,PbCl,. Indeed, the multitechnique
investigation of structural, polar, dielectric, nonlinear, and
linear optical properties of all crystal phases of MHy,PbCl,
forms the content of the present contribution.

1,

2. MATERIALS AND METHODS

Synthesis. PbCl, (98%, Sigma-Aldrich), methylhydrazine (98%,
Sigma-Aldrich), hydrochloric acid (48 wt % in H,0, POCH), methyl
acetate (99.5%, Sigma-Aldrich), and N,N-dimethylformamide (DMF,
99.8%) were commercially available and used without further
purification. In order to obtain single crystals of MHy,PbCl,, a
reaction mixture containing 15 mmol of methylhydrazine neutralized
with HCI (pH = 7), S mmol of PbCl,, and DMF (about 12 mL) was
stirred for an hour until the complete dissolution of PbCl,. Then the
solution was placed in a glass vial with the lid slightly loosened. This
smaller vial was then placed in a second larger glass vial containing
methyl acetate with a thoroughly sealed lid. Colorless, plate-like
crystals with dimensions of up to S mm were harvested after 1 week,
filtered from the mother liquid, and dried at RT. A good match of
their powder XRD pattern with the calculated one based on the
single-crystal data (Figure S1) confirmed the phase purity of the bulk
sample. Caution! Methylhydrazine is toxic and must be handled with
extreme caution and the appropriate protective gear.

Differential Scanning Calorimetry (DSC). Heat capacity was
measured using a Mettler Toledo DSC-1 calorimeter with a high
resolution of 0.4 yW. Nitrogen was used as a purging gas, and the
heating and cooling rate was $ K min™". The mass of the measured
sample was 26.88 mg. The excess heat capacity associated with the PT
was calculated by subtracting from the data a baseline representing the
system variation in the absence of the PTs.

Single-Crystal X-ray Diffraction (SCXRD). SCXRD experiments
were carried out using an Xcalibur four-circle diffractometer (Oxford
Diffraction) with an Atlas CCD detector and graphite-monochro-
mated Mo Ka radiation. Absorption was corrected by multiscan
methods using CrysAlis PRO 1.171.41.93a (Rigaku Oxford
Diffraction, 2020). Empirical absorption correction using spherical
harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm, was applied. For all structures, H atom parameters were
constrained. The crystal structures of phases I and III, and the average
structure of phase II were solved in Olex2 1.5°* using SHELXT.”
Phases I and III were refined with SHELXL.*® Refinement of
modulated phase II was performed using Jana2020.”” Experimental
and refinement details for all phases are summarized in Table SI.
Refinement of I (Pmmn with a = 5.7902(1), b = 17.5814(6), ¢ =
5.8657(1) A, V= 597.13(3) A%, and Z = 2) converged to refinement
factors R; = 0.02, wR, = 0.04, and S = 1.13. Phase III (P2, with a =
11.6588(5), b = 17.0423(6), ¢ = 12.7453(6) A, f = 114.16(1)°, V =
2310.65(6) A% and Z = 8) was treated as a two-domain twin.
Refinement converged to R; = 0.06, wR, = 0.17, and S = 1.02.

The refinement of modulated phase II requires a broader
comment. As the satellite reflections appear along c¢* in ca. one-
fourth of the distance between the main reflections (Figure S2), one
may treat this phase as a supercell of I with a four-fold multiplication
of the ¢ parameter. However, systematic absences of satellite peaks do
not meet the extinction rules known for 3D space groups. Therefore,
the (3 + 1) superspace approach was applied. The studied structure
was refined in the Pmmn(00y)s00 superspace group with modulation
vector q & 0.25c* (Figure $3).”® The refinement of the modulation
waves started with the inorganic part. Based on Fourier maps (Figure
S4), all of the Pb and Cl atoms were modulated with the assumption
of a positional modulation using first-order harmonics. Later, the
same approach was applied to the C1 and the terminal N2 atom of
MHy?", as derived from Fourier maps for MHy" (Figure SS). All of the
positional modulation waves were treated as one-dimensional, i.e.,
propagating along the a direction. In the case of the N1 atom, a more
accurate refinement was obtained when the occupational modulation
was adopted. The occupancy of N1 was modulated with a crenel
function with Ax, = 0.5, and the positional modulation functions were
described as harmonics in the interval (0,1). Finally, hydrogen atoms
were inserted from geometry and refined as riding atoms with Uy, =
1.2U,, of the maternal atom. The final R factors are R, = 0.02 (0.09)
and wR, = 0.03 (0.12) for main reflections (satellites). The
displacement of independent Pb and Cl atoms along the a direction
as a function of the phase of the modulation ¢ is shown in Figure S6a.

https://doi.org/10.1021/acs.inorgchem.2c02206
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CI2 demonstrates the highest displacement amplitude of ~0.20, which
is greater than for CI3 (~0.15) and for both Pbl and Cl1 (~0.07).
These displacements reveal variations of Pb—Cl bond lengths (Figure
S6b) and Cl-Pb—Cl angles (Figure S6¢). It is worth noting here that
both from the symmetry relations and from the atomic positions of Pb
and Cl atoms the 4c approximant structure of Pcmn symmetry is
imposed for the II phase (Pnma in the standard setting). However, in
the 4c superstructure of Pcmn symmetry, the amines are disordered
over the m mirror plane, with two equally occupied positions. Thus,
the conventional space group does not resolve the ordering of amines.

Raman Studies. Temperature-dependent Raman spectra were
obtained in the 300—5 cm™' range using a Renishaw InVia Raman
spectrometer equipped with a confocal DM 2500 Leica optical
microscope, a thermoelectrically cooled CCD as a detector, and an
eclipse filter. The excitation was performed using a diode laser
operating at 830 nm, and the temperature was controlled using a
Linkam cryostat cell. The spectral resolution was 2 cm™.

Electrical Measurements. Dielectric measurements of the
examined samples were carried out using a broadband impedance
Novocontrol Alpha analyzer. Electric field-dependent polarization
measurements were performed on a single-crystal sample of size 0.4 X
1 X 1 mm® The silver paste was used to ensure good electrical
contact. A sinusoidal voltage with an amplitude of 1 V and a
frequency in the range of 1 Hz to 1 MHz was applied across the
sample. The studies were performed at quasi-static conditions in the
temperature range of 150—360 K. The temperature was stabilized
using nitrogen gas using the Novocontrol Quattro system. A
pyrocurrent measurement was made on a single crystal with silver
electrical contact. The crystal was cooled down to 150 K. During
cooling, an electric poling field of 200 V/mm was applied. At 150 K,
the sample electrodes were shorted for 10 min. Current measure-
ments were performed using a Keithley 6514 electrometer during the
heating of the sample from 150 to 300 K with a heating rate of 2 K/
min. An aixACCT instrument was used to study the electric field-
dependent electric polarization. A periodic triangular signal was used
for the measurements. A high voltage was obtained using a Trek
609E6 voltage amplifier. Measurement of the polarization vs field (P—
E) was carried out with a Precision Premier II Ferroelectric tester.
The electrodes of conductive silver paste were placed on a single
crystal with an area of 0.0226 cm?® and a thickness of 345 ym. The
measurement was made at a temperature of 180 K. The cooling gas
was nitrogen. A maximum voltage of 500 V and frequency of 10* Hz
were applied across the sample, and the data were recorded with the
Virtual software.

SHG Studies. Temperature-resolved SHG studies and Kurtz-Perry
powder test were performed using a laser system employing a
wavelength-tunable Topaz Prime Vis-NIR optical parametric amplifier
(OPA) pumped by a Coherent Astrella Ti:sapphire regenerative
amplifier providing femtosecond laser pulses (800 nm, 75 fs) at a 1
kHz repetition rate. The output of OPA was set to 1300 nm and was
used unfocused. The laser fluence at samples was equal to 0.17 mJ/
cm®. The single crystals of MHy,PbCl, were crushed with a spatula
and sieved through an Aldrich mini-sieve set, collecting a microcrystal
size fraction of 125—177 pum. Next, size-graded samples were fixed in-
between microscope glass slides to form tightly packed layers, sealed,
and mounted to the horizontally aligned sample holder. No refractive
index matching oil was used. The employed measurement setup
operates in the reflection mode. Specifically, the laser beam delivered
from OPA was directed onto the sample at 45 deg to its surface.
Emission collecting optics consisted of a ©@25.0 mm plano-convex lens
of focal length 25.4 mm mounted to the 400 ym 0.22 NA glass optical
fiber and was placed along the normal to the sample surface. The
distance between the collection lens and the sample was equal to 30
mm. The spectra of the NLO responses were recorded by an Ocean
Optics Flame T fiber-coupled CCD spectrograph with a 200 ym
entrance slit. Scattered pumping radiation was suppressed with the
use of a Thorlabs 750 nm short-pass dielectric filter (FESH0750).
Temperature control of the sample was performed using a Linkam
LTS420 heating/freezing stage. Temperature stability was equal to 0.1
K. A Kurtz—Perry test was performed by comparing the integral SHG

intensity of MHy,PbCl, (measured at 160 K) to that of potassium
dihydrogen phosphate (KDP) of the same particle size distribution.
The same optical setup and laser beam parameters were employed for
temperature-resolved studies.

One-Photon Absorption and Photoluminescence Studies.
The RT absorption spectrum of the powdered sample was measured
using a Varian Cary SE UV—vis—NIR spectrophotometer. Emission
spectra at various temperatures under 266 nm excitation provided by
a diode laser were measured with the Hamamatsu photonic
multichannel analyzer PMA-12 equipped with a BT-CCD linear
image sensor. The temperature of the single-crystal sample was
controlled using a Linkam THMS 600 heating/freezing stage. To
record decay times, a femtosecond laser (Coherent Model Libra) was
used as an excitation source.

3. RESULTS AND DISCUSSION

DSC. The performed calorimetric scans showed two
reversible PTs at T; = 338.2 K (331.8 K) and T, = 224.0 K
(205.2 K) visible in the heating (cooling) mode (Figure 1 and
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Figure 1. Changes in (a) C,and (b) S related to the PT in the heating
(red) and cooling (blue) runs.

Figure 7). The symmetrical, strong peaks seen in AC, plotted
as a function of temperature, in combination with the thermal
hysteresis between heating and cooling cycles, indicate the
first-order type of PTs. This is also confirmed by the
accompanying discontinuous change in the entropy (AS)
(see inset in Figure 1b). The changes of entropy (AS) were
estimated to be 0.38 J mol™" K™* (0.82 J mol™' K™') for the PT
at T; and 4.56 J mol™ K™* (3.33 J mol™ K™!) for the PT at T,
in the heating (cooling) mode, respectively. The symmetry
reduction during the transition from HT to modulated phase
results in moderate entropy changes. A significantly higher
value of AS at the second PT is associated with symmetry
breaking from modulated orthorhombic to monoclinic (see
SCXRD studies). Furthermore, the overall change of AS in
MHy,PbCl, is much greater than that reported recently for the
MHy,Pbl, (~2.88 J mol™" K™') and MHy,PbBr, (~1.66 J
mol™" K™') analogues.zz’25 Because this material undergoes a
first-order PT, its pressure dependence can be calculated using
the indirect Clausius—Clapeyron method and the equation:
a _ %) v

dp - AH_ . molar’
(~1046 J mol™") represents the change in the molar enthalpy,
estimated from calorimetric studies, AV/V (~1.8 X 1072) is
the relative volume change at T, and V.., (~1.75 X 107 m?

molar

where T, is the PT temperature, AH, ..
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Figure 2. Details of the MHy,PbCl, crystal structure in subsequent ph
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‘ > C NONCENTROSYMMETRIC

ases. (a) HT phase I, (b) 4-fold approximant of the modulated phase II, and
III along the [010] direction. The green and red arrows in (a, c) represent

mol™) is the molar unit cell volume (structural data were
taken from X-ray diffraction results described below). From
the obtained data, the following pressure dependence of T, was

calculated: =2 = 64.7 + 0.3K kbar™!. The obtained results

prove that thls compound is an interesting material sensitive to
both pressure and temperature changes. The obtained value is
one order of magnitude higher than that for
[(CH,CH,CH,),N][Mn(N(CN),);],”” and two orders of
magnitude higher than those for (NH,)MF; perovskites (M
= Mn, Co, Cd, Mg, and Zn)."’

Single-Crystal X-ray Diffraction. MHy,PbCl, adopts
three temperature-controlled crystal phases. High-temperature
(HT) phase I possesses the orthorhombic, centrosymmetric
Pmmn space group. RT phase II adopts averaged structure
isostructural to I; however, as derived from the diffraction

pattern (Figure S3), it is a modulated structure with
Pmmn(00y)s00 superspace symmetry and vector q =
0.25¢*.*® Low-temperature (LT) phase III is monoclinic
with P2, symmetry. Given that this phase is polar, the second-
order NLO effects can be expected, e.g., SHG (vide infra).

HT phase I is isostructural to the previously reported HT
phases of the MHy,Pbl, and MHy,PbBr, 2D analogues.”>*’
The motif of I (Figure 2a) is composed of the corner-sharing
[PbClg]*" octahedra forming (010) layers, separated by MHy"
cations, which protrude out of the m mirror plane. Hence, the
N1 atom is split into two equivalent positions with equal
probability. The distance between the octahedra layers is equal
to 8.79 A.

The Pbl coordination sphere consists of the CI1 and CI2
atoms (bridging along the a and ¢ directions, respectively), and

15523 https://doi.org/10.1021/acs.inorgchem.2c02206
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Table 1. Distortion Parameters of the MHy,PbCl, Perovskite in the Subsequent Polymorphic Phases

phase T (K) Pb—CI—Pb direction £Pb—Cl-Pb (deg)
1 350 [100] 168.27(1)
[001] 180
m° 295 [100] 165.78(1)
[001] 172.34(1)
I 120 [100] 166.1(5)
[001]¢ 160.9(5)

a.d. (deg) Dy, (deg) max® Ay X 1073 max” o> (deg?)
11.7 0 1.6 14.4
0 0
142 0 1.7 24.7
7.7 0
13.9 6.1 3.4 61.4
2.1 19.1

“Maximum distortion parameters are provided due to the existence of four inequivalent [PbCls]*" octahedra in phase IIL “Distortion parameters
are given for modulated phase II. “The direction maintained from the axis setting of phases I and II. a.d. = 180 — Zp,_cj_p, along [100] and [001]
directions; Dy, = 180 — Zp,_ci_pp along [010]; Ay — bond length distortion; 6 — octahedral angle variance.*!

the apical CI3 atom. The individual octahedron is of C,,
symmetry with mm?2 site symmetry for Pbl, Cl1, and CI3, and
m.. for C12. Pb—Cl distances vary from 2.74 to 3.12 A. The
difference between the longest and shortest Pb—Cl distances
(0.38 A) is relatively higher than the ones reported for the Br-
and I- analogues (0.02 and 0.14 A for the HT phases of
MHy,Pbl, and MHy,PbBr,, respectively),””*> pointing to the
higher octahedral distortion in the structure described herein.
Indeed, both the bond length distortion (A4) and octahedral
angle variance (¢7) values (Table 1) are 1.6 X 107> and 14.4%,
which is greater than for MHy,Pbl, (6.8 X 107 and 5.6°%) and
MHy,PbBr, (2.1 x 107* and 11.3°2).**® This distortion
results in a decrease of the Pb—Cl—Pb angle along the [100]
direction, and its value defined as Def = 180° — Zp,_j_py, is the
highest (a.d. = 11.7°) among the MHy,PbX, (X = Cl, Br, I)
perovskites (where ad. = 9.3° and 10.7° for I and Br,
respectively).””” Observation of the octahedra distortion is
strictly connected with intermolecular interactions between the
perovskite layers and MHy" cations. However, the interlayer
MHy" cation alignment in 2D perovskites diminishes the
strength of these interactions when compared to their 3D
counterparts. It is noticeable, for instance, in max. o* values
—301°%* (314°%) for MHyPbBr, (MHyPbCl,).”"** Despite
relatively weak intermolecular forces, several N—H---Cl
hydrogen bonds (HBs) are formed with both N atoms as
donors and the Cl1 and CI3 atoms as acceptors (Table S2).
Lowering the temperature induces I — II PT. The effect of
the unit-cell contraction as the temperature decreases leads to
the reduction of the interlayer distance to approximately 8.66
A. While the average structure of II is isostructural to I, satellite
diffraction peaks along the c* direction appear in the
diffraction pattern (Figure S2). As derived from the systematic
absences (see caption to Figure S3), the (3 + 1)-dimensional
superspace group of II is Pmmn(00y)s00 with the modulation
vector q = 0.25¢*. The 4-fold approximant of Il is presented in
Figure 2b. As compared to I, the atoms of the inorganic part
slightly lean out of the mirror plane toward the [100] direction
(Figure S8). This behavior brings consequences to the
distortions of the perovskite layers. To start with, the change
of the Pb—Cl—Pb angle along [001] appears with a.d. = 7.7°.
Simultaneously, the maximum a.d. alongside [100] increases to
14.2°. Additionally, both A4 and ¢ values increase to 1.73 X
1073 and 24.7°% respectively (Table 1, Figure S9ab). In the
case of the organic part, the MHy" cation in II is ordered, and
its distribution in the structure is governed by the additional
translation component of the superspace group (intrinsic phase
shift of 1/2) associated with the 2-fold axis (lower part of
Figure 2b). This new configuration of amines is associated with
the appearance of N—H--N and N—H:--Cl HBs. However, the
juxtaposition of distances between N atoms of neighboring

MHy" as a function of the phase of the modulation t (Figure
S9¢) indicates that in II there are NH, groups that are not
involved in hydrogen bonding. There is no N—H:--Cl or N—
H--N stable HBs network along the [001] direction (Figure
S10a).

With further temperature lowering, the shrinking of
interatomic distances strengthens the interactions between
inorganic and organic constituents and eventually leads to the
formation of a new phase with a stable configuration of HBs.
Indeed, such a phase appears at 205.2 K (224.0 K) on cooling
(heating). The LT phase III is monoclinic with a P2, polar
space group and f = 114.16(1)° with an asymmetric unit
consisting of 4 lead cations, 16 chloride anions, and 8 ordered
MHy" cations (Figure S11). The main details of III are shown
in Figure 2¢ and compared to modulated phase II in Figure 2d.
Unlike the HT and RT phases, in III, certain MHy" cations are
spontaneously rotated. From the viewpoint of polar character-
istics, MHy" dipoles are no longer compensated. Instead,
spontaneous polarization along the [010] direction occurs.
Furthermore, due to the reduced interlayer gap of 8.52(13) 4,
numerous HBs are formed (Table S3). One may distinguish
two kinds of HBs. The first kind is N—H:--Cl with N atoms
acting as donors and Cl atoms (mainly apical) as acceptors.
Contrarily to II, these HBs create the network alongside both
directions of propagation of the octahedra (Figure S10b). The
second kind of HBs is N—H-'N, where both N atoms may
serve as donors and acceptors for the hydrogen atoms. As the
II — III PT is associated with symmetry reduction, all atoms
in the unit cell adopt a general C, site. The synergistic effect of
strengthened intermolecular interactions and the symmetry
reduction remarkably influences the shape of the perovskite
layers. Besides the in-plane Pb—CI—Pb angle deformation
(max. ad. = 13.9°), the out-of-plane octahedra tilting is
observed with the D, value of 19.1°. At the same time, the
octahedra distortion parameters significantly increase (A, = 3.4
X 1073 and ¢* = 61.4°%, Table 1). Lastly, the Il — II PT
provokes a step change in lattice parameters (Figure S12a) and
an enlargement of a unit cell volume (Figure S12b).

In this paragraph, a wider comment is provided on the
interlayer distances in the reported compound. As indicated
above, the gap between perovskite layers decreases in the order
I — II — III (8.79, 8.66, and 8.52 A, respectively). It is worth
noting that such small values were not recorded before in the
2D lead chloride perovskites with [PbCly]*” monolayers
(Table S4). At the same time, MHy" is the smallest organic
cation among the listed ones. This observation agrees with the
hypothesis provided in our previous paper concerning the
MHy,PbBr, analogue,”’ that the MHy" cation is a key
component developing 2D hybrid perovskites with a record-
breaking low layer separation.
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Raman Studies. In order to obtain further insight into the
mechanism of the PTs and lattice dynamics, temperature-
dependent Raman studies were performed on MHy,PbCl,
single crystals in the low-wavenumber range of 300—5 cm™
(Figure 3). The observed Raman modes are tabulated in Table
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Figure 3. Temperature-dependent Raman spectra of MHy,PbCl,
crystals in a heating run for (a) x(yy + yz)x and (b) x(zz + yz)x
polarization. Red, green, and blue colors correspond to the Pmmn
phase I, modulated phase II, and P2, phase III, respectively.

SS. According to previous studies of layered perovskites,
PEA,PbBr, and BA,PbBr, (PEA = phenylethylammonium; BA
= butylammonium) Raman spectra in the low-wavenumber
range consist of five ranges. The lowest wavenumber narrow
bands, which do not exhibit any splitting at LT, correspond to
the octahedra rocking/twisting that could be alternatively
assigned to PbBrg librational modes.*” These modes were
observed at near 27 and 22 cm™ for PEA,PbBr, and
BA,PbBr,, respectively.”” Raman spectra of MHy,PbCl,
show such narrow modes at 24 and 29 cm™ (values at 80
K, Table SS). The corresponding modes of MHy,PbBr, and
MHy,Pbl, were observed at 23 and 17 cm™, respectively.”>"’
As can be seen, these modes shift weakly to higher
wavenumbers with the decreasing size of the halide anion.
The most intense Raman bands (weak bands), observed for
PEA,PbBr, and BA,PbBr, in the 80—35 cm™" range (140—83
cm™' range), were attributed to Pb—Br bond bending modes
(Pb—Br bond stretching modes).”> These broad bands at RT

exhibited splitting into many components at LT.*> For the HT
phase of MHy,PbCl,, Pb—Cl bending and stretching modes
are located in the 105—54 and 186—164 cm™, respectively
(Table SS). It is worth noting that these bands exhibit a very
pronounced shift to lower wavenumbers with the increasing
size of the halide anions, i.e., to 47—45 and 137—116 cm™! for
MHy,PbBr, and 34—27 and 120—97 cm™" for MHy,PbI,.”>*
According to the X-ray diffraction studies, MHy" cations are
disordered in phase I and ordered in phase II. One would
expect, therefore, to observe a significant narrowing of bands at
the PT temperature. As can be noticed, Raman bands exhibit a
rather weak narrowing at T, (see Figure 3). Interestingly, very
similar behavior was also reported for MHy,PbBr, ** Thus, in
both analogues, the dynamics of MHy" cations does not
exhibit a sudden change at the PT temperature. Nevertheless,
the PT leads to some changes in the intensity of Raman
modes. For instance, a new L(PbCly) band appears at 16 cm™,
and in the x(zz+yz)x polarization intensity of the S4 cm™
band drastically decreases (Figure 3). However, the observed
changes at T are weak, providing a spectroscopic argument for
the significant crystallographic similarity of phases I and IL
On further lowering of temperature, lattice modes exhibit
very pronounced changes when the temperature decreases
from 225 to 220 K (Figure 3). First, Raman modes exhibit
significant shifts and split into many components. Second,
Raman bands decrease fwhm, and they become very narrow at
80 K. All of these changes point to further slowing down of the
MHy" cation dynamics and a significant decrease in crystal
symmetry, associated with the change of distortion of PbClq
octahedra and appearance of out-of-plane tilting. Note that the
number of Raman bands observed at 80 K is much larger for
MHy,PbCl, (24 in the x(yy+yz)x polarization), compared to
MHy,PbBr, (nine bands).*' This observation gives strong
evidence that the crystal structure of the lowest temperature
phase of MHy,PbCl, features significantly lower symmetry
than the crystal structure of its bromide analogue. This
conclusion is consistent with X-ray diffraction data that
revealed Pmn2; and P2, symmetry for the lowest temperature
phases of MHy,PbBr, and MHy,PbCl,, respectively.
Electrical Measurements. A broadband dielectric spec-
troscopy measurement was carried out to investigate the
dipolar relaxation arising from the reorientation motions of
molecular dipoles and conduction arising from the transla-
tional motions of electric charges (ions, electrons). Temper-
ature-dependent complex dielectric permittivity £* (e* = ¢’ —
ie”, where ¢’ is the dielectric permittivity, and &” is the
dielectric loss, respectively) is presented in Figure 4ab. A
slight, step-like anomaly of &’ can be observed at ~224 K on
heating, related to the structural PT from phase II to phase IIL
However, above the observed PT, frequency dispersion can be
noticed for &€*, which is probably associated with ionic/
electrical conductivity processes. To reduce the contribution of
the conductivity component at higher temperatures, the
modulus representation (M* = 1/¢*) was used (Figure
4¢,d).* The bell-shaped spectra of M” and the step-like
curves of M’ shift toward HTs with increasing frequency,
which implies the presence of conduction and dielectric
relaxation processes. The visible decrease in the value of the
M" coincides with the temperature of the PT from phase I to
phase IL In order to investigate this behavior, the dependence
of &* and M* as a function of frequency in the temperature
range of 140—360 K was performed (Figure S13). The visible
bell-shaped spectra of M” allow the activation energy to be
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Figure 4. Temperature dependence of the (a) dielectric permittivity, (b) dielectric loss, (c) real M, and (d) imaginary M” components of electric
modulus spectra as a function of the temperature of the MHy,PbCl, single crystal along the [010] direction measured on heating. The
representative curves are plotted in frequency decades between 1 Hz and 1 MHz. Dashed lines correspond to the structural PT temperatures. The
changes in dielectric permittivity for the area near the PT are presented in the inset in a.

determined. The data were parametrized in the vicinity of the
peak maximum with the use of the single Havriliak—Negami
function. It was noticed that in the studied temperature range,
the relaxation times (7) exhibit linear tendencies as a function
of the inverse temperature (1000/T). Therefore, the relaxation
times can be modeled using the Arrhenius relation:

|

where 7y, ks, and E, are relaxation times at the high
temperature limit, Boltzmann constant, and activation energy,
respectively. Based on this estimation, the E, in phase I is 1.8
eV and in phase II is 0.7 eV (Figure S14). Taking into account
the X-ray diffraction data, the mechanism of the observed
dielectric relaxation process in MHy,PbCl, can be related to
the new configuration of MHy" and/or ionic conductivity. The
obtained values of E, are slightly higher than those reported for
related compounds such as [triethylpropylammonium]Pbl,
(0.66 eV in the HT phase and 1.09 eV in the LT phase),”
MHy,Pbl, (0.48, 0.80, and 0.70 eV from the HT phase to the
LT phase, respectively).”

The temperature-dependent pyrocurrent of the MHy,PbCl,
single crystal measured along the [010] direction is presented
in Figure 5. We observe a sudden increase in the value of the
pyrocurrent during the heating of the sample at the PT
temperature of about 224 K, confirming the material’s polar
properties. Despite repeated trials, we could not obtain a P—E
hysteresis loop for MHy,PbCl,, which indicates that it is a
pyroelectric material. A similar case was observed for the
related 3D compound MHyPbCl,.*?

Temperature-Resolved SHG Studies. Despite the fact
that 2D HOIPs have been around for some time, their diverse

E

T =1, exp| ——
0 Xp(kBT
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Figure 5. Temperature dependence of the pyroelectric current of a
single crystal after poling in the DC electric field. Inset shows
measured polarization as a function of the applied electric field at a
temperature of 180 K.

NLO properties have gained significant interest only in the
past few years. As is the case with the majority of the 2D
materials, the NLO properties of 2D HOIPs are associated
with their quantum-well structure; it is influenced by the
quantum and dielectric confinement introduced by inorganic
and organic layers, respectively.” Such systems typically
possess strong two- and multiphoton excited PL due to large
nonlinear absorption cross sections and luminescence quantum
yields.*” This is broadly true for the majority of 2D perovskites,
particularly those comprising bromine, iodine, or a mixture of
those at the so-called X-site.”” The SHG phenomenon can also

https://doi.org/10.1021/acs.inorgchem.2c02206
Inorg. Chem. 2022, 61, 15520—15531


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02206/suppl_file/ic2c02206_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02206?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

benefit from confinement effects but, on the other hand, has a
strict non-centrosymmetry requirement imposed by the P
tensor, making this process possible only in acentric crystalline
materials. For this reason, the SHG-active 2D HOIPs are not
really common; the most notable examples include Rud-
dlesden—Popper phases such as (PEA),(MA),_,Pb,L;,., (PEA
= phenylethylammonium),” (BA),PbCl, (BA = benzylammo-
nium)so (CH;(CH,);NH;),(CH;NH;),_ Pb Ly, (n=1,2,3,
4, c0)” as well as MHy,PbBr,,** a bromine analogue of the title
compound. For this reason, we set out to investigate SHG
properties of all crystal phases of MHy,PbCl,, in particular, to
check how they compare to those of MHy,PbBr,.

A temperature-resolved SHG study of MHy,PbCl, was
performed with the use of 1300 nm femtosecond laser
pumping; this wavelength was chosen to enable comparisons
with extant methylhydrazinum-based perovskites. First, we will
discuss TR-SHG results for the RT phase II and LT phase III
Figure 6 presents integral areas of SHG signals (Agyg = 650
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Figure 6. Plots of integral intensities of the SHG signal of MHy,PbCl,
for heating (red circles) and cooling (blue circles) runs.

nm) plotted as a function of temperature for heating (148—
268 K) and cooling run (268—148 K), while experimental
spectra of NLO responses are displayed in Figure S15. These
data show that MHy,PbCl, is clearly SHG-active in its LT
phase III, while PT to phase II (at ca. 223 K upon heating)
results in a complete loss of SHG activity. Upon cooling at ca.
193 K, SHG starts to be restored due to a return to the non-
centrosymmetric phase III. PT between phases II and III is
therefore reversible, as well as features broad hysteresis, which
confirms its first-order character. At this point, it should be
noted that the LT phase III of MHy,PbBr, is also non-
centrosymmetric.22

In a separate experiment, we checked whether the HT phase
I is SHG-active. To this end, we performed a temperature scan
(300—355 K) using the same irradiation conditions and
registered spectra of nonlinear emissions. As seen in Figure
S16, spectra in this temperature range do not show any
contribution of SHG at 650 nm, but only a third-harmonic
generation (THG) signal at 433 nm, which is present for each
phase regardless of its symmetry (compare with Figure S15).
Accordingly, the centrosymmetric character of phase I, inferred
from crystallographic data, is confirmed by these results.

In order to estimate the efficiency of the generation of the
second harmonic of radiation by phase III, we performed the
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Kurtz—Perry powder test in which we compared the SHG
emission of MHy,PbCl, cooled down to 160 K with that of
KDP of the same particle size, but measured at RT. It turns out
that the relative efficiency of SHG is about 0.21 times that of
KDP at 1300 nm. This value is two times higher than that
found for MHy,PbBr,.”

From the viewpoint of NLO properties, the title compound
is similar to its bromine analogue, MHy,PbBr,. The
fundamental common feature is that both analogues possess
three temperature-dependent crystal phases, among which only
the LT phase III is SHG-active. In fact, in the case of
MHy,PbCl,, the THG is present in addition to SHG. By
contrast, phase III of MHy,PbBr, showed multiphoton-excited
luminescence of mixed 3- and 4-photon absorption origin in
addition to SHG and THG emissions. This difference can be
ascribed to the wide optical bandgap of MHy,PbCl, (3.75 eV,
see optical properties section) which effectively shifts nonlinear
absorption resonances to shorter wavelengths.

All in all, the collected results demonstrate one more
example of HOIP that contains MHy" cation and whose at
least one crystal phase is SHG-active (acentric). While
MHy,PbCl, in its crystal architecture and phase behavior
mirrors the MHy,PbBr, analogue in many respects, it should
be pointed out that MHy-containing 3D perovskites,
MHyPbCl;, MHyPbBr;, and halide-mixed MHyPbBr,Cl;_,)
analogues, possess acentric phases as well.”"**** In fact, these
materials are the only representatives of 3D perovskites that
reveal clear polar order. The apparent accumulation of
examples of MHy-containing perovskites which are non-
centrosymmetric raises the question of whether the MHy"
cation—a nonchiral molecule—facilitates crystallization of
acentric perovskite phases. If there is indeed something to
that, the MHy" component could play a similar role in
materials science as recently adopted by amine fluorina-
tion,>’™* and as such, could be seen as a useful tool for
inducing non-centrosymmetry-driven properties, e.g., piezo-
electricity or ferroelectricity.

Photoluminescence. The diffuse reflectance spectrum of
MHy,PbCl, shows a narrow band positioned at 344 nm (3.60
eV) (Figure S17), which can be assigned to the excitonic
absorption. Based on this result, the energy band gap (E,) of
the investigated perovskite was calculated using the Kubelka—

Munk equation:>
1-R)
F(R) = g
2R

where R indicates reflectance. The estimated E, value of
MHy,PbCl, is 3.75 eV (Figure S18); ie., it is significantly
larger than the E, of the bromide (MHy,PbBr, ~ 3.02 ¢V) and
iodide (MHy,Pbl, ~ 2.20 eV) analogues.””** The increase of
the energy band gap when larger I” are replaced by smaller Br™
or CI” ions can be attributed to the lower electronegativity of
the smaller halogen atoms.”” The band gap of MHy,PbCl, is
also larger than the band gap of its 3D MHyPbCl; analogue,
for which E, = 34 eV.*®> The same behavior, attributed to
quantum confinement effects, was also observed for other lead
halides.*® It is worth adding that the energy band gap and the
excitonic absorption of 2D lead halide perovskites with formula
A,PbX, also become larger with a decrease in the interlayer
distance.””*>**37% Thus, we showed that MHy,Pbl, and
MHy,PbBr, perovskites exhibit exceptionally small band gaps
and the most red-shifted excitonic absorption among all known
A,PbI, and A,PbBr, analogues.”””> The same applies to
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Figure 7. (a) Temperature-dependent emission spectra of MHy,PbCl, measured every 10 K from 80 to 320 K, (b) the temperature dependence of
band intensity (contour map), (c) the emission intensity as a function of temperature (left side) and the shift of the band center position with

temperature, (d) CIE coordinates of MHy,PbCl, at various temperatures.

MHy,PbCl,, wherein the band gap is smaller (excitonic
absorption red-shifted) than the band gaps (excitonic
absorption) of A,PbCl, (100) perovskites containing large
alkylammonium or aromatic cations.””**°

The PL spectrum recorded at 80 K presents a relatively
broad band (full width at half-maximum, fwhm = 59.5 nm)
centered at 387 nm and a very broad band (fwhm = 250 nm)
located at 609 nm (Figure 7a). A significant fwhm and Stokes
shift of the first band excludes its assignment to a free exciton
(FE) recombination and suggests that it can be attributed to a
bound exciton (BE) states or defects corresponding to
imperfect stacking of layers (crumpled excitons,
CE).>>*%*%6162 previous studies of layered perovskites often
revealed the presence of broad red-shifted bands, which were
attributed to the self-trapped excitons (STEs) in the radiative
centers.5>%* Typically, the PL attributed to STE is observed
below 150 K and was reported for some other two-dimensional
lead chlorides with a strongly distorted framework as well as
3D MHbeCI3.19’23’59 We assign, therefore, the broad band of
MHy,PbCl, near 609 nm to STEs. The emission decay times
of the purplish-blue band (A, = 387 nm) and the red one
(Aem= 609 nm) recorded using a 266 nm line generated by the
femtosecond laser are nonexponential with a time of 7, = 2.2
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ns, 7, = 5.55 ns, and 7, = 0.69 ns; 7, = 3.0 ns, respectively
(Figure S19).

As can be seen in Figure 7a—c, the intensity of the band
located in the red region rapidly decreases on heating and
becomes almost invisible above 130 K. The intensity of the
purplish-blue band also decreases on heating, and this band
exhibits significant broadening above 150 K. Furthermore, the
position of the band maximum shows a pronounced red shift
from 394 nm at 150 K to 507 nm at 210 K (Figure 7a—c). This
pronounced broadening and the red shift of the PL above 150
nm can be most likely attributed to the light-induced
permanent defects.

Based on temperature-dependent emission spectra, the
activation energy for the thermal quenching was calculated as
follows:

I(t) - %
14+ AJE/KT

where, I, E, and kg denote the emission intensity at LT, the
activation energy, and the Boltzmann constant, respectively.
After simple modification, the equation can be rewritten as
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Figure S20 presents In(I,/I(T) — 1) in a linear function of
1/kgT. The activation energy for the thermal quenching of the
MHy,PbCl, emission equals 366 meV, which is consistent with
E, values reported for many other A,PbX, compounds'”®* but
is significantly larger than E, reported for FE PL in MHy,Pbl,
(59.2 meV) and MHy,PbBr, (99.9 meV).”>**

The natural consequence of the broadening of the emission
band and changing its position with temperature is the shift of
the color rendering index CIE (Figure 7d). From 80 to 160 K
sample exhibits purplish-blue emission but then the
chromaticity coordinates (x, y) change more significantly and
the color of the emission tunes rapidly with temperature. As a
consequence, the sample glows bluish-green at 230 K.

4. CONCLUSION

HOIPs not only engender emerging technological interest but
serve as a unique platform for fundamental studies of
structure—property—function relationships. There are organic
building units that facilitate the formation of specific types of
structures, which can be intentionally employed to increase the
likelihood of the generation of desired molecular arrangements.
A growing body of evidence suggests that such a structure-
directing role in HOIPs may be performed by the
methylhydrazinium (MHy") cation in two aspects: (i)
preferred formation of non-centrosymmetric perovskite
phases; and (ii) self-assembly of 2D HOIPs with an unusually
low separation between inorganic layers. With these working
hypotheses in mind, in this work, we sought to employ MHy"
for the construction of a missing member of the methylhy-
drazinium 2D perovskites, MHy,PbCl,.

Indeed, crystallographic results MHy,PbCl, show that LT
phase III is non-centrosymetric (P2, space group), while RT
phase II, featuring the modulated phase of Pmmn(00y)s00
superspace symmetry and HT phase I (orthorhombic, Pmmn)
are both centrosymmetric. The acentric setting of phase III is
corroborated by SHG studies as well as by the pyroelectric
effect, showing the decay of spontaneous polarization along the
[010] crystallographic direction upon PT. However, polar-
ization could not be switched by the application of an external
electric field; hence, MHy,PbCl, cannot be considered
ferroelectric.

Structural studies also demonstrate that MHy,PbCl,
establishes a new record for the short distance between
inorganic layers in 2D HOIPs (8.79 A at 350 K), breaking the
previous one held by a bromine analog of the formula
MHy,PbBr,. Nevertheless, in this case, the short interlayer
distance does not translate to an unusually low exciton binding
energy as was noted for bromine and iodine analogs. On the
contrary, the value of exciton binding energy, estimated based
on the activation energy for the thermal quenching equals 366
meV and is in the range typical for 2D perovskites. Further
optical studies revealed that MHy,PbCl, on heating displays a
marked broadening and redshift of the higher energy band,
which can most likely be attributed to light-induced permanent
defects. The estimated E; value of MHy,PbCl, is 3.75 eV,
which is significantly larger than those of the bromide and
iodide analogues.

All in all, MHy,PbCl, constitutes a plain example of MHy"-
directed formation of a non-centrosymmetric phase in 2D
perovskite combined with the structural effect of an unusually
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low separation between inorganic layers. The guided formation
of acentric phases by MHy" resembles that observed for
ferroelectric materials comprising fluorine-substituted organic
ligands. MHy,PbCl, features a thermally responsive lattice, as
revealed by dielectric and Raman measurements. By using the
Clausius—Clapeyron relation, it was demonstrated that
MHy,PbCl, is not only responsive to temperature, but its
structure should also display strong structural responsiveness
to pressure stimuli, warranting further studies of pressure-
dependent physical properties.
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Broadband yellow and white emission from large
octahedral tilting in (110)-oriented layered
perovskites: imidazolium-methylhydrazinium lead
halides+

Dawid Drozdowski,
Mirostaw Maczka,

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2023,
11, 4907

*3 Katarzyna Fedoruk, {2 Adam Kabanski, (22
@ Adam Sieradzki 2 ° and Anna Gagor (2 *®

Hybrid organic—inorganic perovskites (HOIPs) are presently on the cutting edge of contemporary materials
chemistry providing excellent and tuneable optoelectronic properties. Here we report the synthesis, crystal
structures, and linear optical, and dielectric properties of two newcomers to the family of two-dimensional
(2D) HOIPs — IMMHyPbBr, and IMMHyPbCl, (IMPB and IMPC), respectively, where IM = imidazolium, MHy
= methylhydrazinium) which adopt rarely reported alignment of PbXg octahedral layers (X = Br, Cl), described
as (110)-cut derivatives of 3D perovskites, with IM* situated at the interlayer and MHy" at intralayer sites.
Both materials exhibit phase transitions with the high-temperature phase of monoclinic P2/c symmetry with
both organic cations and the linking halide anion being disordered. On cooling, at 344.5 K (375.4 K) for IMPB
(IMPC) a P2/c — P2,/c symmetry breaking occurs which induces strong tilting of octahedral layers, with the
lowest Pb—X;n—Pb angle (143° for IMPC, X = linking halide) ever reported for this class of compounds.
Dielectric studies reveal a well-defined single dipolar relaxation process in the low temperature range from
150 K (170 K) to 188 K (230 K) for IMPB (IMPC), associated with the change in dynamics of the MHy" cation.
With the use of linear optical measurements, we demonstrate that both compounds exhibit broadband
emission with a large Stokes shift attributed to self-trapped excitons. The emission colour changes with tem-
perature and IMPB is the first example of a mixed-organic cation perovskite showing white-light emission
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near 200 K. The structure—physiochemical property relationship is discussed with reference to other

rsc.li/materials-c (110)-oriented lead halides.

Introduction

Widespread exploration of hybrid organic-inorganic perovskites
(HOIPs) - a family of materials with a variety of physiochemical
properties and applications, gives rise to the development of
compounds with vast structural diversity." The flagship repre-
sentatives, i.e., three-dimensional (3D) HOIPs with ABX; formula
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and a high-temperature (HT) cubic Pm3m symmetry, built using
corner-sharing PbXg octahedra (X = Br, Cl7, I') and small
monovalent organic cations (methylammonium (MA") and for-
mamidinium (FA")) filling the voids in between the inorganic
network,®” exhibited remarkable optoelectronic properties (a power
conversion efficiency of up to 25%, a photoluminescence quantum
yield (PLQY) of up to 85%, long carrier diffusion lengths, etc.) and
are increasingly placed as strong candidates for solar cells.*** Apart
from the aforementioned examples, only two newcomers appeared
so far to meet the requirements of the 3D perovskite structure with
lead halide octahedra, ie., aziridinium (Azr') and methylhydrazi-
nium (MHy")."**® 3D HOIPs comprising MHy" are exceptional in
terms of the polar crystal structure. They manifest the nonlinear
optical effects, such as the second-harmonic generation (SHG),
benefiting from the lack of the inversion centre.

The foregoing incorporation of different organic cations into
the perovskite family leads to structures with reduced dimen-
sionality: two-dimensional (2D, layered) HOIPs or 1D and 0D
hybrid compounds. In 2D HOIPs, perovskite layers are sepa-
rated by organic cations. Such a configuration improves the
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chemical stability and induces quantum well characteristics of
the inorganic substructure with the insulating ‘spacers’. It is
also worth mentioning that another degree of structural flex-
ibility is achieved via the incorporation of either one or two
organic moieties, resulting in compositions of the ABX,, A,BX,,
or AA'BX, formula for single-layered (n = 1) analogues. Depend-
ing on the relative stacking of perovskite layers, one may
distinguish three structural families: Ruddlesden-Popper (RP,
A,BX4, A = monovalent cation),"® Dion-Jacobson (D], ABX,,
A = divalent cation),>® and alternating cations in the interlayer
space (ACI, AA’BX,, where A and A’ denote monovalent
cations)*' compounds. Facile manipulation of components,
together with the quantum confinement effect brings more
paths of tunability and flexibility of the dielectric and optical
properties obtained via structural engineering.**>?* When
compared to their 3D counterparts, 2D HOIPs are usually
characterized by higher exciton binding energies (typically
>150 meV and ca. 10 meV for 2D and 3D perovskites,
respectively),>>?° leading to enhancement of the PL intensity
and improved PLQY.?’"*° The mixing-amine approach may also
improve the photovoltaic properties of hybrid perovskites. For
instance, doping of imidazolium (IM") to MA"-based 3D HOIPs
increases solar cell efficiency.>' Moreover, the imidazolium deri-
vatives are also used for the improvement of resistance to
moisture, taking advantage of their hydrophobic properties.****

Considering the structural diversity of the 2D lead halide
perovskites, one may describe them as derivatives of 3D struc-
tures, created by ‘slicing’ along particular crystallographic
planes (001) (ie., ‘sliced’ across the octahedral corners) and
(110) (‘sliced’ across the octahedral edges).*” As can be seen in
Fig. 1, in the (110)-cut family the inorganic layers are corru-
gated. Depending on the corrugation type, these structures can
be labelled as ‘n x n’ or ‘n x m’, as presented in Fig. 1(b).>*
Based on the online database of 2D perovskites published by
Marchenko et al.*® 633 representatives of (001)-cut lead halide
HOIPs are found with only 25 (110)-oriented. The overwhelm-
ing majority of the (001)-cut perovskites proves that such a
configuration is the most preferable and tolerant to the sub-
stitution of both inorganic and organic components.*® Never-
theless, the (110)-derived compounds have proven their
usefulness in optoelectronics, revealing, for instance, broad-
band white light emission with higher PLQY and larger Stokes
shifts than their (001)-cut counterparts due to a greater degree
of dielectric confinement and octahedral distortion.>”™*°

Our previous studies showed that MHy" may also be used as a
‘spacer’ for the layered lead halides with X = Br, Cl, I and that these
compounds exhibit multiple functional properties like dielectric
switching, ferroelectricity, PL, and nonlinear optical (NLO)
properties.*’ ™ We have also recently reported three distinct com-
pounds comprising IM" cations and exhibiting broadband PL -
IMPbBr; with the 4H-hexagonal perovskite structure built using
face- and corner-shared PbBrs; IM,PbBr, adopting a 1D double-
chain structure with edge-shared octahedra; and IM;PbBr; adopt-
ing a 1D single-chain structure with corner-shared octahedra.**

To our best knowledge, only one example of hybrid lead
chloride adopting the (110)-cut structure with two distinct
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Fig.1 (a) Schematic representation of 2D HOIPs as derived from the
parental perovskite 3D lattice by slicing along the (001) and (110) crystal-
lographic planes. (b) Other examples of corrugations in the (110)-oriented
2D HOIPs: 3 x 3and 3 x 2.

organic moieties (N,N,N’,N'-tetramethylethylenediammonium
(TMEDA) at the interlayer site and dimethylammonium
(DMA) at the intralayer site) was reported so far.*> However,
this compound contains diammonium cations and its compo-
sition is TMEDA, sDMAPbCI,, not AA'BX,, as typically reported
for the ACI perovskites. In the case of its bromine counterparts,
there are 7 known ACI analogues, ie., two comprising IM' -
IMGUAPbBr, and IMTzPbBr, (GUA = guanidinium, Tz = 1,2,
4triazolium),*** and five comprising other organic cations -
FAHEAPDBr,, PYGUAPDbBr,, PYTZzPbBr,, TZGUAPbBr, and FA; sAA 5
PbBr, (HEA = hydroxyethylammonium, PY = pyrazolium, AA =
acetamidinium).*®***” There are also several examples of (110}
oriented bromides and chlorides with one, mainly divalent organic
cation.*®3%1%483* One gshould note that there is no structure con-
taining MHy" and that studies of ACI bromides and chlorides were
limited principally to crystal structures and room-temperature (RT)
absorption. Temperature-dependent PL was reported for only one
representative, i.e., IMTzPbBr,.>® Furthermore, there are no reports
on dielectric properties, and the structural phase transition was
revealed only in TzGUAPbBr.*®

A short survey of literature data shows that the (110)-cut
family of perovskites have great application potential but they
are still very scarce, especially in the case of ACI analogues, and
their properties are still poorly understood. Herein, we report
for the first time two new representatives of 2 x 2 (110)-oriented

This journal is © The Royal Society of Chemistry 2023
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ACI layered HOIPs comprising MHy' and IM' cations, ie.,
IMMHyPbBr, (“IMPB”) and IMMHyPbCl, (“IMPC”). Using
multiple techniques we investigate the crystal structure and
phase transition mechanisms as well as the dielectric and
linear optical properties of these compounds.

Experimental
Synthetic procedures

PbBr, (98%, Sigma-Aldrich), PbCl, (98%, Sigma-Aldrich),
methylhydrazine (98%, Sigma-Aldrich), imidazole (99.5%,
Sigma-Aldrich), hydrochloric acid (37 wt % in H,0, POCH),
hydrobromic acid (48 wt% in H,O, Sigma-Aldrich), and N,N-
dimethylformamide (DMF, 99.8%, Sigma-Aldrich) were com-
mercially available and used without further purification. In
order to grow single crystals, HBr or HCl was added dropwise to
6 mmol of methylhydrazine and 5 mmol of imidazole until
pH = 7. Then 5 mmol of PbBr, or PbCl, was added, the mixture
was stirred at 30 °C and DMF was added until complete
dissolution of lead halide. The solution was left undisturbed
at RT. The plate-like crystals were harvested after 2 days,
separated from the mother liquid, and dried at RT. Their
powder X-ray diffraction patterns are in good agreement with
the calculated ones based on single-crystal diffraction data
(Fig. S1, ESIt), confirming the purity of the bulk sample.

Single-crystal X-ray diffraction (SCXRD)

SCXRD experiments were carried out using an Xcalibur four-
circle diffractometer (Oxford Diffraction) with an Atlas CCD
detector and graphite-monochromated Mo Ko radiation.
Absorption was corrected by multi-scan methods using CrysAlis
PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018). Empirical
absorption correction was applied using spherical harmonics,
implemented in the SCALE3 ABSPACK scaling algorithm. For
the RT phases of both compounds, H atom parameters were
constrained. All the crystal structures were solved in Olex2 1.5°°
using SHELXT"® and refined with SHELXL.?” Experiments were
performed at 358 K (390 K) for the HT phase (I) of IMPB (IMPC)
and at 295 K as well as 100 K for phase II of both compounds.
The main experimental and geometric details are summarized
in Tables S1-S4 (ESIf). The succinct structural details, ie.,
symmetry, unit cell parameters, and refinement factors, are
as follows.

IMMHyPbBr, (I, 358 K): monoclinic, P2/c, a = 6.0384(4) A,
b =13.970(1) A, ¢ = 8.5113(6) A, f§ = 92.06(1)°; V = 717.53(8) A,
Z=2,R; =0.04, wR, = 0.12, S = 1.02; (II, 295 K): monoclinic, P2,/c,
a =5.9753(7) A, b = 28.414(4) A, ¢ = 8.2762(12) A, f = 90.49(1)°;
V=1405.1(3) A%, Z = 4, R, = 0.06, WR, = 0.12, S = 1.09; (II, 100 K):
a =5.9431(2) A, b = 28.182(1) A, ¢ = 8.1723(4) A, § = 91.129(3)°;
V =1368.5(1) A% R, = 0.04, WR, = 0.09, S = 1.17.

IMMHyPbCl, (I, 390 K): monoclinic, P2/c, a = 5.7615(4) A,
b =13.725(1) A, ¢ = 8.1876(9) A, f = 90.47(1)°; V = 647.4(1) A%,
Z =2, Ry =0.05, WR, = 0.11, S = 1.04; (II, 295 K): monoclinic,
P2,/c, a = 5.7168(2) A, b = 27.883(1) A, ¢ = 8.0079(3) A,
B =90.132(3)°% V = 1276.45(8) A°, Z = 4, R, = 0.03, WR, = 0.06,

This journal is © The Royal Society of Chemistry 2023
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S =1.24; (II, 100 K): a = 5.6652(2) A, b = 27.388(2) A, ¢ = 7.9492(4) A,
B = 90.453(4)°; V = 1233.3(1) A°, R, = 0.03, wR, = 0.07, S = 1.16.

Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns of the ground crystals
were measured in the reflection modes using an X'Pert PRO
X-ray diffraction system equipped with a PIXcel ultrafast line
detector and Soller slits for CuKa, radiation (4 = 1.54056 A).

Differential scanning calorimetry (DSC)

Heat flow was measured using a Mettler Toledo DSC-1 calori-
meter with a high resolution of 0.4 uW. Nitrogen was used as a
purging gas, and the heating and cooling rate was 5 K min~".
The mass of the measured samples was 23.00 mg and 33.49 mg
for IMPB and IMPC, respectively. The excess heat capacity
associated with the phase transition was calculated by subtrac-
tion of the baseline from the data representing the system

variation in the absence of phase transitions.

Broadband dielectric spectroscopy (BDS)

Dielectric measurements of the examined samples were carried
out using a broadband impedance Novocontrol Alpha analyser.
Since the obtained single crystals were not large enough, we did
not perform single-crystal dielectric measurements. The pow-
der was pressed into cylindrical pellets of 5 mm in diameter
and about 0.5 mm in thickness. The silver paste was deposited
on the pellet surface to ensure good electrical contact.
A sinusoidal voltage with an amplitude of 1 V and a frequency
in the range of 1 Hz-1 MHz was applied across the sample. The
studies were performed in the temperature range of 150-400 K
for IMPB and 175-425 K for IMPC. The temperature was
stabilized using nitrogen gas using the Novocontrol Quattro
system.

Optical measurements

The RT diffuse reflectance spectra (DRS) of powdered samples
were obtained using the Varian Cary 5E UV-VIS-NIR spectro-
meter. Measurements of temperature-dependent PL were per-
formed with the Hamamatsu PMA-12 photonic multichannel
analyser combined with a BT-CCD sensor while the tempera-
ture was controlled using the Linkam THMS600 stage. As an
excitation source, the 266 nm laser beam was used.

Results and discussion
Thermal properties

The calorimetric measurements showed one reversible phase
transition (PT) at 344.5 K (356.9 K) and 375.4 K (383.3 K) visible
in the cooling (heating) mode for IMPB (Fig. 2(a)) and IMPC
(Fig. 2(b)), respectively. The symmetrical, sharp peaks seen in
AC, plotted as a function of temperature and the evident
thermal hysteresis between heating and cooling cycles indicate
the first-order type of PTs. This is also confirmed by the
accompanying discontinuous change in the entropy (AS)
(Fig. 2(a) and (b)). The changes of AS were estimated to be
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Fig. 2 Changes in heat capacity and entropy related to PT in the heating
(red) and cooling (blue) runs for (a) IMPB and (b) IMPC.

6.6 ] mol™* K (6.4 ] mol* K ) for IMPB (Fig. 2(a)) and
9.37 J mol ' K * (8.67 ] mol * K™ ') for IMPC (Fig. 2(b)). For an
order-disorder transition, AS = RIn(N), where R is the gas
constant and N is the ratio of the number of configurations
in the disordered and ordered phase. The estimated N is
2.20 and 3.09 for IMPB and IMPC, respectively. These values
imply an important contribution of order-disorder processes in
the mechanism of PT. The temperature of the PT and the
estimated entropy change are higher for the chloride analogue.

Crystal structure

Crystal structures of both IMPB and IMPC compounds repre-
sent the ACI family with IM" occupying the interlayer site and
MHy" placed at the intralayer site. The HT phases (I) are
isostructural, described in a monoclinic, centrosymmetric P2/c
space group, with the number of formula units per unit cell (2)
equal to 2. The crystal structure of I is presented in Fig. 3(a). The
inorganic layers adopt a corrugated 2 x 2 (110)-oriented arrange-
ment, composed of [PbXs],, octahedra (X = Br, Cl) sharing cis
ligands. The Pb-X distances are 2.898(1)-3.110(7) A and 2.755(4)-
2.99(4) A for IMPB and IMPC, respectively. Both organic cations
exhibit dynamic disorder. Consequently, there is no stable net-
work of hydrogen bonding interactions (HBs). Bearing in
mind that MHy' cations occupy the intralayer site, their
dynamics might initiate disorder of the linking halides, which
are split into two symmetrically equivalent positions with
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Fig. 3 Crystal structures of IMPB and IMPC in (a) HT phase | - P2/c and
(b) phase Il — P2;/c at 100 K. Dashed lines in (b) represent the inter-
molecular interactions: green for N—H---X and C-H---X HBs, and blue for
N-H---N HBs.

equal probability (Fig. S2a, ESI{). The organic components
have a slight impact on the geometry of single octahedra,
which is expressed in the octahedral distortion parameters
(calculated using Fleet’s approach)®® - bond length distortion
Ad = 83 x 10 (10.5 x 10~ *) and octahedral bond angle
variance ¢® = 13.7 deg® (15.1 deg?®) for IMPB (IMPC). These
values are typical for the family of mixed-amine (110)-oriented
lead halide 2D HOIPs (see Table S7, ESIt). The angular distor-
tion results in deviations of Pb-X-Pb angles from 180°, with the
largest deviation for the Pb-X-Pb angle with linking ‘X’ halogen
(O1ink) equal to 167° for both IMPB and IMPC. It is worth noting
that there is no octahedral tilting observed in this phase.

As the temperature decreases, both compounds undergo a
PT to a monoclinic and centrosymmetric phase of P2,/c sym-
metry (phase II, Fig. 3(b)). The I — II PT is associated with a
translational symmetry breaking and formation of the 25 super-
structure (Z raises to 4). Analysis of the DSC curves suggests a
change in the dynamics of the organic cations associated with
this PT. Indeed, in II all the IM* moieties are well-ordered and
anchored via N-H- - -X and C-H- - -X HBs (green dashed lines in
Fig. 3(b), for distances see Tables S5 and S6, ESIt). At RT, the
MHy" cations still exhibit a disorder which is, however, largely
reduced compared to the HT phase - the CH; and terminal
NH, groups are ordered, while the middle nitrogen is dynami-
cally split into three distinct sites with equal probability
(Fig. S2b, ESIT). Temperature decrease anchors one of the three
positions and at 100 K the structure is well-ordered. One should
also note that the creation of N-H---N HBs between IM" and
the terminal N atom of the MHy" (blue dashed lines in Fig. 3(b))
might stabilize terminal NH, of MHy" at RT. The N atoms of
MHy" take an active part in creating N-H---X HBs with the
neighbouring halide ligands, including the linking one.
The intermolecular forces mentioned above induce tilting of
the octahedral layers with 6y, = 158° and 153° for IMPB and
IMPC, respectively (Fig. S3, ESIT). Interestingly, the geometry of
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the single octahedra is not remarkably affected by the PT, as
expressed in Ad = 8.4 x 107* (20.1 x 10™*) and ¢* = 8.6 deg>
(17.3 deg®) for IMPB (IMPC).

As the lowering of the temperature leads to the change of
interatomic distances, both the distances between corres-
ponding Pb atoms of the neighbouring layers (djnr) and inside
the layers measured along the [001] direction (din«a) decrease
with temperature within phase II (Fig. S4, ESIf). With a
decrease of dina, increasing intermolecular forces between
the inorganic part and MHy" cations cause gradual ordering
of this organic moiety without a change in symmetry of the
crystals, eventually leading to the formation of a stable network
of N-H- - -X HBs (Fig. S2c, ESIt). Furthermore, with temperature
lowering greater octahedral distortions and enlarged octahe-
dral tilting are observed (Fig. S3, ESIt), with Ad, ¢* and Oy
equal to 13.5 x 10~ * (31.5 x 10~ %), 28.7 deg” (44.7 deg®) and
148° (143°) for IMPB (IMPC) at 100 K. The 0y;, angles of both
IMPB and IMPC are exceptionally low when compared to
analogues found in the literature (152°-180° for related com-
pounds, see Table S7, ESIT). In other words, the octahedral
tilting in the structures reported herein is significantly larger.
This anomaly is correlated with one of the lowest dj,, lengths
for MHy" as the intralayer cation (8.16 A (7.96 A) for IMPB
(IMPC) at 100 K versus 7.98-10.42 A for related compounds)
caused by strong intermolecular interactions, especially
N-H- - -X HBs. This effect is also observed in (N-MEDA)PbBr,
(N-MEDA = N-methylethane-1,2-diammonium)*® with compar-
able Oy = 152° and dipea = 8.39 A at 100 K, and in the
monoclinic phase of FA,PbBr, with din¢a = 7.98 A at 100 K.**
In terms of optoelectrical properties, massive octahedral tilting
may manifest itself in a propensity for increased energy band
gap and broader PL emission.>*®°

Dielectric studies

The structural dynamics were investigated via broadband
dielectric spectroscopy experiments. The temperature depen-
dence of the complex dielectric permittivity ¢* = ¢’ — i¢” of both
compounds depict distinct changes at a temperature that
corresponds to the PT confirmed by other experiments
(Fig. 4). The dielectric curves of both samples show similar
behaviour. Above 200 K, the observed strong frequency disper-
sion of &* is probably related to the induced ionic
conductivity.'®®"®* The occurrence of this process in the vici-
nity of the PT temperature (dashed lines in Fig. 4) obscures the
experimental response of structural changes, resulting in slight
changes observed in both real and imaginary dielectric permit-
tivity values. In the investigated frequency range, at low tem-
peratures, the anomalies indicate the occurrence of a single
dipolar relaxation process. Close inspection of the complex
dielectric permittivity data in the frequency domain confirms
that in the temperature range from 150 K (170 K) to 188 K
(230 K) for IMPB (IMPC), a well-defined single dipolar relaxa-
tion process appears (Fig. S5, ESIt). For both compounds, this
relaxation is visible as a gradual step-like change in the
frequency dependence of the dielectric permittivity ¢’ and a
bell-like peak in the loss spectra ¢’ (Fig. 5(a) and (b)). To
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Fig. 4 Temperature dependence of dielectric permittivity and dielectric
loss for (a) IMPB and (b) IMPC measured during cooling. The representa-
tive curves are plotted in frequency decay between 1 Hz and 1 MHz. The
dashed lines correspond to the structural PT temperature as measured by
DSC.

parameterize the characteristic dipolar relaxation times, the
data were fitted with the use of the single Havriliak-Negami
function.®® In order to understand the relaxation dynamics for
both compounds, we compared the temperature-dependent
behaviours of the dielectric relaxation times as a function of
1000/T (see Fig. 5(c)). In the investigated frequency range, the
Arrhenius behaviour of the thermally activated single dipolar
relaxation process for each sample can be recognized. The
estimated activation energy for this process equals 0.269 eV
and 0.326 eV, for IMPB and IMPC, respectively. The structural
data indicate that the dipolar relaxation may be associated with
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Fig. 5 Sample real and imaginary permittivity data fitted by means of the
Havriliak—Negami function for (a) IMPB and (b) IMPC, respectively.
(c) Relaxation map, i.e., In(tmax) as a function of 1000/T.
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the reorientational motion or angular jumps of the MHy"
cation. A higher (smaller) value of the activation energy for
IMPC (IMPB) is consistent with the presence of stronger
(weaker) HBs between MHy" and CI~ (Br~) (Tables S5 and S6,
ESIY), due to a smaller (larger) ionic size of CI~ (Br~) and thus a
smaller (larger) size of the interlayer voids occupied by MHy".
The obtained activation energy values are close to the
value obtained for MHy' rotations in the metal-formate
frameworks.®* This is also consistent with the suspicion that
the activation energy of the dipolar relaxation process is pro-
portional to the number of broken hydrogen bonds.*

Optical studies

The RT diffuse reflectance spectra (DRS) of IMPB and IMPC are
presented in Fig. S6a and b (ESIt). The bands at 391 nm (IMPB)
and 334 nm (IMPC) can be attributed to excitonic absorption.
Energy band gaps (E,) of both samples were determined with
the Kubelka-Munk®® relation after subtraction of the low
intensity peaks assigned to free excitons (FE), see Fig. S7a
and b (ESI{). Graphical estimations of E, were performed from
Tauc plots (Fig. S6a and b, ESIT) and are equal to 3.22 eV and
3.79 eV for IMPB and IMPC, respectively. The E, values are one
of the largest amidst ACI (110)-oriented perovskites, however,
they are similar to several single-amine examples (Table 1). The
optical properties of the (001)-oriented perovskites depend on
numerous factors, e.g., the interlayer distance, in-plane and
out-of-plane Pb-X-Pb angles, shifts between adjacent layers
and octahedral central ion displacement.*'***%%” In general,
shorter interlayer distances and smaller tilting of the PbXg
octahedra, indicate more reduced E,. However, the former
factor was found to be much more important.” In the (110)-
cut family, the distortion of the perovskite layers seems to exert

Table1l Relationship between selected geometric parameters and energy
band gap values of IMPB, IMPC and analogous examples of (110)-oriented
layered perovskites, all parameters are recorded at 295 + 5 K

Stokes
dinter  Eg  /Jem  shift

Compound Oink () (A) (ev) (nm) (nm) Ref.
IMTzPbBr4 171.41(2) 12.93* 2.82 647 236 36
TzGUAPDBTr, 180 14.00 2.88 701 304 46
APIPbBr, 162.68(4) 13.82 2.90 503 79 50
IMGUAPDBr, 180 13.00 2.94 563 168 46
AA,PbBr, 166.45(2) 12.69 3.03 628 251 36
EPZPbBr, 160.0(3) 12.51 3.12 596 ~215 39
MlaPbBr, 159.85(3) 10.68 3.13 — = — 49
IMPB 157.80(7) 14.21 3.22 569.4 178 This

work
APIPbCl, 167.70(9) 13.02 3.49 573 ~193 52
TMEDA, sDMAPbCl, 165.12(5) 13.12 3.50 447 72 45
IMPC 153.22(7) 13.94 3.79 586.6 252 This

work
3APRPbCl, 169.7(1) 10.88 3.85 617 282 53

Oiink — Pb-X-Pb angles for the linking ‘X’ halogen, dj,.r — distances
between corresponding Pb atoms of neighbouring layers, E, - energy
band gap, A., — wavelength of the maximum of emission band. * -
structure with 3 x 3 corrugation type of octahedral layers, distances
between the middle Pb atoms were taken into account. For the full
names of the organic cations see Table S7 (ESI).
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the predominant influence on the electro-optical properties,
being even more important as the distance between the layers.
In (110)-cut bromides and chlorides larger distortion (lower
Oiini) increases E, in most cases, as summarized in Table 1. For
instance, the non-distorted TZGUAPbBr, and IMGUAPbBr, with
Oiink = 180° possess significantly lower E, values than MlaPbBr,
and IMPB (Mla = melammonium), which demonstrate much
smaller or comparable interlayer distances but exhibit very
strong deformation of the perovskite layer.*®*>>® The greater
band gap of IMPC, when compared to IMPB, is associated with
the Br to ClI substitution effect, resulting in lower interatomic
distances and greater octahedral distortion. Analogous depen-
dence was also reported for the 3APRPbX, (3APR =
3-aminopyrrolidinium; X = I, Br, Cl) series and in mixed-
halide 3D HOIPs with MHy"."®%?

The PL spectra (ex. = 266 nm) of the investigated materials
show single bands (Fig. 6(a), (b), (d) and (e)) with the maximum
at dem = 569.4 nm (FWHM, 160 nm) and A, = 586.6 nm
(FWHM, 166 nm) for IMPB and IMPC, respectively, and the
Stokes shift equal to 178 nm (252 nm) for IMPB (IMPC). The
broadband emissions with large Stoke shifts are usually attrib-
uted to self-trapped excitons (STEx).?”°®”7? Stability of STEx
states increases with the enhancement of exciton-phonon
coupling, and numerous studies showed that the intensity of
STEx PL and Stokes shift increase with increasing distortion of
the inorganic layers (decreasing 6y;ni).>”°®”>7? Since the high
level of structural distortions is typical of (110)-oriented
perovskites,*>*®>®  these compounds often show STEx
related broadband emission, including the white-light
one,??1043:47:48,51,53,69 paple 1 shows that for many (110)-cut
bromides and chlorides, larger distortion leads to an increase
of Zem and Stokes shift. However, this trend is less regular than
in the case of E,.

In contrast to some (110)-oriented materials, IMPB and
IMPC do not exhibit PL bands associated with FE
recombination.’®>® Furthermore, the observed PL is strongly
temperature dependent (Fig. 6(a), (b), (d), (e) and Fig. S8, ESIY).
The luminescent intensity decays with increasing temperature;
the T, 5 parameters, which stand for the temperature at which
the PL intensity has decreased to half of its initial value, are
equal to 111 K (IMPB) and 127 K (IMPC) (Fig. S9, ESIt). To
acquire the activation energies of thermal quenching, the
Arrhenius equation was implemented:

)

1+ c-exp (;E;) M
b

I(T) =

where I, is the initial intensity of luminescence (80 K), I(7) is
the intensity at a given temperature 7, c is a constant value, E, is
the activation energy of thermal quenching, and k is Boltz-
mann’s constant. The calculated values of activation energy of
thermal quenching are equal to 123.2 meV and 306.3 meV, for
IMPB and IMPC, respectively (Fig. S10, ESIT).

The increase in temperature induces a change in the posi-
tion of the maximum emission intensity, which shifts toward
higher wavelength values (Fig. 6(b), (e), Fig. S8, ESIt). To
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demonstrate this feature, the CIE (Commission Internationale
de I’Echlairare) coordinates have been calculated (Fig. 6(c) and
(). The shift of emission is especially visible for the IMPB
sample, varying from warmer yellow (0.43, 0.49; 3666 K) at 80 K
to colder white (0.34, 0.37; 5226 K) at 200 K. Such a strong
dependence has not been observed for IMPC, where the
CIE coordinates change from (0.47, 0.48) to (0.46, 0.46) in the
80-200 K range.

Conclusions

Two newcomers to the small family of ACI 2D HOIPs
IMMHyPbBr, (IMPB) and IMMHyPbCl, (IMPC) have been
synthesized. Both IMPB and IMPC adopt uncommon alignment
of the perovskite layers, which may be treated as the (110)-cut
derivative of 3D structures (i.e., sharing cis ligands) with inter-
layer IM" and intralayer MHy" cations. HT phases are isostruc-
tural, of P2/c symmetry (I), exhibiting disorder of both organic
cations and linking halides. On cooling, both compounds
undergo a P2/c — P2,/c (II) symmetry breaking phase transition
to a new monoclinic superstructure (b’ = 2b) inducing the
tilting of inorganic layers, ordering IM' cations and partial
ordering of MHy'. On further cooling the MHy' moieties
stabilise their positions, eventually leading to structural align-
ment with record-breaking octahedral tilting (0} = 148° (143°)
for IMPB (IMPC) at 100 K) in the family of (110)-oriented lead
halide 2D HOIPs. The distortion of inorganic layers manifests
in the broad PL (FWHM = 160 nm (166 nm) with a maximum at

This journal is © The Royal Society of Chemistry 2023

569.4 nm (586.6 nm) for IMPB (IMPC) at 80 K) with huge Stokes
shifts (178 nm (252 nm) for IMPB (IMPC)), and one of the
largest energy band gaps (3.22 eV and 3.79 eV for IMPB and
IMPC, respectively) amongst (110)-oriented compounds. Linear
optical studies also demonstrate a change in the emission
colour in the temperature gradient, especially noticeable for
IMPB (yellow to white within the 80-200 K temperature range).
Dielectric studies revealed a single dipolar relaxation process in
the low temperature range from 150 K (170 K) up to 188 K
(230 K) for IMPB (IMPC), originating from the gradual posi-
tional ordering of the MHy" cation.

Former studies showed that the MHy" cation has the ability
to serve both as a ‘spacer’ (in (001) 2D perovskites*'**) and a
‘perovskitizer’ (in 3D analogues'®*®) cation. The present results
demonstrate a third feature of this cation, ie., it can also be
employed in the synthesis of ACI phases with MHy" at intra-
layer sites exhibiting a record-breaking large out-of-plane dis-
tortion of the inorganic layers. Our results also demonstrate for
the first time white-light emission in the ACI perovskite.
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In this work the crystal structure of the new hybrid organic-inorganic compound has been studied using
single-crystal X-ray diffraction (SCXRD). Methylhydrazinium lead iodide (MHyPbl3) crystallizes in mono-
clinic, centrosymmetric P2, /c space group with a = 4.5067(4) A, b = 19.1892(16) A, ¢ = 12.0029(12) A and
B = 98.178(8)°. The structure is built of edge-sharing [Pblg]*~ octahedra forming parallel double chains

along the [100] direction. MHy™" cations are placed between the chains. The motif is stabilized via two
kinds of N-H-..I hydrogen bonds. RT absorption studies reveal the excitonic absorption band at 413 nm
(3.00 eV). The estimated energy band gap value Eg is 3.11 eV (400 nm). At 367 K MHyPbl; transforms to
the new HT polymorph of P2;/m symmetry with a = 8.895(1) A, b = 18.185(1) A and ¢ = 13.197(1) A and
B = 99.10(1)°, that corresponds to the 2a monoclinic superstructure of the RT phase. The HT polymorph
is metastable and returns to the pristine RT phase after ca. 50 min at room temperature.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Recent years in materials science provided us with multiple
studies on the hybrid organic-inorganic compounds. Such approach
leads to employing new materials with fascinating and useful
properties, taking advantages from both inorganic and organic con-
stituents [1-5]. Among these compounds, hybrid organic-inorganic
three-dimensional perovskites (3D HOIPs) with general formula
ABX3 where “A” is an organic cation, “B” is metal ion and “X” can
be either organic or inorganic element/group are the object of in-
tense studies [6-11]. To this day, 3D HOIPs with relatively small
organic cations on “A” site, i.e.,, methylammonium (MA*, 217 pm)
and formamidinium (FA*, 253 pm), lead cation (rarely tin, germa-
nium) on “B” site and halide anion on “X” site proved to have fas-
cinating properties, e.g., power conversion efficiency crossing 25%
[12], high photoluminescence yields [13] and extraordinary mobil-
ity of charge carriers [14].

Very common way to explore new analogues of 3D HOIPs is
through replacing organic cation on “A” site with e.g., hydrazinium
(Hy*, 217 pm) [15], imidazolium (IMI*, 258 pm) [16] and dimethy-
lammonium (DMA*, 272 pm) [17-19]. However, one should note
that the geometrical limitations (Goldschmidt Tolerance Factor,
typically for perovskites TF = 0.8-1.0 [20]) and strong tendency to
degradation limit the possibilities of such modification [21]. One

* Corresponding author at: Institute of Low Temperature and Structure Research,
Polish Academy of Sciences, Okdlna str. 2, 50-422 Wroctaw, Poland.
E-mail address: d.drozdowski@intibs.pl (D. Drozdowski).

https://doi.org/10.1016/j.molstruc.2021.131660
0022-2860/© 2021 Elsevier B.V. All rights reserved.

of the most popular strategies for enhancing stability of HOIPs at
ambient conditions is via dimensionality reduction [22]. Indeed,
our group has recently reported two-dimensional hybrid com-
pounds comprising methylhydrazinium cation (MHy*, 264 pm),
i.e, MHy,Pbl, and MHy,PbBr, in which lead iodide or lead bro-
mide layers are separated by MHy™ cations [23,24]. We have also
reported 3D lead halide HOIPs - MHyPbBr3 [25] and MHyPbCl;
[26]. Furthermore, using mixed-halide approach, MHyPbBrxCls_y
crystals with 3D network were successfully synthesized [27].

Nevertheless, 3D HOIP with MHy™" cation containing iodine,
i.e,, MHyPbl3 has not been obtained yet, despite more suitable TF
value (1.01) comparing to other halides - 1.03 (1.05) for MHyPbBr3
(MHyPbCl3). The anti-solvent crystallization conducted towards 3D
MHyPbI; leads only to yellow needle-like crystals with 1D inor-
ganic substructure. The same phase forms also as a main prod-
uct of the MHyPbBr«I3_x 3D HOIPs synthesis. Thus, the aim of this
study is to describe in detail the synthesis and crystal structure of
MHyPbl; needle-like phase based on single-crystal X-ray diffrac-
tion (SCXRD). Raman and powder X-ray diffraction (PXRD) experi-
ments were made in order to examine purity of the bulk sample.
DSC and high-temperature powder diffraction were used to exam-
ine phase transitions. We also apply RT absorption spectra mea-
surements in order to investigate the optical properties and to cal-
culate the energy band gap (Eg) value.
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Fig. 1. Photograph of MHyPbl; needle-like phase on graph paper.

1.1. Experimental methods

Materials. Pbl, (98%, Sigma-Aldrich), hydroiodic acid (57 wt%
in H,0, Sigma-Aldrich), methylhydrazine (98%, Sigma-Aldrich), and
methyl acetate (99.5%, Sigma-Aldrich) were commercially available
and used without further purification.

Synthesis. Crystals of MHyPbl; were grown using antisolvent
crystallization. Hydroiodic acid was added dropwise under contin-
uous stirring to mixture containing 10 mmol of Pbl, and 10 mmol
of methylhydrazine until complete dissolution of the mixture. The
clear solution was transferred into glass vial and this vial was
placed in a second, larger vial containing methyl acetate. The lid of
the outer vial was thoroughly sealed, whereas the lid of the inner
vial was loosened in order to allow diffusion of methyl acetate into
the precursor solution. Yellow needle-like crystals (Fig. 1) with the
length of 5-25 mm and diameter of 0.1-0.5 mm were harvested
after 2-3 days, filtered from a mother liquid, and dried at RT. Anal-
ogously, single crystals of MHyPbBrxl;_, were grown with the use
of antisolvent crystallization. In this case the precursor contained
10 mmol mixture of PbBr, and Pbl, in different ratio to a solu-
tion containing 10 mmol of methylhydrazine dissolved in 5 mL of
HBr and HI (volumetric ratio adequate to the ratio of lead halides).
After 5 min of continuous stirring at RT, the precursor solution
became clear. For the iodine rich lead halide mixtures only yel-
low needle-like crystals have grown. SCXRD measurements proved
the same crystal structure as 1D MHyPbl; (see Results and Discus-
sion section) but with mixed occupancy of Br and I on halide sites.
When increasing bromine contribution, additional phase of orange
plates appears, associated with MHyPbBrxI3_, 3D perovskites [27].

Raman spectra were measured using Bruker FT MultiRam spec-
trometer with the YAG:Nd laser excitation (1064 nm) and were
recorded with a spectral resolution of 2 cm~1.
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Fig. 2. Room temperature Raman spectra of MHyPbl; measured in the 3600-
50 cm~! wavenumber range.

Powder XRD (PXRD) pattern was obtained on an X'Pert PRO
X-ray diffraction system equipped with a PIXcel ultrafast line de-
tector. The powder was measured in the reflection mode, using
CuKo radiation. High temperature (HT) experiments were per-
formed with Anton Paar Oven Chamber.

Single-crystal X-ray diffraction (SCXRD) experiments were car-
ried out with MoK« radiation using an Xcalibur, Atlas diffrac-
tometer. Absorption was corrected for by multi-scan methods,
CrysAlis PRO 1.171.39.46 (Rigaku Oxford Diffraction, 2018). The
room-temperature crystal structure was solved in Olex2 1.3 using
SHELXT-2014/4 [28] and refined with SHELXL-2018/3 [29]. Empiri-
cal absorption correction using spherical harmonics, implemented
in SCALE3 ABSPACK scaling algorithm was applied. H atom param-
eters were constrained. The HT data collection of the diffraction
intensities was infeasible, due to the sample decomposition above
360 K.

RT absorption spectra was measured using the Varian Cary 5E
UV-Vis-NIR spectrophotometer.

DSC measurements were performed using a Mettler Toledo
DSC-1 calorimeter with a high resolution of 0.4 wW. Nitrogen was
used as a purging gas, and the heating and cooling rates were
5 K/min.

2. Results and discussion

Initial characterization of the MHyPbl; needle phase using Ra-
man spectroscopy reveals the existence of characteristic bands
(Fig. 2) reported before for MHyPbBr3 [25]. These bands are as-
sociated with vibrations of MHy* cation, i.e., scissoring (§) and
twisting (t) of NH, group, scissoring (8) and rocking (o) of CHs
group and symmetric (vs) and antisymmetric (vs) stretching of
CNN group. In addition, several sharp bands below 200 cm~! are
observed, associated with lattice vibrations. However, the shape of
these bands differs from that recorded in MAPbI3, in which a broad
band at low frequencies is present, due to highly dynamic nature
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Table 1

Selected experimental details of MHyPbl; (M; = 634.98, Z = 4).
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Crystal data

Crystal system, space group
Temperature (K)

a, b, c (A)

B ()

V (A3)

V4

@ (mmT)

Crystal size (mm)

Data collection

Tmin- Tmax

No. of measured, independent and
observed [I > 20(I)] reflections
Rint R

(sin 0/A)max (A1)

Refinement

R[F? > 20(F?)], wR(F?), S

No. of reflections

No. of parameters

No. of restraints

Apmax- A)Omin (e Ai})

Table 2
Selected geometric parameters (A, ©).
Pb1-I1i 32892 (10) Pbi-I2 3.1770 (9)
— Pb1-11 34383 (9)  Pbi-I2ii 3.1615 (10)
g’;‘;“oc"“‘c' P2fc Pb1-11i 32924 (10)  Pbi-I3 3.0709 (9)
Hi-Pb1-11  86.46 (2) 13-Pb1-11i 90.00 (2)
4.5067 (4), 19.1892 (16), 12.0029 (12) i-Pb1-11 93.02 (2) 13-Pb1-I1ii 91.92 (2)
98.178 (8) [i-Pb1-1i  86.43 (2) 13-Pb1-I2ii  91.18 (2)
1027.45 (17) 12ii-pp1-11i  91.57 (2) 13-Pb1-12 89.18 (2)
4 2-Pb1-I1 9135 (2) Pb1i-[1-Pb1ii  86.43 (2)
25.36 2iii-Pb1-11 85.74 (2) Pb1i-[11-Pb1 93.54 (2)
0.22 x 0.04 x 0.03 12-Pb1-11 92.56 (2) Pb1i-11-Pb1  86.98 (2)
12i-Pb1-12  90.63 (3) Pb1V-12-Pb1  90.63 (3)

0.599, 1.000

3599, 2051, 1557

0.031
0.625

0.042, 0.055, 0.98
2051

67

1

1.52 - 1.03

Symmetry codes: (i) -Xx + 1, -y + 1, -z + 1; (ii) -x, -y + 1, -z + 1;
(iii) x-1,y, z; (iv)x + 1, y, z.

Fig. 3. (a) MHyPbI; crystal structure in central projection. (b) Main constituents
of the structure: [Pblg]*~ edge-sharing octahedra and MHy* cation. (c) Octahedra
forming double chains propagating along [100] direction.

of MA* cation in RT phase [30]. This suggests that MHy™* cation
is ordered in the structure of MHyPbl; and does not exhibit any
significant thermally induced motions.

According to SCXRD studies (main experimental details in
Table 1), MHyPbl; crystallizes in monoclinic, centrosymmet-
ric P24/c space group (a = 4.5067(4) A, b = 19.1892(16) A,
c = 12.0029(12) A and B = 98.178(8)°). The motif (Fig. 3a) is com-
posed of parallel double chains of edge-sharing [Pblg]*~ octahe-
dra propagating along the [100] direction with the MHy™ cations
placed in between (Fig. 3b, c). In the octahedra, iodine atoms are in
three inequivalent positions and thus, Pb - I bond lengths are not
equal and spread in the range of 3.0709(9)-3.4383(9) A (Table 2).
Also, the I - Pb - I angles slightly differ from 90°. In order to

Fig. 4. The intermolecular interactions between the [Pblg]*~ octahedra and
MHy*cations - hydrogen bonds (red dashed lines) and weaker contacts (black dot-
ted lines).

evaluate the degree of distortion, the octahedra angle variance (o2)
parameter was calculated using Fleet’s approach [31]. The o2 is
equal to 6.32 deg? and it is significantly lower in comparison to
3D perovskites comprising MHy*, i.e., 14 deg? and 301 deg? for
MHyPbBr; [25], and 21 deg? and 314 deg? for MHyPbCl; [26], and
slightly lower than in 2D analogue - MHy,Pbl, (11.87 deg? for
more distorted octahedra) [23]. Therefore, low o2 value indicates
that in 1D MHyPbl; the [Pblg]*~ units are less distorted and the
cations does not affect remarkably the symmetry of the octahedra.

The MHy*™ amines interact with inorganic chains through
hydrogen-bond interactions. Such interaction can be expressed
through the N1-H1A...I3 and N2-H2B...I3! (i: x-1, -y+3/2, z+1/2)
hydrogen bonds (HBs, red dashed lines in Fig. 4, geometric pa-
rameters in Table 3) with H...A (D...A) distances of 2.96 (3.56) A
and 3.04 (3.48) A, respectively. Apart from hydrogen bonding, the
weaker contacts with H-.-A (D...A) distances below 3.28 (4.25) A
(black dotted lines in Fig. 4) between N1-H1A...13!, N1-H1B...I3!i
and N2-H2A...1110 (i: -x+1, y, z, ii: X, -y+3/2, z+1/2, iii: -X, -y+1,
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Fig 5. Powder X-ray diffraction (PXRD) patterns of MHyPbl; at room temperature

of (a) virgin sample and (b) sample heated for 2 h in 373 K and measured after
24 h.

Table 3

Selected hydrogen bonds parameters (A, ©).
D-H...A D-H(A) H.-A(A) D-.A(A)
N1-H1A...I3 0.89 2.964 3.565 (9)
N2-H2B...I3"  0.86 3.037 3.483 (10)

Symmetry codes: (i) x-1, -y + 3/2, z + 1/2.
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Fig. 6. (a) RT diffuse absorption spectra of MHyPbl; and (b) graphical presentation
of the Kubelka-Munk function.

-z+1) cannot be omitted. All the above interactions stabilize the
crystal structure. The number of interactions that may be classified
as HBs is lower in the chain-structure of MHyPbl; compared to the
RT phase of layered MHy,Pbl, Also, the strength of these interac-
tions is lower. In the former material the H...A (D-.-A) distances
are of 2.17-2.82 (3.04-3.62) A. Therefore, lowering of dimensional-
ity in the hybrid compounds with MHy™ cation weakens the inter-
atomic forces between organic and inorganic constituents.

Similar crystal packing to MHyPbl3 has been reported by Camp-
bell et al. for hydrazinium lead iodide (HyPbls) [32]. Contrarily
to the structure reported herein, a-HyPblz phase is orthorhombic
with Pb - I distances of 3.025(3) - 3.3983(13) A. Higher symmetry
and slightly shorter Pb - I bond lengths can be explained by the
difference in the intermolecular interactions between organic and
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inorganic moieties. The determining factors are the size of cations
and the distribution of the proton donor centres in the structure.
Both amines differ in radius and geometry - the radius of Hy™*
cation (217 pm) is smaller, comparing to MHy* (264 pm). Addi-
tionally, the methyl group of MHy" is a steric hindrance that pre-
vents the rotations of the whole amine along the NH,-NH, bond,
which is not the case of Hy*. The latter amine may easily rotate
and thus, change the direction of possible N-H-..I HBs. This dy-
namic disorder results in the disorder of iodine atoms that inter-
act with amines, while in MHyPbI; all atoms are ordered. Other
analogous crystal structures were reported for MAPbI;-DMF [33],
(NH4)PbI3 [34] and (CGH]ONz)[PbI4]-2H20 [35]

The diffuse absorption of MHyPbl; was measured at RT with
the use of powdered material. A good match of PXRD pattern
(Fig. 5a) with the calculated model based on SXCRD measurements
confirms the phase purity of the bulk sample. The differences be-

tween measured and calculated intensities, especially between 20°
and 30° of 26 diffraction angle arise from the preferred orientation
effects. The absorption spectra are presented in Fig. 6a. As can be
seen, the band representing the excitonic absorption is observed at
413 nm (3.00 eV). The absorption spectra were also used together
with Kubelka-Munk relation to estimate the Eg value of the stud-
ied crystal (Fig. 6b). By plotting [F(R)-hv]? versus hv, the estimated
Eg = 3.11 eV (400 nm). This value is larger than for MHy,Pbl -
2.20 eV (564 nm) [23] and for other hybrid lead iodide compounds
- 2.70 eV (459 nm) for HyPbl; [32] and 1.55 eV (800 nm) for the
3D perovskite MAPbI3 [36].

In order to study thermal behavior of MHyPbls, the DSC mea-
surements were performed. The obtained traces (Fig. 7a) show
presence of a heat anomaly at 367 K upon heating with no ad-
equate signal in the cooling mode. Besides, heat anomalies at
277 (269) K on heating (cooling) were observed exclusively for
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Unit cell at:
— 205 K
— 363 K

a)

elongation

contraction

Fig 8. The structure transformations observed after the HT phase transition. View
along (a) a axis and (b) b axis.

the samples heated above 367 K and then immediately cooled.
The virgin sample (i.e., before the heat treatment), does not show
any anomalies down to 150 K. Additionally, the low-temperature
anomalies that are present for the immediately cooled sample do
not appear after slow cooling. These observations point to the
presence of a metastable phase that appears above T, = 367 K
and has its own, new sequence of phase-transitions (the low-
temperature anomalies). This metastable phase transforms into ini-
tial, RT phase of the virgin crystal. To study in detail the tem-
perature induced processes in MHyPbl; we performed HT-PXRD
measurements. The results are presented in Fig. 7b-c. Above T,
at 367 K the crystal structure transforms to the new HT poly-
morph. The diffraction patterns of this new phase may be indexed
in a monoclinic P2;/m symmetry and lattice parameters are equal
to a = 8.895(1) A, b = 18.185(1) A and ¢ = 13.197(1) A with
B = 99.10(1)°, that corresponds to the 2a monoclinic superstruc-
ture of the RT phase. The Le Bail refinement of the profile (Fig. 7d)
confirms a good match of the observed and calculated patterns in
the chosen metrics and symmetry. It is worth noting that P2;/m
symmetry is a maximal non-isomorphic supergroup of P2;/c for
a’'=2a [37].

Doubling of the a-lattice parameter occurs without a funda-
mental change in the interatomic distances compared to the pris-
tine phase (a small contraction of ca. 1.31% is observed). Bearing in
mind that the a direction is the chains’ propagation direction, we
may suppose that the octahedral geometry of basic [Pblg]*~ units
and the geometry of the chains change marginally. The foremost
differences between the room temperature and HT phase are ev-
ident between the chains, as the b axis elongation by ca. 5.23%
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and the c axis contraction by ca. 9.89% results from the rearrange-
ments of the chains’ positions. Fig. 8 illustrates possible changes of
the inorganic part of the structure at HT. The rearrangement of the
structure most probably occurs in response to enhanced dynamics
of the MHy™ cations in HT phase.

One should note that the powder pattern confirming PT (blue
trace in Fig. 7b) is recorded at lower temperature (363 K) than the
PT temperature obtained from the DSC (367 K) measurements. This
difference is caused by the fact that the sample measured by PXRD
was heated directly from RT, while in DSC the heating run was pre-
ceded by cooling from RT. When the heating run in DSC measure-
ments is performed without preceding cooling (Fig. S1 in the Sup-
plementary materials), the PT temperature decreases to ~357 K,
which lies in agreement with the PXRD experiments.

The restoration of the RT phase was also tracked by the PXRD
experiments. It was recorded that the first traces of the virgin
phase appear 20 min after cooling. The structure restores com-
pletely approx. 50 min after cooling. In between, the two-phase
system is present. It is worth noting that after returning to the
room temperature phase the PXRD pattern (Fig. 5b) fits much bet-
ter to the calculated intensities generated from the model of the
structure. This is because the high temperature transformation dis-
turbs the preferred crystallite alignment observed for the thermally
untreated material.

3. Conclusions

We report synthesis of the new hybrid organic-inorganic com-
pound. MHyPbl; crystallizes in monoclinic, centrosymmetric P24 /c
space group and consists of edge-sharing [Pblg]*~ octahedra form-
ing parallel double chains along the [100] direction with MHy™
cations placed in between. The motif is stabilized via N-H...I hy-
drogen bonds. Thermal behavior studies reveal a metastable phase
of MHyPbl; above T. = 367 K with its own, new sequence of
phase-transitions, i.e., low-temperature anomalies at 277 (269) K
upon heating (cooling). The metastable HT polymorph adopts mon-
oclinic 2a superstructure of P2;/m space group which totally re-
turns to the pristine RT phase after approx. 50 min. Unlike the
perovskite counterparts with MHy*, MHyPbl; chain phase does not
show photoluminescence activity neither at RT nor 77 K. The en-
ergy band gap value is equal to 3.11 eV. Since the reported phase
is the main (or the only) product of the methylhydrazinium lead
iodide 3D perovskites synthesis, it is crucial to understand the na-
ture of the thermodynamically preferred alignments in the contin-
ual searches for the new hybrid organic-inorganic perovskite ana-
logues.
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Crystallographic Information File (CIF), SCXRD experimental
conditions and final refinement parameters of the structure at
295 K can be obtained from Cambridge Structural Database (CCDC,
no. 2079119). Supplementary material associated with this arti-
cle containing the additional DSC measurements and DTA plot of
the reported compound can be found, in the online version, at
doi:10.1016/j.molstruc.2021.131660.

References

[1] A.CS. Alcantara, M. Darder, P. Aranda, E. Ruiz-Hitzky, Zein-fibrous clays bio-
hybrid materials, Eur. J. Inorg. Chem. 2012 (2012) 5216-5224, doi:10.1002/ejic.
201200582.

[2] L. Nicole, C. Laberty-Robert, L. Rozes, C. Sanchez, Hybrid materials science:
a promised land for the integrative design of multifunctional materials,
Nanoscale 6 (2014) 6267-6292, doi:10.1039/c4nr01788a.

[3] M.W.A. MacLean, L.M. Reid, X. Wu, C.M. Crudden, Chirality in ordered porous

organosilica hybrid materials, Chem. An Asian J. 10 (2015) 70-82, doi:10.1002/

asia.201402682.

D.B. Mitzi, C.A. Feild, Z. Schlesinger, R.B. Laibowitz, Transport, optical, and mag-

netic properties of the conducting halide perovskite CH3NH;Snl3, J. Solid State

Chem. 114 (1995) 159-163, doi:10.1006/jssc.1995.1023.

A. Mller-Schiffmann, H. Sticht, C. Korth, Hybrid compounds: from sim-

ple combinations to nanomachines, BioDrugs 26 (2012) 21-31, doi:10.2165/

11597630-000000000-00000.

B. Saparov, D.B. Mitzi, Organic-inorganic perovskites: structural versatility for

functional materials design, Chem. Rev. 116 (2016) 4558-4596, doi:10.1021/acs.

chemrev.5b00715.

A. Poglitsch, D. Weber, Dynamic disorder in methylammoniumtrihalogeno-

plumbates (II) observed by millimeter-wave spectroscopy, J. Chem. Phys. 87

(1987) 6373-6378, doi:10.1063/1.453467.

E. Sletten, L.H. Jensen, The crystal structure of dimethylammonium copper(II)

formate, NH,(CH;),[Cu(OOCH)3], Acta Crystallogr. Sect. B Struct. Crystallogr.

Cryst. Chem. 29 (1973) 1752-1756, doi:10.1107/s0567740873005480.

M.L. Tong, J. Ry, YM. Wu, X.M. Chen, H.C. Chang, K. Mochizuki, S.

Kitagawa, Cation-templated construction of three-dimensional «-Po cubic-

type [M(dca)3]- networks. Syntheses, structures and magnetic properties

of A[M(dca)3] (dca = dicyanamide; for A = benzyltributylammonium,

M = Mn2+, Co2+; for A = benzyltriethylammonium, M = Mn2, New ]. Chem.

27 (2003) 779-782. doi:10.1039/b300760j.

[10] X.H. Zhao, X.C. Huang, S.L. Zhang, D. Shao, H.Y. Wei, X.Y. Wang, Cation-
dependent magnetic ordering and room-temperature bistability in azido-
bridged perovskite-type compounds, J. Am. Chem. Soc. 135 (2013) 16006-
16009, doi:10.1021/ja407654n.

[11] W. Li, Z. Wang, F. Deschler, S. Gao, RH. Friend, A.K. Cheetham, Chemically
diverse and multifunctional hybrid organic-inorganic perovskites, Nat. Rev.
Mater. 2 (2017) 16099, doi:10.1038/natrevmats.2016.99.

[12] R. Lin, K. Xiao, Z. Qin, Q. Han, C. Zhang, M. Wei, M.I. Saidaminov, Y. Gao,
J. Xu, M. Xiao, A. Li, J. Zhu, E.H. Sargent, H. Tan, Monolithic all-perovskite
tandem solar cells with 24.8% efficiency exploiting comproportionation to
suppress Sn(ii) oxidation in precursor ink, Nat. Energy. 4 (2019) 864-873,
doi:10.1038/s41560-019-0466-3.

[13] H. Mehdi, A. Mhamdi, R. Hannachi, A. Bouazizi, MAPbBr; perovskite solar
cells: via a two-step deposition process, RSC Adv. 9 (2019) 12906-12912,
doi:10.1039/c9ra02036e.

[14] S.D. Stranks, G.E. Eperon, G. Grancini, C. Menelaou, M.J.P. Alcocer, T. Leijtens,
L.M. Herz, A. Petrozza, H.J. Snaith, Electron-hole diffusion lengths exceeding 1
micrometer in an organometal trihalide perovskite absorber, Science 342 (80)
(2013) 341-344, doi:10.1126/science.1243982.

[15] A.E. Akbulatov, L.A. Frolova, D.V. Anokhin, K.L. Gerasimov, N.N. Dremova,
PA. Troshin, Hydrazinium-loaded perovskite solar cells with enhanced perfor-
mance and stability, . Mater. Chem. A. 4 (2016) 18378-18382, doi:10.1039/
c6ta08215g.

[16] A. Gabriel Tomulescu, L. Nicoleta Leonat, F. Neatu, V. Stancu, V. Toma, S. Der-
bali, Stefan Neatu, A. Mihai Rostas, C. Besleaga, R. Patru, I. Pintilie, M. Florea,
Enhancing stability of hybrid perovskite solar cells by imidazolium incorpora-
tion, Sol. Energy Mater. Sol. Cells 227 (2021) 111096, doi:10.1016/j.solmat.2021.
111096.

[4

[5

(6

[7

[8

[9

Journal of Molecular Structure 1249 (2022) 131660

[17] Y. Pei, Y. Liu, E Li, S. Bai, X. Jian, M. Liu, Unveiling property of hydrolysis-
derived DMAPDI; for perovskite devices: composition engineering, defect mit-
igation, and stability optimization, IScience 15 (2019) 165-172, doi:10.1016/j.
isci.2019.04.024.

[18] M. Simenas, S. Balciunas, J.N. Wilson, S. Svirskas, M. Kinka, A. Garbaras,
V. Kalendra, A. Gagor, D. Szewczyk, A. Sieradzki, M. Maczka, V. Samulionis,
A. Walsh, R. Grigalaitis, ]. Banys, Suppression of phase transitions and glass
phase signatures in mixed cation halide perovskites, Nat. Commun. 11 (2020)
1-9, doi:10.1038/s41467-020-18938-z.

[19] C. Anelli, M.R. Chierotti, S. Bordignon, P. Quadrelli, D. Marongiu, G. Bongio-
vanni, L. Malavasi, Investigation of dimethylammonium solubility in MAPbBr;
Hybrid perovskite: synthesis, crystal structure, and optical properties, Inorg.
Chem. 58 (2019) 944-949, doi:10.1021/acs.inorgchem.8b03072.

[20] D.B. Mitzi, Synthesis, Structure, and Properties of Organic-Inorganic Perovskites
and Related Materials, Progress in Inorganic Chemistry, 48, 1999, pp. 1-121,
doi:10.1002/9780470166499.ch1.

[21] L. Chouhan, S. Ghimire, V. Biju, Blinking beats bleaching: the control of super-
oxide generation by photo-ionized perovskite nanocrystals, Angew. Chem. 131
(2019) 4929-4933, doi:10.1002/ange.201900061.

[22] C. Huo, B. Cai, Z. Yuan, B. Ma, H. Zeng, Two-dimensional metal halide
perovskites: theory, synthesis, and optoelectronics, Small Methods 1 (2017)
1600018, doi:10.1002/smtd.201600018.

[23] M. Maczka, M. Ptak, A. Gagor, D. Stefanska, A. Sieradzki, Layered lead iodide of
[Methylhydrazinium],Pbl, with a reduced band gap: thermochromic lumines-
cence and switchable dielectric properties triggered by structural phase transi-
tions, Chem. Mater. 31 (2019) 8563-8575, doi:10.1021/acs.chemmater.9b03775.

[24] M. Maczka, J.K. Zareba, A. Gagor, D. Stefafiska, M. Ptak, K. Roleder, D. Kajewski,
A. Soszynski, K. Fedoruk, A. Sieradzki, [Methylhydrazinium],PbBry, a ferroelec-
tric hybrid organic-inorganic perovskite with multiple nonlinear optical out-
puts, Chem. Mater. 33 (2021) 2331-2342, doi:10.1021/acs.chemmater.0c04440.

[25] M. Maczka, M. Ptak, A. Gagor, D. Stefafiska, J.K. Zareba, A. Sieradzki, Methyl-
hydrazinium lead bromide: noncentrosymmetric three-dimensional perovskite
with exceptionally large framework distortion and green photoluminescence,
Chem. Mater. 32 (2020) 1667-1673, doi:10.1021/acs.chemmater.9b05273.

[26] M. Maczka, A. Gagor, JK. Zareba, D. Stefanska, M. Drozd, S. Balciunas,
M. Siménas, J. Banys, A. Sieradzki, Three-dimensional perovskite methylhy-
drazinium lead chloride with two polar phases and unusual second-harmonic
generation bistability above room temperature, Chem. Mater. 32 (2020) 4072-
4082, doi:10.1021/acs.chemmater.0c00973.

[27] D. Drozdowski, A. Gagor, D. Stefafnska, J.K. Zareba, K. Fedoruk, M. Maczka, A.
Sieradzki, To be published - mixing halides in 3D methylhydrazinium lead
halide perovskites: structural changes and effects on dielectric, linear and non-
linear optical properties entailed by the halide tuning, 2021.

[28] G.M. Sheldrick, SHELXT - integrated space-group and crystal-structure deter-
mination, Acta Crystallogr. Sect. A Found. Adv. 71 (2015) 3-8, doi:10.1107/
$2053273314026370.

[29] G.M. Sheldrick, Crystal structure refinement with SHELXL, Acta Crystallogr.
Sect. C Struct. Chem. 71 (2015) 3-8, doi:10.1107/S2053229614024218.

[30] P. Pistor, A. Ruiz, A. Cabot, V. Izquierdo-Roca, Advanced Raman spectroscopy of
methylammonium lead iodide: development of a non-destructive characterisa-
tion methodology, Nat. Publ. Gr. (2016), doi:10.1038/srep35973.

[31] M.E. Fleet, Distortion parameters for coordination polyhedra, Mineral. Mag. 40
(1976) 531-533, doi:10.1180/minmag.1976.040.313.18.

[32] E.V. Campbell, B. Dick, A.L. Rheingold, C. Zhang, X. Liu, Z.V. Vardeny, ].S. Miller,
Structures of a complex hydrazinium Lead lodide, (N;Hs)sPbsly;, Possessing
[Pb,1g]°~, [PbI6]*~, and I— Ions and «- and B-(N,Hs)Pbl3, Chem. A Eur. J. 24
(2018) 222-229, doi:10.1002/chem.201704356.

[33] E Hao, C.C. Stoumpos, Z. Liu, RPH. Chang, M.G. Kanatzidis, Controllable per-
ovskite crystallization at a gas-solid interface for hole conductor-free solar cells
with steady power conversion efficiency over 10%, J. Am. Chem. Soc. 136 (2014)
16411-16419, doi:10.1021/ja509245x.

[34] L.Q. Fan, J.H. Wu, NH4Pbls, Acta Crystallogr. Sect. E Struct. 63 (2007) Reports
Online 1189-i189, doi:10.1107/S1600536807050581.

[35] A. Lemmerer, D.G. Billing, Two packing motifs based upon chains of edge-
sharing Pblg octahedra, Acta Crystallogr. Sect. C Cryst. Struct. Commun. 62
(2006) m597-m601, doi:10.1107/S0108270106039746.

[36] F. Hao, C.C. Stoumpos, R.PH. Chang, M.G. Kanatzidis, Anomalous band gap be-
havior in mixed Sn and Pb perovskites enables broadening of absorption spec-
trum in solar cells, J. Am. Chem. Soc. 136 (2014) 8094-8099, doi:10.1021/
jas5033259.

[37] T. Hahn, International Tables for Crystallography Volume A: Space-Group Sym-
metry, Fifth, Springer, 2005, doi:10.1107/97809553602060000100.


https://doi.org/10.1016/j.molstruc.2021.131660
https://doi.org/10.1002/ejic.201200582
https://doi.org/10.1039/c4nr01788a
https://doi.org/10.1002/asia.201402682
https://doi.org/10.1006/jssc.1995.1023
https://doi.org/10.2165/11597630-000000000-00000
https://doi.org/10.1021/acs.chemrev.5b00715
https://doi.org/10.1063/1.453467
https://doi.org/10.1107/s0567740873005480
https://doi.org/10.1039/b300760j
https://doi.org/10.1021/ja407654n
https://doi.org/10.1038/natrevmats.2016.99
https://doi.org/10.1038/s41560-019-0466-3
https://doi.org/10.1039/c9ra02036e
https://doi.org/10.1126/science.1243982
https://doi.org/10.1039/c6ta08215g
https://doi.org/10.1016/j.solmat.2021.111096
https://doi.org/10.1016/j.isci.2019.04.024
https://doi.org/10.1038/s41467-020-18938-z
https://doi.org/10.1021/acs.inorgchem.8b03072
https://doi.org/10.1002/9780470166499.ch1
https://doi.org/10.1002/ange.201900061
https://doi.org/10.1002/smtd.201600018
https://doi.org/10.1021/acs.chemmater.9b03775
https://doi.org/10.1021/acs.chemmater.0c04440
https://doi.org/10.1021/acs.chemmater.9b05273
https://doi.org/10.1021/acs.chemmater.0c00973
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1038/srep35973
https://doi.org/10.1180/minmag.1976.040.313.18
https://doi.org/10.1002/chem.201704356
https://doi.org/10.1021/ja509245x
https://doi.org/10.1107/S1600536807050581
https://doi.org/10.1107/S0108270106039746
https://doi.org/10.1021/ja5033259
https://doi.org/10.1107/97809553602060000100

INORGANIC CHEMISTRY CHEMICAL : ROYAL SOCIET

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Zero-dimensional mixed-cation hybrid lead

. ‘W) Check for updates
halides with broadband emissions+

Cite this: /norg. Chem. Front., 2023,
10, 7222 . ]
* Dawid Drozdowski,

Mirostaw Maczka, Dagmara Stefanska ‘' and Anna Gagor
Zero-dimensional (0D) metal halides have received significant attention in recent years due to their attrac-
tive light-emitting properties derived from the presence of isolated building units. Here we report the syn-
thesis, crystal structures, and linear optical and phonon properties of three newcomers to the family of 0D
lead halides — Cs,MHy,PbBrs, Cs;MHy,Pblg and Cs;MHy,PbBrsls (MHy" = methylhydrazinium) which are the
first examples of 0D lead halides with mixed cations. These compounds crystallize in the orthorhombic Cmce
structure with isolated PbXg*~ octahedral units and statistically disordered MHy" cations. X-ray diffraction
revealed the selective substitution of halide ions in Cs,MHy,PblsBrz with Br~ occupying the positions of ions
acting as hydrogen-bond (HB) acceptors and I~ occupying non-interacting sites. This preferential occupation
leads to a giant increase of the octahedral distortion (27- and 249-fold, compared to the bromide and iodide,
respectively). Raman spectra confirm the static disorder of MHy" and preferential occupation of halide sites.
With the use of linear optical measurements, we demonstrate that all compounds exhibit broadband orange-
yellow emission attributed to self-trapped excitons (STEs). The observed Stokes shifts of Cs,MHy,PbBrg and
Cs,MHy,PbBrsls are record large among 0D lead halides. A large increase of the octahedral distortion due to
the preferential occupation of halide sites in Cs,MHy,PbBrsls is reflected in the spectra by broadening and
red-shift of its emission. This study paves the way for developing a new class of light-emitting OD lead halides
by synthesizing mixed-cation analogues.
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photovoltaic performance.’*™* Low-dimensional lead halides

are, however, attractive materials for NLO,*>'® dielectric
switching,"” ferroelectric'®*® and light-emitting
applications.™®**%2° It is worth adding that low dimensional

1. Introduction

Inorganic and hybrid organic-inorganic lead halides have
attracted a lot of attention in recent years due to their func-

Published on 31 October 2023. Downloaded by Instytut Niskich Temperatur on 5/29/2024 10:27:27 AM.

tional properties. In this respect, three-dimensional (3D) per-
ovskites of general formula APbX; (A = methylammonium
(MA"), formamidinium (FA"), aziridinium (AZR"), MHy", Cs"; X
= ClI7, Br7, I') are attractive solar cell, light-emitting and non-
linear optical (NLO) materials. " These 3D perovskites can be
obtained for a few above-mentioned small cations only
whereas for other organic cations two-dimensional (2D), one-
dimensional (1D) and discrete (0D) structures can be prepared.
Lowering of dimensionality leads to widening of the bandgap
and increase of the exciton binding energy, limiting their

W. Trzebiatowski Institute of Low Temperature and Structural Research of the Polish
Academy of Sciences, Okdlna 2, 50-422 Wroclaw, Poland.

E-mail: M.Maczka@intibs.pl

tElectronic supplementary information (ESI) available: Tables S1-S6: details of
structural parameters, Raman wavenumbers together with the proposed assign-
ment and comparison of optical parameters for 0D lead halides. Fig. S1-S11:
powder X-ray diffractograms, temperature evolution of lattice parameters for
Cs,MHy,PbBrs, Raman spectra, PL excitation spectra, decay curves and the log-
arithm of I/ — 1 as a function of 1/kT plots for Cs,MHy,PbX, compounds.
CCDC 2269853-2269855. For ESI and crystallographic data in CIF or other elec-
tronic format see DOI: https://doi.org/10.1039/d3qi01749d
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structures can also be obtained using a mixed cation
approach. The most famous families of compounds containing
two cations are the alternating cations in the interlayer (ACI,
(B)A,Pb,X3,.1) perovskites as well as multilayered (n > 2)
Dion-Jacobson (D], A"A,_1Pb,X3,.1) and Ruddlesden-Popper
(RP, A',A,,_1Pb,X;3,+1) compounds (A" and A” are large mono-
valent and divalent cations, respectively; B is a small or large
monovalent cation; n indicates the number of octahedral
layers within each inorganic slab).">>'®'%2! The two-cation
approach in these layered perovskites allows the narrowing of
the bandgap, which is beneficial for solar cell applications.'?
This approach is also an efficient way for tuning photo-
luminescence (PL) colour as well as inducing polar (ferro- or
antiferroelectric) order and second-order NLO
properties.'>'$1921:22 Although numerous examples of layered
lead halide perovskites comprising two cations have been
reported, we are not aware of any mixed-cation analogues in
the family of 1D and 0D lead halides.

The PL of 3D and non-corrugated 2D lead halides usually
consists of narrow bands attributed to free exciton (FE)
recombination.'®'"'*1%1%19 ynfortunately, this narrow emis-
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sion has a relatively low PL quantum yield (PLQY). Lowering
the dimensionality to 1D and 0D promotes self-trapping of
excitons, leading to the appearance of heavily Stokes shifted
broadband PL from STEs with high PLQYs."”*** In particu-
lar, high PLQYs can be realized in 0D lead halides since due to
the fact that they are composed of isolated PbXs'~ octahedra
or lead halide clusters, they usually have a strong exciton
binding energy that increases radiative recombination.*? 23
0D perovskites are also much more stable under ambient con-
ditions than 3D, 2D or 1D analogues, which is beneficial for
applications.” The stability can be further increased by par-
tially replacing organic cations with inorganic ones, as
reported for the lead-free DFPD,CsBils compound (DFPD =
4,4-difluoropiperidine).>*

Although 0D metal halides have received much attention in
recent years, the number of discovered 0D lead halides is still
scarce. The most famous are all-inorganic Cs,PbXs com-
pounds, composed of isolated PbX, octahedra surrounded by
Cs" ions."*?*??7 pL, was reported for Cs,PbBrs but it con-
sisted of a relatively narrow green emission.!3?325%7
Therefore, its mechanism is still controversial and some
reports attributed it to CsPbBr; impurities, inclusion-induced
emission or defect state-induced emission.>® Recent studies
supported the assignment of the green emission to the pres-
ence of luminescent CsPbBr; inclusions.>” Among iodides and
chlorides, the known examples are MA,Pbl,-2H,0, which con-
sists of isolated octahedral units,>® (CoNH,,),(PbCl,)PbsCly,,
which consists of PbCl,>~ tetrahedra and Pb;Cl;,° trimer
clusters,® and (TAE),[Pb,Cl;,]Cl, (TAE = tris(2-aminoethyl)
ammonium), containing isolated lead chloride edge sharing
bioctahedra Pb,Cl;,®".*® (CoNHy),(PbCl,)PbsCly; exhibited
blue emission near 470 nm with a very high PLQY (near
83%),”° whereas (TAE),[Pb,Cl;,]Cl, showed white emission.?
There are also several bromides composed of isolated PbBrs*~
octahedra,® isolated PbBr,>” units,**** and lead-bromide
clusters,**~® which exhibit broadband emissions.

In this paper, we report a new approach to developing 0D
lead halides by employing both organic (MHy') and inorganic
(Cs") cations. We investigate the crystal structures and optical
properties of the obtained 0D mixed organic-inorganic lead
halides.

2. Experimental section
2.1. Synthesis

In order to obtain single crystals of Cs,MHy,PbBrs, 1 mmol
PbBr, (98%, Sigma Aldrich) was dissolved in 8 mL of HBr
(48 wt% in H,O, Sigma-Aldrich). Then 2 mmol Cs,CO; and
1 mL of methylhydrazine (98%, Sigma Aldrich) were added
under vigorous stirring. The solution was heated to 50 °C and
then 10 mL of propylene carbonate (PC, 99.7%, Sigma-Aldrich)
was added. The reaction mixture was cooled down to room
temperature (RT) and left undisturbed. Colourless transparent
crystals, which grew at the bottom of the glass vial, were separ-
ated from the mother liquid, washed 3 times with ethanol and
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dried at RT. Colourless Cs,MHy,PbBr;I; and light yellow
Cs,MHy,Pbl, crystals were grown using the same procedure
but with smaller amounts of PC, i.e., 7 and 5 mL, respectively.
PbI, (99%, Sigma Aldrich) and HI (57 wt% in H,O, stabilized
with H;PO,) were purchased from Sigma-Aldrich.

We also grew single crystals of inorganic CsPbBr; and
Cs,PbBrs. In order to grow single crystals of CsPbBr;, 5 mmol
CsBr (99.9%, Sigma-Aldrich) and 6 mmol PbBr, were dissolved
in 10 mL of dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich)
under stirring for 24 h at RT. The reaction mixture was then
left at 40 °C and the orange crystals, which grew in the vial
after 4 days, were separated from the mother liquid, washed
with ethanol and dried at RT. Yellow crystals of Cs,PbBrs were
prepared in the same procedure but the reaction mixture con-
tained 2 mmol of PbBr, and 10 mmol of CsBr.

The powder X-ray diffraction patterns of the obtained crys-
tals are in good agreement with the calculated ones based on
single-crystal diffraction data (Fig. S1, ESI}), confirming the
purity of the bulk sample.

2.2. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the ground crystals
were measured in the reflection modes using an X’'Pert PRO
X-ray diffraction system equipped with a PIXcel ultrafast line
detector and Soller slits for CuKa, radiation (1 = 1.54056 A).

2.3. Single-crystal X-ray diffraction

The single-crystal X-ray diffraction experiments were con-
ducted using a conventional Xcalibur four-circle diffractometer
from Oxford Diffraction. The experiments utilized Mo Kyi4o
radiation and a CCD (Atlas) camera. The empirical absorption
correction using spherical harmonics was done in the SCALE3
ABSPACK scaling algorithm implemented in CrysAlis PRO
1.171.39.46 (Rigaku Oxford Diffraction, 2018). For solving and
refining the structures, the ShelxT and ShelXL were employed,
respectively.’”*® Hydrogen atoms were introduced at calculated
positions and refined as riding atoms. The measurements
were conducted both at RT (295 K) and 100 K, and no sym-
metry changes were observed, confirming the temperature
stability of new materials. The details on the measured
samples and refinement are shown in ESI, Table S1.7 Pb-X dis-
tances are given in Table S2, whereas Table S31 shows the
geometry of possible hydrogen-bond interactions. Fig. S27 pre-
sents the temperature evolution of lattice parameters and unit
cell volume in Cs,MHy,PbBre, which confirms the stability of
the RT structure at low-temperatures. The refinements show
the regions of negative electron density with the highest of
—2.54 e A at 0.65 A from Cs' in Cs,MHy,Pbls, which may
denote the presence of MHy" also at Cs' sites. CCDC depo-
sition numbers: 2269853-2269855.

2.4. Raman spectroscopy

The RT Raman spectra of powdered crystals in the
3500-100 cm™' range were recorded using a Bruker FT 100/S
spectrometer with YAG:Nd laser excitation (lexe = 1064 nm)
and 2 cm™' spectral resolution. Additional low-wavenumber
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Raman spectra in the 500-10 cm™" range were measured using
a Renishaw invVia Raman spectrometer (Renishaw, UK),
equipped with a confocal DM2500 Leica optical microscope, a
thermoelectrically cooled CCD as a detector, an eclipse filter
and a diode laser operating at 830 nm.

2.5. Optical absorption and photoluminescence (PL) studies

The RT diffuse reflectance spectra of the powdered samples
were recorded using a Varian Cary 5E UV-Vis-NIR spectro-
photometer (Varian, Palo Alto, CA, USA). Temperature-depen-
dent emission spectra were recorded under 266 nm excitation
from a laser diode and with a Hamamatsu PMA-12 photonic
multichannel analyser, equipped with a BT-CCD linear image
sensor (Hamamatsu Photonics, Iwata, Japan). The temperature
of the samples was controlled using a Linkam THMS
600 heating/freezing stage (Linkam, Tadworth, UK). To record
decay times, a femtosecond laser (Coherent Model Libra)
(Coherent, Pennsylvania, USA) was used as an excitation
source.

3. Results and discussion
3.1 Single-crystal X-ray diffraction

The crystal structure of ternary lead halides of the Cs,PbX¢
formula, where X = Cl, Br, or I was initially reported by C. K. N.
Moller,”® and subsequently confirmed by R. H. Andrews
et al.*® and K. Nitsch et al.*' These compounds exhibit a rhom-
bohedral crystal structure belonging to the R3¢ space group
(no. 167). The Pb and halogen atoms form slightly distorted
PbX¢*~ octahedra, which are isolated (0D). Notably, the Pb-X
distances in Cs,PbX, are longer compared to those observed in
the 3D CsPbX; structures. Recent synchrotron and X-ray diffr-
action experiments, along with Raman and PL spectroscopy
conducted on Cs,PbBrg, confirmed the rhombohedral packing
under normal conditions.?” These experiments also revealed
high-pressure phase transition occurring at P = 2.9 GPa to an
orthorhombic crystal structure belonging to the Cmce space
group. This orthorhombic phase remains stable within the
pressure range of 2.9 to 4.2 GPa. Above the triclinic symmetry
is thermodynamically favoured. It is worth noting that octa-
hedral coordination is only slightly disturbed by I to II high-
pressure phase transition.

Cs,MHy,PbXs compounds, where X = Br and I, adopt
crystal structures analogous to ternary Cs,PbXs. However, the
symmetry of these hybrid crystals is related to the high-
pressure modification of Cs,PbBrs. The presence of larger and
highly anisotropic counterions in the crystal structure creates
internal pressure on the inorganic component, leading to the
octahedral distortions of Cmce symmetry. Until now, there
have been no reports on the discrete 0D structures of MHy-
based metal-halide hybrids.

The crystal packing of Cs,MHy,PbX, is shown in Fig. 1. The
characteristic feature is the layered arrangement of the struc-
ture components. The MHy" selectively substitute for Cs* ions
forming hydrogen bonded (HB) layers interacting via N-H---X
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bonds with the inorganic part. In Cs,MHy,PbBr, the presence
of the organic component significantly changes the a and ¢
unit cell parameters, which expands from a = 13.2887(20) A, b
= 12.6058(20) A, and ¢ = 9.5105(20) A in all-inorganic
Cs,PbBrg,”” to a = 14.280(4) A, b = 12.876(4) A, and ¢ = 10.772
(4) A in the hybrid.

The inherent property of the crystal structure of
Cs,MHy,PbX; is the disorder of MHy' cations. It is present
both at 295 K and 100 K, has statistical character and results
in two equivalent positions of MHy" related by the mirror m
plane, which makes terminal CH; and NH, groups undistin-
guishable. The selective substitution of halide ions in
Cs,MHy,PbI;Br; mixed crystals is also worth noting where the
positions of ions acting as HB acceptors are preferentially
occupied by Br™. The best refinement results were obtained for
the model with full occupancy of Br™ at interacting sites, and
mixed occupancy of non-interacting sites with 0.75 and 0.25 of
I and Br, respectively. The Pb-Br bond lengths also seem to
positively verify this model, as in Cs,MHy,PbBr, as well as in
the mixed-halide Cs,MHy,PbI;Br; the Pb-Br distances to Br~
interacting with MHy" are roughly the same (3.011 vs. 3.037 A).
Additionally, this preferential substitution leads to a signifi-
cantly larger octahedral distortion parameter in mixed crystals
as it grows from 0.12 x 107> and 1.1 x 10~° in PbBrs'~ and
Pbl,*", respectively, to 29.9 x 107" in [PbBr;I;]*". Fig. 2 shows
the HB layers, disordered MHy" positions and illustrates the
preferential location of halogen Br~ and I” ions in mixed
Cs,MHy,PbI;Br;.

3.2. Raman study

Raman spectra of Cs,MHy,PbXs and Cs,PbBrs samples are
shown in Fig. 3 and S3, S4,T and the observed modes are listed
in Tables S4 and S5t together with the assignment based on
previous studies of MHy-based 3D, 2D and 1D lead halide per-
ovskites and all-inorganic Cs,PbBre.%>”**"*> Fig. 3 and S3, and
Table S4F show that bands related to vibrations of the CHj;
groups are observed at very similar wavenumbers as previously
reported for 3D, 2D and 1D analogues whereas bands related
to vibrations of the NH, and NH," groups are much more sen-

HYSROGIN AONOED L AERS

Fig. 1 The crystal structures of Cs,MHy,PbXs and MHy™" are disordered.
(a) Discrete (0OD) Pb (Br/l)e units interact through HBs with MHy* cations
forming HB layers perpendicular to the a direction, coulombic inter-
actions between caesium ions and Pb(Br/l)¢ units stabilize the structure
perpendicular to the layers. (b) The view along the a direction.
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Fig. 3 Raman spectra of Cs,MHy,PbX¢ compounds in the (a)
1620-1530 cm™, (b) 900-820 cm™ and (c) 1475-1360 cm™* wavenum-
ber range showing behaviour of NH,*-related modes (bands near 1560,
860 and 1360 cm™), the NH,-related mode (band near 1600 cm™),
CHs-related modes (bands in the 1463-1418 cm™ range) and the
5(CNN) mode near 890 cm™.

sitive on the crystal structure. For instance, the v5(NH,) mode
of the terminal NH, group exhibits shift to a lower wavenum-
ber when going from 2D MHy,PbBr, (3247 cm™') to 0D
Cs,MHy,PbBr, (3236 cm™"), 1D MHyPbl; (3217 cm™") and 3D
MHyPbBr; (3217 cm™') (Table S4f). This shift indicates that
the strength of the HB between the halogen anion and the
NH, group increases in the order 2D < 0D < 1D < 3D. In
general, the strong sensitivity of the NH, and NH," modes on
the type of crystal structure points to significantly different HB
networks in these compounds.

Former temperature-dependent studies of MHy-based per-
ovskites showed that the disorder of MHy" cations is reflected
in the spectra by broadening of Raman bands, especially pro-
nounced for those related to the NH," and NH,
groups.®*>*3%%%” These bands are narrow for Cs,MHy,PbXs
analogues, i.e., their widths are comparable to Raman widths
of well-ordered MHyPbBr; and MHyPbI;. For instance, the full
width at half maximum (FWHM) of the p(NH,") mode is about
11.3 cm™" for Cs,MHy,PbBré6s, 10.6 cm™" for MHyPbBr; and
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7.5 cm™" for MHyPbl;. Narrow Raman bands confirm that the
disorder revealed by X-ray diffraction is not dynamic but static.

Raman spectra of Cs,MHy,PbXs; compounds in the internal
mode region are very similar (Fig. 3 and S3t), confirming the
same crystal structure. Replacement of Br~ by I leads to a weak
shift of Raman bands to lower wavenumbers (Table S47) due to a
larger size of the latter anion. In case of the mixed halide com-
pound, Cs,MHy,PbBr;l;, a clear shift to lower wavenumbers com-
pared to Cs,MHy,PbBrs is observed for bands related to
vibrations of the CH; and terminal NH, groups (Table S4,
Fig. S31 and Fig. 3). Positions of bands related to the middle
NH," groups are, however, close to those observed for pure
bromide (Table S4,7 Fig. 3 and S3f). Raman spectra confirm,
therefore, the X-ray diffraction model with preferential occu-
pation by Br~ at the sites interacting via HBs with the NH,"
groups. Closer inspection of the Raman spectra also shows that
some bands become broader and less resolved for the mixed-
halide compound. This behaviour, observed for instance for the
8a5(CHs) bands in the 1463-1441 ecm™" (Fig. 3c), reflects compo-
sitional disorder at sites occupied by both Br™ and I".

A comparison of low-wavenumber Raman spectra shows
that the majority of modes exhibit large shifts to lower wave-
numbers when Br~ is replaced by I". This behaviour is related
to a larger size and atomic mass of I compared to Br . Raman
modes of all-inorganic Cs,PbBrs show weak shifts to higher
wavenumbers when compared to Cs,MHy,PbBrs. This effect
can be attributed to the smaller unit-cell size of the former
compound. It is worth noting that the bands of Cs,PbBrs are
narrower than the corresponding bands of Cs,MHy,PbBrs.
This behaviour is consistent with more pronounced dynamics
of MHy' compared to Cs".

3.3. Optical properties

The RT diffuse absorption spectra of the investigated samples
consist of two bands positioned in the UV region (Fig. 4). The
lower energy and less intense band is observed at 332 nm (3.73
eV), 372 nm (3.33 eV) and 395 nm (3.14 eV) for Cs,MHy,PbBrg,
Cs,MHy,PbBr;l;, and Cs,MHy,Pblg, respectively. The second
higher energy and more intense band appeared at 305 nm
(4.07 ev), 331 nm (3.75 eV) and 357 nm (3.47 eV) for
Cs,MHy,PbBrs, Cs,MHy,PbBr;l;, and Cs,MHy,Pblg, respect-
ively. This band is broadened for the mixed-halide
Cs,MHy,PbBr;I;. The spectrum of all-inorganic Cs,PbBr, also
shows two bands at 329 nm (3.77 eV) and 307 nm (4.04 eV),
ie., this spectrum is very similar to the spectrum of
Cs,MHy,PbBrs. Very similar two bands were previously
reported by other authors for samples prepared from single
crystals by grinding,’®*® but studies of nanocrystalline and
thin films usually showed the presence of only one band at
284 nm (4.37 eV) for Cs,PbClg, 310-314 nm (3.95-3.99 eV) for
Cs,PbBrg, and 365-367 nm (3.38-3.4 eV) for Cs,Pblg.>*"%"
Based on literature data and DFT calculations performed for
Cs4PbBrs,*®"° the observed absorption bands can be attributed
to the localized absorption from the isolated PbXs octahedra.
DFT calculations proved that the localized density of states
(DOS) corresponding to these bands is mainly composed of Br-
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Fig.4 The 300 K diffuse absorption spectra of the investigated
perovskites.

4p and Pb-6s orbitals whereas Cs orbitals almost have no con-
tribution to the DOS near the valence band and conduction
band.”®° In general, the absorption bands of 0D halides are
observed in narrow ranges, i.e., 367-395 nm (3.14-3.47 eV),
305-348 nm (3.56-4.07 eV) and 284-348 nm (3.56-4.37 eV) for
the iodides, bromides and chlorides, respectively (Table S67).
The PL excitation (PLE) and emission (PL) spectra of the
synthesized hybrid crystals recorded at 80 K are shown in
Fig. 5a. As can be seen, PL spectra consist of one broad band
centred at 637 nm and 647 nm with FWHM values of 158 and
175 nm for Cs,MHy,Pbls and Cs,MHy,PbBre, respectively
(Table S6t). The emission of the mixed-halide compound is
much broader with an FWHM of 230 nm and is red-shifted to
680 nm. This behaviour can be attributed to significantly
larger octahedral distortion in Cs,MHy,PbBr;l;, as revealed by
the X-ray diffraction study. The large Stokes shift and broad
emission are characteristic of STE emission.’®>* The excitation
spectra monitored at the maximum of the emission contain
three bands located in the 300-450 nm spectral range and
indicate the presence of additional states below the bottom of
the conduction band (Fig. 5a). The emission-wavelength-
dependent PL excitation spectra of the representative
Cs,MHy,PbBrs sample exhibit various profiles at different
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Fig. 5 (a) Low temperature (80 K) PLE (dashed) and PL spectra (solid)
and (b) CIE coordinates of Cs;MHy,PbXg (X = Br, 1) and Cs,MHy,Brsl3
crystals.
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monitored wavelengths (Fig. S5f). This confirms the presence
of more than one PL centre, which could be assigned to STE
emission. Similar broadband and strongly Stokes shifted emis-
sions have been reported for many low-dimensional lead
halide perovskites,'>?*?2243¢ including  0D.>*7?%3%57
Table S6f shows that Cs,MHy,PbBrs and Cs,MHy,PbBr;I;
exhibit a record large Stokes shift among 0D lead halides.

To confirm the origin of the PL bands, we have also per-
formed time-resolved measurements at 80 K under a 266 nm
excitation line generated with a femtosecond laser. It can be
seen that the registered decay curves were non-exponential
with faster (around 0.33 ps) and longer components. The
longest lifetime of 1.16 ps is observed for the Br-analogue and
it decreases to 0.87 ps and 0.79 ps for Cs,MHy,PbBr;I; and
Cs,MHy,Pbl,, respectively (Fig. S6f). A longer lifetime of
7.79 ps is observed for all-inorganic Cs,PbBrg (Fig. S7t). The
obtained lifetimes are much longer than the values reported
for the HOMO-LUMO electronic transitions of the organic
cation, proving that the observed emission comes from
trapped states.*® Similarly long lifetimes of 5.8 and 16.4 ps
were, however, reported for 0D N-benzylpyridiniumgPb;Bry,
and (C,3H;oN,),PbBr,.>*?*

It is worth noting that in spite of very similar crystal struc-
tures of Cs,MHy,PbBrs and all-inorganic Cs,PbBrg, the latter
compound shows significantly different emissions. As can be
seen in Fig. S8, the PL of Cs,PbBr, is narrow (FWHM = 9 nm)
and centred at 531 nm. Furthermore, the band at 531 nm
corresponds well to the 530 nm band of CsPbBr;. Our results
are, therefore, consistent with the assignment of Cs,PbBrs PL
to CsPbBr; inclusions and lack of efficient emission from the
Cs,PbBr, matrix.”” They also show that partial replacement of
Cs' by organic cations (e.g., MHy') is an effective way to induce
efficient broadband PL in these perovskites. Based on the PL
spectra, the CIE coordinates of Cs,MHy,PbX, (X = Br, I) and
Cs,MHy,PbBr;I; crystals were calculated and are shown in
Fig. 5b. The calculated values are characteristic of the orange-
yellow emission.

The emission intensity of all investigated lead halides
strongly depends on temperature (Fig. 6). The position and
shape of the emission bands do not change upon heating.
However, the emission intensity significantly decreases with
an increase in temperature with 7,5 = 105 K. To estimate the
activation energies of thermal quenching, the Arrhenius
equation was used (Fig. S9-S11+):

Iy

1+c- exp(iEa) 1)

knT

(1) =

where I, is the initial intensity of luminescence (80 K), I(T) is
the intensity at a given temperature 7, ¢ is a constant value, E,
is the activation energy of thermal quenching, and k is
Boltzmann’s constant. The emission of Cs,MHy,PbBr;l; is less
stable with an E, value of 51 meV, while the emissions of the
iodide and bromide analogues are more stable with E, values
of 57 meV and 65 meV, respectively. These values are similar
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to that reported for 3D MHyPbBr; (63 meV),® smaller than that
of 2D MHy,PbBr, (99.9 meV)'® and significantly larger than
that of 0D (TAE),[Pb,Cl;,]Cl, (5 meV).*°

4. Conclusions

For the first time, a mixed-cation approach has been success-
fully employed to synthesize three newcomers to the small
family of 0D lead halides. The obtained Cs,MHy,PbBrg,
Cs,MHy,PbBr;1;, and Cs,MHy,Pbl, isostructural compounds
crystallize in orthorhombic structures (space group Cmce). The
structures are built up of isolated PbXs"'~ octahedral units. The
characteristic feature of these structures, not reported for
other MHy-based perovskites, is the static disorder of MHy"
cations, which form HBs with halide anions. X-ray diffraction
also reveals that in the mixed halide analogue,
Cs,MHy,PblI;Br;, Br~ (I") anions preferentially occupy the sites
acting (non-acting) as HB acceptors. This preferential substi-
tution leads to a significantly larger octahedral distortion para-
meter in Cs,MHy,PbBr;]; crystals.

Raman studies show that the HB strength in the discovered
0D lead halides is stronger than in 2D MHy,PbBr, but weaker
than in 1D MHyPbl; and 3D MHyPbBr;. Raman data also
confirm the preferential occupation of anionic sites by Br~ and
I” in the mixed-halide analogue as well as the static character
of MHy" disorder in all compounds.

This journal is © the Partner Organisations 2023

Linear optical studies demonstrate that Cs,MHy,PbBrs and
Cs,MHy,Pbls; exhibit broadband orange-yellow PL with
maxima (FWHM) at 637 (158) and 647 nm (175 nm), respect-
ively, and vast Stokes shifts of 342 and 280 nm for
Cs,MHy,PbBrs and Cs,MHy,Pblg, respectively. To the best of
our knowledge, Cs,MHy,Pblg is the first 0D iodide for which
PL was reported. Much larger octahedral distortion in mixed-
cation Cs,MHy,PbBr;I; manifests a red-shift of PL to 680 nm
and an increase of FWHM to 230 nm. For this compound, the
Stokes shift is 349 nm. The observed Stokes shifts for
Cs,MHy,PbBrs and Cs,MHy,PbBr;1; are record large among
the family of 0D lead halides. The PL of Cs,MHy,PbXs com-
pounds shows strong temperature dependence and analysis of
these data reveals that the activation energies required for

thermal quenching are 51, 57 and 65 meV for
CSzMHyzpbBr3I3, CSZMHyZPbIG and CSZMHyzpbBrG,
respectively.

Overall, our results demonstrate that the mixed-cation
approach is a promising way to develop novel 0D lead halides
with efficient broadband PL. They also show that MHy" cations
have unusual ability to form lead halides of vast structural
diversity and properties, i.e., 3D (MhyPbX;, X = CI, Br)*® and
quasi-2D RP (BA,MHy,Pb;Br;,, BA" = butylammonium)®® with
MHy' serving as a ‘perovskitizer’ cation, 2D of formula
MHy,PbX, (X = Cl, Br, )'**** and the 2D ACI phase
(IMMHyPbX,, X = Cl, Br, IM = imidazolium)*> with MHy" as a
‘spacer’ cation and 1D (MHyPbl;)** and 0D (this work), in

Inorg. Chem. Front., 2023,10, 7222-7230 | 7227
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which MHy" cations separate inorganic chains or PbXg'~
octahedra.
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