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The odd-even effect in n-carboxyalkylammonium-
containing organic-inorganic hybrids of Mn(i)
halides: structural and magnetic characterisationf

Shalene N. Bothma, ®2 Charles J. Sheppard, ©° Mark M. Turnbull, ©¢
Christopher P. Landee® and Melanie Rademeyer @ *?

The understanding of magnetic properties of hybrid compounds is important for the design of magnetic
devices. In this contribution a prominent odd-even effect in both the structural characteristics and
magnetic properties of four new hybrid compounds comprised of n-carboxyalkylammonium cations and
perchloridomanganate anions is reported. When the n-carboxyalkylammonium cations contain an even
number of carbon atoms, compounds of the formula (NH3(CH,),COOH),[MnCly], with n = 3 and 5, are
formed, which display the two-dimensional (2D) hybrid halide perovskite structure in which bridging
chlorido ligands link Mn?* ions. Compounds containing n-carboxyalkylammonium cations with an odd
number of carbon atoms have the formula (NHz(CH,),COOH),[MnCly(H,0),], with n = 2 and 4, and display
a zero-dimensional (0D) structure with hydrogen bonding interactions linking neighbouring [MnCl,(H,-
0),]%” anions. The odd-even effect is also evident in the magnetic properties of the compounds, which are
linked to the structural differences observed in these compounds. Compounds containing an even number
of carbon atoms show antiferromagnetic (AFM) interactions and spin canting at temperature Ty, with 2Jy =
-8.28(5) K and Ty = 45.0(5) Kwhen n = 3 and 2Jx = -7.72(4) K and Ty = 43(1) K when n = 5. Much weaker
AFM interactions and no spin canting is observed in compounds containing an odd number of carbon
atoms, with 2Jyx = -0.14(2) K when n = 2 and 2Jx = -0.14(2) K when n = 4.

Introduction

In recent years, three-dimensional (3D) organic-inorganic
hybrid halide perovskites of Pb>" have been of interest
because of their application in photovoltaic devices.'”
However, it has been shown that two-dimensional (2D) hybrid
halide perovskites of Pb>" offer certain advantages over their
3D counterparts.* 2D hybrid compounds containing metal
ions other than Pb®" often exhibit the 2D hybrid halide
perovskite structure,” and these compounds also have
interesting properties, with the resulting material typically
combining the properties of the organic and inorganic
components comprising the hybrid material.>® Of specific
interest in the current study are 2D hybrid halide perovskites
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containing the divalent metal ion Mn>', which imparts
magnetic properties to the hybrid material.”® Mn>*" has a low
toxicity as well as low cost due to its natural abundance,
making it a useful component for such materials.’

2D hybrid halide perovskites containing Mn>" and
n-alkylammonium or n-alkyldiammonium cations have been
reported to exhibit interesting properties such as catalytic
activity,'® reversible barocaloric effects,'* broadband
emission for potential use in light emitting diodes,"*™*
potential use as solid-solid phase change materials’® and
ferroelastic properties.’® Of specific interest in the current
study, is the magnetic properties of these materials, with a
number of reports on this topic in the literature.'”'®

The magnetic properties exhibited by a material may be
influenced by, among other things, the dimensionality of the
structure, where structural dimensionality is determined by
covalent or coordination bonding.'” In the case of
n-alkylammonium or n-alkyldiammonium-containing 2D
hybrid halide perovskites of Mn>", a layered, 2D structure is
typically formed, consisting of alternating organic and
inorganic layers, making them low-dimensional magnetic
materials.”® The organic layers contain the organic cation,
and the inorganic layers are comprised of corner sharing
[MX¢]*™ octahedra, with no Jahn-Teller distortion.>® Mn*" is a

This journal is © The Royal Society of Chemistry 2023
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S = 5/2 ion,*" and in the 2D hybrid halide perovskite structure
the magnetic metal ions are linked by halido ligands to form
approximately linear, symmetrical Mn-X-Mn bonds, with X =
Cl” or Br.*° According to the Goodenough-Kanamori
rules,®?®  this linear —magnetic  superexchange is
antiferromagnetic (AFM) in nature, resulting in compounds
exhibiting quasi-2D AFM behaviour.>***

A number of 2D Mn>" hybrid chloride perovskites
containing n-alkylammonium, n-alkyldiammonium or aryl-
ammonium cations have been reported to show rich
magnetic behaviour, including spin canting and spin-flop
transitions.”®?” The 2D perovskite (CH;NH;),[MnCl,] is a
canted antiferromagnet below 47 K, and exhibits a spin-flop
transition.'®***>?® Canted antiferromagnetism has also been
reported for the perovskite (C¢Hs;C,H,;NH;3),[MnCl,] below
44.3 K, attributed to a spin-flop transition.>® The perovskite
(C3H,NH;),[MnCl,] was reported to exhibit spin canting.”” A
study of a series of compounds with the formula (C¢Hs5C,Hy,-
NH;),[MnCl,], with x = 0 to 4, showed that all the compounds
exhibit 2D antiferromagnetism, and spin canting below
ordering temperatures ranging from 42-46 K.*° In addition,
work by Asensio et al.>® showed that spin canting and a spin-
flop transition are observed for the compounds (C¢HsCH,-
CH,NH;),[MnCl], and (C,Hs;NH3),[MnCl],, but no spin
canting, and a weak spin-flop transition is observed for the
compound (NH3;C,H,NH;)[MnCl],. The authors attributed
the difference in behaviour to the relative orientations of
neighbouring inorganic layers of the compounds, because of
the presence of either a mono-cation or a dication. Spin
canting has also been observed in the 2D perovskite
(CeH5C,H3FNH;),[MnCl],. >

The spin canting observed in these Mn** perovskites is
attributed to the tilting of the [MnClg]*” octahedra in the
inorganic layer, since spin canting depends on the symmetry
of the structure.””*> A weak net moment is present in the
inorganic plane, due to the spin canting. There are two
sources of spin canting in these types of compounds. The
first is anisotropy, while the second occurs as a result of
antisymmetric Dzyaloshinskii-Moriya exchange interactions,
because of the tilted [MnClg]*” octahedra in the inorganic
layer.>® Single crystal studies showed anisotropy in the
magnetisation of the in-plane and the out-of-plane
directions.”***° In the these studies®®**° the magnetic
susceptibility was shown to approach zero with a decrease in
temperature when measured out-of-plane, and it was shown
to increase when measured in-plane, indicating that the easy-
axis lies perpendicular to the inorganic plane.

In the current study, the structural characteristics and
magnetic properties of compounds formed through the
combination of MnCl, and  n-carboxyalkylamines
(NH,(CH,),COOH) in the presence of HCl have been
investigated. The n-carboxyalkylammonium cation,
(NH;3(CH,),COOH)", that is formed through the protonation
of a n-carboxyalkylamine molecule by an acid, is related to
n-alkylammonium and n-alkyldiammonium cations since it
also contains a terminal ammonium group and an alkyl
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portion, and it has a similar linear shape. However, the
n-carboxyalkylammonium cation differs in terms of its
hydrogen bonding capability compared to that of an
n-alkylammonium or n-alkyldiammonium cation.>**** An
n-alkylammonium cation has only one hydrogen bond
donor group in the form of a single terminal ammonium
group, while the n-alkyldiammonium cation has two
hydrogen bonding terminal ammonium groups. In the
n-carboxyalkylammonium  cation, both a  terminal
ammonium group, which can act as a hydrogen bonding
donor, as well as a terminal carboxylic acid group, are
present. The terminal carboxylic acid group can act as both
a hydrogen bond donor or acceptor, thus, two hydrogen
bonding donors (the ammonium group and the carboxylic
acid group), and one hydrogen bonding acceptor (the

carboxylic acid group) are present in an
n-carboxyalkylammonium cation, while the
n-alkylammonium and #n-alkyldiammonium cations only
contain hydrogen bonding donor groups.

n-Carboxyalkylammonium cations may form supramolecular
dimers that mimic long chain n-alkyldiammonium
cations.*

Of specific interest is the type of structure formed for
perchloridomanganate  hybrid compounds containing
n-carboxyalkylammonium cations, and whether these
compounds exhibit the 2D hybrid halide perovskite structure
like their n-alkylammonium or n-alkyldiammonium
counterparts, or not. Moreover, the effect of the number of
carbon atoms in the n-carboxyalkylammonium cation on the
type of structure formed, as well as on the magnetic
behaviour of the compound, is of interest, since an odd-even
structural effect is often observed in compounds containing
alkyl chains.**™*

A search of the Cambridge Structural Database (CSD)
(Version 5.43, June 2022 update)*® showed that no structures
of compounds comprised of #n-carboxyalkylammonium
cations and perchloridomanganate anions have been
reported in the literature to date, hence the focus of the
current study on the investigation of the structural aspects
and magnetic properties of these materials.

The n-carboxyalkylammonium compounds and their
structures will be abbreviated as CxMnCl, where x indicates
the number of carbon atoms in the n-carboxyalkylammonium
cation. For example, when the cation is
2-carboxyethylammonium, (NH;(CH,),COOH)", x = 3. In the
case where aqua ligands are present, the abbreviation
CxMnCIH,O0 will be used.

Experimental

Chemicals and reagents

All chemicals were used as purchased without further purification:
MnCl,-4H,0 (Sigma-Aldrich, =>99%), 3-aminopropanoic acid
(Sigma-Aldrich, 99%), 4-aminobutyric acid (Sigma, 99%),
5-aminopentanoic acid (Sigma-Aldrich, 99%), 6-aminohexanoic
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acid (Sigma-Aldrich, >99%), HCl (Sigma-Aldrich, 37%) and
chloroform (Sigma-Aldrich, >99.8%).

Synthesis

All reactions followed a similar synthetic procedure carried
out in excess HCI with a stoichiometric L:MnCl, ratio of 2:
1, where L indicates the n-carboxyalkylamine. Good quality
single crystals were harvested from the reaction vessels and
washed using chloroform. No attempt was made to optimise
the yields of the reactions.

Synthesis of bis-(2-carboxyethylammonium)
diaquatetrachloridomanganate(u), C3MnCIH,0. 3-
Aminopropanoic acid (0.5348 g, 6.000 mmol) and MnCl,-4H,-
O (0.5938 g, 3.000 mmol) were added to 1 ml 37% HCl in a
size six vial. The vial was closed and then sealed with
Parafilm. The sealed vial was placed in an oil bath that was
heated to 70 °C. As the solution was heated, the reagents
dissolved over time to produce a clear solution. Once the
reagents were completely dissolved, the oil bath was switched
off and allowed to cool to room temperature. At room
temperature it was observed that light pink block shaped
crystals formed in the vial with the mother liquor. These were
isolated from the mother liquor and washed with chloroform.
Elemental analysis: calculated: C: 17.34%, H: 4.92%, N:
7.08%; experimental: C: 17.45%, H: 4.88%, N: 6.78%.
Percentage yield: 15.25%. Mass yield: 0.19 g. This reaction
was reproducible with the same product forming from many
repetitions of the reaction.

Synthesis of bis-(3-carboxypropylammonium)
tetrachloridomanganate(un), C4MnCl. 4-Aminobutanoic acid
(0.5326 g, 5.979 mmol) and MnCl,-4H,O (0.5937 g, 2.999
mmol) were added to 1 ml 37% HCI in a size six vial. The vial
was closed with a lid and sealed with Parafilm. The sealed
vial was placed in an oil bath at 70 °C. As the solution was
heated, the reagents dissolved over time to produce a clear
solution. Once the reagents were completely dissolved, the oil
bath was switched off to allow cooling of the solution to
room temperature. Upon cooling of the solution, colourless
plate-shaped crystals formed, which were isolated from the
mother liquor, and washed with chloroform. Elemental
analysis: calculated: C: 12.82%, H: 2.88%, N: 5.26%;
experimental: C: 12.79%, H: 2.86%, N: 4.97%. Percentage
yield: 24.28%. Mass yield: 0.30 g. This reaction was
reproducible with the same product forming from many
repetitions of the reaction.

Synthesis of bis-(4-carboxybutylammonium)
diaquatetrachloridomanganate(u), C5MnCIH,0. 5-
Aminopentanoic acid (0.6180 g, 5.993 mmol) and

MnCl,-4H,0 (0.5940 g, 3.001 mmol) were added to 1 ml
37% HCI in a size 6 vial. The vial was closed with a lid
and sealed with Parafilm. The sealed vial was placed in an
oil bath at 70 °C. As the solution was heated, the reagents
dissolved to produce a clear solution, after which the oil
bath was switched off to allow cooling of the solution to
room temperature. Upon cooling of the solution, light pink

6570 | CrystEngComm, 2023, 25, 6568-6591

View Article Online

CrystEngComm

block shaped crystals formed, and these crystals were
harvested from the mother liquor, and washed with
chloroform. Elemental analysis: calculated: C: 23.23%, H:
4.87%, N: 6.77%; experimental: C: 23.21%, H: 4.74%, N:
7.00%. Percentage yield: 26.78%. Mass yield: 0.38 g. This
reaction was reproducible with the same product forming
from many repetitions of the reaction.

Synthesis of bis-(5-carboxypentylammonium)
tetrachloridomanganate(n), C6MnCl. 6-Aminohexanoic acid
(0.7861 g, 5.998 mmol) and MnCl,-4H,0 (0.5942 g, 3.002
mmol) were added to 1 ml 37% HCI in a size 6 vial. The vial
was closed with a lid and sealed with Parafilm. The sealed
vial was placed in an oil bath at 70 °C. Heating of the
solution resulted in the reagents dissolving over time to
produce a clear solution. Once the reagents were completely
dissolved, the oil bath was switched off to allow cooling of
the solution to room temperature. Upon cooling of the
solution, light pink plate-shaped crystals formed, and the
crystals were isolated from the mother liquor and washed
with chloroform. Elemental analysis: calculated: C: 16.25%,
H: 3.41%, N: 4.74%; experimental: C: 16.38%, H: 3.48%, N:
4.85%. Percentage yield: 29.55%. Mass yield: 0.41 g. This
reaction was reproducible with the same product forming
from many repetitions of the reaction.

Instrumental studies

Single crystal X-ray diffraction. Single crystal X-ray
diffraction data for structures C3MnCIH,O, C4MnCl and
C5MnCIH,0 were collected at 150 K on a Bruker D8 Venture
diffractometer, with a Photon 100 CMOS detector, employing
a combination of ¢ and ® scans. Monochromatic Mo-Ka
radiation of wavelength 0.71073 A from an Incotec
Microfocus Source (Ius) was employed as irradiation source.
Sample cooling was achieved using an Oxford Cryogenics
Cryostat. Data reduction were performed using the software
SAINT+"* and absorption corrections were performed using
SADABS*' as part of the APEXII suite.*?

Single crystal X-ray diffraction data for the C6MnCl
structure were collected on a Rigaku XtaLAB Synergy R
diffractometer, with a HyPix CCD detector, at 150 K, using o
scans and a rotating-anode X-ray source supplying
monochromatic Mo-Ka radiation of wavelength 0.71073 A.
Cooling was achieved using an Oxford Cryogenics Cryostat.
Data reduction and absorption corrections were carried out
using the CrysAlisPro (Version 1.171.40.23a) software
package.*’

All the crystal structures were solved either by direct
methods or intrinsic phasing using SHELX-2014/7** as part
of the WinGX suite.*> Structure refinements were done

using SHELXL'® in WinGX" as GUIL Graphics and
publication material were generated wusing Mercury
2022.2.0."

All non-hydrogen atoms for all structures were refined
anisotropically. In structures C3MnCIH,O and C4MnCl the
hydrogen atom on the carboxylic acid group was placed as

This journal is © The Royal Society of Chemistry 2023
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observed in the difference map, and its position refined,
while the rest of the hydrogen atoms were placed in
calculated positions and allowed to ride on the parent atoms.
In structure C5MnCIH,O the hydrogen atoms on the carbon
atoms were placed in calculated positions and allowed to ride
on the parent atoms, while the rest were all placed as
observed in the difference map and their positions refined.
One of the hydrogen atoms on one carboxylic acid group of
structure C6MnCl was placed as observed in the difference
map and its position refined, while the rest of the hydrogen
atoms were placed in calculated positions and allowed to ride
on the parent atoms.

Powder X-ray diffraction. Samples used for powder X-ray
diffraction were ground to a fine, polycrystalline powder,
employing an agate mortar and pestle. Powder X-ray
diffraction patterns were collected on a Bruker D2 Phaser
powder diffractometer at room temperature, employing a
Si low-background sample holder. The powder diffraction
patterns were measured over a 26 range of 5° to 40° 26,
at 2 seconds/0.05° increments employing Cu-Ko radiation
at a wavelength of 1.5406 A. Experimental powder patterns
were compared with powder diffraction patterns calculated
from single crystal structure data using the software
DiffractWD.”®* A comparison of the measured and
calculated powder patterns is shown in the ESI{ Section
S1.

Magnetic analysis. Magnetic data for all the compounds
were measured using a Quantum Design MPMS-XL SQUID
magnetometer. Powdered samples were placed in a gelatin
capsule mounted in a plastic straw. Magnetisation was
measured at 1.8 K as a function of applied field from 0-
50 kOe. Several data points were recollected as the field
was returned to zero to monitor for hysteresis effect; none
were observed. Magnetisation was then collected as a
function of temperature from 1.8 K to 310 K in a 1 kOe
applied field. The measured data were corrected for
diamagnetic contributions from the atoms comprising the
compounds using Pascal's constants and for the
background of an empty gelatin capsule and straw
(measured independently).

(o]
2-
(a) N [MnCls(H20),]
HO
n 2
n=2or4
(e}
(b) " 2
NH MnCl
HO s | [Mnc
n
n=3or5 2

Scheme 1 Compounds structurally characterised in this study. (a) OD
organic-inorganic hybrids. (b) 2D hybrid halide perovskites.
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Results and discussion

Crystallographic discussion of structures

In this study two types of structures were determined, as
illustrated in Scheme 1. Firstly the structures of two bis-(n-
carboxyalkylammonium)diaquatetrachloridomanganate
compounds of the formula (NH3(CH,),,COOH),[MnCl,(H,0),],
with n = 2 and 4, abbreviated C3MnCIH,0 and C5MnCIH,0O
were determined. In addition, the structures of two bis-(n-
carboxyalkylammonium)tetrachloridomanganate compounds
of the formula (NH;(CH,),COOH),[MnCl,], with n = 3 and 5,
abbreviated C4MnCl and C6MnCl, were determined.

The crystallographic parameters are listed in Table 1, the
asymmetric units are shown in Fig. 1, and selected bond
lengths, angles, torsion angles, hydrogen bonding parameters
and other structural descriptors are listed in Table 2.

Structural descriptors. Two structures determined in this
study can be classified as 2D hybrid halide perovskites,
namely structures C4MnCl and C6MnCl, and two structures,
C3MnCIH,0 and C5MnCIH,0, are categorised as 0D hybrid
complexes. A number of structural descriptors will be
employed to compare certain geometric features of these
structures, as used by other authors in the literature,’ or
adapted where required, with each structural descriptor
relevant to a specific structural characteristic. The geometric
descriptors are illustrated in Fig. 2. These include the
polyhedra tilt descriptors (the w angle and Mn-Cl-Mn
bridging angle), and the cation geometric descriptors (the f
and ¢ angles). The descriptors are described in more detail
below.

Polyhedra tilt angles () and Mn-Cl-Mn bridging angle.
The descriptor y is the angle formed between the equatorial
plane about the Mn** ion and the inorganic plane, as defined
by the mean plane through the metal ions of a single
inorganic layer. y indicates the tilt of the polyhedra, as
illustrated in Fig. 2(a), and is applicable to all structure types,
as all polyhedra may display a polyhedral tilt angle.

The Mn-Cl-Mn bridging angle describes the rotational tilt
of the polyhedra about the plane perpendicular to the
inorganic plane, as illustrated in Fig. 2(b). The Mn-CIl-Mn
bridging angle is applicable only to the 2D hybrid halide
perovskite structures and not the 0D hybrid structures, as no
bridging halido ligands are present between neighbouring
metal ions in the 0D structures.

Cationic tilt angles (f and ¢). To describe the placement
of the ammonium group relative to the inorganic plane, and
the orientation of an individual cation, the descriptors f and
¢ will be employed. The inorganic plane is defined as
previously described.

The f angle indicates the angle between the C-N bond
and the inorganic plane, as shown in Fig. 2(c). This
geometric parameter is used for both the 2D and 0D
structures. The angle ¢ is defined as the angle formed
between the inorganic plane and the vector connecting the
carbon atom bonded to the nitrogen atom and the carboxy
carbon atom, as shown in Fig. 2(d). Thus, the ¢ angle gives
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Table 1 Crystallographic parameters
Abbreviation C3MnCIH,0 C4aMnCl C5MnCIH,0 C6MnCl
Empirical formula (C3HgO,N ), [MNCly(H,0),”  (C4Hy00,N),[MNCL >~ (CsHy,0,N),[MnCl,(H,0),]>”  (CeH40,N*),[MnCl, >
Formula weight (g mol™) 412.98 405.00 469.08 461.10
Temperature (K) 150(2) 150(2) 150(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group C2/c P2,/c P1 P1
a (A) 21.3208(14) 16.1956(4) 5.9046(4) 7.1370(1)
b (A) 7.0794(4) 7.1780(6) 7.8188(5) 7.2664(1)
c(d) 11.1440(6) 7.2126(6) 11.5638(7) 19.6318(4)
a () 90 90 91.740(2) 85.695(2)
B 107.916(2) 100.097(2) 99.872(2) 87.366(2)
7 (°) 90 90 104.651(2) 88.660(2)
Volume (A%) 1600.49(16) 825.49(4) 507.33(6) 1013.96(3)
Z 4 2 1 2
Density calculated (g cm ™) 1.714 1.629 1.535 1.510
Absorption coefficient (mm™) 1.511 1.455 1.202 1.195
F(000) 844 414 243 478
Crystal size (mm3) 0.265 % 0.326 x 0.606 0.050 % 0.104 x 0.232 0.021 % 0.263 x 0.347 0.053 x 0.121 x 0.263
Reflections collected 19734 15457 14955 29420
Unique reflections 1665 [R(ing = 0.0334] 2239 [R(ing) = 0.0268] 2113 [R(ing = 0.0302] 4138 [R(ing) = 0.0315]
Completeness 99.9 99.9 99.9 99.9
Data/restraints/parameters 1665/1/125 2239/0/93 2114/0/130 4138/0/214
Goodness-of-fit F* 1.160 1.129 1.077 1.110
Final R indices [T > 20(1)] Ry =0.0182 R, = 0.0199 Ry =0.0192 R, = 0.0256

WR, = 0.0458 WR, = 0.0502 WR, = 0.0459 WR, = 0.0616
R indices (all data) R, = 0.0206 R, = 0.0220 R, =0.0233 R, = 0.0288

WR, = 0.0467 WR, = 0.0512 WR, = 0.0476 WR, = 0.0626

Cl1
e ci
02 i nl
“oN1
Cc1 Mn1
(# C2
a3 cl2
- 03 Cl2

Fig. 1 The asymmetric units, with atomic numbering schemes for structures (a) C3MnCIH,0O, (b) C4MnCl, (c) C5MnClH,0, and (d) C6MnCL. The

ellipsoids are drawn at the 50% probability level. The hydrogen atoms are drawn as spheres of arbitrary radii.
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Table 2 Geometric parameters, structural descriptors, and hydrogen bonding interactions
Structure C3MnCIH,0 C4MnCl C5MnCIH,0 C6MnCl
Perovskite layer orientation Staggered Staggered Staggered Staggered
M-Cl bond length (A) 2.4732(4) 2.5571(3) 2.5034(4) 2.4920(4)
2.5656(4) 2.4853(3) 2.5672(4) 2.5040(4)
2.5632(3) 2.5419(4)
2.6025(4)
2.5903(4)
2.5376(4)
M-0 bond length (A) 2.2248(9) — 2.1872(11) —
MM distance (A) 5.572 5.088 5.905 5.033
5.152
Area of interstitials (A%) — 25.89 — 25.93
Penetration depth (A) — 0.153 — 0.168
Mn-Cl-+-Cl-Mn contact distance (A) 6.990 11.005 8.327 14.614
Layer repeat distance (A) 10.143 15.945 11.358 19.557
Supramolecular cation length (A) — 12.189 — 17.211
17.412
Mn-Cl---Cl-Mn bridging angle (°) — 167.097(13) — 164.430(2)
165.590(2)
y angle (°) 46.83 7.43 46.31 7.63
7.59
B angle (°) 83.22 78.71 88.28 69.28
63.74
¢ angle (°) 62.80 84.78 76.64 68.02
68.42
N-C-C-C torsion angle (°) (gauche bond) 174.58(11) — -173.10(12) —
C-C-C-C torsion angle (°) (gauche bond) — -73.24(18) — -66.27(7)
70.41(7)
Hydrogen bonding configuration — t’b — t’b
N-H":-"Cl-Mn (D---A) distance (A) 3.1742(12)' 3.1973(11)" 3.1612(13)" 3.2473(16)
3.3211(12)" 3.2748(11) 3.2178(13)* 3.2512(17)i
3.4484(11)" 3.3033(13) 3.2679(18)
3.4710(12)" 3.4316(14)" 3.2705(17)%
3.2978(18)
3.3973(17)"
3.2506(17)"
N-H""**Ofaquay-Mn (D-+-A) distance (A) 2.9677(15)" — 3.1396(11) —
C-O-H:+- Cl-Mn (D---A) distance (A) 3.1003(11)" — 3.0835(12) —
Mn-O-H(aqua)**~ Cl-Mn (D---A) distance N 3.1666(10)" — 3.1799(11)" —
Mn-O-H:--0O=C (D--A) distance (A) 2.7335(14) — 2.7486(15) —
0O-H--0=C (D---A) distance (A) — 2.6330(14)" — 2.615(2)
2.639(2)

Symmetry operators for hydrogen bonding acceptors: i: —x + 3,y -3, -z + % it x -5 y -4 z; iii: —x + 3,y +3, —z+ 5 ivi —x+ 1, p+ 1, —z+ 1; v: —x +
1,y,—2+5vitx, -y +3/2,z-%vil: x, -y +5 z-%vilit x, y,z-1;ixt =x+2, -y +2, 2+ 1;x: —x + 1,y + 2, —z + 1; xi: x, y, 2 + 1; xii: x — 1, y, z; xiii:
xX+1,y,z;xivi —x + 1, -y + 1, =z + 2; xv: =X, =y + 2, —z + 2; xvi: —=x + 2, =y, —z + 1.

an average tilt of a single cation relative to the inorganic
plane. A ¢ angle close to 90° is indicative of cations that pack
approximately perpendicular to the inorganic plane. The ¢
angle is used as geometric parameter in both 2D and 0D
structures.

Layer repeat distance and inter-layer Mn-CI ---"Cl-Mn or
Mn-O---O-Mn contact distance. Both types of structures
determined in this study form layered assemblies, thus, the
layer repeat distance and inter-layer Mn—CI ---"Cl-Mn or Mn-
O---O-Mn contact distances can be determined.

The layer repeat distance refers to the distance between
two neighbouring inorganic planes, as defined by the
perpendicular distance between the mean planes through the
metal ions of consecutive inorganic layers. The inter-layer
Mn-Cl---"Cl-Mn contact distance indicates the shortest

This journal is © The Royal Society of Chemistry 2023

distance between two terminal halido ligands in consecutive
inorganic sheets in the 2D hybrid halide perovskite
structures. The Mn-O---O-Mn contact distance refers to the
shortest distance between two oxygen atoms of aqua ligands
coordinated to metal ions in neighbouring inorganic layers
in 0D hybrid structures.

Eclipsed and staggered inorganic perovskite layers. Single
layer 2D oxide perovskites can be categorised as either
Ruddlesden-Popper (RP)*° or Dion-Jacobson (DJ)**
perovskites. RP and DJ structures of oxide perovskites differ
in terms of the relative orientation of neighbouring inorganic
layers. For the DJ structures, neighbouring perovskite metal
oxide layers are eclipsed, with an offset of (0,0) or (3,0) of one
of the M---M distances, relative to each other, while for the
RP structures neighbouring layers are staggered, with an

CrystEngComm, 2023, 25, 6568-6591 | 6573
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Fig. 2 Illustration of structural descriptors: (a) v angle (b) Mn-Cl-Mn

bridging angle indicated by black dashed lines (c) g angle and (d) ¢
angle.

offset of (3%) of the M---M distance. Typically, RP structures
are associated with 2D perovskites containing monocations,
thus the formula of a RP structure is usually A,MO,, where A
is a monocation. DJ structures normally form when 2D
perovskites contain dications, thus typically of the formula A’
MO,, where A’ is a dication.”>** The same classification has
been employed for 2D layered hybrid halide perovskite
structures. However, due to the increased size and flexibility
of the organic cation in 2D layered hybrid halide perovskites,
as well as possible non-covalent interactions between cations
or between cations and the inorganic layer, exceptions may
occur, and 2D hybrid halide perovskite structures have been

Fig. 3 Relative orientation of consecutive inorganic layers in (a) an
ideal Dion-Jacobson (DJ) structure (b) an ideal Ruddlesden-Popper
(RP) structure (c) a near Dion-Jacobson (nDJ) structure and (d) a near
Ruddlesden-Popper (nRP) structure.
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shown to have inorganic layers orientated between the two
extremes of DJ and RJ, shown in Fig. 3(a) and (b),
respectively.”®> Tremblay et al.>* defined the term “near-DJ”
(nDJ) when the offset is close to, but not exactly (0,0) or (3,0)
(in either direction), for example, see Fig. 3(c), and “near-RP”
(nRP) when the offset is close to, but not exactly (3,}), see, for
example Fig. 3(d). This classification will be employed in the
current study to classify the 2D hybrid halide perovskite
structures according to the relative orientation of their
consecutive inorganic layers.”"*>

Ammonium group hydrogen bonding geometries. In 2D
hybrid halide perovskite structures, the positioning of the
ammonium group relative to the inorganic layer through
hydrogen bonding is directional and this group is positioned
to optimise hydrogen bonding interactions with the inorganic
layer.

Based on the hydrogen atom geometries put forth by
Mitzi,>® the hydrogen atom configurations can be described
as either bridging (b) or terminal (¢f), as shown in
Fig. 4(a) and (b). Only the strong hydrogen bonding
interactions, namely charge assisted N-H--X-M
interactions, are considered when determining the hydrogen
bonding configuration, and when bifurcated or trifurcated
interactions are present, the shortest N-H--"X-M
interaction is considered. The nomenclature b"™t", m + n =
3,” is adopted, which describes the number of bridging (m)
and terminal (n) halido ligand acceptors per hydrogen
bonding configuration. Where more than three hydrogen
bonding interactions are present, only the three shortest
D---A hydrogen bond distances are considered. If the number
of bridging hydrogen bonding acceptors outnumber terminal
hydrogen bonding acceptors, the overall configuration is
bridging, and the reverse is true if there are more terminal
hydrogen bonding acceptors.

Structural results

The main structural features of the four structures are
discussed below, with additional information on the
structures included in ESIt Section S2.

C3MnCIH,0. The structure C3MnCIH,O crystallises in the
monoclinic space group C2/c and forms a 0D hybrid
structure, with isolated organic cations and inorganic anions
comprising the structure."® The asymmetric unit comprises
one 2-carboxyethylammonium cation and a [MnCl,(H,0)]"

Fig. 4 (a) The bridging hydrogen bonding configuration. (b) The
terminal hydrogen bonding configuration.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Packing diagram and hydrogen bonding network in
structure C3MnClH,;0, as viewed down the b-axis. Hydrogen bonds
are shown as blue dashed lines. (b) 1D hydrogen bonded ribbon
formed along the c-direction in structure C3MnCIH,O. (c) Different
types of hydrogen bonding interactions in structure C3MnCIH,O.
Atoms involved in hydrogen bonding are indicated in ball
representation while the rest of the atoms are shown in stick
representation.

anionic unit, as shown in Fig. 1. The metal ion lies on an
inversion centre, which generates the full [MnCl,(H,0),]*
anion. In this octahedral anion, four chlorido ligands and
two aqua ligands are coordinated t¢rans to each other to the
metal ion.

The cation exhibits an all-trans conformation. A layered
structure is formed, which is comprised of alternating organic
and inorganic layers, as illustrated in Fig. 5(a). The organic
layer is formed by interdigitated 2-carboxyethylammonium
cations, while isolated [MnCl,(H,0),]*” anions comprise the

This journal is © The Royal Society of Chemistry 2023
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inorganic layer. Adjacent inorganic layers adopt a staggered
arrangement, whereby neighbouring inter-layer metal ions are
off-set. The layer repeat distance is 10.143 A and the Mn-
O---O-Mn inter-layer distance is 7.873 A.

Different types of hydrogen bonding interactions form a
3D hydrogen bonded network, as illustrated in Fig. 5(b).
These include N-H"---"Cl-Mn, C-O-H:--"Cl-Mn, Mn-O-
H---"Cl-Mn, N-H"---O-Mn, and Mn-O-H---O=C hydrogen
bonding interactions.

In the inorganic layer, individual [MnCl,(H,0),]*" anions
are cross-linked through Mn-O-H---"Cl-Mn hydrogen
bonding interactions to form 1D hydrogen bonded anionic
ribbons, as shown in Fig. 5(b). The y angle is 46.83°,
indicating that the polyhedra are tilted. The ammonium
group and carboxylic acid group of a cation are hydrogen
bonded to different inorganic layers with the chlorido and
aqua ligands of the anions acting as hydrogen bonding
acceptors, and the ammonium groups and carboxylic acid
groups of the cations as hydrogen bond donors.

Cations hydrogen bond to both sides of the anionic
hydrogen bonded ribbon through their carboxylic acid
groups, as illustrated in Fig. 5(b), with the carboxylic acid
groups acting as hydrogen bonding donors to chlorido
ligands, while they accept hydrogen bonds from aqua
ligands, to form a flat ribbon extending along the
c-direction. Neighbouring ribbons are further linked by
hydrogen bonding ammonium groups, with each
ammonium group forming two classical, charge assisted N-
H'---"Cl-Mn hydrogen bonds to one ribbon, as well as a
classical, charge-assisted N-H'---"ClI-Mn hydrogen bond to
a neighbouring ribbon, thereby linking the ribbons. The p
angle of the ammonium group is 84.89° and the ¢ angle is
62.80°.

C5MnCIH,0. The structure C5MnCIH,O crystallises in the
triclinic space group P1, and forms a 0D hybrid structure,
with isolated organic cations and inorganic anions
comprising the structure.'® The asymmetric unit, as
illustrated in Fig. 1, comprises one 4-carboxybutylammonium
cation and one [MnCl,(H,0)] moiety, with the metal ion
located on an inversion centre, which generates the rest of
the [MnCl4(H,0),]*” anion.

The 4-carboxybutylammonium cation adopts the all-trans
conformation, with all torsion angles close to 180°. The S
angle equals 88.28°, indicating the tilting of the cations
relative to the inorganic plane and the ¢ angle is 76.64°.

The y angle is 46.31°, and is indicative of the tilt of the
octahedra.

Packing of the cations and anions results in the formation
of a layered structure, comprised of alternating organic and
inorganic layers, as illustrated in Fig. 6(a). Consecutive
inorganic sheets are staggered as metal ions of adjacent
inorganic layers do not align.

The inter-layer Mn-O---O-Mn contact distance is 8.327 A
and the layer repeat distance is 11.358 A. The inorganic
layer comprises hexa-coordinated metal ions. In each
[MnCl4(H,0),]*>" anion, two aqua ligands and four chlorido

CrystEngComm, 2023, 25, 6568-6591 | 6575
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Fig. 6 (a) Packing diagram of, and hydrogen bonding network in
structure C5MnCIH,0, viewed down the b-axis. Hydrogen bonding
interactions are illustrated as blue dashed lines. (b) 1D hydrogen
bonded ribbon formed along the a-direction in structure C5MnCIH,0.
(c) Different types of hydrogen bonding interactions in structure
C5MnClH,0. The atoms involved in hydrogen bonding are indicated in
ball representation while the rest of the atoms are shown in stick
representation.

ligands are coordinated to the Mn** ion, trans to each
other, resulting in an octahedral geometry.

Different types of hydrogen bonding interactions are
present in the structure to form a 3D hydrogen bonded
network, as shown in Fig. 6(a) to (c). These include N-
H'---"Cl-Mn, C-O-H---"Cl-Mn, Mn-O-H:--"Cl-Mn and Mn-
O-H:--O=C hydrogen bonding interactions. Unlike what was
observed for structure C3MnCIH,O, no N-H"---O-Mn
hydrogen bonds are present, making the hydrogen bonding

6576 | CrystEngComm, 2023, 25, 6568-6591
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network in structure C5MnCIH,O different from that formed
in structure C3MnCIH,O.

The [MnCl,(H,0),]*” anions in the inorganic layer are
cross-linked through Mn-O-H---"Cl-Mn hydrogen bonding
interactions to form a 1D hydrogen bonded ribbon, as shown
in Fig. 6(b). The ammonium group and carboxylic group of
each cation is hydrogen bonded to consecutive inorganic
layers, with the chlorido and aqua ligands of the anions
accepting the hydrogen bonds, while the ammonium and
carboxylic acid groups are hydrogen bonding donors.

The carboxylic acid group forms one C-O-H:-- Cl-Mn
interaction to an anion and accepts a C=—O---H-O-Mn
hydrogen bond from the same anion, while the ammonium
group forms two classical and one bifurcated, charge-assisted
N-H"---"CI-Mn hydrogen bonding interactions to three
different anions in two anionic hydrogen bonded ribbons,
meaning that the ammonium groups straddle neighbouring
anionic hydrogen bonded ribbons, to form a 3D hydrogen
bonded network.

C4MnCl. C4MnCl crystallises in the monoclinic space
group P2;/c and forms a 2D hybrid halide perovskite
structure."® As shown in Fig. 1, the asymmetric unit
comprises one 3-carboxypropylammonium cation and a
[MnCl,]” moiety, with the metal ion located on an inversion
centre. Repetition of the inorganic portion of the asymmetric
unit results in a 2D inorganic layer consisting of corner
sharing, octahedral [MnClg]*” units. This inorganic layer is
separated by a bilayer of cations, resulting in a layered, 2D
hybrid halide perovskite structure, as shown in Fig. 7(a).

The 3-carboxypropylammonium cation deviates from the
all-trans conformation, with a gauche orientation present in
the cation, displaying a C1-C2-C3-C4 torsion angle of
-73.25(18)°, as shown in Fig. 7(b).

The Mn-Cl---"Cl-Mn  contact distance between
consecutive inorganic layers is 11.005 A, with a layer repeat
distance of 15.945 A. Consecutive inorganic layers are offset
by (0.36,0.36), resulting in this structure being classified as a
near-RP (nRP)** perovskite, since the offset is close to the
offset of (3,3) expected for an ideal RP structure. The staggered
consecutive layers are illustrated in Fig. 7(c) and (d). The
coordination sphere of the Mn®>" metal ion comprises six
chlorido ligands forming the [MnCls]*” polyhedra. The Mn-
Cl-Mn bridging angle is 167.097(13)°, and the y angle is
7.43°. The Mn>" metal ions are uniformly separated along the
ab-plane at 5.088 A, and the metal ions, together with the
bridging chlorido ligands create a 2D inorganic grid
comprised of “squares” with approximate areas of 25.890 A?,
calculated using the M---M distances, as illustrated in
Fig. 7(e). This 2D grid, together with the terminal halide ions,
form a cavity into which the ammonium group penetrates
slightly, as shown in Fig. 7(f), while it forms hydrogen
bonding interactions to the terminal and/or bridging halides.
The positive penetration depth of the ammonium group is
0.153 A.

Two types of hydrogen bonding interactions are present in
the structure. Firstly, the cations are connected to the

This journal is © The Royal Society of Chemistry 2023
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Fig. 7
hydrogen bonding interactions in structure C4MnCl.
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(a) Packing diagram of structure C4MnCl, viewed down the b-axis, parallel to the inorganic layers. (b) Gauche bond in cation, and
Hydrogen bonds are indicated by blue dashed lines. (c) View of structure C4MnCl

perpendicular to the inorganic layer, showing two consecutive, staggered inorganic layers, and the tilting of the polyhedra relative to
each other. (d) Staggered arrangement of two consecutive inorganic layers, viewed perpendicular to the inorganic layer. Terminal halide
ions are excluded for clarity. The top layer is shown in blue, and the bottom layer in orange. (e) 2D inorganic grid created by metal
ions and bridging halide ligands. (f) Penetration of ammonium group into cavity created by metal ions and bridging and terminal halido

ligands.

inorganic layer via charge-assisted N-H'---"Cl-Mn hydrogen
bonding interactions, with each ammonium group forming
two classical and one bifurcated hydrogen bonds to two
terminal and two bridging chlorido acceptors, as shown in
Fig. 7(b), resulting in a 2D hydrogen bonding network. The j
angle is 78.71°, the ¢ angle is 84.78°, and the hydrogen
bonding configuration is ¢*. In addition, hydrogen bonded
carboxylic acid dimers of the type O-H:-*O—C are formed
between carboxylic acid groups of adjacent cations in the
organic layer, to form supramolecular cations of length
12.189 A.

C6MnCl. The C6MnCl structure crystallises in the triclinic
space group P1, and forms a 2D hybrid halide perovskite
structure.” The asymmetric unit comprises two
crystallographically independent 5-carboxypentylammonium
cations and one [Mn,Cl,*" unit, as shown in Fig. 1. The
crystallographically independent metal ions will be labelled
Mn1l and Mn2. Both metal ions lie on inversion centres,
and thus contribute only half their charge to the
asymmetric unit, hence the charge of 2— for the [Mn,Cl,]*
unit. The two crystallographically independent cations will
be distinguished based on their nitrogen atoms, with cation

This journal is © The Royal Society of Chemistry 2023

1 containing atom N1, and cation 2 atom N2. Both cation
1 and cation 2 deviate from the all-trans conformation and
display gauche bonds, however, the gauche bonds are in
different positions in the two cations. In cation 1, the C2-
C3-C4-C5 torsion angle deviates from 180°, with a value of
-66.27(7)°, while in cation 2, the C7-C8-C9-C10 torsion
angle has a value of 70.41(7)°.

Repetition of the inorganic part of the asymmetric unit
results in the formation of an inorganic sheet consisting of
corner sharing [MnClg]*~ octahedra. The Mn---Mn distances
between metal ions bridged by halido ligands in the 2D
inorganic layer are 5.152 A and 5.033 A in the ab-plane. The
bridging Mn-Cl-Mn angles are 165.590(2)° (Mn1-Cl2-Mn3)
and 164.430(2)° (Mn1-Cl2-Mn2), indicating the tilting of the
octahedra relative to each other. The y angles are 7.63° for
the octahedron containing ion Mn1 and 7.59° for the
octahedron containing ion Mn2, resulting in corrugation of
the inorganic layer.

The C6MnCl structure is layered, as illustrated in Fig. 8(a).
The Mn-Cl---"Cl-Mn contact distance between neighbouring
inorganic layers is 14.636 A and the layer repeat distance is
19.624 A.

CrystEngComm, 2023, 25, 6568-6591 | 6577
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(b)

(e) (f)

(a) Packing diagram of structure C6MnCl, viewed down the a-axis, parallel to the inorganic layers. (b) Hydrogen bonding interactions

involving (b) cation 1 and (c) cation 2 in the C6MnCL structure, indicated by blue dashed lines. The atoms involved in hydrogen bonding are
indicated in ball representation while the rest of the atoms are shown in stick representation. (c) View of inorganic layers in structure C6MnCl
perpendicular to the inorganic layers, showing two consecutive, staggered inorganic layers. (d) Staggered arrangement of two consecutive
inorganic layers, viewed perpendicular to the inorganic layer. Terminal halide ions are excluded for clarity. The top layer is shown in blue, and the
bottom layer in red. (e) 2D inorganic grid created by metal ions and bridging halido ligands. (f) Penetration of ammonium group into the cavity
created by metal ions and bridging and terminal halido ligands. Hydrogen bonds are shown by blue dashed lines.

The ammonium groups from cations 1 and 2 anchor to
the inorganic layer through strong, charge-assisted hydrogen
bonding interactions of the type N-H"---"Cl-Mn. Both cations
from three classical hydrogen bonds to one bridging and two
terminal chlorido ligands, as shown in Fig. 8(b). The
hydrogen bonding configuration adopted is t*b for both
cations. The f angles are 69.28° and 69.56° for cation 1 and 2
and the ¢ angles are 68.02° and 68.42° for cation 1 and 2.

Adjacent cations in the organic layer are hydrogen bonded
through O-H---O—C hydrogen bonding interactions between
carboxylic acid groups, to form supramolecular cations. The
supramolecular cation chain lengths are 17.449 A (cation 1 to
cation 1) and 17.300 A (cation 2 to cation 2).

Neighbouring inorganic layers are staggered, as illustrated
in Fig. 8(c) and (d), with consecutive layers offset by
(0.32,0.03). As such, the structure can be classified as a near-
DJ (nDJ) perovskite,”” since this offset is close to the offset of
(3, 0) found for the ideal DJ perovskite.

The metal ions, together with the bridging chlorido
ligands, create a 2D inorganic grid comprised of “squares”
with areas of 25.930 A2, as illustrated in Fig. 8(e). The
ammonium groups penetrate into the inorganic cavity, as
shown in Fig. §(f), forming hydrogen bonding interactions to

6578 | CrystEngComm, 2023, 25, 6568-6591

the terminal and/or bridging halides. The positive
penetration depths of the ammonium groups into the cavities
are 0.168 A and 0.166 A for cations 1 and 2, respectively.

Structural comparison and discussion

In this section, the new structures determined in this study
will be compared, structural trends identified, and
comparisons made to structures reported in the literature,
where applicable.

0D hybrid structures. C3MnCIH,0 and C5MnCIH,O
display similar 0D layered, hybrid structures, comprised of

SRS
S 888

(b)

Fig. 9 Hydrogen bonded ribbon in structure (a) C3MnCIH,O and (b)
C5MnCIH0.

This journal is © The Royal Society of Chemistry 2023
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interdigitated all-trans n-carboxyalkylammonium cations and
individual [MnCl4(H,0),]*” anions, as illustrated in Fig. 5(a)
and 6(a).

The tilt angles of the polyhedra are similar in the
C3MnCIH,0 and C5MnCIH,O structures, at approximately
46°. Both compounds show staggered inorganic layers and a
1D hydrogen bonded ribbon is formed between the
[MnCl,(H,0),]*" anions. However, in structure C3MnCIH,0,
neighbouring anions in the ribbon alternate with respect to
the orientation of their chlorido ligands, while they show the
same orientation in structure C5MnCIH,0, as shown in
Fig. 9(a) and (b). In both structures the carboxylic acid group
forms a hydrogen bond to a chlorido ligand of an anion and
accepts a hydrogen bond from a coordinated water molecule
on the same anions, as illustrated in Fig. 5(c) and 6(c).
However, they differ in terms of the hydrogen bonding
interactions involving the ammonium group. In structure
C3MnCIH,0, each ammonium group forms one hydrogen
bond to a coordinated water molecule, and two hydrogen
bonds to two different chlorido ligands, as shown in Fig. 5(c).
In structure C5MnCIH,0 each ammonium group forms three
hydrogen bonds, one of which is bifurcated, to four different
chlorido ligands, shown in Fig. 6(c). Hence, the overall
hydrogen bonding networks formed in the two structures are
different.

The ammonium group of each cation is hydrogen bonded
to one inorganic layer, while its carboxylic acid group is
hydrogen bonded to a neighbouring inorganic layer, and
cation adopts an all-trans conformation in both structures.

A search of the CSD (Version 5.43, June 2022 update)®’
showed that only two structures containing only one type of
organic cation and a [MnCly(H,0),]>" anion have been
reported in the literature. These structures are EHIWIC,”*
which contains an adamantanylammonium cation and
TAKZOV,”® that contains a carbamolguanidinium cation. In
both literature structures the [MnCl,(H,0),]*” anion adopts a
trans conformation, and the same 1D hydrogen bonded
ribbon that is observed in structures C3MnCIH,O and
C5MnCIH,0, is formed between the anions. As such, the
formation of the [MnCl,4(H,0),]>” anion is not very common.

2D hybrid halide perovskite structures. C4MnCl and
C6MnCl both adopt a layered, 2D hybrid halide perovskite
structure,'® with inorganic layers comprised of corner sharing
[MnClg]*~ octahedra, separated by bilayers of non-
interdigitated organic cations. In the organic layer of the two
structures, the 3-carboxypropylammonium or

a) (b)

(

Fig. 10 Cation conformation in structure (a) C4MnCl and (b) C6MnCl
(cation 1 left, cation 2 right).
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5-carboxypentylammonium  cations adopt a  gauche
conformation, as illustrated in Fig. 10. The gauche

conformation of the cation in structure C4MnCl and cation 2
in structure C6MnCl is at the same position relative to the
ammonium group, while cation 1 in structure C6MnCl has a
gauche conformation one bond further away from the
ammonium group.

The positioning of the ammonium ends of the cations is
determined by the size of the square grid created by the
metal ions and halide ions in the inorganic layer, with
cations anchoring to neighbouring cavities created by these
ions. Gauche bonds are introduced in the alkyl portions of
the cations to increase their average thickness or diameter
when the area of the square grid is larger than the average
diameter of the all-trans cation, allowing the cation pack
more efficiently in the organic layer. The average diameter of
an all-trans alkyl chain is approximately 18-20 A%°° In
structures C4MnCl and C6MnCl the areas of the square grids
created in the inorganic layer are 25.890 A* and 25.930 AZ
respectively, which are larger than the average diameter of an
all-trans alkyl chain, hence this leads to the introduction of
gauche bonds in the cation to allow for better close packing
of the alkyl portion of the n-carboxyalkylammonium cations
in the organic layer.

The Mn-Cl-Mn bridging angle of structure C4MnCl
(167.097(13)°) is slightly larger than those of structure
C6MnCl (164.430(2)° and 165.590(2)°), indicating that the
polyhedra are more tilted relative to each other in structure
C6MnCl. The penetration depth of the cation in structure
C4MnCl (0.153 A) is slightly smaller than that of the cations
in structure C6MnCl (0.166 A and 0.168 A), which agrees with
reports in the literature that an increase in penetration depth
of the cation is correlated with a smaller M-X-M angle.>> The
cations in the C6MnCl structure (f angles of 69.28° and
69.56°) are more tilted relative to the inorganic layer than the
cations in the C4MnCl structure (# angle of 78.71°). Tilting of
the cations also improves the close packing of the alkyl
chains in the organic bilayer.

In both structures, the classic N-H"---"ClI-Mn hydrogen
bonding interactions adopt the ¢*b configuration, and a
carboxylic acid dimer hydrogen bond is present in the
organic layer. The carboxylic acid dimer hydrogen bond links
two n-carboxyalkylammonium cations into what can be
viewed as a supramolecular cation. The supramolecular
cation in the C4MnCl structure stretches athwart by one
[MnClg]* octahedron in the neighbouring inorganic layer,
and the supramolecular cation in the C6MnCl structure by
two octahedra.

The C4MnCl structure exhibits an offset of (0.36,0.36) of
the Mn---Mn distance between consecutive inorganic layers,
making it a nRP perovskite, while structure C6MnCl displays
an offset of (0.32,0.03), hence it can be classified as a nDJ
perovskite structure.

A search of the Cambridge Structural Database (CSD)
(Version 5.43, June 2022 update)®* was conducted to find
structures for n-alkylammonium or #n-alkyldiammonium-
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containing hybrid chloride 2D Mn>" perovskites reported in
the literature, with the search focussing in particular on
structures  containing  either  n-alkylammonium  or
n-alkyldiammonium cation and a Mn-Cl unit. Manual sifting
of the structures was done to find only those structures
exhibiting a 2D hybrid halide perovskite structure, with the
formulae either (NH;3(CH,),,CH3),[MnCl,] or (NH;3(CH,),NHj;)
[MnCl,]. Only those with atomic coordinates reported were
considered. The search revealed that the following
compounds exhibit 2D hybrid halide perovskite structures,
with the CSD*’ reference codes (refcodes) and the organic

cation  indicated: = methylammonium: = MATCMNO1,>’
MATCMNO04,’®* MATCMNO5,”> MATCMN07,*° MATCMN12;°*
n-ethylammonium: EAMNCL,®? and EAMNCL11,%?
n-propylammonium: PAMMNCO1,%* PAMMNC10,%

PAMMNC13,® PAMMNC36;°® n-decylammonium: DECACM,®’

DECACMO01,"" DECACMO02," and n-undecylammonium:
TAZQUJ."

n-Alkyldiammonium  cation  containing  structures
include:  1,2-ethyldiammonium: =~ ENDAMN10°®  and
ENDAMN11;*°  1,3-propyldiammonium: PYDAMN,’® and
PYDAMNO3;""  1,4-butyldiammonium: ~BUCLMN’*>  and
BUCLMNO1;"? 1,5-pentyldiammonum: LUHCUO,”®

View Article Online
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LUHCUOO01’* and LUHCUO02” and 1,6-hexyldiammonium:
POCJOJ.”®

In addition to the n-alkylammonium or
n-dialkylammonium-containing hybrid halide perovskite
structures of Mn>', two other structure types with a Mn-Cl-
containing anion and n-alkylammonium cation have been
reported. One structure containing methylammonium cations
combined with a 1D halide-bridged polymeric chain of the
form (Mn(H,0),Cl;),, has been reported (ZZZAXMO1,””
ZZ7AXMO02’®). In the polymer, chlorido ligands share corners,
and pairs of ligands of the same type (chlorido or aqua)
alternate along opposite sides of the chain. In addition, a
structure comprised of n-decylammonium cations and
isolated, tetrahedral [MnCl,]>” anions has been reported
(TAZQOD)."

However, for all the  structures  containing
n-alkyldiammonium cations and a perchloridomanganate
anion, only the 2D hybrid halide perovskite structure has
been reported. In summary, the CSD search revealed that the
2D hybrid halide perovskite structure is by far the preferred
structure formed on combination of n-alkylammonium or
n-alkyldiammonium cations and perchloridomanganate
anions.

Table 3 Classification of n-alkylammonium and n-alkyldiammonium-containing perchloridomanganate perovskite structures reported in the literature,

and structures determined in this study

CSD Refcode Cation Space group and temperature Offset Staggered/eclipsed Classification Ref.
n-Alkyldiammonium cations

ENDAMN10 1,2-Ethyldiammonium P24/ (295 K) (0,0) Eclipsed Ideal DJ 68
ENDAMN11 P2,/c (100 K) 79
PYDAMN 1,3-Propyldiammonium Imma (295 K) (0,0) Eclipsed Ideal DJ 70
PYDAMNO3 Pnma (295 K) 71
BUCLMN 1,4-Butyldiammonium P2,/b (295 K) (0,0) Eclipsed Ideal DJ 72
BUCLMNO1 Pnmb (404 K) 72
LUHCUO 1,5-Pentyldiammonium 12,2,2, (298 K) (0,0) Eclipsed Ideal DJ 73
LUHCUOO01 Imma (333 K) 74
LUHCUO02 Pnma (173 K) 75
POCJOJ 1,6-Hexyldiammonium P24/c (295 K) (0,0) Eclipsed Ideal DJ 76
n-Alkylammonium cations

MATCMNO1 Methylammonium Abma (295 K) (€8] Staggered Ideal RP 57
MATCMNO4 Peen (188 K) 58
MATCMNO5 I4/m (404 K) 59
MATCMNO7 P4,/ncm (188 K) 60
MATCMN12 Bmab (295 K) 61
EAMNCL n-Ethylammonium Abma (295 K) (€8] Staggered Ideal RP 62
EAMNCL11 Pbca (126 K)** 63
PAMMNCO1 n-Propylammonium Abma (182 K) 0,0) Eclipsed Ideal DJ 64
PAMMNC10 n-Propylammonium Cmca (295 K) () Staggered Ideal RP 65
PAMMNC13 P2,/b (8 X) 8
PAMMNC36 Abma (365 K) 66
DECACM n-Decylammonium P24/a (283 K) (0.35,0.35) Staggered Ideal RP 67
DECACMO1 P2,/a (283 K) (0.35,0.35) 11
DECACMO02 C2/m (330 K) (623} 11
TAZQU]J n-Undecylammonium P2,/c (293 K) (0.26,0.42) Staggered nRP 15
n-Carboxyalkylammonium cations

C4MnCl 3-Carboxylpropylammonium P2,/c (150 K) (0.36,0.36) Staggered nRP This study
C6MnCl 5-Carboxylpentylammonium P1 (150 K) (0.32,0.03) Staggered nDJ This study
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For comparison purposes, the offset in structures of 2D
hybrid  perchloridomanganate  perovskites  containing
n-alkylammonium or n-alkyldiammonium cations reported in
the literature were determined, and they were classified as
DJ, RP, nDJ or nRP perovskites.”> The results of the analysis
are tabulated in Table 3.

As can be seen from the results in Table 3, all the
n-alkyldiammonium-containing perchloridomanganate
hybrid halide perovskite structures display a (0,0) offset of
their inorganic layers, hence the ideal DJ structure is
adopted, as expected for dication-containing perovskites.

Most n-alkylammonium-containing perchloridomanganate
hybrid halide perovskite structures display a (3,}) offset of the
inorganic layers, thus forming the ideal RP structure, as
expected for monocation-containing perovskites, however,
there are some exceptions.

Firstly, two types of structures have been reported for
the  n-decylammonium containing analogue. These
structures were determined at different temperatures and
represent  thermotropic  polymorphs. One of the
structures, DECACMO02,%® determined at 330 K, displays
the expected RP structure with an (33) offset. The second
structure (DECACM® and DECACMO01%®), determined at
283 K, exhibits an offset of (0.35,0.35), which indicates
a nRP perovskite. The structure TAZQU]J," containing
n-undecylammonium cations, displays an offset of
(0.26,0.26), hence it is a nRP perovskite. It is noteworthy
that both structures that display nRP perovskite
structures contain long-chain n-alkylammonium cations. A
third exception is structure PAMMNCO1,°* determined at
182 K, which contains an n-propylammonium cation, and
displays a (0,0) offset, making it an ideal DJ perovskite,
despite the presence of a monocation in the structure.
However, three ideal RP structures have also been reported
for this compound, determined at three different
temperatures, spanning a wide temperature range, namely
PAMMNC10*®> (determined at 295 K), PAMMNC1*®
(determined at 8 K) and PAMMNC36°® (determined at 365
K). It is unclear why the compound exhibited an ideal RP
structure over such a wide temperature range, but an ideal
DJ structure at 182 K.

In summary, all the n-alkyldiammonium-containing
perchloridomanganate structures considered form ideal DJ
structures, and most of the n-alkylammonium-containing
structures form ideal RP structures, as expected. Two of the
exceptions can be ascribed to the presence of long-chain
n-alkylammonium cations, and increased flexibility in the
longer cationic chains. Thus, as the length of the
n-alkylammonium chain increases, a nRP instead of an ideal
RP structure is formed.

Structure C4MnCl also forms a nRP perovskite structure,
while structure C6MnCl exhibits a nDJ perovskite structure.
Both contain n-carboxyalkylammonium
monocations, and based on this, a RP structure is expected.
However, since a supramolecular cation is formed in these
structures via hydrogen bonded carboxylic acid groups, the

structures
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supramolecular cation may be viewed as a diammonium
dication, in which case a DJ structure is expected.

However, neither the ideal DJ or ideal RP perovskite
structure is formed for C4MnCl or C6MnCl. This means that
the change of one terminal functional group from an
ammonium group in an n-alkyldiammonium cation, or a
methyl group in an r-alkylammonium cation, to a carboxylic
acid group, impacts on the relative orientation of the
inorganic layers in the structures C4MnCl and C6MnCl, and
a results in a deviation from the ideal RP or ideal DJ
structures to form either a nRP or nD]J structure, and may be
used as a structure manipulation tool.

Structural types

0D and 2D structures. An interesting observation from this
study is the fact that two different types of structures are
formed from the self-assembly of n-carboxyalkylammonium
cations and MnCl,-based anions, even though the
compounds were prepared using the same ratio of reagents
and experimental methodology.

A prominent odd-even effect is displayed in the structures
under investigation. When the number of carbon atoms in
the n-carboxyalkylammonium cation is odd, i.e., structures
C3MnCIH,0 and C5MnCIH,0, a 0D organic-inorganic hybrid
structure is formed, with water molecules forming part of the
coordination sphere of the Mn>" ion, resulting in isolated
[MnCl,(H,0),]>” anions. Even though water was not used
specifically as a reagent in the reaction, water molecules were
present as part of the concentrated HCI used in the reaction.
However, when an even number of carbon atoms are present
in the n-carboxyalkylammonium cation, ie., structures
C4MnCl and C6MnCl, the hybrid halide perovskite structure
is formed, and no water molecules are incorporated into the
structure, even though water molecules were available as part
of the concentrated acid.

Both structure types are layered but differ in terms of the
type of inorganic anion formed, the packing of ions and
hydrogen bonding interactions. A 2D inorganic layer
consisting of corner-sharing [MnClg]*~ octahedra is formed in
the 2D hybrid halide perovskite structures, C4MnCl and
C6MnCl, while the inorganic layer comprises isolated 0D
[MnCl,(H,0)]”” anions in the odd-chain containing
compounds C3MnCIH,0 and C5MnCIH,0.

In the 2D hybrid halide perovskite-type structures, a
bilayer of non-interdigitated organic cations is formed, with
the ammonium groups hydrogen bonding to the inorganic
layer, and the carboxylic acid groups forming a separate
hydrogen bonded layer comprised of hydrogen bonded
carboxylic acid dimers as part of the organic layer. However,
in the 0D structures, the cations are interdigitated, and all
the functional groups capable of hydrogen bonding (i.e., the
carboxylic acid group, ammonium group and anion), form a
single hydrogen bonded network.

In order to understand the preference for a certain
structural type based on the number of carbon atoms in the
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Table 4 Results of a CSD (Version 5.43, June 2022 update)*® search of
2D hybrid halide perovskite structures containing
2-carboxyethylammonium or 4-carboxybutylammonium cations

CSD Metal Halido

Refcode Cation ion  ligand Ref.
BEHXIV 2-Carboxyethylammonium Cu®>" CI” 80 and 81
BEHXIV01

CAYPOH  2-Carboxyethylammonium Cu®>" Br~ 82
KETHID  4-Carboxybutylammonium Pd*>" CI” 83
VUHVIG  4-Carboxybutylammonium Pb** CI 84-86
VUHVIG01

VUHVIG02

VUHVUS  4-Carboxybutylammonium Pb** Br 84, 85 and
VUHVUSO01 87
VUHVUS02

n-carboxyalkylammonium chain, it is informative to consider
some related structures reported in the literature.

As noted previously, a search of the CSD* indicated that
compounds of this type containing n-alkyldiammonium
chains all form the 2D hybrid halide perovskite structure. For
compounds containing n-alkylammonium chains, the 2D
hybrid perovskite structure is by far the preferred structure
type, with only two exceptions reported in the literature,
namely one with a tetrahedral [MnCl,]>” anion (TAZQOD™)
and one with a 1D polymeric [Mn(H,0),Cl;],, anion
(2ZZZAXMO1 (ref. 77) and ZZZAXMO2 (ref. 78).

The question can be asked if it is possible to form a 2D
hybrid halide perovskite structure containing the odd
numbered cations 2-carboxyethylammonium or
4-carboxybutylammonium. A search of the CSD (Version 5.43,
June 2022 update)®” reveals that 2D hybrid halide perovskite
structures containing these cations have indeed been
reported in the literature for a range of metal ions and halido
ligands, as listed in Table 4.

Thus, it is possible to incorporate these cations
containing an odd number of carbon atoms into the
perovskite structure, however, this does not occur when the
metal ion is Mn>" and the halido ligand is a chlorido
ligand. Rather than a 2D perovskite structure forming,
where only halide ions are coordinated to the Mn>" ion,
isolated [MnCl,(H,0),]*~ anions are formed via the
coordination of water molecules to the Mn>" ion. This
process can be seen as dimensional reduction from the 2D
hybrid perovskite structure, which contains a [MnCl,]*
repeat unit, to form a [MnCl,(H,0),]*" anion, through
replacement of two corner sharing chlorido ligands with
terminal aqua ligands and changing two other corner
sharing chlorido ligands to terminal chlorido ligands.

Anions of the formula [MCl4(H,0),]*", in either the cis- or
trans conformation, where M is any metal ion, are relatively
rare. A search of the CSD (Version 5.43, June 2022 update)*’
was conducted to find any structures containing either cis- or
trans anions of this type containing any metal ion, in
combination with any other species, with the results of the
search listed in ESI{ Section S3. The results from the search
revealed that only 32 structures containing this type of anion
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have been reported. Trans-[MCl4(H,0),]*>" anions have been
reported for the following metal cations, with the number of
structures reported in the CSD* indicated in parenthesis:
Mn** (5), Sn** (2), Fe** (2), Ca®* (1), Cu** (1), Fe** (1), In** (1),
Co*" (1), Rh** (1), Cd>" (1). The cis analogues of the [MCl,(H,-
0),]*” anions have been reported for the following metal ions,
with the number of structures containing this anion
indicated in parenthesis: Sn** (8), In*" (3), Rh®" (1), Pt*" (1),
Tc* (1), Mn** (1), Ru** (1). Thus, the formation of this type
of anion is quite rare. The reason for the formation of this
specific anion in the structures in which the cation contains
an odd number of carbon atoms is unclear, and it can only
be noted. The odd-even effect is well known for compounds
containing n-alkyl portions, where compounds with an even
number of carbon atoms display a different type of structure
compared to those with an odd number of carbon atoms,
with each family forming a homologous structural series.**°

Thus, even though n-alkylammonium- and
n-alkyldiammonium-containing perchloridomanganate
compounds show a clear preference for the hybrid halide
perovskite structure, this structure is only preferred for the
n-carboxyalkylammonium containing perchloridomanganate
compounds with an even number of carbon atoms in the
chain.

Interdigitation of n-carboxyalkylammonium chains. A
major difference between the 0D and 2D structures is the
interdigitation of the n-carboxyalkylammonium cations in the
0D structures to form a single organic layer, and the non-
interdigitation of these cations in the 2D hybrid halide
perovskite structures to form an organic bilayer.

A study® considering salts of n-carboxylalkylammonium
cations containing an even number of carbon atoms showed
that, depending on the type of anion present, either an
organic bilayer structure, similar to the organic layer in the
2D hybrid halide perovskite structures reported here, or an
interdigitated organic layer, similar to the organic layer of
the 0D structures reported here, may be formed. It was found
the structures containing chloride and bromide anions
showed interdigitated n-carboxyalkylammonium chains, and
a single hydrogen bonding network, similar to the cation
packing in C3MnCIH,0 and C5MnCIH,0.
However, the structures containing nitrate and perchlorate
anions formed non-interdigitated, bilayer structures, with
carboxylic acid dimers forming in the organic layer, similar
to what is observed in structures C4AMnCI and C6MnCl. Thus,
the specific anion present in the structure plays a role in
whether a with interdigitated
n-carboxyalkylammonium chains, like the 0D structures
reported here, or a non-interdigitated structure, similar to
the 2D perovskite type structures reported here, is formed.
This observation was attributed to the hydrogen bonds
formed between the cations and anions in these structures,
and the effect of anion size on the hydrogen bonding
network.

In the current series the interdigitation or non-
interdigitation of the cations can also be explained by

structures

structure
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Fig. 11 Primary hydrogen bonding network in structure (a) C4MnCl and (b) C6MnCL. (c) Primary hydrogen bonding network in structure
C3MnCIH,0. Arrows indicate available hydrogen bonding sites in the primary network. (d) Cations shown in ball-and-stick representation are
hydrogen bonded to the sites indicated by arrows in figure (c). (e) Primary hydrogen bonding network in structure CSMnCLIH,O. Arrows indicate
available hydrogen bonding sites on the primary network. (f) Cations shown in ball-and-stick representation are hydrogen bonded to the sites

indicated by arrows in figure (e).

considering the hydrogen bonding network formed in the
two structural types. Etter®® stated that the strongest
hydrogen bond donor will hydrogen bond to the strongest
hydrogen bond acceptor. In the structures under
investigation, the strongest hydrogen bonding donor is the
ammonium group, and the strongest hydrogen bonding
acceptor is the coordinated chlorido ligands, due to the
charge assisted nature of the N-H"---"Cl-Mn hydrogen bonds
that can form between these species.®” The rule provided by
Etter®® can be applied to define a primary hydrogen bonding
network in both the 0D and the 2D structure types, i.e. the

This journal is © The Royal Society of Chemistry 2023

hydrogen bonding network formed between the ammonium
groups and the chlorido ligands represent the primary
network. Other hydrogen bonding species that form weaker
hydrogen bonds can then also form or accept hydrogen
bonds to or from this primary network, provided there is
space accessible on the primary network for additional
hydrogen bonding interactions to occur. If no space is
available, the weaker groups will form a separate hydrogen
bonding network.

The primary hydrogen bonding network formed between
ammonium groups and halido ligands in structure C4MnCl
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is shown in Fig. 11(a), viewed down an arbitrary axis to
show the ammonium groups anchoring to the cavities
created in the inorganic layer. From this figure it is clear
that all available hydrogen bonding acceptor sites on the
inorganic layer are occupied by ammonium groups, hence
no sites are available for carboxylic acid groups to form
hydrogen bonds to the inorganic layer. As a result, the
carboxylic acid groups cannot hydrogen bond to the
primary hydrogen bonding layer, and instead form
carboxylic acid dimers in the organic layer due to their
donor and acceptor character,” with is the only option
available to satisfy the hydrogen bonding capability of the
carboxylic acid functional groups, and a non-interdigitated,
organic bilayer is formed. The same argument holds for
structure C6MnCl, with the primary network illustrated in
Fig. 11(b), resulting in the formation of a non-interdigitated
organic bilayer.

The primary hydrogen bonding network formed in
structure C3MnCIH,O between the ammonium group
donors and chlorido acceptors is illustrated in Fig. 11(c).
As indicated by the arrows in Fig. 11(c), the sites above
the coordinated water molecules in this network are
unoccupied and are available to accept and donate
hydrogen bonds to the carboxylic acid groups of cations
of which the ammonium groups form part of a
neighbouring primary network. Fig. 11(d) shows the
cations hydrogen bonded to the primary network via their
carboxylic acid groups. The same is true for structure
C5MnCIH,0, as illustrated in Fig. 11(e) and (f). As a
result, cations are hydrogen bonded to one primary
network wvia their ammonium groups and to a
neighbouring primary network via their carboxylic acid
groups, resulting in interdigitated structures. Hence, the
nature of the primary hydrogen bonding network and the
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type of inorganic layer formed play an important role in
determining  whether an  interdigitated or
interdigitated structure is formed.

In both structure types, the effect of the hydrogen bonds
involving the carboxylic acid groups is to “zipper”
neighbouring primary networks together, either through the
formation of an interdigitated structure where the carboxylic
acid groups hydrogen bond to the primary hydrogen bonding
network, or through the formation of a non-interdigitated
bilayer structure, where carboxylic acid dimers are formed in
the organic layer.

non-

Magnetic characterisation

All four compounds structurally characterised were also
characterised magnetically by SQUID magnetometry.

C3MnCIH,0 and C5MnCIH,0. The magnetic susceptibility
of C3MnCIH,0 and C5MnCIH,0 were measured in the region
1.8 K to 310 K. The y(T), yT(T) and 4 *(T) data of C3MnCIH,0
and C5MnCIH,0 are shown in Fig. 12(a) and (b). M vs. H
plots are given and discussed in ESI{ Section S4.

Paramagnetic  behaviour is observed at higher
temperatures, with a xT value of 4.26 cm® K mol " for
C3MnCIH,0 and 4.57 cm® K mol ™ for C5MnCIH,0 at 310 K.
These values are close to the expected value of 4.375 cm®
K mol ™ for a Mn*" ion of S = 5/2. Below 25 K for C3MnCIH,0O
and 36 K for C5MnCIH,0, the xT values show gradual
decrease followed by a sharper decrease, which is indicative
of AFM interactions between the Mn** ions or possibly single
ion anisotropy (SIA) due to the polyhedra not being truly
octahedral.

A Curie-Weiss  analysis of the »'(T) plots
(Fig. 12(a) and (b)) was done for C3MnCIH,0 between 77 K
and 310 K, and for C5MnCIH,O between 122 K and 310 K.
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(@) (T (O) and xT(T) (O) plots for C3MNCIH,O between 1.8 K and 310 K. The red line through the data points corresponds to
5/2 AFM chain model. The insert shows the y %(T) plot for C3MnCIH,O between 1.8 K and 310 K. The red line

through the data points corresponds to a linear fit between 77 K and 310 K. (b) x(T) (0) and xT(T) (O) plots for C5MnCIH,O between
1.8 K and 310 K. The red line through the data points corresponds to the fit of the S = 5/2 AFM chain model. The insert shows the
2 XD plot for CSMnCIH,O between 1.8 K and 310 K. The red line through the data points corresponds to a linear fit between 122 K

and 310 K.
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Table 5 Summary of magnetic parameters

Compound C3MnCIH,O C5MnCIH,0 C4MnCl C6MnCl

2k (K) -0.14(2) -0.14(2) -8.28(5) -7.72(4)

Exchange AFM AFM AFM AFM

g — — 1.96(8) 1.94(6)

Curie constant (mol cm™)* 4.33(1) 4.55(3) — —

Curie constant (mol cm™*)” 4.34(2) 4.52(2) 5.16(2) 4.53(2)

0 (K) -0.98(3) -0.83(3) -190(5) -175(5)

Model 1D AFM chain® 1D AFM chain®® AFM square lattice®* AFM square lattice®
Ty (K) — — 45.0(5) 43(1)

T(rmax) cale (K) — — 83 89

T&max) exp (K) - - 83 87

“ Curie constant obtained from fitting to model. © Curie constant obtained from Curie-Weiss analysis.

Due to the plots not being perfectly linear, approximate Curie  linked via Mn-O-H:--"Cl-Mn hydrogen bonds. The

constants of 4.34(2) em® K mol™ and 4.52(2) em® K mol™
were obtained for C3MnCIH,0 and C5MnCIH,0, with
negative Weiss temperatures, ¢, of —0.98(3) K and —0.83(3) K,
indicating AFM behaviour.

Structures C3MnCIH,O0 and C5MnCIH,O contain 1D
hydrogen bonded chains, with neighbouring Mn>*" ions

experimental susceptibility data was fitted to a model for a
S = 5/2 AFM chain.®® This model is based on the
Hamiltonian H = -} ,,,2JxS:S; with > ., running over all
possible pairs of nearest-neighbour spins i and j, with a
negative Jx value indicating AFM interactions. The model is
given by eqn (1):
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Fig. 13

Temperature (K)

(d)

(a) (T (O) and xT(T) (O) plots for C4MnCI between 1.8 K and 310 K. The red line through the data points corresponds to the fit of the S =

5/2 AFM square lattice model from Ty to 310 K. (b) »"X(T) plot for C4MnCLl between 1.8 K and 310 K. The red line through the data points
corresponds to a linear fit between 157 K and 310 K. (c) x(T) (O) and xT(T) (0O) plots for C6MnCl between 1.8 K and 310 K. The red line through the
data points corresponds to the fit of the S = 5/2 AFM square lattice model from Ty to 310 K. (d) x X(T) plot for C6MnCl between 1.8 K and 310 K.
The red line through the data points corresponds to a linear fit between 180 K and 310 K.
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NS(S+1)

, 1+ u(K)
3k

” 1-u(K)

xT =

1
where u(K) = cothK - I and K = -2JxS(S + 1)/kT.

Here, N is Avogadro's constant, f the Bohr magneton, k
the Boltzmann's constant, Jx the exchange parameter, g = 2
and S = 5/2. On substitution of the constants, eqn (2) is

obtained:
1- coth (17.5]K> N (0.0571T)
_ T Jx
xT = CC (2)
17.5]x 0.0571T
1+ coth( ) - ( )
T Jx

where CC is the Curie constant and Jx the magnetic exchange
parameter. Both CC and Jx are allowed to vary, with CC
constrained to fall between 3 and 5 K. The values obtained
for the parameters are listed in Table 5.

The fits of the y7(T) data of C3MnCIH,0 and C5MnCIH,O
to this model are shown in Fig. 12(a) and (b), and the values
obtained through the fits are listed in Table 5. A value of 2Jx
equal to -0.14(2) K and a Curie constant of 4.33(1) cm’
K mol™ were obtained for C3MnCIH,O, and 2/ equal to
-0.14(2) K and a Curie constant of 4.55(3) cm® K mol™" was
found for C5MnCIH,O, with the negative 2Jx values
indicating AFM interactions or SIA interactions. The small
values of the exchange parameters indicate weak magnetic
exchange interactions via the Mn-O-H---"Cl-Mn hydrogen
bonding interactions linking Mn>" ions.

C4MnCl and C6MnCl. The temperature dependent
magnetic susceptibility of C4MnCl and C6MnCl were
measured in the region 1.8 K to 310 K. The x(7), yT(T) and
2 (T) plots of C4MnCl and C6MnCl are shown in
Fig. 13(a) to (d). Both compounds show a broad maximum in
their magnetic susceptibility as a function of temperature
curves (Fig. 13(a) and (c)) which is indicative of AFM
interactions in the inorganic layer.

The y(T) plots (Fig. 13(a) and (c)) both show a gradual
increase from 0.011 cm® mol™ at 310 K, with a broad
maximum of 0.017 cm® mol™ at 87 K for C4MnCl and 0.018
em® mol™ at 83 K for C6MnCl. On further cooling, the
susceptibility of both compounds shows a decrease followed
by a sharp increase at the Neél temperature, Ty, and a steep
rise below Ty, which signifies spontaneous magnetisation as
a result of long range 3D AFM ordering due to spin canting,”*
with Ty = 45.0(5) K for C4MnCl and Ty = 43(1) K for C6MnCl,
respectively. The spin canting is attributed to antisymmetric
Dzyaloshinskii-Moriya interactions that occur due to the
tilting of the [MnClg]"~ octahedra in the inorganic plane.**°>
Further cooling results in a continued increase in
susceptibility.

The yT(T) plots (Fig. 13(a) and (c)) show values of 3.35
em® K mol™ and 3.32 cm® K mol™* for C4MnCl and
C6MnCl respectively at 310 K, which is lower than the
expected value of 4.375 cm® K mol™ for Mn*". On cooling
from 310 K, the y(7) data show a gradual decrease to reach
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a minimum at Ty = 45.0(5) K for C4MnCl and Ty = 43(1) K
for C6MnCl, where after there is a sharp increase. This is
followed by a further decrease on cooling, approaching
zero, for both compounds.

A Curie-Weiss analysis of the y '(T) plots was done for
C4MnClI between 157 K and 310 K, and for C6MnCl between
180 K and 310 K. At high temperatures there is no region
where yT(7) is constant, thereby completely obeying Curie-
Weiss law. Thus, the Curie-Weiss values obtained serve
merely as an approximation. From the Curie-Weiss plots
(Fig. 13(b) and (d)), approximate Curie constants of 5.16(2)
mol cm™ and 4.53(2) mol cm™® were obtained for C4MnCl
and C6MnCl, with approximate Weiss temperatures, 6, of
-190(5) K and -175(5) K, with the negative Weiss
temperatures indicating AFM behaviour.

C4MnCl and C6MnCl adopt the 2D perovskite structure
and since they contain Mn>" ions, are expected to behave as
2D S = 5/2 Heisenberg antiferromagnets at low temperature.
The intra-planar AFM exchange interactions occur through
the single-halide, Mn-CI-Mn superexchange pathway where
bridging halido ligands link neighbouring Mn>" ions to form
a square lattice. The magnetic d orbitals of neighbouring
metal ions overlap via the common orbital of the bridging
halido ligand. Inter-layer magnetic coupling occurs at low
temperature and is expected to be much smaller than intra-
layer coupling, by at least a factor (10%),°* and is seen as
negligible.

Since the C4MnCl and C6MnCl systems can be treated as
AFM square lattices, the magnetic susceptibility data was fit
to a model for a § = 5/2 square lattice of classical spins,
based on the 2/x Hamiltonian H = -} ,,,2/xS;S;, with > .,
running over all possible pairs of nearest-neighbours spins i
and j, with a negative 2Jx value indicating an AFM
interaction, given by eqn (3):*

_ Ng*’S(S+1)(1 +u)’
B 3k(1-u)?

(3)

kT
JSE+1)
Avogadro's constant, g the g factor, f the Bohr magneton, &
the Boltzmann's constant, Jx the magnetic exchange
parameter and S = 5/2.
On substitution of the constants, eqn (4) is obtained:

2
(1 + coth (17.5]K) B (0.0571T>)
T ]K (4)
( (17-511<) (0.0571T) ) 2
1- coth +
T Jx

The values of Jx and g are allowed to vary, with ¢
constrained between 1.5 and 2.1.

The x7(T) data of C4MnCl and C6MnCl were fit to the
model from temperature Ty to 310 K. The fits are shown in
Fig. 13(a) and (c), and Table 5 lists the values obtained. A
value of 2Jx equal to -8.28(5) K and a g value of 1.96(8) were

with  « = coth[(JxS(S + 1))/kT] - where, N is

2T = 1.1825g>

This journal is © The Royal Society of Chemistry 2023
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obtained for C4MnCl, and 2Jx equal to -7.72(4) K and a g
value of 1.94(6) was found for C6MnCl, with the negative 2k
values indicating AFM interactions. Even though the g-factors
are slightly smaller than the expected value of 2, g-factors
smaller than 2 have been reported for related compounds in
the literature.”®*°

Eqn (5), which is used to predict the temperature at which
the magnetic susceptibility has a maximum value, has also
been reported:**

KT()max = —1.2625(2/)S(S + 1)

(5)

A very good agreement is obtained between the predicted
and experimentally observed temperatures of yy.x for both
C4MnCl and C6MnCl, as listed in Table 5.
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The magnetic behaviour of the C4MnCl and C6MnCl
compounds clearly indicates the presence of a magnetic
phase transition(s), structural phase transition(s), or both.
Detailed studies of the magnetic properties of these
compounds, including FC/ZFC measurements at multiple
fields, full hysteresis sweeps at multiple temperatures and
low temperature X-ray diffraction studies will be required to
fully understand the of the samples. Such
measurements are in progress, but are beyond the scope of
the current study.

nature

Discussion of magnetic results

As expected, the magnetic behaviour of the two types of
compounds observed in the study is markedly different due

Table 6 Summary of Ty values, 2Jx values, Weiss temperatures (9) and structure classification of n-alkylammonium, n-alkyldiamonium- and
arylammonium-containing perchloridomanganate hybrid perovskites reported in the literature and investigated in this study

RP or CSD Refcode and Magnetic study Year of publication of
Compound Tn (K) 21" (K) 6 (K) DJ reference reference magnetic study
(CH3NH;),[MnCl], 47(3) -10.0(2)*  — RP MATCMNO01*° 18 1972
45.3(5) -10.02)*  — MATCMN04°° 27 1979
44 ~—8 K* — MATCMNO05°" 17 1995
— ~-7.25 — MATCMN07° 32 2000
47 -207.8 28 2021
44 — -23 99 2021
(CH3CH,NH;),[MnCl], 43.1(2) -9.20(5)*  — RP EAMNCL®* 27 1979
44 ~—8* — EAMNCL11% 17 1995
— ~-7.2 — 32 2000
45 -8.8 — 26 2022
(CH;(CH,),NH;),[MnCl], 39.2(2) -8.90(5) — RP PAMMNC01%* 27 1979
40 ~—g* — PAMMNC10%° 17 1995
— ~-7.25 — PAMMNC13® 32 2000
PAMMNC36°°
(CH3(CH,),NH;),[MnCl], 37 ~—8* — — 17 1995
(CH;(CH,)NH;),[MnCl], 39 ~—8* — — — 17 1995
(CH3(CH,),NH3),[MnCl], — ~=7.2 — — — 32 2000
(CH3(CH,)gNH;3),[MnCl], 40 ~—8* — — — 17 1995
(CH3(CH,)oNH;),[MnCl], — ~-7.4 — — — 32 2000
(CH3(CH,)1;NH;),[MnCl], — ~-6.25 — — — 32 2000
(C6H5NH;),[MnCl], 42.6 -6.19 -126 nRP 777BMJ01*° 30 2021
(CeH5CH,NH;3),[MnCl], 44.6 -7.47 -135 RP Z77BMG01*° 30 2021
Z7ZZBMG02°”
(CeHs(CH,),NH;),[MnCl], 44.3 -171.4 RP Z77ZBMDO01%° 29 2012
44.0 — Z77BMD02-04°® 100 2020
45.7 -7.65 -162 30 2021
47 -9.9 — 26 2022
(C6H5(CH,)3NH3),[MnCl], 41.8 -7.23 -148 DJ Z7ZZBMA01*° 30 2021
(CeH5(CH,)4NH;),[MnCl], 37 — -153.9 RP Z77BLY01%’ 7 2022
(NH;(CH,),NH;)[MnCl], Nospin  -10.2 — DJ ENDAMN10°® 26 2022
canting ENDAMN11%°
(CeH5C,H;FNH;),[MnCl], 45 — -272.67  RP 31 31 2022
(HL)’
-273.01
(]|’
(HOOC(CH,)3;NH3),[MnCl], 47 -8.28(5) -190(5) nRP This study This study
(C4MnCl)
(HOOC(CH,)5NH3),[MnCl], 45 ~7.72(4) -175(5) nD]J This study This study
(c6MnCl)

“ Note that a negative Jx value indicates an AFM interaction, and values indicated with an asterisk are double the values reported in the

original publications. ”
to the inorganic layer.
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to the difference in structures and magnetic exchange
interactions.

From the parameters obtained by fitting the data of
C3MnCIH,0 and C5MnCIH,0, it can be deduced that the
magnetic exchange along the 1D hydrogen bonded anionic
chain involves very weak AFM interactions at low temperature
with Weiss temperatures, 6, of —0.98(3) K and -0.83(3) K for
C3MnCIH,0 and C5MnCIH,0, respectively. Weak AFM
exchange parameters, 2/k, of -0.14(2) K for both C3MnCIH,O
and C5MnCIH,O are obtained, with a negative Jx value
indicating AFM exchange. For these compounds the magnetic
exchange pathway between Mn>" ions involve hydrogen
bonding interactions through coordinated water molecules
and chlorido ligands, which results in very weak magnetic
exchange. Magnetic coupling through a hydrogen bonding
pathway was reported in a series of trinuclear and dinuclear
Mn’*"/Fe*"  complexes, where AFM interactions
exchange, with Jx < 1 K was reported for the Mn*" complex.”
The hydrogen bonding magnetic exchange pathway has been
proposed in many studies, although the mechanism of
exchange is not well understood.”®

For the even-chain containing compounds, C4MnCl and
C6MnCl, which display the 2D hybrid halide perovskite
structure, a magnetic superexchange pathway involving a
bridging halido ligand result in more effective magnetic
exchange, with 2Jx values of -8.28(5) K and -7.72(4) K
respectively.

The results of magnetic studies of a number of related
Mn>" hybrid chloride perovskites have been reported in the
literature, which allows for the comparison of the results
obtained in this study with the literature results. As
mentioned previously, interesting magnetic phenomena are
typically observed in these types of compounds, with AFM
interactions observed at higher temperatures, and spin
canting observed at lower temperatures. A literature survey
was performed, and a number of reports on the magnetic
behaviour of compounds containing n-alkylammonium- or
aryl-ammonium cations and perchloridomanganate anions
with the perovskite structure were identified, however, the
magnetic behaviour of only one n-alkyldiammonium-
containing compound has been reported. The results of the
literature survey are summarised in Table 6. Information on
the onset temperature of spin canting, Ty, values of magnetic
exchange constants, Jx, Weiss temperatures, ¢, and whether
the structure can be classified as RP or DJ are tabulated. It
should be noted that not all the information listed above was
available for all the compounds listed in Table 6. In certain
cases, the crystal structures have not been reported, hence
the classification as RP or DJ could not be performed. Certain
studies did not report either the magnetic exchange constant
or the Weiss temperature or neither of the two. In some
cases, more than one study investigated the same compound,
and it should be noted that there is some variability in the
values reported. In addition, year of publication of the
magnetic studies are included in Table 6. It is interesting to
note that there has been renewed interest in the magnetic

weak
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properties of these compounds, with no less than seven
magnetic studies reported in the period 2020 to 2022. Prior
to that, publications on the magnetic properties of these
perovskites were scant.

Since the S = 5/2 AFM square lattice model developed by
Curély and Rouch® is based on a 2Jx Hamiltonian, and the
parameter being varied is Jk, some reports in the literature
give Jx instead of 2. These Jx values were multiplied by two
before being included in Table 6, and are indicated by an
asterisk next to the value of 2Jx.

The 2Jx values in Table 6 range from -6.2 K to —-10.2 K.
The magnetic exchange parameter values of C4MnCl and
C6MnCl of -8.28(5) K and -7.72(4) K are comparable with
these values. The relatively similar 2/ values are attributed
to the similar superexchange Mn-Cl-Mn pathways found in
both the C4MnCl and C6MnCl compounds, and related
compounds in the literature. The largest 2Jx value of 10.2 K
was reported for (NH;(CH,),NH;3)[MnCl],,>® which is the only
n-alkyldiammonium-containing compound listed, and the
only compound exhibiting an ideal DJ structure. To
determine if compounds exhibiting the ideal DJ structure
generally exhibit larger magnetic exchange parameters,
additional studies are required.

Considering the information in Table 6, the Ty values
reported in the literature fall within the range of 37 K to 47 K.
The lowest Ty values were reported for (CeHs(CH,),-
NH;),[MnCL]”” and (CHj3(CH,),NH;),[MnCl,],"® while the
highest value was reported for (CH;NH,),[MnCl,].*® The Ty
values of C4MnCl and C6MnCl compare well with those
reported in the literature, at 45.0(5) K and 43(1) K,
respectively. It was reported that for (CH3(CH,),NH;),[MnCl,]
compounds, as the inter-layer spacing is increased, a decrease
in the transition temperature, Ty, occurs.”> However, this
behaviour was seen for short chain lengths only, with n < 4.%?
For the longer chain lengths the change in transition
temperature is independent of chain length.** In this current
study, the slight decrease in Ty of 45.0(5) K for C4MnCl to
43(1) K for C6MnCl is probably within experimental error and
therefore the transition temperature for the C4MnCl and
C6MnCl is independent of cation chain length.

The only compound reported in the literature that did
not display spin canting was (NH;(CH,),NH;)[MnCl],,>® and
the authors attributed it to the fact that the compound
exhibited a DJ structure, while the rest of the compounds in
the family they investigated fell into the category of RP
structures. It was proposed that the perfect alignment of
neighbouring inorganic layers prevented spin canting. The
classification of the compounds according to RP or DJ, as
indicated in Table 6, indicate that all the compounds that
exhibit the onset of spin canting at Ty can indeed be
categorised as RP or nRP structures, except for C6MnCl and
(CeHs(CH,)3NH;),[MnCl,],>°  which are nDJ structures.
Hence, it appears as if at least some degree of staggering of
neighbouring inorganic layers is required for spin canting
to occur, but more ideal DJ compounds should be studied
to confirm this.

This journal is © The Royal Society of Chemistry 2023
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A very small Weiss temperature of -23 K was reported for
(CH3;NH;),[MnCl,] by Zhao et al,” while Kim et al?®
reported a Weiss temperature of -207.8 K for the same
compound. Ignoring the Weiss temperature reported by Zhao
et al.,”® which seems to be an outlier, the Weiss temperatures
reported in the literature fall in the range of -126 K to -273
K. The Weiss temperatures of -190(5) K for C4MnCl and
-175(5) K for C6MnCl fall within this temperature range.

In summary, the magnetic behaviour of C4MnCl and
C6MnCl agrees well with the magnetic behaviour of related
Mn>" perovskite compounds reported in the literature. This
is expected, since the main difference between C4MnCl and
C6MnCl and the compounds reported in the literature is the
identity of the organic cation, while the inorganic portion
consisting of corner sharing [MnClg]*~ octahedra is similar in
all the compounds. It should, however, be kept in mind that
the organic cation indirectly influences the structure in that
compounds containing n-alkyldiammonium cations exhibit
DJ structures, which are not expected to show spin canting.

Conclusions

The even-odd effect is distinctly displayed by compounds
comprised of n-carboxyalkylammonium cations and
perchloridomanganate anions investigated in this study.
Compounds C4MnCl and C6MnCl, containing an even
number of carbon atoms, exhibit the layered 2D hybrid halide
perovskite structure, with corner sharing octahedra
comprising the inorganic layer, and non-interdigitated
n-carboxyalkylammonium cations forming the organic layer.
When an odd number of carbon atoms is present in the
n-carboxyalkylammonium chain, i.e. compounds C3MnCIH,O
and C5MnCIH,0, a 0D hybrid structure is formed, where
interdigitated n-carboxyalkylammonium cations form the
organic layer, and isolated [MnCl,(H,0),]>" anions the
inorganic layer. This family of compounds represent a striking
example of how a change in one component of a hybrid
compound, in this case the addition of single carbon atom to
the n-carboxyalkylammonium cation chain, can drastically
change the type, crystal structure and dimensionality of the
hybrid compound formed. Interestingly, this is only observed
in the case where the metal ion is Mn**, while the 2D hybrid
halide perovskite structure is always formed, regardless of the
number of carbon atoms in the n-carboxyalkylammonium
cation, for other metal ions.

The interdigitation or non-interdigitation of the cations
was explained by considering the formation of a primary
hydrogen bonding network comprised of the strongest
hydrogen bonding donors, and whether space is available for
additional hydrogen bonds to form to the primary network.

The relative orientation of consecutive inorganic layers in
structures C4MnCl and C6MnCl were compared with those of
related  n-alkylammonium- and  nr-alkyldiammonium-
containing hybrid halide perovskite perchloridomanganates
reported in the literature, and indicated that, while
n-alkyldiammonium-containing structures of this type always

This journal is © The Royal Society of Chemistry 2023
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exhibit ideal DJ structures, n-alkylammonium-containing
structures often, but not exclusively, adopt the ideal RP
structure. Structures C4MnCl and C6MnCl were classified as
nRP and nD]J respectively, showing the effect of a change in
the cation, and the hydrogen bonding ability of the cation on
the relative orientations of the inorganic layers.

It was shown through a literature survey that
[MnCl,(H,0),]* anions are rare, and that compounds containing
2-carboxyethylammonium or 4-carboxybutylammonium can
indeed form the 2D hybrid halide perovskite structure with metal
ions other than Mn?*'. As such, structures C3MnCIH,O and
C5MnCIH,0 are quite unique, in that they contain a rare anion,
and do not form the 2D hybrid halide perovskite structure as was
found for compounds of this type containing other metal ions.

Weak magnetic exchange between Mn>" ions is observed
compounds C3MnCIH,0 and C5MnCIH,O which is ascribed
to the fact that the exchange occurs via hydrogen bonding
interactions in a 1D hydrogen bonded chain.

Stronger magnetic interactions are observed in
compounds C4MnCl and C6MnCl, which occur via a halide-
bridged exchange pathway. In addition, spin canting
observed in compounds C4MnCl and C6MnCl is ascribed to
the tilting of the octahedra in the inorganic layer. A literature
survey of reports of the magnetic properties of related 2D
hybrid halide perovskite compounds was conducted and
highlighted the magnetic behaviour of these types of
compounds. It also showed that the magnetic exchange
parameters as well as spin canting onset temperatures of
C4MnCl and C6MnCl correlate well with those of related
compounds reported in the literature.
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