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ABSTRACT: Tetrachlorocuprate(II) hybrids of the three anisi-
dine isomers (ortho-, meta-, and para-, or 2-, 3-, and 4-
methoxyaniline, respectively) were prepared and studied in the
solid state via X-ray diffraction and magnetization measurements.
Depending on the position of the methoxy group of the organic
cation, and subsequently, the overall cation geometry, a layered,
defective layered, and the structure comprising discrete
tetrachlorocuprate(II) units were obtained for the para-, meta-,
and ortho-anisidinium hybrids, respectively. In the case of layered and defective layered structures, this affords quasi-2D-layered
magnets, demonstrating a complex interplay of strong and weak magnetic interactions that lead to the long-range ferromagnetic
(FM) order. In the case of the structure with discrete CuCl,>~ ions, a peculiar antiferromagnetic (AFM) behavior was revealed. The
structural and electronic origins of magnetism are discussed in detail. To supplement it, the method for calculation of dimensionality
of the inorganic framework as a function of interaction length was developed. The same was used to discriminate between n-
dimensional and “almost” n-dimensional frameworks, to estimate the organic cation geometry limits for layered halometallates, and
to provide additional reasoning behind the observed relation between cation geometry and framework dimensionality, as well as their

relation to differences in magnetic behavior.

B INTRODUCTION

In recent years, hybrid organic—inorganic halometallates
(HOIHs) have been the protagonists of many cutting-edge
studies, ranging from those in the field of optoelectronics to
the ones related to complex spintronic nanodevices.'™’
Benefits of the HOIH materials with respect to multifunctional
but compositionally isotropic ones, such as graphene or MoS,,
evolve from the fact that HOIHs unify two intertwined
sublattices, i.e., organic and inorganic ones, typically only
weakly coupled through hydrogen bonding and electrostatic
interactions. Each sublattice has its own features; while the
inorganic one can give rise to, e.%., magnetic order,”’ organic
one can be electrically ordered,'”™"* and if simultaneously
achieved, the two can result in materials with multiple
orders.'*™'7 By the proper choice of the building blocks
(organic cations, metal cations, and halide anions), diverse
structures can be achieved, depending on the spatial arrange-
ment of the halometallate units: three-dimensional (3D), two-
dimensional (2D), one-dimensional (1D), and zero-dimen-
sional (0D) structures, each having unique properties with a
palpable potential for different applications.'™

The most developed class of HOIHs is 3D ones having the
general formula ABX, (A" = organic cation; B** = inorganic
cation; X~ = halogen atom), with their structures consisting of
a 3D framework of corner-sharing metal halide octahedra,
where A* cations are anchored in the framework voids.
However, following Goldschmidt’s rule, only cations of an
appropriate size can populate such voids and stabilize the
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resulting assembly, making structural and compositional
prospects within this subclass of HOIHs limited.”" In contrast,
low-dimensional (2D, 1D, and 0D) HOIHs are geometrically
less restricted and offer wide compositional and structural
prospects for tailoring functional materials. Subsequently, low-
dimensional HOIHs are increasingly emerging as a promising
class of multifunctional materials, replacing their composition-
ally and structurally constrained 3D relatives.”>~2°
Low-dimensional HOIHs in the context of magnetism show
immense potential.z"'_30 For example, it was recognized that
the incorporation of different organic cations or halogen ions
in 2D HOIHs will yield different, and in most cases,
anisotropic magnetic coupling strengths, resulting in complex
magnetic ground states, and potentially nonlinear responses to
external stimuli.’’™> Moreover, phenomena such as chiral
ferromagnetism or multiferroicity have been demonstrated for
several 2D HOIHs,**™37 which open novel applicative
promises for these materials, as well as approaches toward
the understanding of fundamental questions of magnetic order
in (quasi)two-dimensional systems. However, to be able to
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truly understand the consequences of structural features on the
magnetic properties of the material, it is of paramount
importance to isolate and understand which structural
parameters are responsible for particular magnetic interactions.
Such knowledge should enable in return the development of
targeted magnetic HOIHs through judicious selection of
organic and inorganic building blocks which can deliver
desired geometrical features. One of the significant contribu-
tions in this context offers the 2D Perovskites Database®® that
compares a selection of geometrical parameters for 2D HOIHs
and related structures with a limited set of properties (optical
and electrical). Another important contribution to the
structural systematics of 2D HOIHs is given by McNulty
and Lightfoot for an extensive set of haloplumbate hybrids.”
However, little information is given regarding the organic
cation geometry and how it relates to the geometry of the
overall assembly, for which we believe is essential for the future
development of materials of this type. Another interesting and
quite promising approach utilizes machine learning to predict
the possibility of forming 2D HOIH from a set of organic
amines.*’ This approach surely can answer how to make a 2D
HOIH, but not necessarily why does the particular organic
component construct a specific framework.

Herein, we report a detailed study focusing on the relation
between the structure and magnetism in a series of low-
dimensional tetrachlorocuprate(II) HOIHs based on the
anisidine isomers. Namely, we examine the impact of the
geometrical parameters of the building blocks on the
dimensionality of the structure and the resulting magnetic
behavior. Finally, we present a simple geometrical model
connecting the organic cation geometry with the expected
dimensionality of the inorganic framework.

B EXPERIMENTAL SECTION

Synthesis of Compounds. 1 mmol (123 mg) of ortho-anisidine
or para-anisidine free base (sourced from Sigma-Aldrich) was slowly
added to a solution of S mmol (852 mg) of copper chloride dihydrate
(Kemika, Croatia) in 6 mL of 2 M hydrochloric acid. Upon standing
(usually within a week) at room temperature, single crystals of (o-
A),CuCl, or (p-A),CuCl, precipitate out of the solution. Crystals
were isolated by filtration, dried, and stored under dry conditions.

Crystallization attempts for (m-A),CuCl, under the above-
mentioned conditions yielded also single crystals of partially
chlorinated compound ((m-A*),CuCl,, 4-chloro-3-methoxyanilinium
tetrachlorocuprate; structural details are presented in the Supporting
Information, Table S1), likely due to very high nucleophilicity of the
4-position on the m-anisidinium cation, and the interaction with
atmospheric/dissolved oxygen. The tendency of partial chlorination
appears to be so high, that the pure nonchlorinated (m-A),CuCl,
could be obtained only as a microcrystalline powder from fast
crystallization experiment, which was conducted by using 2 mL of
concentrated hydrochloric acid instead of 6 mL of 2 M hydrochloric
acid. Upon addition of m-anisidine to copper chloride/hydrochloric
acid solution, (m-A),CuCl, precipitated and was immediately isolated
using vacuum filtration and thoroughly dried and stored under dry
conditions.

All three compounds are bench-stable once isolated.

Thermogravimetric Analysis and FTIR Spectroscopy. Ther-
mogravimetric (TG) analysis was carried out with a Mettler-Toledo
TGA/SDTA851e thermobalance using aluminum crucibles. All
experiments were performed in a dynamic oxygen atmosphere with
a flow rate of 200 cm® min™'. Heating rates of 5 K min™" were used
for all investigations. ATR (attenuated total reflectance) Fourier
Transform Infrared spectra (FT-IR) were collected with a Perkin-
Elmer Spectrum Two spectrophotometer in the spectral range 4500—
450 cm™". Results of the analysis were used for identification purposes
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and to assess thermal stability and are listed in Supporting
Information, Figures S1—S4.

Single-Crystal X-ray Diffraction (SC-XRD). Experimental data
and the results of structural model refinement are presented in
Supporting Information, Table S1 (for (m-A*),CuCl,) and Table S2
(for (0-A),CuCl, and (p-A),CuCl,), and the most important
geometrical parameters of the crystal structure are listed in Table 1.

Table 1. Selected Structural and Geometrical Parameters of
Crystal Structures”

compound (0-A),CuCly (m-A),CuCly (p-A),CuCly
X A8
inorganic framework geometry
1Va? +b? LVaZ + b2
d(Cu—Cu)i/A b, 7.6060(2) JVad + 07, Ve +17,
5.4663(8) 5.1477(10)
1z 2 o2
dCu—Cuppoyh | 2VE T F T F2accosB) | 15916705 | Lo 18.0834(6)
7.4978(3) 2 2
2.3378(1)
d(Cu—Xa)/A 2.2545(5) 22388(1) 2.2851(6)
2.2461(1)
d(Cu—Xeq)/A 2.2792(4) 22465(1) 2.2963(7)
3.1998(1)
d(Cu—Xegliong/A 32582(1) 2.9021(7)
2(X—Cu—=X,)° 89.659(18) 90.02(1) 89.97(3)
Z(Cu—Xs— Cu)P° 157.46(1) 163.88(3)
the angle between
the unit cell base
and equatorial +12.5 +10.4
plane of CuCls
octahedra/®
octahedral
distortion®*/%
A 3.05 1.33
_ 12 d, —d\*
"6 d

“Standard deviations of parameters obtained from Rietveld refine-
ment are dependent on the number of simultaneously refined
parameters and are usually underestimated.

The data for all structures were collected via @-scans on an Oxford
Xcalibur diffractometer equipped with a 4-circle kappa geometry
goniometer, CCD Sapphire 3 detector, and graphite-monochromated
Mo K, radiation (4 = 0.71073 A) at 298(2) K. The data processing
was performed using the CrysAlisPro software package.”' The
structures were solved with dual space methods using SHELXT.*
The refinement procedure by full-matrix least-squares methods based
on F* values against all reflections included anisotropic displacement
parameters for all non-H atoms. Hydrogen atoms attached to carbons
were placed in geometrically idealized positions and were refined
using the riding model with Uy, = 1.2U,q of the connected carbon
atom or as ideal CH; groups with U, = 1.5U,. Hydrogen atoms
attached to heteroatoms were located in difference Fourier maps at
the final stages of the refinement procedure. Their coordinates were
refined freely but with restrained N—H distances of 0.86(2) A. All
refinements were performed using SHELXL." The SHELX programs
operated within the Olex2 suite.** Geometrical calculations and
molecular graphics were done with Vesta.** CCDC 2232924—
2232927 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via http://
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336033).

https://doi.org/10.1021/acs.cgd.3c00066
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Formula HOMO LUMO AR*
NH
oA & &V 1.186
P-A é 1.520
o)
He”

Figure 1. Structural formula, HOMO and LUMO isosurface, and aspect ratios (ARs) of three structural isomers of an1s1d1n1um cation, presenting

differences in geometrical and electronic structures. Isosurfaces were generated using Tonto quantum chemistry package®

(B3LYP/G6311(d,p)).

The aspect ratio was calculated for van der Waals bounding box major face.

Powder X-ray Diffraction (PXRD). PXRD analyses of bulk (o-
A),CuCl, and (p-A),CuCl, samples were performed on a Panalytical
Aeris diffractometer in the Bragg—Brentano mode (Supporting
Information, Figure SS).

The structural model of (m-A),CuCl, was elucidated from X-ray
powder diffraction data collected on a Panalytical Empyrean
diffractometer equipped with monochromated (Ge(111)) Cu Ka,
source and a PixCEL HPC detector in the capillary transmission
mode. Indexing of the diffraction peaks was done using the N-
TREOR program operating in EXPO2014 software.”® Rietveld
refinement was done in TOPAS Academic software v.5.*” Background
scattering intensities were modeled using the Chebyshev function
over the whole measured 26 range. Instrument-related and sample-
related peak convolution parameters were refined using the
fundamental parameters approach coupled with le Bail refinement.*®
The crystal structure of (m-A*),CuCl,, with chlorine atoms removed
was expanded to the P2,/c subgroup and linearly transformed to a
unit cell found by indexation of (m-A),CuCl, powder data. The
resulting structure was optimized with periodic density functional
theory (pDFT) and used as a starting model and as input regarding
fragment constraints. The pDFT calculations were performed using
PBE + D3 exchange—correlation functional and medium SG1S$ basis
set as implemented in QuantumATK.*” Positions and orientations of
two symmetrically independent rigid fragments of meta-anisidinum
cations and one square-planar tetrachlorocuprate anion were found
using a simulated annealing algorithm. Additionally, three independ-
ent isotropic displacement parameters were assigned to copper atoms,
chlorine atoms, and nonhydrogen atoms of organic fragments,
respectively. Displacement parameters of hydrogen atoms were fixed
at 1.5 and 1.2 times higher than those of parent carbon and nitrogen
atoms, respectively. Powder data showed significant anisotropic peak
broadening, which were modeled by the spherical harmonics
approach,” Stephens hkl-dependent peak width approach,®’ and
with stacking faults along the c-direction, with the first two approaches
giving almost the same results, and the stacking fault approach giving
an inferior fit. Nevertheless, all three results indicate the presence of
defects perpendicular to inorganic layers. Detailed results of fits are
presented in Supporting Information, Figures S6—S9 and Table S3,
and the final stage input files for refinement in TOPAS can be found
in Supporting Information, section Powder X-ray diffraction—
TOPAS input files.

Magnetic Measurements. Magnetization measurements were
performed on the powders of (0-A),CuCl,, (m-A),CuCl,, and (p-
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A),CuCl, using a SQUID MPMS S magnetometer. The temperature
dependence of static magnetization was measured two times from 2 to
300 K, first when the sample was cooled in the zero field and
measured while heating in the applied field (ZFC curve). After that,
the sample was cooled down in the same applied field and again
measured while heating (FC curve). The field dependence of
isothermal magnetization was measured at constant temperatures in

fields up to 50 kOe.

B RESULTS AND DISCUSSION

Anisidine (methoxyaniline) has three constitutional isomers:
ortho-, meta-, and para-anisidine, or 2-, 3-, and 4-methoxyani-
line, respectively. Anisidine isomers, as well as their cations,
have significantly different geometries (Figure 1). Due to the
relatively bulky nature of the methoxy group compared to the
total size of the molecules/cations, it is anticipated that
efficiency in crystal packing will increase from ortho-
anisidinium to para-anisidinium salts. On the other hand, the
electron-donating property of the methoxy group coupled with
an already electron-rich anilinium ring modulates the
electronic structure of the cations depending on the relative
position of the ancillary group (Figure 1). Thus, it can be
expected that materials derived from anisidinium isomers will
not only have significantly different crystal structures but will
likely have different magnetic ordering as well. To explore this
scenario, tetrachlorocuprate(II) salts of the three anisidine
isomers were prepared by crystallization from an aqueous
solution containing anisidine, copper chloride, and hydro-
chloric acid in a molar ratio of 1:5:10, respectively.

The appearance of the crystals of the three synthesized
compounds was the first indication of their diverse underlying
structures. Namely, ortho-anisidinium tetrachlorocuprate(1I)
((0-A),CuCl,) crystallizes in the form of dark green prisms,
meta-anisidinium one ((m-A),CuCl,) as thin light green
prisms, and para-anisidinium ((p-A),CuCl,) in the form of
gold leafy plates (Table 1).

The inorganic framework of the (0-A),CuCl, crystal
structure comprises discrete tetrachlorocuprate(I) anions
positioned at the unit cell vertices and in its center, while
the rest of the space is filled by ortho-anisidinium cations. The

https://doi.org/10.1021/acs.cgd.3c00066
Cryst. Growth Des. 2023, 23, 4262—4272
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(a)

(b)

(c)

Figure 2. Crystal packing in (a) (0-A),CuCl,, (b) (m-A),CuCl,, and (c) (p-A),CuCl, shown along the crystallographic b axis (top) and the
crystallographic ¢ axis (bottom). In (a) and (c), atoms are shown as displacement ellipsoids at 50% probability. In (b), atoms are shown as spheres

of arbitrary radii.

CuCl,*™ anion is planar and centrosymmetric with respect to
the copper ion, but the distances between the copper ion and
two symmetrically nonequivalent chlorine ions differ in length
by about 1% (Table 1). In the structures that contain the
discrete CuCl,*™ units, such units are more commonly found
in a tetrahedral geometry than the square-planar one. However,
there are several examples where the CuCl,>” units display
square-planar geometry, the most relevant being those built
from substituted aminopyridinium cations.’*™>” In this
structure, one observes relatively short hydrogen bonds formed
by the ammonium group of the organic cation and the
chlorides of the tetrachlorocuprate(Il) units. The distance
between the neighboring magnetically active ions is relatively
large (approximately 7.6 A) in all directions, suggesting that
magnetic coupling will be very weak or nonexistent (Table 1).

In contrast to (0-A),CuCl,, the structures of (m-A),CuCl,
and (p-A),CuCl, can be described as layered (Figure 2), since
the distances between copper ions are significantly smaller in
two directions (about 5.5 A) than in the third (>15 A).
Neighboring tetrachlorocuprate(Il) ions are rotated by 90°
along the direction perpendicular to the formed chlorocuprate-
(I1) planes, so the environment of the copper ion can be
described as a highly deformed octahedral (Table 1, parameter
A; Figure 2). Thus, the inorganic framework can be perceived
as consisting of layers of chlorocuprate(II) units, with the
deformed octahedral geometry, connected through their
vertices. The equatorial planes of the distorted octahedra are
not parallel to the base of the unit cell, so the octahedra are
tilted in a zigzag fashion (Figure 2).>® The potential reason for
observing this type of assembly in (m-A),CuCl, and (p-
A),CuCl, as opposed to (0-A),CuCl, seemingly stems from
the more efficient packaging of organic cations in bilayers due
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to the more elongated cation geometry (Figure 1, parameter
AR). The inorganic framework of the (m-A),CuCl, comprises
a slightly less dense tetrachlorocuprate plane (with a larger
distance within the plane, Table 1, dip) but with a smaller
distance between the planes (Table 1, d,,,), while the (p-
A),CuCl, forms a denser inorganic plane with a larger gap
between the layers. Another important feature of the (m-
A),CuCl, is the presence of structural defects, as evidenced by
asymmetric peak broadening (for details see Experimental
Section and the Supporting Information). This is manifested
through slight distortion of periodicity in the ab plane, ie.,
inorganic planes are not stacked perfectly. From these
geometric findings, it can be expected that the coupling
between the magnetic ions in the plane will be the strongest in
the (p-A),CuCl,, while the coupling between the planes in (m-
A),CuCl, and (p-A),CuCl, is not predictable due to the
complex interplay between the factors determined by packing,
distance, relative positions in space, etc. However, it can be
expected that the nature of the magnetic order in (m-
A),CuCl, will be influenced by the distorted periodicity.
Magnetic interactions and thereby the magnetic behavior for
the three compounds were shown to depend greatly on the
structure and geometrical parameters. Figure 3 shows the
temperature dependence of magnetization in the fields of 1
kOe and 10 Oe (inset). The (p-A),CuCl, and (m-A),CuCl,
show a ferromagnetic-like behavior below the transition
temperature (T.) of 9.6 and 4.2 K, respectively, while the (o-
A),CuCl,, comprising the discrete CuCl,>” units, follows
closely the Curie—Weiss law in almost the whole temperature
range (Figure 4). The Curie—Weiss fit on the reciprocal
susceptibility at high temperatures (Figure 4) gives the g-
factors in the range of 2.12—2.19, which corresponds well to

https://doi.org/10.1021/acs.cgd.3c00066
Cryst. Growth Des. 2023, 23, 4262—4272
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Figure 3. Temperature dependence of magnetization for (p-
A),CuCl, (black dots), (m-A),CuCl, (red rectangles), and (o-
A),CuCl, (blue diamonds) in the magnetic field of 1 kOe, and 10 Oe
(inset: empty symbols—ZFC, full symbols—FC). The magnetization
of (0-A),CuCl, was multiplied by factor 20 in H = 1 kOe and 100 in
H =10 Oe.
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Figure 4. Curie—Weiss fit on the temperature dependence of
reciprocal susceptibility of (p-A),CuCl, (black dots), (m-A),CuCl,
(red rectangles), and (0-A),CuCl, (blue diamonds) in the magnetic
field of 1 kOe. Inset: zoom for the lowest temperatures, showing a
deviation from the Curie—Weiss law at temperatures much higher
than T, for (m-A),CuCl, and (p-A),CuCl,.

the values found in the literature for the Cu®" ion, and the
Weiss parameter () of 28.7(4), 15.0(2), and —2.8(2) K for
the p-, m-, and (0-A),CuCl,, respectively. The trend in the
Weiss parameters is consistent with the trend of the transition
temperatures, with higher 0 for the (p-A),CuCl, and lower 0
for the (m-A),CuCl,. However, the discrepancies between the
ordering temperatures and Weiss parameters, as well as
deviation from the Curie—Weiss law well above T, (Figure
4, inset) point to the low dimensional nature of magnetic order
for (m-A),CuCl, and (p-A),CuCl,. This is typically observed
for such quasi-two-dimensional magnetic systems and is also
consistent, in our case, with the crystal structures. Considering
the dominance of magnetic interactions within the
chlorocuprate(Il) layers between the four nearest neighbors
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in (m-A),CuCl, and (p-A),CuCl,, the obtained values of
Weiss parameters are a good approximation for the super-
exchange ] parameters between the Cu®* ions. The in-plane
ferromagnetic interaction can be explained by considering the
orbitals. The Cu®* ions in the elongated octahedral geometry
have an unpaired electron in the d;_ orbital, and the
structure is such that the elongations of the neighboring in-
plane octahedra are mutually perpendicular, forming the so-
called antiferrodistortive pattern (Supporting Information,
Figure S10). This leads to the orthogonal half-filled orbitals
and, considering the Goodenough—Kanamori rules, the
interaction should be ferromagnetic. Such an ordering is
often found in the copper(II)-layered HOIHs.”*****% It can
be noted that in (m-A),CuCl,, the angle 2Cu—X;—Cu
(157.46°) is further from the 180° than in (p-A),CuCl,
(163.88°) which could imply the lower contribution of the
antiferromagnetic term in the super-exchange between the
nonorthogonal orbitals in (m-A),CuCl,. However, this cannot
be simply connected to the total super-exchange which
depends also on the distance between the metal ions and the
halogen bridge which definitely prevails in the observed
increase of the ferromagnetic super-exchange in (p-A),CuCl,.
Crucial for the observed efficient ferromagnetic exchange is
that the longer metal—halogen distance is arranged in the
antiferrodistortive pattern, providing the necessary orbital
orthogonality.

The M(H) curves of (p-A),CuCl, and (m-A),CuCl, shown
in Figure 5 are typical soft ferromagnetic hysteresis with

T T T 7T

LI L N N N L O O Y O L N S P B B B
& L -

0.5

Mpe/fu]

—— (p-A)CuCls
—a— (m-A):CuCls
—&— (0-A):CuCls
Brillouin function
for g=2.19, S=1/2, T=2K

T=2K

PRI T NN T T T N T T T T T A S S N
10 20 30 40
H[kOe]

w
o

Figure 5. Field dependence of magnetization for (p-A),CuCl, (black
dots), (m-A),CuCl, (red rectangles), and (0-A),CuCl, (blue
diamonds) at temperature 2 K. The cyan line represents the M(H)
of a paramagnet with a spin 1/2 and g-factor 2.19 given by the
Brillouin function.

saturation values corresponding to a 1 Cu®* ion per formula
unit. The negligible coercive field and very high slope of the
M(H) curve around zero fields support the quasi-two-
dimensionality of the systems. Namely, given that magnetic
planes are ordered ferromagnetically and reorient as a whole
magnetic unit, as well as the fact that much weaker magnetic
interaction between the planes allows the easy reorientation of
single magnetic planes, there is no pinning which would hinder
reorienting so that the reorienting will happen in a relatively

https://doi.org/10.1021/acs.cgd.3c00066
Cryst. Growth Des. 2023, 23, 4262—4272
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weak magnetic field, leading to the observed shape of
hysteresis loops.

The value of 6 for (0-A),CuCl, is small enough (—2.8 K)
that the system can be described as paramagnetic in almost the
whole measured temperature range with only small deviations
below ~3 K and presumably a magnetic transition below the
measurement temperature limit. The presence of magnetic
interactions is more strongly expressed in the field dependence
of magnetization. Measured M(H) for (0-A),CuCl, at 2 K
clearly deviates from the paramagnetic curve given by the
Brillouin function as shown in Figure 5 and follows a linear
function, often seen in the antiferromagnets. This also
indicates the presence of antiferromagnetic (AFM) inter-
actions and a possible AFM phase transition at the temper-
atures below 2 K. Figure 6 augments the result of the

L L LI T L L T T T T

|| (oA).Cucl, ]
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-
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=
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Figure 6. Magnetization measurements for (0-A),CuCl,. Measured
M(H) for different temperatures with respective Brillouin functions
(dotted lines). Inset: yT(T) with a Bonner—Fisher fit for the
antiferromagnetic (AFM) chains of the spin 1/2.

magnetization measurement: the presence of the AFM
interactions in the (0-A),CuCl,, the linear M(H) curves
which do not follow the paramagnetic Brillouin function for
the temperatures below S K, and yT attaining half of its high-
temperature value at 2 K (inset). Considering which
interaction could give such a behavior, magnetic dipole—
dipole interaction can be excluded due to negligible strength
(~10 mK) as a consequence of large Cu—Cu distances and
low spin magnitudes. Evaluating the geometry of hydrogen
bonds (Supporting Information, Table S4) that connect
neighboring square planar CuCl, units, we have tried to
determine whether the 1D AFM chain could be a realistic
description of the observed behavior. Fitting the measured data
using the Bonner—Fisher model,’" where the Hamiltonian is

givenby H=—] ) S:S;, for the AFM chains of § = %, gave the

AFM interaction of | = —2.68(5) K. Given some overlap
between the anisidinium molecular orbitals exists, the super-
exchange interaction could be transferred along other
directions and possibly lead to the antiferromagnetic
interactions perpendicular to the mentioned chain. The
mean-field extension of the used Bonner—Fisher model gave
almost the same interactions between the chains as the intra-
chain one, but clear conclusions cannot be given due to the
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lack of lower temperature measurements. This situation is
motivating for further research including lower temperatures
and ab initio calculations, in order to find out the
dimensionality of magnetism and if an exotic magnetic phase
exists at very low temperatures. The latter could originate from
the competition of weak antiferromagnetic interactions
including the hydrogen bond transferred magnetic interaction
and super-exchange over the anisidinium molecular orbitals.

Comparing the magnetic results with the crystal structure
and relevant geometrical parameters, a correlation is found
between the bond lengths and bond angles (Table 1), as well
as the phase transition temperature and the Weiss parameter.
The latter, which gives the mean interaction between one Cu**
ion and its neighbors, can be taken as an approximation of the
strength of in-plane magnetic interactions due to the absence
of considerable magnetic interaction between the inorganic
planes. Thus, 8 > §™ indicates weaker in-plane interactions
of (m-A),CuCl, and is explained through its longer Cu—Cu
distances in the inorganic layers than in (p-A),CuCl,. The
lower T. of the (m-A),CuCl, can be comprehended by larger
in-plane Cu—Cu distances and higher deformation of Cu—Cl—
Cu bridges, and the presence of structural defects. Regarding
the long-range magnetic order, these effects surmount the
smaller Cu—Cu out-of-plane distance in (m-A),CuCl,.

Observing such a remarkable difference in structural and
magnetic properties between materials based on similar
building blocks motivated us to seek a generalized,
“chemistry-invariant” reasoning behind it. It is evident that
by changing the organic cation geometry one can alter the
dimensionality of the inorganic framework, and thus its
properties but the relation is not that straightforward. From
the material design standpoint, it would be beneficial to know:
(1) which organic cations are compatible with a given
inorganic framework dimensionality, and inversely, (2) for a
given organic cation, what is the expected dimensionality of the
inorganic framework. In order to address these questions, it
was necessary to set a robust definition of dimensionality that
easily differentiates between discrete units and #nD frameworks,
and, ideally, discerns the “almost” nD frameworks from true nD
frameworks. For this purpose, we have developed a method for
the calculation of dimensionality as a function of the threshold
t,, which is the maximal metal ion—metal ion distance which
can build a framework normalized to the expected M—X—M
distance (for details, see Supporting Information, section
Dimensionality Calculation).

An illustration of dimensionality calculation, for anisidinium
tetrachlorocuprates(II) described herein, is given in Figure 7.
Based on these results, the (p-A),CuCl, inorganic framework
can be considered truly two-dimensional, as its dimensionality
is close to two even at t, < 1, while its dimensionality becomes
close to three only when t, > 3.38. On the other hand, (o-
A),CuCl, contains discrete subunits which would become a
2D framework for ¢, > 1.38, or 3D framework for ¢, > 1.88.
Finally, (m-A),CuCl, is an intermediate case, which becomes
2D at t, > 1 and 3D at ¢, > 2.90.

This approach helps to, at least qualitatively, differentiate
between a true 2D HOIH (p-A),CuCl, and its nearly-2D
counterpart (m-A),CuCl,, and provides additional perspective
regarding the significant difference in magnetic order temper-
ature. Although from the magnetic point of view, such systems
are quasi-two-dimensional, in the sense that there are stronger
ferromagnetic interactions within the planes, and orders of
magnitude weaker interaction between the planes, the origin of
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Dimensionality vs. interaction length for anisidinium tetrachlorocuprates
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Figure 7. Dimensionality of anisidinium tetrachlorocuprates as a
function of interaction length, ie., the expected Cu—Cu distance

(2r,(Cu) + 2r,(CD)).

perpendicular weak magnetic interactions is still not well
understood. Nonetheless, as evidenced by the case of (p-
A),CuCl, and (m-A),CuCl,, one can perceive the impact of
geometrical dimensionality on magnetic behavior. This is
additionally supported by the different temperature depend-
ence of magnetization near the phase transition temperature,

where (p-A),CuCl, has a presumably ferromagnetic transition,
while (m-A),CuCl, has reminiscence of magnetic frustrations
and disorder in the ground state. Moreover, the calculations
unveil that the metal centers of (0-A),CuCl, form a 3D lattice
at much lower interaction lengths than the other two materials.
It can be speculated that such a difference in dimensionality vs
interaction length would provoke interesting competition
between various long-range interactions, albeit at much lower
temperatures.

Applying the above methodology, one can calculate
dimensionality for already reported structures and examine
the geometry of organic cations, which can provide
information about the geometrical limits of a particular
framework dimensionality. To quantify the geometry of
organic cations, we have chosen parameters of the van der
Waals bounding box, which are one of the simplest descriptors
calculable for any molecule or ion. Details of implementation
can be found in Supporting Information, section Bounding Box
Calculation. When plotted together, the dimensionality and
bounding box parameters show the geometrical limits of
organic cation for each dimensionality of the inorganic
framework (Figure 8 and Supporting Information, Figure
S11). This enables a direct comparison of organic cation
dimensions with expected metal-metal distances, thus
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Figure 8. (a) Definition of organic cation van der Waals bounding box parameters. (b) Organic cation bounding box dimension histograms for 2D
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providing a quantitative answer to the question—what organic
cations are compatible with nD HOIH frameworks.

Structural constraints on organic cations are well known for
3D HOIHs, as they are well established in the context of
hybrid perovskites. Apart from an occasional outlier, most of
the structures contain an organic cation with a size of less than
1 interaction length (i.e., the expected metal—metal distance,
2r(M) + 2r,(X)) in all directions, which is expected given that
(pseudo)cubic voids in 3D HOIHs will be not much larger
than the length of M—X—M moiety. Consequentially, most
organic cations are less than 1 interaction length cubed in
volume (Supporting Information, Figure S11).

On the other hand, it is apparent that organic cations in 2D
HOIHs can be significantly larger, albeit only along the major
axis. A lot of examples are known (i.e., long-chain
alkylammonium tetrahalometallates) where organic cation is
several interaction lengths long (Figure 8). However, the other
two dimensions should be such that the cation fits in the space
between the four metal centers spanning the lattice base
(Supporting Information, Figure S12). In other words, the area
of the cation bounding box minimal face should be equal to or
less than that of the parallelogram spanned by metal centers,
namely one interaction length squared. This is largely
supported in observed structures (Figure 9), outlier possibly
coming from the overlap of cation bounding boxes in some
crystal structures.

Bounding box minimal face area for 2D structures

400

300

[S5]
f=1
(=]

No. of structures

100

2 3
Area/(int. 1.)?

Figure 9. Organic cation bounding box minimal face area distribution
for 2D HOIHs. Area is normalized to interaction length, i.e., the
expected metal—metal distance (2r,(M) + 2r/(X)).

The constraints for low-dimensional HOIHs are less
obvious, in the sense that no strict limits can be found for
bounding box dimensions (Supporting Information, Figure
S11). However, it can be concluded that 1D, and particularly
discrete systems, can accommodate much larger cations than
2D or 3D HOIHs. Finally, our surface-scratching answer to the
first question is (1) small cations can build 3D HOIHs, (2)
slim cations can build 2D HOIHs, (3) large cations can build
1D HOIHs, and (4) anything can build HOIHs with discrete
inorganic ions. Evidently, some chemical information and
possibly geometrical information must be included in this
reasoning in order to improve it, for instance, the prevalence of
primary ammonium cations as building blocks of 2D HOIHs,
and the fact that bounding box methodology overestimates the
dimensions for some (flexible) organic cations.
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Once geometrical limits are established, one can use them to
estimate the dimensionality of the HOIH material derived
from a particular organic cation. We have calculated the
bounding box parameters for anisidinium cations and
compared them to the observed geometrical limits for 2D
HOIH frameworks (Table 2). Taking into account the

Table 2. Organic Cation Bounding Box (OCBB)
Dimensions for Anisidinium Tetrachlorocuprates®

compound (0-A),CuCl, (m-A),CuCl, (p-A),CuCl,
OCBB major axis/ ~ 1.696 (9.227) 1.665 (9.060) 1.859 (10.112)
int. L. (A)?
OCBB minor 1430 (7.781) 1402 (7.627) 1223 (6.655)

axis/int. 1. (A)°
OCBB minimal
axis/int. 1. (A)°
volume/int. 1.2
(A%)?

minimal fage area/
int. 12 (As)d

0735 (4.000) 0722 (3.928)  0.729 (3.966)

1.783 (287.19)  1.686 (271.45)  1.658 (266.94)

1.051 (31.12) 1.012 (29.96) 0.892 (26.39)
“Interaction length is equal to the expected Cu—Cu distance, i.e.,
2r(Cu) + 2r,(Cl) = 5.44 A. *In principle unlimited for 2D HOIHs.
“No larger than diagonals of parallelogram spanned by metal centers,
in this case 2 int. L. “No larger than the area of parallelogram
spanned by metal centers, in this case 1 int. L.

distributions of the minor axis, minimal axis, as well as volume
and minimal face area, it can be concluded that the chance of
observing a 2D inorganic framework is highest for (p-
A),CuCl, where all of the geometric parameters fall well
within the limits expected for 2D HOIHs. On the other hand,
for (m-A),CuCl,, and particularly for (0-A),CuCl,, the minor
axis and minimal face area are slightly above the limits
expected for 2D frameworks. Thus, it can be concluded that
observation of (1) defects and spin disorder in (m-A),CuCl,
and (2) discrete CuCL,*>~ units in the structure of (0-A),CuCl,
can be attributed to (1) slight and (2) severe geometrical
incompatibility of 2D CuCl, layers with bulkier m-A and o-A
cations, respectively.

It must be noted that the abovementioned conclusions
depend upon an arbitrary selection of interaction length values,
as well as the bounding box calculation method. By extension,
the obtained results are a function of selected ionic and van der
Waals radii, the quality of crystal structure data, and all the
parameters upon which the crystal structure depends on. Thus,
the described methodology must be considered only as a naive,
one-dimensional starting point in the analysis of HOIH
compounds, which could be upgraded for a more complete
understanding of these peculiar materials.

B CONCLUSIONS

Through the elucidation of structural and magnetic features of
anisidinium tetrachlorocuprates, we have demonstrated the
superficial geometrical limits of 2D HOIH frameworks, and the
remarkable divergence of magnetic behavior in the vicinity of
those limits. The connectivity of the inorganic framework and
the overall strength of magnetic interactions increases as the
anisidinium cation becomes more geometrically compatible
with the layered inorganic framework. These results demon-
strate that regular packing is an important parameter when
considering ways of increasing the magnetic ordering temper-
ature, as evidenced by (p-A),CuCl, and (m-A),CuCl,.
Namely, both materials have ferromagnetically ordered planes

https://doi.org/10.1021/acs.cgd.3c00066
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that couple into the long-range magnetic order, but regularly
layered (p-A),CuCl, has a higher magnetic transition temper-
ature than defective layered (m-A),CuCl,, despite the larger
distance between magnetic planes. On the other side, (o-
A),CuCl, shows the perspective for the class of HOIHs with
discrete MX, units, by exploiting the antiferromagnetic
interactions, which are generally rare in such metal—organic
systems, but important for the emergence of interesting phases
and phenomena like spin-liquids, multiferroicity, and magneto-
electric coupling. Finally, the consideration of dimensionality
presented herein presents a useful first-principles guideline for
the design and structural analysis of HOIHs.
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