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Abstract

The organic/inorganic hybrid compound bis(2-amino-6-bromopyridinium) tetrachlori-
docuprate(II) (HABPy)2[CuCl4] was synthesized in crystalline form in a 77% yield from
aqueous HCl solutions containing Cu(OAc)2 and 2-amino-6-bromopyridine (ABPy). Single-
crystal X-ray diffraction analysis revealed that the compound crystallizes in the monoclinic,
centrosymmetric space group C2/c. The Cu atom shows a distorted tetrahedral coordi-
nation geometry with a τ4 value of 0.69 (τ4 = 1 for a perfect tetrahedron). The structure
consists of organic (HABPy)+ cation layers at z = 0 and z = ½, alternating with inorganic
[CuCl4]2− dianion layers at z = ¼ and z = ¾. These layers, parallel to the (001) plane, are
interconnected by a plethora of supramolecular forces such as N–H···Cl hydrogen bonds,
forming a three-dimensional network. Powder X-ray diffraction confirmed the purity of
the synthesized bulk material. Fourier-transform infrared (FT-IR) spectroscopy and Raman
spectroscopy support the protonation of the pyridine N atom. Hirshfeld surface analysis
allowed us to further study the supramolecular forces in the crystal structure. The material
shows purely paramagnetic behavior according to S = ½ with an effective magnetic mo-
ment µeff of 1.85 µB and a g factor of 2.14, in keeping with magnetically isolated [CuCl4]2−

dianions. UV-vis diffuse reflectance spectroscopy of the orange-red material showed a tiny
band at 314 nm and an intense band peaking at 622 nm. The optical gap was found to be
2.25 eV. The photoluminescence spectrum shows a partially structured band with maxima
at 416 and 436 nm when irradiating at 370 nm, the wavelength of the maximum band found
in the excitation spectrum.

Keywords: 2-amino-6-bromopyridinium; tetrachloridocuprate(II); isomeric structures;
supramolecular interactions; optical properties; magnetic susceptibility

1. Introduction
Organic/inorganic hybrid halidometalates [(A)n{MXm}]o (X = halides or pseudo-

halides), consisting of a 3D, 2D, or 1D halidometalate network or 0D insulate halidomet-
alates and organic cations (Scheme 1), are an important subgroup of coordination
polymers [1–11]. The most prominent examples are the so-called organic/inorganic (hybrid)
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perovskites, which have gained attention due to their intriguing optical and electronic prop-
erties, making them promising candidates for use in photovoltaic applications [3,4,10–15].
The prototypical example of a 3D perovskite arrangement is MAPbI3 (MA = methylam-
monium), in which the MA+ cation occupies the central A position in a classical AMX3

perovskite structure with an anionic 3
ꝏ{MX3}− scaffold (Scheme 1, 3D) [3,4,12,15,16].

Scheme 1. Sketch of 3D, 2D, 1D, and 0D halidometalates {MXm}n- (in red) with organic cations or
cation networks (in green).

In 2D variants, 2
ꝏ{MXm}o

n− layers are interleaved with 2
ꝏ{A}n+ cation layers

(Scheme 1, 2D), produced from bulkier organic bases and acids. The organic cations
in the layer might be interconnected through weak forces such as π···π-stacking, hydrogen
bonding, or van der Waals interactions. Many of these 2D materials retain the typical
perovskite properties, especially the (photo)semiconducting ability [4,5,9–11,17]. Corre-
sponding 1D materials (Scheme 1, 1D) containing 1

ꝏ{MXm}o
n− chains and the so-called

“zero-dimensional (0D) perovskites” containing isolated halidometalates {MXm}n− hardly
parallel true perovskite structures but some of these materials exhibit very interesting
optical and magnetic properties [5,6,11,18–20]. The cations in these 1D and 0D structures
might be arranged in a 3D network of cations 3

ꝏ{A}n+, but again, the intercationic forces
are weak.

From a coordination chemistry perspective, the above-described classification including
0D materials is reasonable and can be very useful, as the simplest synthesis method, the crys-
tallization from solutions containing metal halides, organic bases such as amines or pyridines,
and acids (HX), might lead to materials that can be classified using the dimension of the
containing halidometalate. The challenge for the synthesis and structuring of corresponding
1D and 0D materials lies in the design of the organic cations aiming to use supramolecular
forces such as hydrogen bonding, π-stacking, halogen bonds, dipolar, or apolar van der
Waals interactions, either between the halidometalates and the organic cations or between the
cations, in addition to the electrostatic forces between cationic and anionic entities. To this end,
bi- or polyfunctional organic bases containing a function for protonation along with other
functional groups for coordination, hydrogen bonding, or other supramolecular forces have
been introduced [11,14,17–24]. Many of these bases are (hetero)aromatic molecules providing
additional electronic absorption properties [11,14,21–29].

Cu(II), with its interesting magnetic (Cu2+ has a d9 configuration with an unpaired
electron) and optical properties (intense green to blue absorptions from ligand field tran-
sitions for octahedral or orange-red absorptions for tetrahedral configurations) in com-
bination with a very flexible coordination behavior (coordination numbers vary from
4 to 6), has become the focus of research devoted to organic/inorganic hybrid mate-
rials [11,16,25,30–41], expanding the range of metals beyond Pb(II), Sn(II), Bi(III), and
Sb(III) [1,3,5,10,11,14–16,18,20]. Cu(II)-containing 3D perovskites have been reported, such
as the chlorides MA2MCl4 [30] and the formiate MA[Cu(HCOO)3] (MA = methylammo-
nium) [32]. However, low-dimensional structures are more frequent for Cu(II) [9,25,33–39],
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such as the chiral ferromagnets (R-MPEA)2[CuCl4] and (S-MPEA)2[CuCl4] (MPEA = β-
methylphenethylamine) [36], as well as isolated tetrahalidocuprates [25,42–59].

From the idea that heteroaromatic cations might be beneficial for the electronic proper-
ties of organic/inorganic hybrid materials, pyridine-containing organic bases have been
vastly used in the design of low-dimensional Cu(II)-containing organic/inorganic hybrid
materials [25,35,42–45,47–58], with aminopyridines being quite frequent among them for
the versatile ditopic pyridine N + amine N combination [42,43,45,50–54,56,57,59]. However,
the aforementioned simple synthesis from Cu(II) salts, pyridines, and acid might not only
yield the desired salt-like pyridinium halidocuprates but also lead to Cu pyridine com-
plexes [25,39,60–65]. Moreover, prediction of the dimensionality of the resulting pyridinium
halidocuprates is almost impossible, especially if additional functionalities on the pyridine
fostering further supramolecular forces come into play.

Amino-bromo-pyridines are good examples of polyfunctional pyridines designed
for supramolecular forces (Scheme 2), but only 2-amino-5-bromo-pyridine has to date
been used in organic/inorganic halido Cu(II)-based materials [43,52,57,64]. The pyridine
function is the most basic and will be protonated in the presence of acids forming pyri-
dinium cations. Alternatively, in unprotonated form, the pyridine N atom might coordinate
yielding pyridine complexes, as was found for the complex trans-[CuCl2(5ABPy)2] of the
isomeric 2-amino-5-bromo-pyridine (5ABPy) [65].

Scheme 2. Functional groups in 2-amino-6-bromo-pyridine (ABPy) and the previously used 2-amino-
5-bromo-pyridine isomer.

The amino function in aminopyridines might be additionally protonated at very low
pH values, but it can also coordinate, thus allowing the formation of coordination polymers.
Alternatively, the NH2 function might serve as hydrogen bond acceptor (N) or donor (H)
in hydrogen bonding networks. The bromo substituent might serve for the formation of
halogen bonds, play a role through its bulkiness, or simply have an impact on the dipolar
moment of the molecule. Additionally, Br-substitution at the ortho-position lowers the
basicity of the pyridine N atom. From this it is clear that the placing of the bromo and
amino function makes the four 2-amino-bromo-pyridines quite different molecules.

An interesting aspect studies is the impact of different isomers of such bi- or trifunc-
tional pyridines on the structures of the resulting materials, especially on the dimensionality
and supramolecular features, and consequently on the magnetic properties and the photo-
physics of such organic/inorganic hybrid materials [35,43,47,51–53,57–60].

In this study, we report on the 0D organic/inorganic hybrid material bis(2-amino-6-
bromopyridinium) tetrachloridocuprate(II) (HABPy)2[CuCl4], synthesized from Cu(OAc)2

and 2-amino-6-bromopyridine in the presence of hydrochloric acid in aqueous solution
in high yields. The crystal structure from single-crystal X-ray diffraction and Hirshfeld
surface analyses together with Raman and Fourier-transform infrared (FT-IR) spectroscopy
shows multiple supramolecular interactions. Magnetic susceptibility, UV-vis absorption,
diffuse reflectance, and photoluminescence spectroscopy were employed to investigate the
optical properties of the new material.
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2. Results and Discussion
2.1. Synthesis of (HABPy)2[CuCl4]

Orange crystalline material of the compound was obtained in a 77% yield from a 1:2
mixture of Cu(OAc)2 and 6-bromo-2-pyridine in water at a pH of 1 using hydrochloric acid.
The acid provides the chloride ions for the tetrachloridocuprate dianion and protonates
the 6-bromo-2-pyridine, thus making it soluble in water as pyridinium cation (6-bromo-2-
pyridine itself is insoluble in water). Elemental analysis agreed with the calculated values
for C10H12Br2N4CuCl4 (553.39 g/mol); see Section 2.3. Powder X-ray diffraction of the
bulk material showed good agreement with the calculated pattern (Figure S1). FT-IR and
Raman spectra are discussed below. Remarkably, while the mixture of CuCl2 and 2-amino-
5-bromopyridine gave the Cu(II) complex trans-[CuCl2(5ABPy)2] in a 85% yield from a
MeOH solution [65], we found no evidence for a complex such as [CuCl2(ABPy)2]; instead,
we isolated the material (HABPy)2[CuCl4] in a good yield. This is probably due to the
two ortho substituents NH2 and Br shielding the pyridine N atom against coordination.

2.2. Structural Analysis

The title compound crystallizes in the triclinic space group C2/c (structure solution
and refinement data in Table S1, Supplementary Materials, SM). The projection of the
crystal packing in the [100] direction reveals an alternation of anionic and cationic layers
(Figure 1). The asymmetric unit consists of a half tetrahedral anion [CuCl4]2– and one
protonated (HABPy)+ cation (Figure 2).

Figure 1. Projection along the [100] direction of the (HABPy)2[CuCl4] structure showing alternating
organic and inorganic layers.

The Cu atom is located on a twofold rotation axis which results in a special position
with the fractional coordinates 0.5, 0.68, and 0.25. The two other Cl atoms in the [CuCl4]2−

tetrahedron are generated through the (1–x, y, 1/2–z) symmetry operation. The Cu atom is
coordinated by four chlorido ligands with Cu–Cl bond lengths of 2.211(3) and 2.287(3) Å
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and Cl–Cu–Cl angles ranging from 98.0(1) to 131.0(1)◦ (Figure S2 and Table S2, SM). These
values differ markedly from an ideal tetrahedral configuration. The τ4 value of the title
structure is 0.69, as calculated from θ = 109.5◦ and from the two largest angles around Cu,
α and β (Equation (1)).

τ4 =
360◦ − (α + β)

360◦ − 2θ
(1)

A τ4 value of 1 represents a perfect tetrahedral geometry, while a value of 0 represents a
surrounding square planar. The τ4 value of 0.69 represents a flattened tetrahedral structure
typical for previously reported structures for this ion (Table 1) [56,59,66,67]. This is also
the reason for the well-studied thermochromism of tetrachloridocuprates(II), which is
interpreted as a phase transition accompanied by a change in the coordination geometry
from distorted tetrahedral to square planar with decreasing temperature [56,67–73].

Figure 2. Molecular structures of the asymmetric unit of (HABPy)2[CuCl4] with atom labeling.

Table 1. τ4 values of the title compound compared to selected similar A2[CuCl4] compounds a.

A+ Cation Formulae τ4 Values Reference

2-amino-6-bromopyridinium (C5H6BrN2)2[CuCl4] 0.69 this work

2-amino-5-bromopyridinium (C5H6BrN2)2[CuCl4] 0.57 [43]

3-amino-2-chloropyridinium (C5H6ClN4)2[CuCl4] 0.58 [54]

4-tert-butyl-pyridinium (C9H14N)2[CuCl4] 0.58, 0.55 a [44]

2-amino-5-methylpyridinium (C6H9N2)2[CuCl4] 0.57 [45]

1,4′-bipyridine-1,1’-diium (C10H10N2)[CuCl4] 0.53 [47]

2-amino-4-methylpyridinium (C6H9N2)2[CuCl4] 0.48 [53]

2,2,6,6-tetramethylpiperidinium-1-yl)oxidanyl (C9H19NO)2[CuCl4] 0.70 [48]

4-amino-2-methylpyridinium (C6H9N2)2[CuCl4] 0.44 [51]

4-amino-2-chloropyridinium (C5H6ClN2)2[CuCl4] 0.62 [51]

2-methyl-pyridinium (C6H8N)2[CuCl4] 0.67 [46]

4-dimethylamino-pyridinium (C7H11N2)2 [CuCl4] b 0.42/0.86 [56]
a Two independent [CuCl4]2– anions in the structure. b Two polymorphs in P1 (green) and C2/c (yellow) space
group are reported.

The varying τ4 values shown in Table 1 can be discussed as the result of an energetic
compromise between the lattice energy and the maximum bonding energy of the [CuCl4]2−

dianions in these structures. The variations suggest that the geometry of the [CuCl4]2−

dianion is flexible and tolerates flattening of the tetrahedral structure if this flattening
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enables more dense packing of the components in conjunction with non-covalent forces in
the crystal structure, thus optimizing the lattice energy.

Within the non-covalent forces having impact on the [CuCl4]2− geometry, hydrogen
binding might play an important role. In (HABPy)2[CuCl4], Cl1, Cl2i, and Cl1i are hydrogen
bond acceptors interconnecting the layers of dianions and cations in the structure, especially
through N–H···Cl interactions (Figures 1 and S3). Both the pyridine hydrogen atoms
(N1–H1···Cl1) and the amine H atoms (N2–H2A···Cl1, N2–H2A···Cl2i and N2–H2B···Cl1i)
contribute to this (Table S3). Additionally, there are a number of C–H···Cl contacts between
the cations and the anions and C–H···Br contacts between cations of neighboring layers
(Figure S4). The closest C–H···Cl contacts are 2.73(7) Å, and the closest C–H···Br is 3.63(1) Å.
Table S3 shows that the N–H···Cl interactions range from about 2.5 to 2.7 Å. Taken together
with their D–H···A angles, these are weak electrostatic interactions [74]. The same is true
for the C–H···Cl and C–H···Br contacts, in addition to the point that C–H groups are poor
hydrogen bond donors. But in summary, these hydrogen bonds might have an important
impact on the structure.

The bromo substituents on the HABPy+ cations pointing towards the [CuCl4]2−

dianions show Cl···Br contacts of 3.97(5) Å (Figure S4). They lie beyond the sum of van
der Waals interactions of 3.66 Å [75] and probably do not markedly contribute to the
lattice energy. The pyridinium ions exhibit pair-wise π···π-stacking interactions with a
centroid distance of 3.86(4) Å, parallel offset, and the pyridine N atoms and Br substituents
pointing away from each other (Figure S4). This is typical for π···π-stacking in N-containing
heterocyclic aromatics [76]. The relatively long distance agrees with a moderate to weak
strength of this interaction. So, it seems that the hydrogen bonding is essentially dominating
the non-covalent forces in the crystal structure, besides the Coulomb interaction between
dianions and the organic cations.

The distances and bond angles within the organic cations are given in Table S2. The
protonation at the pyridine N atom is confirmed through the elongated C–N distance
N1–C2 = 1.340(5) Å. In addition, the pyridinium cation shows a widened C2–N1–C6 angle
of 122.9(3)◦. Such widening of the C–N–C angle upon protonation has been reported in
related structures [44–47,53]. The conjugation between the amine group and the pyridine
ring is reflected in the relatively short N2–C2 = 1.334(5) Å bond of the amine group.
The average C–C bond value within the pyridine moiety is 1.371(5) Å. The C–C–C angle
values range from 117.8(4) to 122.4(4)◦ and are consistent with those reported in similar
compounds containing the same cation [44–47,53].

2.3. Hirshfeld Surface Analysis

The Hirshfeld surface analysis of (HABPy)2[CuCl4] in dnorm and shape index mode
(Figure S5) confirm the N–H···Cl hydrogen bonding, while the shape index representation
(Figure S5b) confirms the π···π interactions.

The 2D fingerprints of the Hirshfeld surface (Figure S6) show H···Cl/Cl···H contacts as
two sharp peaks (top left and bottom right in Figure S6b) which are attributed mainly to the
N–H···Cl hydrogen bonds and only in small part to the C–H···Cl interactions. With 47.8%
they make the largest contribution to the total Hirshfeld surface (Figure S7), confirming
their importance in the structure. H···Br/Br···H contacts contribute with 12.7% (Figure S6c),
in line with the C–H···Br hydrogen bonds. The H···H contacts derived using rvdw = 1.20 Å
and di ≃ de ≃ 1.4 Å make up 8.8% of the total intermolecular contacts (Figure S6d). The
H···C/C···H contacts account for 8.4% of all contacts and can be related to the π-stacking.
The Br···Cl/Cl···Br interactions account for 5.7% of the interaction, while Br···Br interac-
tions represent 1.5%. Further minor contributions to the Hirshfeld surface are Cl. . .C/C. . .Cl
(3.9%), N···Cl/Cl···N (2.8%), H···Cu/Cu···H (2.5%), C···C (1.6%), N···H/H···N (1.2%),
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N···C/C. . .N (1%), Cu···Br/Br···Cu (0.7%), Br···C/C···Br (0.6%), N···Br/Br···N (0.5%), and
N···N (0.3%) (Figure S7, Table S4). The Hirshfeld analysis thus supports the assump-
tion that hydrogen bonding with an overall contribution of more than 60% of the total
surface is the prevalent non-covalent force in the structure of (HABPy)2[CuCl4] besides
Coulomb attraction.

2.4. Fourier-Transform Infrared (FT-IR) and Raman Spectroscopy

The FT-IR spectrum of (HABPy)2[CuCl4] (Figure 3) shows bands representing the
vibrational modes of the 2-amino-6-bromo-pyridinium cations. They can be assigned based
on comparison with similar compounds [43,49,54]. The bands in the ranges 3400–3100 cm−1

and 3085–2917 cm−1 represent the asymmetric and symmetric N–H and C–H stretching
modes, respectively. The bands at 1655, 1590, 1532, and 1447 cm−1 stem from the pyridine
ring modes. The band at 538 cm−1 is attributed to C–Br stretching. C–H out-of-plane
deformations and the δ(C–C–C) and δ(C–C–N) modes are detected at 681–566 cm−1.

Figure 3. FT-IR spectrum of a bulk pellet sample of (HABPy)2[CuCl4]. IR spectrum of 2-amino-6-Br-Py
(ABPy) in KBr can be found at https://www.chemicalbook.com/SpectrumEN_19798-81-3_IR1.htm,
accessed on 7 August 2025.

The Raman spectrum (Figure 4) confirms the resonances that are typical for the pyri-
dinium cation, found already in the FT-IR. In addition to them, four distinct bands were
found at 305, 236, 160, and 119 cmȒ1, which represent the vibrational modes of the [CuCl4]2−

dianion [49,50,58,70,71] . Our data agree with a geometry between square planar and tetra-
hedral, but with a tendency towards tetrahedral, in keeping with the τ4 value of 0.69.

https://www.chemicalbook.com/SpectrumEN_19798-81-3_IR1.htm
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Figure 4. Raman spectrum of a bulk pellet sample of (HABPy)2[CuCl4].

2.5. UV-Vis Diffuse Reflectance and Photoluminescence Spectroscopy

The UV-vis diffuse reflectance spectrum (DRS) of a thin solid sample of (HABPy)2[CuCl4]
shows maxima at 314 and 622 nm (Figure 5).
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Figure 5. Solid-state UV-vis diffuse reflectance spectrum of (HABPy)2[CuCl4] at 298 K.

The band at 314 nm is very probably associated with a ligand(Cl-p)-to-metal(Cu-
d) charge transfer (LMCT) transition in keeping with similar reports [72,73] , while the
π −→ π* transition in the 2-amino-6-bromopyridinium is expected at a lower
wavelength < 300 nm and was not observed. For 2-amino-6-bromo-pyridine in MeCN,
we recorded an absorption spectrum showing intense bands at 298, 239, and 197 nm
(Figure S8) that correspond to π −→ π* transitions, supporting the LMCT assignment for
the 317 nm band.

The long-wavelength band at 622 nm (~2 eV) refers to a d–d* transition in the flattened
tetrahedral Cu2+ ion. In a perfect tetrahedral configuration this is the e −→ t2 transition,



Inorganics 2025, 13, 339 9 of 17

while for flattened geometries the e and t2 orbitals split into b2 + e und b1 + a1, respec-
tively [66]. Alternatively, the absorption can be associated with a ligand(Cl)-to-metal(Cud)
charge transfer (LMCT) transition [72,73].

Solid (NEt2H2)2[CuCl4] is reported to show an absorption maximum at 590 nm at
293 K, which shifted to 652 at 314 K [72] . The authors describe the high-T phase as yellow,
while the low-T phase is described as deep green. Both phases adopt P21/c symmetry;
in both structures, approximated tetrahedral and approximated square planar [CuCl4]2−

structures coexist, but they differ in their ratio. The high-T phase shows a markedly higher
degree of tetrahedral geometries. The orange color of (NMe4)2[CuCl4] crystal is related to
absorptions at 1.5–2.2 eV (830–565 nm) [73].

Remarkably, our assignment to π −→ π* for the 314 nm band and d −→ d* transition
for the 622 nm band reflect a more or less molecular-type behavior and not a band-like
electronic structure. This is consistent with other compounds containing the [CuCl4]2− an-
ion, including the butylammonium [38], bis(2,2,6,6–tetramethylpiperidinium-1-yl)oxidanyl
(TEMPO-H+) [48], 2-amino-5-methylpyridinium [45], and 4-tert-butyl-pyridinium salts [44],
and is in line with the isolated [CuCl4]2− units in these structures. Nevertheless, it is clear
that there is a band structure underneath these electronic transitions. This can be seen when
comparing our bands with those of (2-amino-5-methylpyridinium)2[CuCl4] found at 316
and 519 nm [45]. While the energies are quite similar, the intensity of the two peaks are
completely reversed, while for the 4-tert-butyl-pyridinium derivative, the peaks at 350 and
580 nm [42] show the same intensity ratio as our compound.

It is interesting to note that in the diffuse reflectance spectrum of the Cu(II) complex
trans-[CuCl2(5ABPy)2], bands at 720, 270, and 257 nm were observed. The 257 nm band
was assigned to π–π* transitions, the 270 nm absorption to a Cl-to-Cu LMCT transition,
and the 720 nm band to the d–d* transition of the square planar configured complex [65].
This confirms our assignments for the 620 nm and 314 nm bands in (HABPy)2[CuCl4].
The optical gap energy can be approached through the Kubelka–Munk function [77] ,
extrapolating the slope of (F(R) hv)2 to zero (Figure S9). Thus, the determined band gap
energy of the solid material was about 2.25 eV.

When irradiating at 300 nm, the photoluminescence spectrum shows a partially struc-
tured emission band with maxima at 414 and 436 nm, and a shoulder at 467 nm (Figure 6).
The excitation spectrum shows a broad band peaking at 370 nm, which accounts for a
Stokes shift of 2875 cm−1. We thus tentatively suggest that the emission occurs from an
excited singlet 1LMCT state.

A similar emission spectrum was reported for (TEMPO-H)2[CuCl4], with a broad band
peaking at 552 nm when irradiated at 385 nm [48]. For the 2-amino-5-methylpyridinium
derivative two maxima at 433 and 472 nm (λexc = 290 nm) were observed and assigned to
an LMCT excited state [45]. For butylammonium tetrachloridocuprate, an emission band
at 442 nm was found, when irradiated at 380 nm [38]. As for the latter the butylammonium
is unquestionably not responsible for this emission: the [CuCl4]2− core must be the origin
of the photoluminescence, confirming an LMCT assignment. However, to fully under-
stand the photoluminescence, further measurements are necessary and in addition, the
band structure of the title compound should be calculated. Furthermore, as the database
for such ammonium or pyridinium tetrachloridocuprates is very small, with only a few
examples [38,45,48], some further derivatives should be synthesized to allow drawing
structure properties relations. This will be conducted in future work.
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Figure 6. Photoluminescence spectra of solid (HABPy)2[CuCl4], emission spectrum (black) for an
excitation at λex = 370 nm; excitation spectrum (red) for an emission wavelength λem = 435 nm. The
asterisk * marks an artifact from the instrument.

2.6. Magnetic Susceptibility

The molar magnetic susceptibility χ of (HABPy)2[CuCl4] follows the typical param-
agnetic increase with decreasing temperature and there are no indications of any kind
of magnetic order or correlations, as is most clearly seen by considering the inverse sus-
ceptibility which follows a straight line starting from the origin (Curie–Weiss fit with
θ = +0.5 K, estimated uncertainty = ±1 K) (Figure 7). From the slope of this line, we
derived effective magnetic moments µeff = g(S(S+1))1/2 µB of 1.85 µB, which for a spin
S = ½ correspond to a g value of 2.14, which is a typical value for S = ½ Cu2+ ions with their
3d9 configuration [35,43,51,62].

Thus, the magnetic data reveal purely paramagnetic behavior of (HABPy)2[CuCl4]
(C2/c) and thus stand in contrast to the layered S = ½ Heisenberg antiferromagnets
(H5ABPy)2[CuBr4] (H5ABPy = 2-amino-5-bromopyridinium; space group C2/c) [57]
and (HAClPy)2[CuBr4] (P1) (AClPy = 3-amino-2-chloropyridinium), or the magnetism of
(HAClPy)2[CuCl4] (P1) [54] or (H2DAP)[CuBr4] (DAP = hexahydrodiazepine) (C2/c) [40],
that were fitted to an antiferromagnetic chain model. For (H5ABPy)2[CuCl4] (P1) a moder-
ate antiferromagnetic interaction was found and fitted to an alternating chain model [43].
For (1,4′-bipyridine)-1,10-diium)[CuCl4] (C2/c) [47] very weak antiferromagnetic behavior
was reported. As in the case of the two HAClPy-containing compounds, the antiferromag-
netic interaction was stronger for the (1,4′-bipyridine)-1,10-diium)[CuBr4] (C2/c) compared
to the [CuCl4] derivative [47]. All these structures contain isolated halidocuprates [CuX4]2−

but differ slightly in their halide···halide distances and orientation of the cations.
What becomes clear from this overview is that the structure predicts the magnetic prop-

erties, but the structure is not easy to predict [51]. So, using further amino-bromo-pyridine
isomers in chlorido or bromido cuprates in future work might be a worthwhile endeavor.
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Figure 7. Molar magnetic susceptibility χ and 1/χ over temperature T for (HABPy)2[CuCl4] measured
at a field of 1 T and Curie–Weiss fit (straight blue line) with θ = +0.5 K (estimated uncertainty = ±1 K).

3. Materials and Methods
3.1. Materials

Reagents and solvents were obtained from sources and used without further purifi-
cation: copper acetate (Cu(OAc)2, 99%: Merck, Darmstadt, Germany), hydrochloric acid
(HCl, 36%, Sigma-Aldrich, Merck, Darmstadt, Germany), and 6-bromo-2-aminopyridine
(C5H5BrN2, ≥98%, Sigma-Aldrich, Merck).

3.2. Instrumentation

Powder X-ray diffraction experiments were carried out using a Bruker D8 Advance
(Bruker, Rheinhausen, Germany) with Cu Kα radiation (λ = 1.5406 Å). Data were collected
at 298 K over a 2θ range of 5–50◦ with a step-width of 0.01◦ and an integration time of 1.5 s
per step. The Fourier-transform infrared (FT-IR) spectra were recorded in the range 4000 to
400 cm−1 on a Perkin Elmer Spectrum Two UATR Two FT-IR spectrometer (PerkinElmer,
Waltham, MA, USA), using pellets of the bulk material. Raman spectra were obtained at
room temperature in the range 2000 to 100 cm−1 using a Jobin Yvon T6400 spectrometer
(Horiba, Kyoto, Japan) equipped with a 488 nm argon laser excitation source. Optical
reflectance spectra in the range 800 to 250 nm were measured at 298 K using a Perkin Elmer
lambda 900 spectrometer (PerkinElmer, Waltham, MA, USA). UV-vis absorption spectra
were recorded in water using a Double Beam UVD-3500 spectrophotometer (Labomed,
Shandong, China). Photoluminescence spectra of the solid material were obtained using
an LS55 Perkin Elmer spectrometer (PerkinElmer, Waltham, MA, USA) at an excitation
wavelength of 300 nm.

3.3. Synthesis of (HABPy)2[CuCl4]

(HABPy)2[CuCl4] was obtained from a mixture of 0.136 g (0.75 mmol) of Cu(OAc)2 and
0.252 g of 6-bromo-2-aminopyridine (1.45 mmol) suspended in 30 mL of water acidified to
a pH of 1 using hydrochloric acid. The reaction mixture was heated to 50 ◦C while stirring
for about two hours until a clear blue solution was obtained. Then the solution was left
standing at ambient temperature. After four days of slow evaporation at room temperature,
orange crystals of suitable size for the structural study (powder and single-crystal XRD)
were obtained. After a further six days, a total amount of 321 mg (0.58 mmol, 77%, based
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on Cu(OAc)2) microcrystalline material was obtained and air-dried. Elemental analysis
calc. (found) for C10H12Br2N4CuCl4, 553.39 g/mol, in %: C 21.70 (21.77), H 2.19 (2.20),
N 10.12 (10.11). FT-IR (pellet of the bulk material, in cm−1): 3372 s, 3300 s, 3198 s, 3085 m,
2981 m, 2917 m, 1655 vs, 1590 vs, 1532 s, 1447 w, 1350 s, 1310 m, 1168 s, 1050 w, 986 vs,
907 w, 799 vs, 713 s, 600 m, 570 s, 538 vs. Raman (pellet of the bulk material, in cm−1): 1581,
1540, 1399, 1351, 1309, 1278, 1148, 1007, 907, 681 566, 305, 236, 160, 119. UV-vis (solid, λ in
nm): 314, 622.

3.4. Single-Crystal X-Ray Diffraction

An orange single crystal of (HABPy)2[CuCl4] was selected and used for X-ray diffrac-
tion experiments. Diffraction intensities were collected using an Enraf-Nonius CAD4
four-circle diffractometer (Delft Instruments B.V., Delft, The Netherlands) with Mo-Kα

radiation (λ = 0.71067 Å). The raw data processing was carried out using the XCAD4
program [78]. The structure was solved by direct methods using the SHELXT-2018/3
program [79] and refined through full-matrix least squares methods on all F2 data using the
program SHELXL-2018/3 [80] . Crystal data, data collection, and structure refinement de-
tails are summarized in Table S1. Hydrogen atoms are attached using the HFIX instruction
with C–H distances 0.93 Å (aromatic), with Uiso(H) = 1.2 Ueq(C). The H atoms on the amino
group (NH2) and the pyridinium N–H function were located from the difference Fourier
map and isotropically refined. Anisotropic thermal parameters were used to refine all the
non-hydrogen atoms. The full structural information is deposited in Cambridge Crystallo-
graphic Data Centre (CCDC 2182468) and freely available upon request from the following
website: https://www.ccdc.cam.ac.uk/data_request/cif, accessed on 7 August 2025.

3.5. Magnetic Measurements

The magnetic susceptibility was measured in an MPMS Quantum Design SQUID mag-
netometer (Quantum Design, Pfungstadt, Germany) applying an external field of 1 Tesla in
the temperature range from 300 K down to 2 K by using the so-called DC measurement
mode. A small capsule that was fixed inside the center of a drinking straw and mounted to
the magnetometer was filled with 36 mg of the powdered sample. The capsule produced
an essentially T-independent diamagnetic background signal that needs to be subtracted
from the raw data to obtain the powder susceptibilities, which at room temperature are
only about twice as large as the background signal. However, with decreasing temperature
the powder susceptibilities rapidly increase and exceed the background signal by more
than one or two orders of magnitude below 100 K and 10 K, respectively.

4. Conclusions
The reaction of 2-amino-6-bromopyridine (ABPy) with Cu(OAc)2 in aqueous HCl

solution (pH = 1) gave the pyridinium salt bis(2-amino-6-bromopyridinium) tetrachlo-
ridocuprate(II) (HABPy)2[CuCl4] in a yield of 77% with no other isolable by-products.
(HABPy)2[CuCl4] crystallized in the monoclinic space group C2/c. The crystal packing
shows a plethora of supramolecular forces such as N–H···Cl and C–H···Cl hydrogen bond-
ing, and Br···Cl interactions between the layers of the HABPy+ cations and the layers of
[CuCl4]2−. Within the layers of the cations, π···π-stacking of two pyridinium units is found.
These interactions were confirmed through Hirshfeld surface and topological analysis.
Remarkably, the major part, almost 50%, of the Hirshfeld surface represents H···Cl/Cl···H
contacts, and overall the hydrogen bonding has the largest impact on the structure among
the non-covalent and non-ionic forces, with more than 60% contribution to the Hirshfeld
surface. They very probably are also an important factor for the flattening of the [CuCl4]2−

dianions, with a τ4 value of 0.69. Magnetic susceptibility measurements revealed purely

https://www.ccdc.cam.ac.uk/data_request/cif
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paramagnetic behavior of (HABPy)2[CuCl4], with a µeff of 1.85 µB, which for a spin S of
½, corresponds to a g value of 2.14, a typical value for Cu2+ ions with their 3d9 config-
uration. Thus, the supramolecular forces described above rather separate the magnetic
[CuCl4]2− dianions from each other, allowing not even the tiniest magnetic interaction. The
UV-vis diffuse reflectance spectrum showing a broad band peaking at 622 nm which is
assigned to the d −→ d* transition and a smaller band at 314 nm assignable to an LMCT
transition confirms that the [CuCl4]2− chromophores are rather isolated in the structure.
When irradiating at 370 nm, the photoluminescence spectrum shows a partially structured
emission with maxima at 416 and 436 nm. The underlying excited state is probably of a
ligand(Cl)-to-metal(Cu) charge transfer (1LMCT) character.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/inorganics13100339/s1: Figure S1: Superposition of the experimental
powder X-ray diffractogram and the calculated diffractogram based on the single-crystal structure
of (HABPy)2[CuCl4]; Figure S2: Bond length (Å) and bond angles (◦) around the [CuCl4]2– anion;
Figure S3: Selected N–H. . .Cl hydrogen bond metrics in (HABPy)2[CuCl4]; Figure S4: View of the
crystal structure of (HABPy)2[CuCl4] showing π···π, Cl···Br, H. . .Br, and H. . .Cl interactions; Figure S5:
Hirshfeld surface of (HABPy)2[CuCl4] in dnorm mode and shape index mode; Figure S6: Hirshfeld
surface analysis 2D fingerprint plots with the main interactions; Figure S7: Hirshfeld surface analysis,
total contributions to intermolecular contacts; Figure S8: UV-vis absorption spectrum of 2-amino-6-
bromopyridine in MeCN; Figure S9: Tauc plot = extrapolation of the Kubelka–Munk function (F(R)
hv)2 to zero giving the energy gap; Table S1: Selected structure solution and refinement data for
(HABPy)2[CuCl4]; Table S2: Bond metrics in (HABPy)2[CuCl4]; Table S3: Hydrogen bond geometries
in (HABPy)2[CuCl4]; Table S4: Relative contributions of intermolecular contacts to the Hirshfeld
surface area in (HABPy)2[CuCl4].
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