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Abstract

Copper(Il) compounds exhibit interesting magnetic properties due to halide-halide,
copper-halide, and intermolecular hydrogen bond interactions. In this study, seven
new copper(Il) bromide complexes were synthesised, six of which contain Dabco (1,4-
diazabicyclo[2.2.2]octane) as a ligand. Single-crystal X-ray diffraction data were refined
using both conventional spherical-atom models and a non-spherical-atom approach imple-
mented in NoSpherA2. Magnetic properties were investigated by temperature-dependent
magnetic susceptibility and field-dependent magnetisation measurements, analysed using
a molecular field approximation. Crystallographic analysis shows that NoSpherA2 sig-
nificantly improves the description of hydrogen atom positions, yielding C-H and N-H
bond lengths closer to neutron diffraction values than conventional refinement. Mag-
netic measurements indicate that interactions between mononuclear copper(Il) centres
are determined primarily by the nature of intermolecular exchange pathways rather than
copper—copper separations alone. Despite comparable Cu---Cu distances, complexes lack-
ing N-H---Br hydrogen bonds exhibit only weak antiferromagnetic interactions, whereas
stronger coupling, effective up to 150 K, is observed when such hydrogen bonds connect
neighbouring complexes. These results highlight the importance of hydrogen-bond topol-
ogy and three-dimensional connectivity in governing magnetic behaviour in mononuclear
copper(Il) systems.

Keywords: copper(Il) complexes; non-spherical atom refinement; hydrogen bond-mediated
magnetic exchange
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interactions, including halide-halide [13-15], copper-halide intermolecular contacts, and
hydrogen bonding [16-20], which provide effective exchange pathways between magnetic
centres. Density functional theory (DFT) calculations are widely used to complement
experimental magnetic data and to rationalise observed magnetic behaviour by elucidating
the roles of specific halide-halide and hydrogen-bond-mediated interactions [10,17,20-22].
Calculations on copper(Il) monomers show that the magnetic exchange interaction is gov-
erned primarily by direct through-space overlap between the orbitals of the donor and
acceptor atoms involved in the hydrogen bond (for example, the two oxygen atoms in an O-
H---O interaction), while the hydrogen bond itself serves a structural role by keeping these
atoms in close proximity [17,22]. For N-H.--X interactions (X = Cl, Br), DFT calculations
indicate that the larger, and therefore more diffuse and polarisable, Br~ orbitals enhance
the antiferromagnetic exchange between mononuclear copper(Il) complexes compared to
CI~ [10]. Spin population analysis further confirms that delocalisation of spin density is
more pronounced in the presence of larger halide ions [10]. In addition, mononuclear cop-
per(II) complexes have recently been shown to exhibit long spin coherence times at elevated
temperatures, making them promising candidates for quantum information processing
applications [23].

In the context of copper(Il) halide systems, the polyamine ligand 1,4-diazabicyclo[2.2.2]
octane (Dabco) is an especially attractive building block because it can act as a bridging
ligand [24-26], a terminal ligand [24,27,28], or a charge-balancing counterion [29-32], in
addition to forming hydrogen bonds that link building blocks [28-30,32]. Despite this
versatility, copper-bromide-Dabco compounds are surprisingly rare. A survey of the
Cambridge Structural Database (CSD, version 6.01, November 2025) reveals only seven
reported copper-bromide-Dabco crystal structures, six of which are copper(I) species. To
date, only one structure (refcode ULAVAF) has been reported for a copper(II)-bromide—
Dabco compound [32], with HyDabco?* acting as a counter-ion and forming hydrogen bonds
with CuBrs?~. Given the wide range of coordination numbers and geometries available
to copper(Il) centres, further investigation of copper(Il)-bromide-Dabco systems is highly
desirable to deepen understanding of structure—property relationships and to enable the
rational design of materials with tailored magnetic and functional properties.

We report the synthesis and characterisation of new compounds in the copper—
bromide-Dabco system. Their crystal structures were refined using a modern non-spherical-
atom refinement method, and their magnetic properties were investigated.

2. Results and Discussion

2.1. Structural Analysis
2.1.1. Compound 1, HDabcoCuBr;H,O

Compound 1 crystallises in the orthorhombic space group Prna2;. As shown in Figure 1,
the geometry of the Cu?* centre is a slightly distorted trigonal bipyramid, with 15 equal
to 0.81, where 15 = 0 describes a perfect square pyramidal geometry and 15 = 1 a perfect
trigonal bipyramidal geometry [33]. All three Br™ ions occupy the equatorial plane, while
the water molecule and the HDabco molecule are in the axial positions.

Each complex is connected to four neighbouring complexes through hydrogen bonds.
Three of these originate from the water molecule and one from the HDabco molecule
(Figure 2), with distances from O1 to N2, Br2ii, and Br3ill being 2.969(5), 3.257(3), and
3.296(3) A, respectively.

2.1.2. Compound 2, HDabcoCuBrsDabco

Compound 2 crystallises in the R32 space group, and its asymmetric unit contains
one Cu?* ion, one Br~ ion, and one third of a Dabco molecule. The complete complex of
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compound 2 has the formula HDabcoCuBr3Dabco, with the copper(Il) centre coordinated
by three equatorial Br~ ions and two axial Dabco molecules. The parameter 75 is 1.0, as the
copper(ll) centre lies at the intersection of the threefold and twofold axes. As shown in
Figure 3, complexes of compound 2 are connected through hydrogen bonds via N2 atoms
(d(N2---N2%) = 2.648(10) A). The H2 atom attached to N2 was placed using the AFIX 13
command, and its occupancy was set to 0.50 relative to N2, as two hydrogen atoms cannot
be present at this distance simultaneously.

Figure 1. The copper(Il) centre displays a trigonal bipyramidal coordination geometry in compound 1.

Figure 2. Hydrogen-bond system in compound 1 (viewed along the [010] crystallographic direction).
Hydrogen atoms bonded to carbon atoms are omitted for clarity. Symmetry operations: (i) -1/2 + X,
1/2-Y, +Z; (i) 1-X, 1-Y, -1/2 + Z; (iii) 1-X, 1-Y, 1/2 + Z.

Figure 3. Representation of hydrogen bonds between complexes in compound 2 (viewed along the
[100] crystallographic direction). Symmetry operation: (i) 1/3-Y + X, 2/3-Y,2/3-Z.

Complexes of compound 2 are aligned along the [001] direction, forming a chain-like
structure (Figure 4), in which individual complexes are connected by hydrogen bonds.
There are no hydrogen or halogen bonds between the chains.
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Figure 4. Packing of the unit cell viewed along the [001] crystallographic direction. The chain-like
structure extends along the [001] direction. There are no hydrogen bonds between complexes in
different chains.

2.1.3. Compound 3, [(HDabco),CuBr3]Br

The complex present in compound 3 is very similar to the HDabcoCuBrz Dabco com-
plex found in compound 2, with the only difference being that both Dabco molecules are
protonated. As both Dabco molecules are protonated, there is one additional Br~ ion
in the structure, which connects two [(HDabco),CuBr3]* complexes via hydrogen bonds
(d(Br3:--N2) = 3.124(4) A and d(Br3---N4') = 3.210(4) A), forming a chain-like structure
along the 001 direction, as shown in Figure 5. The geometry of the Cu?* centre is again a
slightly distorted trigonal bipyramid, with 5 equal to 0.75.

Figure 5. Representation of hydrogen bond connections between two [(HDabco), CuBr3]* complexes
via a free Br~ ion in compound 3 (viewed along the [010] crystallographic direction). Hydrogen
atoms bonded to carbon atoms are omitted for clarity. Symmetry operation: (i) + X, 1/2-Y, 1 + Z.

2.1.4. Compound 4, [CuBr;(y-Dabco) ACN],

Compound 4 consists of chains with the unit formula [CuBr,(u-Dabco) ACN], running
along the [100] direction (Figure 6). Dabco acts as a bridging ligand, connecting two
copper(Il) centres. The geometry of the Cu?* centre is a distorted trigonal bipyramid, with
75 = 0.74.

There are no hydrogen or halogen bonds between the 1D chains (Figure 7). The
orientation of ACN alternates between each of the 1D chains.
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Figure 6. View along the [011] crystallographic direction of the 1D chain with the formula
[CuBrDabcoACN], present in compound 4. Hydrogen atoms are omitted for clarity.

Figure 7. Packing of compound 4 showing the alternating orientation of the ACN molecule between
chains, viewed along the [100] crystallographic direction.

2.1.5. Compound 5, (HyDabco)CuyBrg

In compound 5, within the inorganic anion [CuyBrg]?—, the distances between Cul
and Br atoms are significantly shorter (2.4061(7), 2.4261(7), 2.4597(7) and 2.4799(7) A for
Br3, Br2, Brl, and Br1}, respectively) than the distance of 2.7695(8) A between Cul and Br3'.
Although this latter distance is still significantly shorter than the sum of the van der Waals
radii (2.38 and 1.86 A for copper and bromine atoms, respectively) [34], it is greater than the
sum of the covalent radii of copper and bromine atoms (1.35 and 1.15 A, respectively) [35];
thus, this bond can be described as semi-coordinate. As shown in Figure 8, the [CuyBrg]*~
anions are connected by semi-coordinated Cu-Br bonds and by hydrogen bonds through
H,Dabco** molecules (d(Br2---N1) = 3.21732(10) A). The 14 parameter for Cul is 0.23, which
suggests a strongly distorted square planar configuration. However, if Br3! is taken into
account, the geometry of each Cu?* metal centre is a strongly distorted square pyramid,
with 15 = 0.38. The structure is isostructural with the chloride analogue published in the
CSD under the refcode ICAZIZ [31]. Distances in the reported [Cu,Clg]?>~ anion between
copper and chloride atoms range from 2.263 to 2.331 A, while the distance to the semi-
coordinated chlorine atom is 2.660 A. In the original paper, only t5 was reported, with a
value of 0.39, which is similar to the 0.38 of the bromide analogue reported in our paper [31].
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Figure 8. The H,Dabco?* molecules serve as linkers between the [CuyBrg]?~ anions in compound 5,
as viewed along the [010] crystallographic direction. The distance of 2.7695(8) A between Cul and
Br3! exceeds than the sum of the covalent radii of copper and bromine atoms. Hydrogen atoms
bonded to carbon atoms are omitted for clarity. Symmetry operation: (i) 3/2-X, +Y, 1/2-Z.

2.1.6. Compound 6, (C2N2H7)2[CuzBrz(CH3COO)4]

In compound 6, binuclear copper(Il) paddle-wheel complexes and amidinium cations
are present (Figure 9). The [CuyBry(CH3CO0), > paddle-wheel complex has two Br~ ions
at the apical positions and shows a weak copper—copper interaction, with a Cu—Cu distance
of 2.6379(6) A.

Neooseo®®®

Figure 9. Compound 6 contains a copper(Il) acetate paddle-wheel with Br~ ions at the apical positions,
and amidinium cations act as counter-ions.

The paddle-wheels (Figure 10) are linked by hydrogen bonds through O1B and Br1 to
the amidinium cation, where only N1 forms hydrogen bonds (d(N1---O1B) = 3.09585(5) A,
d(N1---Brll) = 3.39300(8) A).

2.1.7. Compound 7, HDabcoCuBrs

In contrast to the previous compounds in this article, the copper(Il) centre in
compound 7 has a coordination number of 4 (Figure 11). Three Br™~ ions and one pro-
tonated Dabco are attached to the copper centre. The T4 parameter, where 14 = 0 indicates a
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perfectly square planar geometry and 74 = 1 indicates a perfectly tetrahedral geometry [36],
is 0.82 for this compound, indicating a distorted tetrahedral coordination geometry, which
is more common in complexes with copper in the +1-oxidation state.

Figure 10. Amidinium cations link copper acetate paddle-wheel complexes via hydrogen bonds
between N1 and Br1}, and between N1 and O1B in compound 6. Symmetry operation: (i) -1/2 + X,
1/2-Y,1/2 + Z. Hydrogen atoms bonded to carbon atoms are omitted for clarity.

" Br2

Figure 11. Hydrogen bonds exist between [HDabco]CuBr3 complexes in compound 7. The hydrogen
bond network extends along the b axis, with 3.411(7) A between N2! and Br2. Symmetry operation:
(i) 1-X,1/2 + Y, 2-Z.

Neighbouring complexes are connected by hydrogen bonds running in the [010]
crystallographic direction, with bond distances between N2 and Br2! of 3.411(7) A.

2.1.8. Different Roles and States of the Dabco Molecule in Structures

As shown by compounds 1 to 5 and 7, organic polyamine ligands such as Dabco
can exist in various forms (unprotonated, mono- or deprotonated, or any combination of
these three states, as in compound 2). They can also act as bridging ligands (compound 4),
terminal ligands (compound 7), or as uncoordinated free cations within the structure
(compound 5). This wide range of possibilities, combined with the different coordination
numbers (4 or 5) of copper(Il) centres and the possibility of Br~ acting as a bridging
ligand (compound 5), leads to the formation of many different copper-halide—polyamine
complexes with varying properties.

2.2. Hirshfeld Atom Refinement Using NoSpherA2

Tables 1 and 2 compare refinement parameters after the Independent Atom Model
(IAM) and Hirshfeld Atom Refinement (HAR).

https:/ /doi.org/10.3390/inorganics14020054
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Table 1. Summary of IAM and HAR refinements for structures 1-3.

Compound 1 2 3
Formula for HAR [FDabco [HDabcoCuBrzDabcol, ([(HDabco),CuBr3]Br),
CuBr3H20]4
Resolution A 0.79 0.81 0.79
I/o 30.0 59.9 52.1
Number of parameters IAM/HAR 130/254 32/50 118/166
Charge, 0,5 0,3 0,3
multiplicity
R1 IAM)/% 247 1.77 3.15
R1 (HAR)/% 2.36 1.58 2.88
Ap (IAM)/ —0.458, —0.271, B
A3 0.668 0.376 0.458,0.772
Ap e(EIgR)/ —0.4100, 0.5929 —0.2615,0.4125 —0.5334, 0.9534
Table 2. Summary of IAM and HAR refinements for structures 4-7.
Compound 4 5 6 7
Formula for HAR [CuBrDabcoACN]  HyDabcoCuyBrg (C2N2H7)e (HDabcoCuBrs),
[CuzBrz (CH3COO)4]3
Resolution A 0.79 0.81 0.79 0.80
I/o 25.8 32.8 60.2 26.7
Number of parameters
IAM/HAR 45/57 76/101 146 /244 113/160
Charge, 0,2 0,3 0,7 0,3
multiplicity
R1 (IAM)/ % 4.02 3.20 2.45 2.93
R1 (HAR)/% 3.77 3.16 2.22 2.82
Ape(}él;/l)/ —0.618, 1.480 —0.972,1.025 —0.601, 0.478 —0.542, 0.862
Ap (HAR)/ B B —0.4208, B
oA—3 0.6443, 1.6695 1.0508, 1.0199 0.3757 0.6264, 0.8150

In all cases, implementing NoSpherA2 refinement reduced the R1 factors. It should be
noted that for compound 5, the change in R1 value is only 0.04%. This structure contains
an inorganic one-dimensional chain of copper(Il) bromide. We expanded our model to
include up to six copper centres, aiming for a better representation of the 1D chain structure
for wavefunction calculation. However, expanding the structure to six copper(II) centres
yielded results like those obtained with only two centres. For each copper centre, the
appropriate number of Br~ and Dabco molecules was also included in the wavefunction
calculation for compound 5.

After calculating the non-spherical scattering factors and refining the structures ac-
cordingly, we plotted deformation density maps to visualise the changes in the description
of electron density by the IAM and HAR models.

In the structure of compound 1 (Figure 12), using the HAR model, lone electron
pairs are clearly observed around the oxygen atoms, which participate in the formation of
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hydrogen bonds with the surrounding Dabco molecules. The HAR model also describes
the electron density present in C-H, C-C, and Cu-N bonds, while a depletion of electron
density is observed near the heavy atoms (copper and bromine ions).

Figure 12. Deformation map of the complex in compound 1 (grid = 0.10 A, iso-value = 0.20 eA3).
Free electron pairs around oxygen and additional electron density (green) on C-H and C-C bonds, as
well as depletion (red) of electron density around Cu and Br atoms can be observed.

A similar depiction of lone pairs is evident in Figure 13 around the nitrogen atoms in
compound 2, confirming the presence of hydrogen bonds between the two complexes of
compound 2.

Figure 13. The deformation map for compound 2 (grid = 0.10 A, iso-value = 0.20 eA~3), using the
HAR model, shows free electron pairs around nitrogen atoms and additional electron density (green)
on C-H, C-C, C-N, and Cu-N bonds, as well as depletion (red) of electron density around Cu and
Br atoms.

Although all data were measured using Koc Cu radiation, for compound 6, anisotropic
refinement of hydrogens is also possible and results in a slight improvement in the R1
factor. In addition to describing lone pairs, the use of non-spherical scattering factors allows
the electron density associated with delocalised chemical bonds to be properly described.
In contrast, in the IAM, delocalised electron density is not represented. For example, in
compound 6 (Figure 14), there is a slight depletion of electron density above and below the
carbon atom in the -COO™ group of acetate, which indicates electron delocalisation in the
—-COO™ group.

2.3. Comparison with Neutron Data

Average distances of C-H and N-H bonds in the Dabco molecule for each compound,
before and after NoSphereA2 refinement, were compared with neutron data from eight
entries in the Cambridge Structural Database (CSD) for Dabco molecules. The data are
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summarised in Table 3. Refcodes of structures from the CSD, along with bond distances,
are provided in the Supplementary Materials (Tables S3 and 54).

N
N w; X d;
davemge = % @
Y wi
2
02— N ZZN w; X (di - duvemge) ?)
N-1 YN w;
1
w; = —, where 0; is the standard uncertainty of bond i 3)

Figure 14. The deformation map presented for compound 6 (grid = 0.10 A, iso-value = 0.20 eA~3)
shows that, using the HAR model, free electron pairs are described around the oxygen atoms of
the acetate group, along with additional electron density (green) on C-H, C-C, C-O, C-N and N-H
bonds, as well as depletion (red) of electron density due to delocalisation of bonds around the carbon
atom in the -COO™ group.

Table 3. Comparison of average C—H and N-H distances in individual structures using IAM and
HAR refinement with neutron data.

d(C-H) [A] d(N-H) [A]
CSD neutron data 1.07(5) 1.07(3)
Compound IAM HAR IAM HAR
1 0.99 * 1.04(7) ** 0.94(4) 0.95(5)
2 0.99 * 1.06(5) ** AFIX 13 1.1(1)
3 0.99 * 1.05(6) ** 0.86(1) ** 1.02(3) **
4 0.99 * 1.07(5) ** No N-H bond
5 0.99 * 1.11(9) ** 0.83(8) 1.02(8)
6 no Dabco molecule no Dabco molecule
7 0.99 * 1.10(9) ** 0.89(11) 1.02(9)
Average 0.99 1.06(7) ** 0.90(5) ** 1.00(4) **

* Distances come from AFIX 23 command. ** Average bond distances (daverage) and standard deviations were
calculated using formulas.

As shown in Table 3, particularly for the C-H distances, implementing non-spherical
refinement increases the C-H and N-H distances. The increased C-H and N-H distances
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in Dabco molecules are closer to those measured by neutron diffraction. Individual bond
distances for each compound, can be found in the Supplementary Materials (Tables S5-58).
2.4. Magnetic Properties

The magnetic behaviour of the mononuclear copper(II) complexes of compounds 2,
4, and 7 is presented in Figure 15. At room temperature, the measured effective magnetic
moments are 1.84 ug, 1.73 up, and 1.84 up for complexes 2, 4, and 7, respectively. These
values are close to the theoretical spin-only value of 1.73 ug [37], which corresponds to
a non-interacting copper(Il) ion with spin quantum number S = 1/2 and a completely
quenched orbital contribution (L = 0).

1.8 4 -
164
1.4 4
1.2

14
0.8 1
0.6

1 2K
0'4__ 60 40 20 0 20 40 60
0.2 H (kOe)
0||||||
0 50 100 150 200 250 300
7 (K)

Figure 15. The effective magnetic moment y¢ as a function of temperature for complexes 2, 4, and 7.

The solid lines represent fits using a model based on the molecular field approximation. The inset
shows the isothermal magnetisation of the three complexes at 2 K.

~N AN

0.5

Hesr (/JB)
M (pg/Cu atom)

-0.54

14

As the temperature decreases, the effective magnetic moment remains nearly constant
down to approximately 150 K for complex 7 and to about 30 K for complexes 2 and 4. A
temperature-independent magnetic moment is characteristic of paramagnetic behaviour.
Below 150 K for complex 7, and below 30 K for complexes 2 and 4, the effective magnetic
moment decreases with further cooling, indicating that antiferromagnetic interactions
between the magnetic centres become effective.

The isothermal magnetisation M(H) at 2 K (inset in Figure 15) is consistent with the ob-
served temperature dependence of the effective magnetic moment. For complexes 2 and 4,
the M(H) curves at 2 K exhibit a Brillouin-like shape typical of paramagnetic behaviour,
corresponding to the slight decrease in the effective magnetic moment at the lowest temper-
atures and indicating a weak antiferromagnetic interaction. In contrast, the M(H) curve for
complex 7 is almost linear up to the maximum applied field of 50 kOe (equivalent to 5 T),
reflecting a much stronger antiferromagnetic interaction between the magnetic centres.

To estimate the magnetic interactions between the magnetic moments, it is first neces-
sary to select an appropriate magnetic model that reflects the spatial arrangement of the
copper(ll) magnetic moments within the compounds.

In compound 2 (HDabcoCuBrzDabco), N-H---N hydrogen bonds are present (d(N-:-N)
=2.648(10) A), connecting two complexes with copper centres 12.0726(4) A apart (transla-
tion along the c axis). The shortest distance between two copper atoms is 7.48164(13) A,
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occurring between copper atoms in neighbouring chains (Figure 4). There are no hydrogen
or halogen bonds between the complexes of these two copper atoms.

In compound 4 ([CuBry(y-Dabco) ACN],), a quasi 1D chain structure of Cu(Il) ions
is formed, where two copper atoms are separated by a single bridging Dabco molecule
(Figure 6) at a distance of 6.8435(5) A (translation along the a axis). However, the distance
to copper centres in neighbouring 1D chains is only slightly larger, at 6.8507(11) A. There
are no halogen or hydrogen bonds between the [CuBr,(y-Dabco)ACN],; chains.

In compound 7 (HDabcoCuBr3), N-H---Br hydrogen bonds connect the tetrahedral
complexes, with intermolecular copper—copper distances of 8.2844(13) A (Figure 11). How-
ever, the shortest intermolecular copper—copper distance is 6.8789(8) A, but there are no
hydrogen or halogen bonds between the complexes of these two copper centres.

In all three compounds investigated, the magnetic moments form a three-dimensional
network. Even in the quasi-one-dimensional compound 4, the distances between magnetic
centres along the chain are very similar to those between centres in neighbouring chains.
This prevents the use of models restricted to low-dimensional magnetism. Therefore, we
described the temperature-dependent susceptibility using the molecular field approxima-
tion. The freely available software PHI was used to determine the mean-field interaction
parameter, zJ [38]. The results of the fits are shown as solid lines in Figure 15, and the
obtained parameters (g-factors and zJ for each compound) are summarised in Table 4.

Table 4. The fitting parameters were obtained using a mean-field approximation to describe the
temperature dependence of magnetic susceptibility.

Complex g-Factor zJ] (cm™1)
2 2.12 —0.34
4 2.02 —0.52
7 2.12 —2.15

As expected, the largest interaction parameter was found for compound 7. The main
structural difference between compounds 2 and 4 and compound 7 is the presence of
N-H---Br hydrogen bonds: while no N-H:--Br hydrogen bonds exist between nearest
copper(Il) neighbours in 2 and 4, the tetrahedral copper(Il) units in 7 are connected via N-
H---Br hydrogen bonds [10,19]. Although magnetic interactions between copper(II) centres
connected through X-H:--Y (X, Y =N, O) hydrogen bonds are also known [5,16,17,20,22],
in compound 2 the distances between nearest copper(Il) centres appear too great. It is also
worth noting that the rather weak magnetic interaction in compound 4 rules out magnetic
coupling mediated solely by the Dabco molecule.

3. Materials and Methods
3.1. Materials

All experiments were conducted under atmospheric air without special conditions.
Copper powder (purity 99.5%), CuBr; (purity 99%), 1,4-diazabicyclo[2.2.2]octane, and HBr
(48% solution in water) were purchased from Sigma-Aldrich. Acetonitrile (ACN) was also
purchased from Sigma-Aldrich. Methanol (MeOH) was purchased from Carlo Erba.

The HBr salt of Dabco (HDabcoBr) was synthesised by combining 2.905 g of Dabco
with 2.930 mL of HBr in 10 mL of acetonitrile (ACN). The mixture was stirred for 30 min,
then the solvent was allowed to evaporate under ambient conditions. Evaporation yielded
4.575 g of the desired salt (HDabcoBr).
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3.2. Single Crystal Preparation
3.2.1. Compound 1, HDabcoCuBr;H,O

In a 5 mL test tube, 37 mg of CuBr,, 223 mg of Dabco, and 0.104 mL of HBr (aq, 48%)
were combined with 4 mL of ACN and mixed thoroughly with a spatula. A copper wire
was coiled into a spiral with a diameter of approximately 1 cm, and a second straight
copper wire was inserted through the centre of the spiral. Both wires were fixed in a cork,
immersed in the reaction mixture, and connected to an alternating current source (50 Hz,
0.7 V). After three days, slightly orange crystals were collected from the bottom of the test
tube, along with an orange precipitate.

3.2.2. Compound 2, HDabcoCuBrsDabco

The same procedure as for compound 1 was used to obtain crystals of compound 2. In
this case, 33 mg of CuBry, 114 mg of Dabco, and 0.113 mL of HBr were used. After 3 days,
the test tube was disconnected from the electrical current and placed in the freezer. After
16 days, thin red needles were collected from the wires in the test tube and measured.

3.2.3. Compound 3, [(HDabco),CuBr;]Br

As with compounds 1 and 2, a similar procedure was followed to obtain crystals
of compound 3 (80 mg CuBr,, 86 mg Dabco, and 0.104 mL HBr). After 2 days, the test
tube was disconnected from the electrical current and placed in the freezer. After 4 days,
yellow plates were observed around the copper wire. These were collected from the wire
and measured.

3.2.4. Compound 4, [CuBr;(y-Dabco) ACN],

Crystals of compound 4 were prepared by mixing 0.32 mg of CuBr, 22 mg of HDabcoBr
salt, and 12 mg of Dabco with 5 mL of ACN in a 7 mL vial. The vial was placed in the
ALEMADR-MS Laboratory Dry Block Thermo Shaker Incubator. The following tempera-
ture and mixing programme were set: 24 h at 800 rpm and 100 °C, 6 h at 0 rpm and 100 °C,
12 h at 800 rpm and 100 °C, 10 h at 0 rpm and 80 °C, and a final cycle of 10 h at O rpm and
60 °C.

3.2.5. Compound 5, (HyDabco)Cu,Brg

Following the procedures established for compounds 1-3, crystals of compound 5
were synthesised by combining 133 mg of CuBr,, 71 mg of Dabco, and 0.317 mL of HBrin a
test tube. After maintaining the reaction for 3 days under an applied electrical current, the
test tube was disconnected from the power source. The tube was then opened and covered
with Parafilm perforated with small holes to allow for slow solvent evaporation. After
10 days, the solvent had completely evaporated, yielding black crystalline solids identified
as compound 5.

3.2.6. Compound 6, (C2N2H7)2[CUQBrz(CH3COO)4]

Crystals of compound 6 were obtained by a solvothermal reaction. In a 50 mL Teflon-
lined vessel, 450 mg of CuBry, 60 mg of copper powder, 342 mg of Dabco, 1.6 mL of HBr,
and 20 mL of ACN were mixed. The autoclave was placed in a preheated oven at 150 °C for
6 days. After slow cooling, the yellow solution was placed in a freezer, and after 1-month,
green crystals were collected from the solution.

3.2.7. Compound 7, HDabcoCuBrs

To prepare crystals of compound 7, 223 mg of CuBr2, 85 mg of Dabco, 0.086 mL of
HBr, and 10 mL of MeOH were placed in a 20 mL vial and stirred for 96 h. Afterwards, the
powder product and solution were separated. The orange solution was transferred to a
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separate vial covered with perforated Parafilm to allow the solvent to evaporate slowly
over the next three days. The powder obtained was left in the open vial to dry and was
used for further analysis.

In each of these experiments (except for compound 7), crystals of copper(I) bromide
and Dabco complexes were obtained. Their structures will be published in a separate paper,
focusing on the systematic investigation of compounds from the CuBr—-HBr-Dabco ternary
system and their properties.

3.3. Powder Sample Preparation
3.3.1. Compound 2

To prepare compound 2 for further analysis, 300 mg of CuBr2, 305 mg of Dabco,
0.153 mL of HBr, and 20 mL of ACN were placed in a flask and mixed overnight. The
solvent was removed, and the sample was dried under reduced pressure. Finally, 630 mg
(88.6% yield) of red powder was collected from the flask for further analysis. Measured
and simulated powder X-ray data are provided in the Supplementary Materials (Figure S1).
Elemental analysis: expected: C 27.27%, H 4.77%, N 10.60%, Cu 12.02%; found: C 27.61%,
H 4.99%, N 10.40%, Cu 11.33%.

3.3.2. Compound 4

To prepare compound 4 for further analysis, 223 mg of CuBr,, 115 mg of Dabco, and
40 mL of ACN were placed in a flask and heated at 100 °C for 48 h. Afterwards, the
solvent was decanted and the sample was dried under reduced pressure. A total of 118 mg
(31.3% yield) of dark red powder was obtained. Measured and simulated powder X-ray
data are provided in the Supplementary Materials (Figure S2). Elemental analysis: expected:
C 25.52%, H 4.02%, N 11.16%, Cu 16.87%; found: C 25.51%, H 4.27%, N 10.54%, Cu 15.84%.

3.3.3. Compound 7

To prepare compound 7 for further analysis, the dried powder obtained from the
preparation of single crystals of compound 7 (Section 3.2.7) was collected from the vial.
A total of 301 mg (94.5% yield) of black powder was obtained. Measured and simulated
powder X-ray data are provided in the Supplementary Materials (Figure S3). Elemental
analysis: expected: C 17.31%, H 3.15%, N 6.73%, Cu 15.26%; found: C 16.82%, H 3.21%,
N 6.32%, Cu 14.89%.

3.4. Single Crystal X-Ray Data Measurement and Analysis

Single-crystal data for compounds 1-6 were collected on a Gemini A diffractometer
equipped with an Atlas CCD detector, using graphite-monochromated CuKo radiation at
150 K. Data for compound 7 were collected using an XtaLAB Synergy, Dualflex, HyPix-Arc
100 diffractometer with MoK« radiation at 150 K and 290 K. All data were processed
with the CrysAlisPro software suite [39]. Analytical absorption correction was applied
to all data sets. Structures were solved using the dual-space algorithm in SHELXT [40],
implemented in the Olex2 crystallographic software [41]. Independent atom model (IAM)
refinements were performed with the SHELXL-2019/3 software [42]. Hydrogen atoms on
carbon atoms were placed at calculated positions and refined as riding atoms with isotropic
displacement parameters. Hydrogen atoms on nitrogen and oxygen atoms were located
using a difference Fourier map, and their positional parameters were refined freely. The
structure of compound 1 is an example of a racemic twin, with the molar fraction of the
second domain being 0.26(4).

After classical refinement using the IAM, Hirshfeld Atom Refinement (HAR) with
the NoSpherA2 algorithm [43], as implemented in the Olex2 package, was performed
for further refinement. For the non-spherical refinement, ORCA 6.0 was used [44]. The
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predefined test options (basis set: 3-21 G; method: 12SCAN; integration accuracy: low) for
the first cycle of non-spherical-atom refinement were applied, with the only modification
being the change in the solvation setting from vacuum to water. The multiplicities were
assigned according to the formula of the displayed fragment.

After the initial non-spherical refinement cycle, the positions and displacement param-
eters of the hydrogen atoms in the structures were first refined freely using the following
sequence of commands to improve the models: refineHdist, affix 0, free uiso, and finally
anis -h. All these commands were applied exclusively to all hydrogen atoms in the struc-
ture. For some structures, anisotropic refinement of hydrogen atoms (anis -h) did not
significantly improve the model without strong constraints and was therefore omitted.
Where necessary, constraints were applied to ensure that parameter shifts converged to zero.
Improved non-spherical atomic scattering factors were then calculated with NoSpherA2,
using the predefined Work (basis set: def2-SVP; method: r2SCAN; integration accuracy:
low) and Final (basis set: def2-TZVP; method: r2SCAN; integration accuracy: normal;
iterative mode) settings, except that the solvation model was changed from vacuum to
water. Figures representing deformation maps were also created using Olex2. Thermal
ellipsoids in all images are drawn at 50% probability.

Further details regarding the refinement procedure for each structure are provided in
the Supplementary Materials (Table S9).

3.5. Creating Figures of Structures 1-7

Figures showing various features of the structures were created using Olex2 [41].
Thermal ellipsoids in all images are drawn at 50% probability.

3.6. Data Search in the Cambridge Structural Database (CSD)

Neutron data for Dabco molecules were obtained from the CSD (Loganholme, Aus-
tralia) using ConQuest software (version 6.01, November 2025) [45,46]. The search criteria
were as follows:

e Draw (the structural formula of the Dabco molecule was drawn);
e Experimental (neutron source selected).

This initial search yielded 25 entries from the CSD, of which 8 were selected; the
remainder were excluded from further analysis due to disorder of the Dabco molecule
in the structure. To obtain C—H and N-H bond distances, two separate searches were
conducted using the add 3D option in the Draw dialogue. Distances were then exported
and analysed using Mercury software. The list of refcodes for the data sets used in the
analysis is provided in the Supplementary Materials (Tables S3 and S4).

3.7. Powder X-Ray Data Collection

The phase composition of the powder samples was determined by X-ray diffraction
using a Bruker AXS D4 Endeavor diffractometer with Cu K« radiation (A = 1.5406 A) and
a Sol-X energy-dispersive detector, within the 26 range from 5° to 60°, with a step size of
0.04° and a collection time of 6 s. Powder data were analysed and figures prepared using
Match! software (version 4.1) [47].

3.8. Magnetic Measurements

The magnetic properties of polycrystalline complexes 2, 4 and 7 were measured using
a Quantum Design MPMS3 SQUID magnetometer over the temperature range 2-300 K
under a constant magnetic field of 1 kOe. Isothermal magnetisation was recorded at 2 K
in the field range —50 kOe to 50 kOe. The raw data were corrected for the temperature-
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independent diamagnetic contributions of the sample holder and the inner-shell electrons
using Pascall’s constants [48].

4. Conclusions

We have shown that crystallographic models can be improved by using NoSpherA2,
a non-spherical structure refinement tool within Olex2, even when high-resolution data
are unavailable (e.g., data collected with CuKe«). When using NoSpherA2, the C-H and
N-H bond distances are closer to those obtained from neutron diffraction data than with
classical refinement.

The study of the magnetic properties of compounds 2, 4, and 7 has shown that mag-
netic interactions between mononuclear copper(Il) complexes are governed primarily by
the bonding pathways between copper magnetic centres, rather than by the copper—copper
distances. Despite similar copper—copper distances, compounds 2 and 4 display only weak
antiferromagnetic properties, whereas compound 7 exhibits significantly stronger coupling
upon cooling below 150 K, due to the presence of N-H:--Br hydrogen bonds, in which the
more diffuse and polarisable Br~ orbitals provide an efficient magnetic exchange pathway.
Notably, the presence of N-H:--N hydrogen bonds alone in mononuclear copper(Il) com-
pounds does not necessarily lead to magnetic interactions, as demonstrated by compound 2.
Although N-H---N-mediated exchange pathways have been reported in the literature, the
present results indicate that additional structural and electronic factors are required for
efficient magnetic coupling. The absence of measurable exchange mediated solely by the
bridging u-Dabco ligand in compound 4 further indicates that this ligand acts primarily as a
structural spacer rather than an efficient magnetic bridge. Compounds 2 and 4, which lack
N-H---Br bonds and have similar intermolecular copper—copper distances to compound 7,
exhibit antiferromagnetic properties only below 30 K. Moreover, the similarity of intra- and
interchain Cu---Cu distances in the quasi-1D system prevents low-dimensional magnetic
behaviour, emphasising the importance of using a 3D framework model.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics14020054 /s1, Figure S1: Comparison of simulated
(red) and measured (blue) powder patterns for compound 2; Figure S2: Comparison of simulated
(red) and measured (blue) powder patterns for compound 4; Figure S3: Comparison of simulated
(red) and measured (blue) powder patterns for compound 7; Table S1: Table of crystalographic data
after classical refinement for compounds 1-3; Table S2: Table of crystalographic data after classical
refinement for compounds 4-7; Table S3: Table of the CSD refcodes and C-H bond distances in Dabco
molecules from neutron diffraction experiments; Table S4: Table of the CSD refcodes and N-H bond
distances in Dabco molecules from neutron diffraction experiments; Table S5: N-H bond distances in
Dabco molecules of compounds 1, 2, 3, 5 and 7 after classical refinement (IAM model). Compounds 4
and 6 do not contain Dabco molecules; Table S6: Table of C-H and N-H distances of Dabco molecules in
structures 1-3 after non-spherical refinement (HAR model); Table S7: Table of C-H and N-H distances
of Dabco molecules in structures 4-6 after non-spherical refinement (HAR model); Table S8: Table of
C-H and N-H distances of Dabco molecules in structure 7 after non-spherical refinement (HAR model);
Table S9: Table of NoSpherA2 commends and restrains used on refinement of different structures.
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Abbreviations

The following abbreviations are used in this manuscript:

ACN acetonitrile

CSD Cambridge Structural Database

Dabco 1,4-diazabicyclo[2.2.2]octane

HAR Hirshfeld atom refinement

HDabco Monoprotonated 1,4-diazabicyclo[2.2.2]octane
IAM Independent Atom Model

MeOH  Methanol
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