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Introduction

Structural diversities and magnetic properties of
azido- and dicyanamido-bridged coordination
polymers with 4,5-diphenylimidazole as a
terminal ligand

Evangelia-Spyridoula Fotopoulou,® Nikos Panagiotou,® Anastasios J. Tasiopoulos, (2 °
Mark M. Turnbull, (=) *© Spyros P. Perlepes (2 *® and Vassilios Nastopoulos (2 *@

With the aim of assessing the role and impact of pseudohalides on the molecular and supramolecular
structures of copper(i)/heavily substituted imidazole complexes, the synthesis and characterization of the
complexes {[Cu(Nz)>(HDI}, (1), {[Cu{N(CN)z}>(HL)]-Me,CO}, (2-Me,CO) and [Cu(NCO),(HL),]-MeCN
(3:MeCN) have been carried out; HL is the 4,5-diphenylimidazole ligand. The organic molecule behaves
as a monodentate ligand through the pyridine-type nitrogen atom of the imidazole ring. The 1D polymer
1 is made up of undulating {~Cu—(Nz),-Cu-(N3),-} chains, with the HL ligands extending from both
sides of the chains. The square pyramidal metal ions are alternately doubly bridged by two different types
(basal-basal and basal-apical) of end-on azido groups. In 2:-Me,CO, the N(CN),™ ions behave as end-to-
end (p-1,5 or 2.101) ligands forming a 2D polymeric lattice, consisting of four-membered Cu"" rings inter-
connected by four dicyanamido bridges; the five-coordinate Cu' ion adopts a geometry intermediate
between square pyramidal and trigonal bipyramidal. The metal centre in the mononuclear complex
3-MeCN is bonded to two HL ligands and two terminal isocyanato groups; the coordination geometry of
Cu'is closest to a seesaw conformation. The crystal structures of the complexes are built with a variety of
supramolecular interactions, including the synthons N—H---X (X = N and O), which are critically discussed.
The IR spectra of the compounds are discussed in terms of the coordination modes of the pseudohalido
ligands. The magnetic properties of 1 and 2 have also been studied in the temperature and field ranges of
1.8-300 K and 0-50 kOe, respectively. Complex 1 exhibits both ferromagnetic and antiferromagnetic
cuy"...cu" exchange interactions propagated through the two different end-on bi-azido bridges, whereas
the exchange interactions are negligible (if any) in the 2D polymer 2 as a consequence of the p-1,5 lig-
ation mode of the dicyanamido ligand and the resultant long Cu'"---Cu'" distances.

approach enables the construction of polynuclear complexes
and coordination polymers with diverse properties, structures

Linear pseudohalide ions such as N;7, NCO™, and NCS™, along and topologies. This class of materials holds significant poten-
with the larger bent dicyanamide ion, N(CN),”, have been tial in crystal engineering, with applications in molecular

3-5

used as ligands in synthetic inorganic chemistry, due to their sensors, microporous materials for gas adsorption and

ability to coordinate with transition metal ions in various storage,’ electrical conductivity,”® nonlinear optical activity,
ways. For this reason, they are often named ‘schizophrenics of catalysis,

9,10

112 etc, Bridging pseudohalides can efficiently trans-

coordination chemistry’." When combined with ancillary term- mit magnetic interactions between paramagnetic metal
inal organic ligands, they facilitate the synthesis of com- centres. As a result, pseudohalides play a crucial role in mole-
pounds with interesting architectures and topologies.> This cular magnetic systems, spanning single-molecule magnets

(SMMs),"® single-chain magnets (SCMs),"* higher-dimensional
magnetic materials,"> and multifunctional systems such as
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The N;~ ion is one of the most common bridging ligands
among pseudohalides, widely used in the synthesis of metal
clusters and coordination polymers, where it imparts intri-
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guing magnetic and topological properties. It can act as either
a terminal or a bridging ligand."*'®? The crystallographically
verified coordination modes of the azido ligand are illustrated
in Scheme 1. When functioning as a monoatomic bridging
ligand, the azide ion can link up to four metal ions via end-on
(EO) coordination.’ If both terminal nitrogen atoms partici-
pate in bonding, it acts as a bidentate bridging ligand, linking
at least two metal centers through an end-to-end (EE) coordi-
nation mode. A combination of these two modes enables azide
to bridge up to six metal ions. In some cases, a single com-
pound may contain azido ligands adopting two or even three
different coordination modes. It has been observed that the
most common coordination mode of N3~ in metal clusters is
EO.>'® In 1D, 2D, and 3D coordination polymers, the EE mode
predominates, sometimes alternating with EO or forming
mixed EE/EO networks.>'®'® Coordination polymers exclu-
sively featuring EO-bridged azides are rare. Due to the compar-
able stability of EO and EE coordination modes, steric hin-
drance is usually the key factor determining whether a
complex adopts EO, EE, or a mixed EE/EO mode. The azide
ion is widely used as a bridging ligand in the field of mole-
cular magnetism, as its various coordination modes and the
diverse exchange interactions it promotes lead to a range of
magnetic behaviors.>'®'® These include ferromagnetism, anti-
ferromagnetism, ferrimagnetism, canted weak ferromagnet-
ism, spin-flop transitions, single-molecule magnetism (SMM),
and single-chain magnetism (SCM). Literature studies indicate
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Scheme 1 The crystallographically verified coordination modes of the
azido ligand in coordination chemistry with their corresponding Harris
notation. Since the electronic structure within the azido ligand has not
been studied in every case in detail, the bonds between the nitrogen
atoms are drawn as single (which is certainly not the case).
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that the end-on (EO) coordination mode typically favors ferro-
magnetic interactions, potentially leading to a high-spin
ground state.>'®*>' In contrast, the end-to-end (EE) mode gen-
erally promotes antiferromagnetic interactions.>'®*! However,
the coordination mode alone is not the sole determining
factor of magnetic coupling.

The relatively larger dicyanamide ion, N(CN),™, is a flexible
ligand that, in combination with transition metals, can form a
wide range of compounds with diverse architectures and topol-
ogies. The dicyanamide ion has three potential donor sites
and can act as either a terminal or a bridging ligand.>*** In
polynuclear complexes, N(CN),~ exhibits various coordination
modes, binding to metal centers through the nitrogen atoms
of the terminal nitrile groups, the central amido nitrogen, or
both, functioning as a tridentate ligand. Consequently, dicya-
namide can form coordination bonds with one to five metal
ions. The coordination modes of dicyanamide, as revealed by
X-ray crystallography, are illustrated in Scheme 2. These versa-
tile binding properties enable dicyanamide to form 1D, 2D,
and 3D structures, which may also exhibit interesting magnetic
properties.>*>8

Transition metal complexes with the cyanate ion (NCO")
are of particular interest due to its ambidentate nature, allow-
ing it to coordinate to metal ions either as a terminal or a brid-
ging ligand through its nitrogen or oxygen atom, or
both."'%?%73* However, the number of polynuclear and poly-
meric complexes incorporating the cyanate ion is significantly
smaller compared to those involving other pseudohalides. In
most complexes, bonding occurs preferentially through the
nitrogen atom. The N-site of NCO™ lies at the boundary
between hard and soft Lewis bases (HSAB), allowing it to bind
to a wide range of metal ions. In contrast, the hard O-site has
a stronger affinity for hard metal ions, although this prefer-
ence can be influenced by the nature of other ligands and the
stereochemical environment they impose. When NCO™ acts as
a monodentate ligand, it forms mononuclear complexes.
However, as a bridging ligand, it can link metal centers via
either end-on (EO) coordination modes or an end-to-end (EE)
mode, as illustrated in Scheme 3.%%29734

In recent years, we have studied a series of mononuclear
complexes, primarily of the type MX,(HL), or [M(HL),]X, [M =
Co**, Ni**, cu®*' or zn*; X = CI™, Br™, I, NO,;~ or ClO,”; HL =
4,5-diphenylimidazole], to explore their assembly patterns,
with a particular focus on both strong and weak inter-
molecular interactions.**® This work has been recently
extended to 5-phenylimidazole.’**° Imidazole and its
derivatives®** are, among others, particularly interesting
ligands in bioinorganic**** and metallosupramolecular*®™*”
chemistry. The monodentate HL ligand employed in this work
(Scheme S1) coordinates to the metal ion via its pyridine-type
N3 atom and contains a H-bond donor (the pyrrolic-type N1
atom), enabling the formation of motifs that may drive mole-
cular self-assembly. Additionally, it supports =---m stacking
interactions through its phenyl rings and the five-membered
heterocyclic ring. There has been relatively little work on the
coordination chemistry of heavily substituted imidazoles and,

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 The crystallographically verified coordination modes of the dicyanamido ligand in coordination chemistry with their corresponding
Harris notation. Since the electronic structure within the dicyanamido ligand is not known exactly in every case, the carbon—nitrogen bonds are

drawn as single (which is certainly not the case).
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Scheme 3 Some bridging modes for the cyanato ligand observed in
the literature with their corresponding Harris notation. Since the elec-
tronic structure within the cyanato ligand is not known exactly in every
case, the nitrogen—carbon and carbon-oxygen bonds are drawn as
single (which is certainly not the case).

3573848750 The X jons in these com-

in particular, about HL.
plexes coordinate terminally as either monodentate or biden-
tate ligands, thereby excluding the possibility of forming
coordination polymers. Given the variation in their size and
shapes, their influence on the metal’s coordination geometry
(when coordinated) or their spatial role in packing organiz-
ation (when serving as counterions) has also been examined
by our group.

In this context, it appeared interesting to explore the replace-
ment of the halide ions with larger pseudohalides N;,
N(CN),~, NCO™ and SCN™ in combination with 4,5-diphenylimi-
dazole as an ancillary ligand in order to investigate their impact
on the molecular and supramolecular organization, as well as
the properties of the resulting complexes and coordination poly-
mers. As reported, pseudohalides, when combined with other
organic ligands and 3d metals, can promote the synthesis of
compounds often exhibiting diverse architectures, topologies,
and properties, making them a compelling area of study.

This journal is © The Royal Society of Chemistry 2025

Copper(u) was selected as the metal for this study due to its
versatile coordination numbers and geometries. Due to its 3d°
configuration, square planar or distorted tetrahedral (4-coordi-
nate), square pyramidal or trigonal bipyramidal (5-coordinate),
as well as distorted octahedral (6-coordinate) geometries domi-
nate the coordination chemistry of copper(u). Additionally, the
presence of one unpaired electron on this metal ion makes the
interpretation of the magnetic properties of copper(u) com-
plexes more straightforward compared to those of other 1%-row
transition metal complexes.>*>>

We report herein the results of the amalgamation of the
above mentioned topics. Two coordination polymers, {[Cu
(Na)o(HL)}, (1) and {[Cu{N(CN),},(HL)]-Me,CO}, (2-Me,CO),
together with the mononuclear complex [Cu(NCO),(HL),]-
MeCN (3-MeCN), have been obtained and structurally/spectro-
scopically characterized, exploring the reaction system Cu'Y/
HL/pseudohalide; the magnetic properties of the polymeric
complexes have also been studied. One synthetic or crystalli-
zation parameter at a time was varied during each set of
experiments so as to assess its relative effect on the product
identity.

Experimental
Materials and instruments

All reagents, solvents and starting materials were reagent
grade, purchased from standard suppliers and used as
received. All manipulations were performed under aerobic con-
ditions. Microanalyses (C, H, and N) were performed by the
University of Patras microanalytical service. IR spectra
(4000-400 cm™") were recorded using a Perkin-Elmer PC 16
FT-IR spectrometer with the samples prepared as KBr pellets.
For magnetic studies, samples of compounds 1 and 2 were

Dalton Trans., 2025, 54,14013-14024 | 14015
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powdered and mounted in gelatine capsules placed in clear
plastic straws. Magnetization data, as a function of field (0-50
kOe), were collected at 1.8 K for compounds 1 and 2 employing
a Quantum Design MPMS-5 SQUID magnetometer. Several
data points were recollected as the field was returned to zero;
no hysteresis was observed. Data were then collected in a 1
kOe field as a function of temperature from 1.8 to 310 K.
Measurements were corrected for the diamagnetism of the
constituent atoms as estimated from Pascal’s constants, the
temperature independent paramagnetism of the Cu(u) ion and
the gelatine capsule and straw (measured independently).

Safety note: Azido and dicyanamido compounds and per-
chlorate salts are potentially explosive; such compounds
should be synthesized and used in small quantities and
treated with utmost care at all times.

Preparation of complexes

Synthesis of {[Cu(N;),(HL)]}, (1). A solution of Cu
(Cl0O,),-6H,0 (0.10 mmol, 0.037 g) and 4,5-diphenylimidazole
(0.25 mmol, 0.055 g) in 5 mL of DMF and a solution of NaNj;
(0.20 mmol, 0.013 g) in 20 mL of methanol were prepared. The
two solutions were mixed and then stirred for 10 minutes. The
resultant brown solution was filtered, and the filtrate was
stored in a closed vial at room temperature. Dark red/brown
plate-like crystals of 1, suitable for X-ray diffraction, were
obtained after five days. They were collected by filtration,
washed with Et,O (2 x 5 mL) and dried in vacuo. Yield ca. 65%
(based on the metal). Anal. caled for C;5H;,NgCu (found
values in parentheses): C 48.98 (49.40), H 3.29 (3.11), N 30.46
(30.24)%. IR bands (KBr, cm™'): 3446wb, 3194mb, 3050w,
2883w, 2074s, 2050s, 1587w, 1510m, 1486m, 1460w, 1442m,
1382w, 1344w, 1290m, 1278sh, 1190w, 1155w, 1136m, 1072m,
978m, 764m, 724w, 696m, 650m, 574w, 508w.

Synthesis of {[Cu{N(CN),},(HL)]-Me,CO}, (2-Me,CO). 4,5-
diphenylimidazole (0.20 mmol, 0.044 g) was dissolved in
25 mL of Me,CO under stirring and mild heating (50 °C). To
this solution, solid Cu(ClO,4),-6H,O (0.10 mmol, 0.037 g) was
added, resulting in a clear yellow/green solution.
Subsequently, Na{N(CN),} (0.20 mmol, 0.018 g) was added,
leading to the formation of a dark turbid yellow-green slurry.
This slurry was stirred for 10 minutes, the resultant olive-
coloured solution was filtered and the filtrate was layered with
Et,O (5 mL/5 mL). Green prismatic crystals of 2-Me,CO, suit-
able for X-ray diffraction, were obtained after seven days. They
were collected by filtration, washed with Et,O (2 x 5 mL) and
dried in vacuo. Yield ca. 60% (based on the metal). Anal. calcd
for C;9H;,NgCu (i.e., 2) [found values in parentheses]: C 54.87
(55.22), H 2.91 (2.80), N 26.94 (26.69)%. IR bands (KBr, cm™"):
3446mb, 3230mb, 3136w, 3048w, 2923w, 2300w, 2240sh,
2222m, 2194s, 1702s, 1654w, 1604w, 1542w, 1518m, 1490w,
1458w, 1398m, 1364s, 1236w, 1138w, 1074w, 976w, 920w,
776sh, 764m, 706w, 680w, 646m, 576w, 504m.

Synthesis of [Cu(NCO),(HL),]-MeCN (3-MeCN). 4,5-dipheny-
limidazole (0.25 mmol, 0.055 g) was dissolved in 25 mL of
MeCN under stirring and mild heating (40 °C). To this solution,
solid Cu(ClO,),-6H,0 (0.10 mmol, 0.037 g) was added, resulting
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in a clear crimson solution. Subsequently, NaNCO (0.20 mmol,
0.013 g) was added, leading to the formation of a turbid black-
yellow slurry. This slurry was stirred for 15 minutes, the resul-
tant dark green solution was then filtered and the green filtrate
was layered with a mixture of Et,0O/n-hexane (5 mL/5 mL). Green
prismatic crystals of 3-MeCN, suitable for X-ray diffraction, were
obtained after one day. They were collected by filtration, washed
with Et,0 (2 x 5 mL) and dried in vacuo. Yield ca. 60% (based
on the metal). Anal. caled for C;,H,4NsO,Cu (ie., 3) [found
values in parentheses]: C 65.35 (65.59), H 4.11 (4.18), N 14.29
(13.99)%. IR bands (KBr, cm™'): 3446mb, 3196wb, 3058w,
2922w, 2216s, 2170sh, 1604w, 1560w, 1510m, 1486m, 1468w,
1444m, 1382w, 1332m, 1294w, 1276w, 1130w, 1072m, 1026w,
976m, 912w, 764m, 724w, 6965, 648m, 616w, 578w, 499w.

X-ray crystallography
A suitable single crystal of each of the three compounds was
selected, coated with Paratone-N oil, and mounted in cryo-loops
at the end of a copper pin. Diffraction data were collected using
the w-scan technique on a Rigaku Oxford Diffraction SuperNova
diffractometer under a stream of nitrogen gas at 100(2) K; Cu
Ka radiation (4 = 1.5418 A) was used for compounds 1 and
2-Me,CO, while Mo Ka radiation (1 = 0.7107 A) was used for
compound 3-MeCN. Table 1 shows the summary of crystallo-
graphic data. Data were collected and processed using
CRYSALIS CCD and RED software,”® respectively; the reflection
intensities were corrected for absorption using the multiscan
method. The structures were solved using classical direct
methods (SIR92,>* Semi-Invariants Representation), the dual-
space algorithm with SHELXT,> or the charge flipping algor-
ithm (Superflip’®*’). The structural models were then refined
by full-matrix least-squares on F* with SHELXL-2019/3.>® All
non-H atoms were refined anisotropically; carbon-bound H
atoms were introduced at calculated positions and allowed to
ride on their carrier atoms (riding model). All imidazole H
atoms on the pyrrolic-type N1 atom of the ligands were located
in difference Fourier maps and refined isotropically applying
soft distance restraints. Considerable disorder has been
observed in the crystal structure of compound 3-MeCN. One of
the phenyl rings in the HL ligand exhibits positional disorder,
which was treated by applying a two-part disorder model with a
57:43 domain ratio. Additionally, the MeCN solvent molecule
is orientationally disordered (50:50) about a two-fold axis
running parallel to the b axis of the unit cell. Appropriate
restraints were applied during refinement to ensure a chemi-
cally reasonable geometry for each disordered component.
Geometric/crystallographic calculations were carried out
using PLATON,® OLEX2%° and WINGX®' packages; molecular/
packing graphics were prepared using MERCURY.®?

Results and discussion
Synthetic comments

A variety of reactions were studied with the aim of preparing
the largest possible number of compounds (discrete complexes

This journal is © The Royal Society of Chemistry 2025
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Table 1 Crystallographic data for compounds {[Cu(Nz)>(HL)I}, (1), {I[Cu{N(CN),}>(HL)]-Me,CO}, (2:-Me,CO) and [Cu(NCO),(HL),]-MeCN (3-MeCN)

Compound reference 1 2-Me,CO 3-MeCN
Chemical formula C,5H;,CuNg C19H;,CuNg-C;HsO C3,H,,CuNgO,-C,H;N
Formula mass g~ mol™" 367.87 473.98 629.16

Crystal system Monoclinic Monoclinic Orthorhombic
Space group P2,y/n P24/n Pbcn

alA 9.2102(3) 7.7400(2) 17.0660(7)

b/A 5.5759(2) 11.7233(3) 12.7219(4)

/A 30.9154(9) 23.8510(5) 13.6879(6)

al® 90 90 90

pl° 92.515(3) 94.612(2) 90

yI° 90 90 90

Unit cell volume A~ 1586.14(9) 2157.19(9) 2971.8(2)

Z,Z 1,1 4,1 4,0.5
Temperature/K 100(2) 100(2) 100(2)
Radiation type, y/mm™" CuKa, 2.071 CuKa, 1.696 MoKa, 0.779
No. of reflections measured 5882 13654 24 688

No. of independent reflections 3022 [Rine = 0.0216] 4159 [Rint = 0.0318] 2759 [Rine = 0.0439]
Data/restraints/parameters 3022/0/220 4159/1/294 2759/147/247
Final R, values (I > 24(I)) 0.0306 0.0308 0.0666

Final wR(F?) values (I > 26(I)) 0.0790 0.0792 0.1548

Final R, values (all data) 0.0373 0.0366 0.0719

Final wR(F®) values (all data) 0.0832 0.0834 0.1574
Goodness of fit on F* 1.033 1.026 1.231

Apmax, Apmin/e A7 0.376, —0.500 0.307, —0.369 1.039, —1.773
CCDC number 2456934 2456935 2456936

or polymers) by exploring the Cu"/HL/pseudohalide system
(HL = 4,5-diphenylimidazole; pseudohalide = N3;~, N(CN),",
NCO™, and SCN7). Our trials included differing reactant
ratios and concentrations, solvents, crystallization con-
ditions and temperatures. Cu(u) is air stable, and the syn-
thetic work was thus performed under aerobic conditions
under the normal laboratory atmosphere. The reagents uti-
lized in the experiments as sources for the respective ions in
the reaction scheme involved Cu(ClO,),-6H,0 for copper(u)
ions; NaN; and (CH3);SiN; for azide ions; Na{N(CN),} for
dicyanamide ions; NaNCO for cyanate ions; and NH,SCN for
thiocyanate ions. Two coordination polymers have been
obtained, {{Cu(N;),(HL)]}, (1) and {{Cu{N(CN),},(HL)]-Me,CO},
(2-Me,CO). Efforts to isolate an analogous coordination
polymer using cyanates resulted in the formation of the mono-
nuclear complex [Cu(NCO),(HL),]-MeCN (3-MeCN). Compounds
were obtained by reactions with a Cu": HL : pseudohalide ratio
of 1:2.5:2 for 1 and 3-MeCN and 1:2:2 for 2-Me,CO. Despite
our efforts, no crystalline thiocyanato solids have been obtained
yet. The formation of the complexes can be summarized by

eqn (1)—(3):

nCu(CIO,), - 6H,0 + 2nNaN; + nHL
DMF/MeOH

—— {[Cu(N3),(HL)]}, + 2nNaCIO, + 6nH,O (1)

nCu(CIO,), - 6H,0 + 2nNa{N(CN), } + nHL + nMe,CO
M9 {[Cu{N(CN),},(HL)] - Me,CO}, + 2nNaCIO; + 6nH,0
T 2-Me,CO
(2)

This journal is © The Royal Society of Chemistry 2025

Cu(CI0,), - 6H,0 + 2NaNCO + 2HL + MeCN
2N, [Cu(NCO), (HL),] - MeCN + 2NaCIO, + 6H,0  (3)
T 3MeCN

It should be mentioned that complexes 1-3 are the only
products from their corresponding reaction mixtures irrespec-
tive of the Cu™: HL reaction ratio. Thus, a large excess of HL
(e.g., Cu™: HL = 1: 4) resulted again in the polymeric 1:1 com-
plexes 1 and 2, and thus mononuclear complexes [CuX,(HL),],
where X = N; and N(CN),, could not be isolated. An excess of
metal (e.g., Cu":HL = 1:1) led again to the mononuclear
complex 3, and the anticipated {[Cu(NCO),(HL)]}, complex
could not be prepared.

All crystalline products were characterized by IR spec-
troscopy, microanalyses and single-crystal X-ray diffraction; the
magnetic properties of the polymeric compounds were also
studied.

Description of the structures

For consistency in discussion and molecular comparison, the
same numbering scheme has been assigned to the HL ligand
atoms across all three compounds presented herein. Selected
interatomic distances and angles for all compounds are pro-
vided in Table S1. Details of H-bonding, C-H:--n and =---x
interactions are given in Tables S2-S4, respectively. Various
structural plots are shown in Fig. 1-5 and S1-5S4.

Compound 1 crystallizes as a 1D polymer in the monoclinic
space group P2;/n. The asymmetric unit comprises one Cu"
ion, two azido groups, and one 4,5-diphenylimidazole mole-
cule (Fig. S1). The two azido groups (N4-N5-N6 and N7-N§-
N9) act as monoatomic bridging ligands in an end-on (p-1,1 or
2.20) mode connecting two metal centres through the N4 and
N7 atoms, respectively. Due to crystallographic symmetry, each
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Fig. 1 Perspective view of a fraction of the chain of {[Cu(Nz),(HL)I}, (1).
The azido ligands adopt the end-on (p-1,1 or 2.20) bridging mode, con-
necting Cu" centers in a linear arrangement to form a 1D coordination
polymer extending along the b-axis. Atoms generated by symmetry
operations have been included but have been labelled identically to the
asymmetric unit.

Cu" centre is ultimately coordinated by four azido groups,
with its coordination sphere completed by the pyridine-type
N3 atom of a 4,5-diphenylimidazole ligand. As a result, the
metal ions adopt a five-coordinate (CuN;) environment.
According to the angular structural parameter 75,>> the Cu"
coordination geometry is a distorted square pyramid, where
the N7 symmetry-related atom (1 — x, 1 — y, —2), located at a
distance of 2.330(2) A from copper(u), occupies the apical posi-
tion (Fig. S2). The 75 value is 0.25, where 75 = 0 corresponds to
an ideal square pyramidal geometry and z5; = 1 corresponds to
an ideal trigonal bipyramidal geometry. The Cu-N bond
lengths range from 1.968(2) to 2.330(2) A. The bond length of
the apical nitrogen atom is the largest, as expected. The N-N
bond lengths in the two azido ligands, corresponding to the
coordinated and central nitrogen atoms (i.e., N4-N5 = 1.215 A
and N7-N8 = 1.198 A), are longer than those between the
central and non-coordinated terminal nitrogen atoms (i.e., N5-
N6 = 1.133 A and N8-N9 = 1.156 A, respectively). This elonga-
tion is attributed to the ‘loss’ of electron density at the two
bridging nitrogen atoms. The N-N-N bond angles of the two
nearly linear azido ligands are 179.2(2)° and 176.7(2)° for N4-
N5-N6 and N7-N8-N9, respectively.

The 1D polymer {[Cu(N3),(HL)]},, is made up of undulating
Cu-azido chains, with the coordinated HL ligands extending
from both sides of the chains (Fig. 1). These chains extend par-
allel to the b axis of the unit cell, with Cu---Cu distances of
3.093(1) and 3.317(1) A between consecutive Cu" atoms along
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Fig. 2 Section of the 3D architecture of the polymer {[Cu(Ns)(HL)},
(1). Three layers (marked in red, green and blue) parallel to the ab plane
are drawn. Within each layer, the chains (oriented parallel to the b axis)
are interconnected by strong N1-H1.--N9 hydrogen bonds (dotted red
lines) and weak C—H-:-N interactions (C2-H2:--N6). Additionally, weak
C—H---n interactions (black double dashed lines) between the chains of
each layer, as well as between parallel layers, contribute to the 3D self-
organization of the polymer. Cu' atoms are drawn as small spheres.
Atoms generated by symmetry operations have been included but have
been labelled identically to the asymmetric unit.

the chain. At a supramolecular level, these parallel chains are
linked by strong hydrogen bonds (synthons) of the type
Nlimidazole=H1--N9,igqe [N1---N9 = 2.923(2) A], together with
weak C-H---N,,ige interactions, forming layers parallel to the
ab plane (Fig. 2 and Table S2). These interactions contribute to
the self-assembly and stabilization of the crystal structure.
Finally, the three-dimensional structure is further stabilized by
weak C-H.--m interactions between the chains within each
layer, as well as between adjacent layers (Fig. 2 and Table S3).
Compound 2-Me,CO, containing the dicyanamido ligand,
crystallizes in the monoclinic space group P2,/n. The asym-
metric unit consists of a Cu™ atom coordinated with two dicya-
namide ions and one molecule of 4,5-diphenylimidazole (HL).
The structure also incorporates an acetone molecule as a con-
sequence of the crystallization process (Fig. S3). The dicyana-
mide ions act as bridging ligands through their nitrogen
atoms N4 and N6, as well as atoms N7 and N9 of the nitrile
groups (coordination mode: end-to-end, 2.101 or p-1,5). This
arrangement forms a 2D polymeric structure parallel to the ab
plane of the unit cell, consisting of four-membered metal
rings interconnected by four dicyanamide bridges (Fig. 3, left).
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(Left) Part of the 2D polymer of 2:-Me,CO parallel to the ab plane of the unit cell. (Right) Projection of the structure of 2:-Me,CO along the a

axis. The planes defined by the four Cu' atoms of each ring of the structure are indicated by red dotted lines. Atoms generated by symmetry oper-
ations have been included but have been labelled identically to the asymmetric unit. The lattice acetone molecule is not shown.

Fig. 4 The molecular structure of compound 3-MeCN. The acetonitrile
solvent molecule is orientationally disordered (50 : 50) about a two-fold
symmetry axis passing through the Cu" atom. Only the major occupancy
orientation of the positionally disordered phenyl ring in the HL ligand is
shown. Thermal ellipsoids are drawn at the 50% probability level, with
selected atoms labeled. H atoms are represented as fixed-size spheres.

The coordination sphere of the metal ions is completed by the
pyridine-like nitrogen atom (N3) of the 4,5-diphenylimidazole
ligand (HL). The five-coordinate Cu" ion (with a z5 index value
of 0.51) adopts a geometry intermediate between square pyra-
midal (z5 = 0) and trigonal bipyramidal (z5 = 1). When viewed
along the a axis (Fig. 3, right), the 2D structure is best
described as a corrugated surface parallel to the ab plane, with
the four Cu" ions of each ring positioned at the intersection of
the planes of the corrugated surface. The dihedral angle
between adjacent planes of this surface is 86.1(1)°. The
Cu---Cu distances within the rings are 7.740(1) A and 8.227(1)

This journal is © The Royal Society of Chemistry 2025

Fig. 5 Hirshfeld surface analysis of compound 3-MeCN mapped over
the dnorm function. d,orm is @ function of distances to the surface from
nuclei inside and outside the Hirshfeld surface, relative to their respect-
ive van der Waals radii. All the red spots on the Hirshfeld surface rep-
resent the interactions, whereas the blue ones indicate the areas
without close contacts. The strong N—H---O interactions are shown as
blue dashed lines and the C—H---x contacts as red dashed lines.

A. Weak interactions, such as 7---x stacking between aromatic
rings of parallel layers and C-H--Ngjcyanamide interactions, con-
tribute to the self-assembly of the polymeric structure. Finally,
the N1-H1 donor group does not engage in any H-bonding
within the complex, presumably due to steric hindrance.
Instead, it forms a hydrogen bond with the oxygen atom of an
acetone molecule [N1jnidazole'*Oacetone = 2-848(2) A], which
accounts for the incorporation of this crystallization molecule
into the crystal lattice (Tables S2 and S4).
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The crystal structure of compound [Cu(NCO),(HL),]-MeCN
(3-MeCN) is orthorhombic with the space group Pbcn. The
mononuclear complex exhibits molecular symmetry, with a
two-fold rotation axis passing through its Cu" centre (Fig. 4).
Additionally, the MeCN solvent molecules exhibit orientational
disorder, occupying two symmetrically equivalent positions
around the two-fold axis in a 50: 50 ratio. The metal centre of
the complex is bonded to two HL ligands via the pyridine-type
nitrogen atoms of their imidazole rings, along with two term-
inal cyanate ions coordinated through their nitrogen atoms
(isocyanato ligands). According to the z, metrical parameter
proposed by Yang, Powell, and Houser® for assessing the geo-
metry of 4-coordinate metal ions, the coordination geometry of
Cu" is closest to a seesaw configuration (z, = 0.38). This para-
meter ranges from 1 for ideal tetrahedral (T4) geometry to 0.85
for trigonal pyramidal (C;,) and 0 for square planar (D,y) geo-
metry. The seesaw geometry, with an ideal C,, (mm2) sym-
metry, lies between trigonal pyramidal and square planar
structures. However, in this case, the geometry is distorted due
to steric restraints imposed by the bulky 4,5-diphenylimidazole
ligands. As a result, only the two-fold axis is retained, allowing
the two ligands to adopt a favourable ‘antiparallel’ arrange-
ment with their aromatic rings oriented in opposite directions
(Fig. 4). The NCO™ ion is nearly linear with an N-C-O angle of
177.8(6)°. At the supramolecular level, strong N1imidazole—
H1---Oyco hydrogen bonds [N1---O = 2.826(6) A] assemble the
complexes into 2D layers parallel to the ab plane (Fig. S4).
These layers are further interconnected by a few C-H---n inter-
actions that enhance the stability of the overall 3D architecture
(Tables S2 and S3). The visualization of these interactions in
the crystal structure of compound 3-MeCN using Hirshfeld
surface analysis is shown in Fig. 5. The 3D molecular
Hirshfeld surface is defined by the molecule and the proximity
of its nearest neighbours, effectively capturing information
about all intermolecular interactions. The MeCN solvent mole-
cules are located in channels extending along the c¢ axis of the
unit cell. PLATON analysis indicates that, after solvent
removal, the calculated void space of the channels accounts
for 10.7% of the unit cell volume (Fig. S4).

IR spectroscopy in brief

The three complexes were characterized by IR spectroscopy.
The spectra exhibit the characteristic bands of the phenyl and
imidazole rings of coordinated HL. The weak to medium band
at ca. 3200 cm™" is attributed to the y(NH) vibration. The
broadness and rather low wavelength of this band are both
indicative of hydrogen bonding. We comment now on the
bands due to the pseudohalide groups.

The spectrum of 1 exhibits two strong bands at 2074 and
2050 cm ™, assigned to the asymmetric stretching mode of the
monoatomic bridging azido ligands, v,s(NNN).®>®® The
appearance of two bands reflects the presence of two, crystallo-
graphically independent, 2.20 azido groups in the structure.
The shoulder at 1278 cm™" and the weak band at 574 cm ™" can
be tentatively assigned to the v4((NNN) and §(NNN) vibrations,
respectively.®® The free dicyanamide ion in Na{N(CN),} shows
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three sharp and medium to strong characteristic stretching
bands in the 2290-2175 cm ™" region attributable to a v,5(C-N)
+ 14(C-N) combination mode (2286 cm™) and the v,4(C=N)
(2232 em™") and v(C=N) (2179 cm™") vibrations.>**>*> The
shift of these bands to higher wavenumbers in the spectrum of
2 (2300-2194 cm™') is characteristic of the bidentate bridging
2.101 ligation mode of N(CN),”; monodentate coordination
has been reported to have a minor effect on these features.
The linear triatomic free (i.e., ionic) NCO™ species belongs to
the C.y point group. The three normal modes of vibration (v4,
v,, and v3) are IR- and Raman-active. These vibrations are com-
monly described as unmixed group frequencies, even though
this is an approximation. Thus, the pseudo-antisymmetric
stretching frequency (v,) is referred to as the y(C=N) mode,
the pseudo-symmetric stretching frequency (v3) to the (C-O)
mode and v, to the doubly degenerate deformation or bending
8(NCO) vibration.>® The v, v, and v; vibrations of the free
cyanate ion (i.e., in KNCO) appear at 2160, 630 and 1250 cm™*,
respectively. The corresponding modes in 3 are associated with
the bands at 2216, 616 and 1276 cm ™. The shift of the stretch-
ing bands to higher wavenumbers in the spectrum of the
complex, compared to those in KNCO, is indicative of
N-coordination.>®®

Magnetochemistry

Direct current (dc) magnetic susceptibility data (y) on dried,
analytically pure samples of 1 and 2 were collected in the
1.8-310 K range in an applied field of 1 kOe. Data are pre-
sented in Fig. 6, 7, S5 and S6. We describe the results using
the emu convention.

The magnetization (M) as a function of field (H) plot for
complex 1 at 1.8 K (Fig. S5) is featureless. The curvature shows
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Fig. 6 Temperature dependence of 1/y (left axis) and the yT product
(right axis) for an analytically pure sample of compound 1 collected in a
1 kOe field; y is the molar magnetic susceptibility that equals M/H and T
is the absolute temperature. The solid lines show the best fit to the
Curie—Weiss law from 310 to 112 K for the 1/y data and the fit to the
dimer model (with a Curie—Weiss correction for interdimer corrections)
for the 4T data.
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Fig. 7 Temperature dependence of 1/y (left axis) and the T product
(right axis) for an analytically pure sample of compound 2. The solid
lines show the best fit to the Curie—Weiss law from 310 to 10 K.

that it is approaching saturation near 5400 emu mol™" at 50
kOe, but has not yet reached it. This is very reasonable for an S
= 1/2 system with g slightly greater than 2.00, as is typical for
Cu(n) complexes in the presence of weak antiferromagnetic
interactions.

The y as a function of T plot is interesting. The y versus T
data appear featureless, but the 1/y versus T and xT versus T
data (Fig. 6) clearly show the presence of magnetic exchange
within the system. Although linear at high temperatures, the 1/
x data show a positive intercept, indicative of dominant ferro-
magnetic interactions, and a distinct curvature with decreasing
temperature. The data were fit to the Curie-Weiss law from
310 K downward with a decreasing lower 7 limit until the
quality of fit and the value of 6 (Weiss constant) began to
change significantly. This yielded a lower limit of 112 K with a
Curie constant C = 0.402(2) emu K mol™" Oe and 6 = +15.1(9)
K. Decreasing the lower limit to 101 K resulted in 6 = +14.3(10)
K and decreasing to 95 K gave 6 = +13.7(8) K. The Curie con-
stant was stable within the error over all these temperature
ranges. The steady decrease in 6 as the lower temperature
decreases indicates the presence of weaker antiferromagnetic
exchange in addition to ferromagnetic interactions. The plot
of the yT versus T data confirms the presence of both ferro-
magnetic and antiferromagnetic interactions. As T decreases,
the yT product slowly increases from 0.42 to a maximum of
0.49 emu K mol™" Oe at 41 K. Below this temperature, the yT
product begins to decrease rapidly, reaching a value of 0.27
emu K mol™" Oe at 1.8 K. An examination of the molecular
structure suggests an explanation for the presence of both
interactions. Although there is a single, crystallographically
unique Cu" atom in the molecule, there are two different bi-
azide bridges that link these metal ions into a chain (Fig. 1).
One bridge (possessing the N4 atoms) not only exhibits nearly
symmetrical azido coordination [Cu-N bond lengths of 1.988
(2) and 2.009(2) A], but also connects the Cu atoms through
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basal-basal Cu-N bonds. In contrast, the other bridging inter-
action (containing the N7 atoms) is quite unsymmetrical [Cu-
N bond lengths of 1.989(2) and 2.330(1) A], since one of these
bonds lies in the apical site of the square pyramidal geometry.
In other words, one azido nitrogen N7 occupies a position in
the basal plane of one Cu" atom, while the same nitrogen
occupies the apical position of the neighboring metal ion (see
Table S1). The Cu-N7-Cu and Cu-N4-Cu bridging angles are
quite similar [100.1(1) and 101.4(1)°, respectively] and unlikely
to be the cause of such a dramatic magnetic exchange shift.
Given these observations, the yT versus T data were fit to a
ferromagnetic dimer model, with a Curie-Weiss correction for
weak interdimer interactions (the solid line in Fig. 6), resulting
in C =0.394(1) emu K mol™" Qe, /Ky = 104(3) K and 6 = —1.59
(2) K. We propose®”’® that the stronger ferromagnetic inter-
action occurs via the basal-apical bridge as is often observed
and these dimeric units are then linked via the weaker basal-
basal interaction. It has been reported that the basal-apical
bis(EO)-bridged dicopper(u) units, like the {Cu,(N7),} unit in
1, are characterized by ferromagnetic Cu"..-Cu" exchange
interactions.®””””*  Examples are the 1D compounds
[Cu,(EO-Nj),(ta)(phen),]”* (ta is the bridging terephthalato
dianion) with J/Kg = 17.8 K and the dimeric complex
[Cuy(EO-N3),(L),]”® (L is the bidentate chelating 7-amino-4-
methyl-5-aza-3-heptan-2-onato monoanion) with j/Kp = 34.6 K.
Exceptions to this general trend are known, for example, in the
dimeric complexes [Cu,(EO-N;),Cl,(phen),]’* (phen is 1,10-
phenanthroline) and [Cu,(EO-N3),(dpt),](Cl0,),”> (dpt is the
tridentate chelating ligand dipropylenetriamine) with almost
negligible Cu™.--Cu" exchange interaction. From the structural
and magnetic viewpoints, the closest complex to 1 is the 1D
compound {[Cu(N3),(quin)]},”® (quin is quinoline), which also
possesses alternating basal-apical and basal-basal bi(EO)
azido bridges. Similarly to 1, this complex exhibits ferro-
magnetic coupling (J/Kg = 6.6 K) with the onset of a weak anti-
ferromagnetic coupling at low temperatures; the smaller J con-
stant (compared to 1) may be due to the geometry of the Cu"
ion, which is intermediate between square pyramidal and tri-
gonal bipyramidal (z5 = 0.47 in the quinoline compound vs.
0.25 in 1). The structurally similar 1D compounds {[Cu
(EO-N3),L']},,, where L' is 2,4-dimethylpyridine,”” 2,5-dimethyl-
pyridine,”® and 2-chloropyridine,”® have not been studied by
dc magnetometry.

The M as a function of H plot (Fig. S6) for compound 2
increases steadily to 50 kOe where it nears saturation and
reaches a value of ~5500 emu mol ™", in good agreement with
the expected value for a S = 1/2 ion with g slightly greater than
2 (~6000 emu mol~"). M as a function of T was then measured
in a 1000 Oe field from 1.8 to 310 K. The y value rises monoto-
nically with decreasing T, reaching a value of 1.32 x 10~% emu
mol™" Oe at 310 K. The data, plotted as yT versus T and 1/y
versus T, are shown in Fig. 7. The 1/y versus T plot is linear over
the entire temperature range and was fit to the Curie-Weiss
law to yield a Curie constant C of 0.405(1) emu K mol™" Oe
and a Weiss constant 6 of virtually zero [—0.04(4) K], indicating
the absence of magnetic exchange interactions over the whole
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temperature range. The yT versus T data were also fit to the
Curie-Weiss law with the same result within experimental
error. The small upturn in this plot at the lowest temperatures
could signal extremely weak ferromagnetic interactions but is
much more likely due to a small error in the background
measurement. The negligible (if any) Cu".-Cu" exchange
interactions are reasonable, given the 2.101 (p-1,5) coordi-
nation mode of N(CN),” and the resultant very long (>7.5 A)
copper(u)-copper(u) distances (vide supra).”®

Conclusions and perspectives

The chemical message of this work is the ability of N3~ and
N(CN),~ to form coordination polymers of copper(u) in the
presence of 4,5-diphenylimidazole (HL). The complexes have
interesting molecular and supramolecular structures, and the
dimensionality (1D versus 2D) of the product depends on the
pseudohalide ligand used. In addition, the azido complex exhi-
bits both ferromagnetic and antiferromagnetic Cu™.--Cu"
exchange interactions. Efforts to isolate analogous coordi-
nation polymers using NCO~ were in vain, illustrating the
greater preference of this ion for terminal coordination
modes; the only product from the Cu'/NCO™/HL ligand
‘blend’ is mononuclear.

The structural impact of the imidazole NH donor group on
the supramolecular organization of the present crystal struc-
tures, in relation to the mononuclear complexes with the HL
ligand reported in earlier studies,>>*® deserves to be noted. In
nearly all compounds, whether discrete or polymeric, the NH
groups are involved in synthon formation, either through
direct intermolecular interactions or mediated by counterions.
In a few cases where such interactions are sterically hindered,
suitably positioned and oriented crystallization solvents (e.g.,
H,0, Me,CO, etc.) bridge the NH groups or form terminal H
bonds with them. It is evident that the molecular self-assembly
in all structures is effectively directed by recurring N-H---X syn-
thons (X = halide, pseudohalide or solvent) irrespective of the
structural type of the compound formed.

With the results and experience obtained in this work, our
attempts are directed, among others, towards (1) efforts to
prepare Cu/SCN/HL and Cu"/C(CN); /HL complexes to
investigate the influence of different pseudohalides on the
product identity; (2) the use of other divalent 1*-row transition
metals, e.g., Mn", Fe"', Co™ and Ni", in this chemistry with the
aim to obtain coordination polymers with different structural
types and magnetic properties; and (3) the replacement of HL
with other heavily substituted imidazoles, e.g., 1-methyl-4,5-
diphenylimidazole (L), in order to explore their influence on
the molecular structures of the Cu"/X /imidazole complexes
[X™ = N;7, N(CN),™, NCO™, etc.], but mainly to investigate the
absence of hydrogen at N1 on the supramolecular motifs of
the products that are expected to be different from those
observed in the present study. Studies on perspectives 2 and 3,
mentioned above, are advanced and will be submitted in due
course. The ID polymeric complexes {[Co(N3),(HL)]},, and {[Cu
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(N3)2(L)]}» have been structurally characterized (Fig. S7 and
S8), and the study of their properties is in progress.
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