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dDepartamento de Qúımica Inorgánica, Un

46100 Burjasot, Valencia, Spain
eDepartment of Pharmaceutical Chemistry, C

Riyadh 11451, Saudi Arabia

† Electronic supplementary information
1872737. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d4ra00716f

Cite this: RSC Adv., 2024, 14, 11557

Received 28th January 2024
Accepted 22nd March 2024

DOI: 10.1039/d4ra00716f

rsc.li/rsc-advances

© 2024 The Author(s). Published by
and canted antiferromagnetic
ordering in two monomeric CoII complexes with 1-
(2-pyrimidyl)piperazine. Hirshfeld surface analysis
and theoretical studies†

Anissa Hannachi,*a Youness El Bakri, *b Kandasamy Saravanan,c Carlos J. Gómez-
Garćıa, d Hatem A. Abuelizz, e Rashad Al-Salahi e and Wajda Smirania

Here we present the magnetic properties of two cobalt complexes formulated as: [Co(SCN)2(L)2] (1) and

(H2L)2[Co(SCN)4]$H2O (2) (L = 1-(2-pyrimidyl)piperazine). The two compounds contain isolated

tetrahedral CoII complexes with important intermolecular interactions that lead to the presence of

a canted antiferromagnetic order below 11.5 and 10.0 K, with coercive fields at 2 K of 38 and 68 mT,

respectively. Theoretical calculations have been used to explain this behaviour. Hirshfeld surface analysis

shows the presence of strong intermolecular interactions in both compounds. The crystal geometries

were used for geometry optimization using the DFT method. From the topological properties,

electrostatic potential maps and molecular orbital analysis, information about the noncovalent

interaction and chemical reactivity was obtained.
1 Introduction

Magnetic materials constitute a focus of interest of a large
number of researchers in recent decades due to their particular
applications in molecular sensing, switching, electronic devices
and information storage and transfer.1–5 The synthesis of
compounds presenting long-range magnetic ordering repre-
sents one of the main challenges in this area6 since these
compounds require strong interactions between spin carriers in
two or three-dimensional spin frameworks.7

Structure–function relationship studies of magnetic mate-
rials have shown that the self-assembling of transition metals
and organic ligands with appropriate donor groups may be
a convenient strategy to obtain extended lattices with ferro-
magnetic coupling and long-range ordering.4,8,9 In contrast,
when magnetic materials are formed by discrete molecules,
paramagnetic behaviour with weak antiferromagnetic coupling
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is commonly observed. Only in a few cases, the weak ferro-
magnetic coupling in these molecule-base materials can give
rise to long-range ferromagnetic ordering, although always at
very low temperatures.5,8,10 In these few cases, themost common
mechanism is the presence of a spin canting in the antiferro-
magnetic phase, that leads to a weak ferromagnetic ordering
with spontaneous magnetization.11,12

It has been theoretically suggested, and experimentally
conrmed, that intermolecular interactions may have a key
effect on the magnetic properties1,11,13–16 leading to interesting
magnetic materials with magnetic interactions by promoting
magnetic coupling pathways.17 Thus, intermolecular interac-
tions, such as hydrogen bonding, p–p interactions, van der
Waals interactions, sulfur–sulfur interactions and even metal-
lophilic interactions, have a considerable effect on the forma-
tion of a magnetic structure.1,13

To design crystals with interesting magnetic properties, the
study of the relationship between packing effects and magnetic
coupling is of paramount importance.17 Thus, magnetic prop-
erties as metamagnetism and canted antiferromagnetism
strongly dependent on the crystal packing and intermolecular,
interchain or interlayer interactions. These cooperative
magnetic properties can be found in some transition metal-
based compounds with structures that vary from 0D to 3D.
Metamagnetism is due to the presence of a weak antiferro-
magnetic interaction that can be cancelled by the application of
a DC magnetic eld, leading to a parallel alignment of the spins
that may result in a long range order. This is the case in some
transition metals compounds with 0D to 2D structures,18–20
RSC Adv., 2024, 14, 11557–11569 | 11557
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including cobalt(II) compounds.21,22 Spin canting is due to
a slightly tilted antiparallel alignment of the spins that leads to
a net (although small) magnetic moment in the direction
perpendicular to the spin direction.10 The presence of a hyster-
esis cycle and a very low initial saturation value constitute
characteristics features of the spin canting phenomenon. This
phenomenon has been observed in compounds with different
dimensionalities and metallic centres.23–26

Here we report the magnetic properties of two CoII complexes:
[Co(SCN)2(C8H12N4)2] (1) and (C8H14N4)[Co(SCN)4]$H2O (2)
(C8H12N4 = 1-(2-pyrimidyl)piperazine and C8H14N4

2+ = 1-(2-pyr-
imidyl)piperazinium dication), whose structures have been
recently reported by some of us.27 Compound 1 contains neutral
CoII monomers formulated as [Co(SCN)2(C8H12N4)2] whereas
compound 2 contains anionic [Co(SCN)4]

2− tetrahedral complexes
that crystallize with (C8H14N4)

2+ dications. In both cases there are
important intermolecular interactions that give rise to long-range
canted antiferromagnetic orderings at low temperatures. These
complexes illustrate the important role of intermolecular inter-
actions in themagnetic properties of monomeric complexes.28 We
have used quantum chemical calculations coupled with the
quantum theory of atoms in molecules (QTAIM) to explain the
magnetic properties observed in both complexes.29
2 Material and methods
2.1. Magnetic properties

Magnetic susceptibility measurements were carried out in the
temperature range 2–300 K with different applied magnetic
elds, on ground polycrystalline samples of compounds 1 and 2
(with masses of 15.752 and 30.380 mg, respectively) with
a Quantum Design MPMS-XL-5 SQUID susceptometer. Zero-
Field Cooled (ZFC) and eld cooled (FC) measurements were
performed by cooling the samples with a zero eld and then
measuring a heating and cooling scan aer applying a magnetic
eld of 10 mT. Isothermal magnetization measurements were
performed at 2 K with magnetic elds in the range of −5 to 5 T.
AC susceptibility measurements were performed on the same
samples, in the temperature range of 2–15 K, with an alter-
nating eld of 0.395 mT oscillating in the frequency range 1–
997 Hz in the SQUID susceptometer and with an alternating
eld of 0.8 mT oscillating a frequency of 1 kHz in a Quantum
Design PPMS equipment. The susceptibility data were corrected
for the sample holder previously measured using the same
conditions and for the diamagnetic contributions of the salt as
deduced by using Pascal's constant tables.30
2.2. Computational details

The crystallographic information les (CIF) of both metal
complexes were directly used as structural inputs for Hirshfeld
surface analysis using Crystal Explorer 21.5 soware.31 As we
know that the terms de and di denote the Hirshfeld surface
distance from the nearest nucleus outside and inside the surface;
therefore, the dnorm allows us to visualize the normalized contact
distance. Also, the VMoPro program was used to calculate the
enrichment contact ratio (E) with the help of the CIF les.32
11558 | RSC Adv., 2024, 14, 11557–11569
The Cartesian coordinates of both metal complexes obtained
from the CIF les were used as an input for geometries for the
gas phase calculation using Gaussian 09 soware.33 To get the
optimized geometries of both metal complexes, the B3LYP
hybrid functional with LanL2DZ basis set was used.34 The
natural bond orbital (NBO) calculations were performed at the
same level of theory to understand the second-order interac-
tions between the lled and vacant orbitals of two different
subsystems. The obtained checkpoint and cube les from
Gaussian calculation were used to generate ESP and HOMO–
LUMO maps. The calculated molecular structure, molecular
orbital analysis, electrostatic potential and natural bond orbital
analysis were studied with the Gauss view 6.0 (ref. 35) and
WinXPRO soware packages.36 The optimized geometries of
both metal complexes were used to compute the wave function
that allows evaluating the noncovalent interactions by the
quantum theory of atoms in molecules (QTAIM) analysis.37,38

3 Results and discussion
3.1. Magnetic properties of [Co(SCN)2(C8H12N4)2] (1) and
(C8H14N4)[Co(SCN)4]$H2O (2)

Magnetic measurements performed with an applied magnetic
eld of 500 mT show similar magnetic behaviours in both
compounds. Thus, the cmT product of 1 and 2 at 300 K is ca. 1.9
cm3 K per mol per CoII ion for both compounds, close to the
expected value for a tetrahedral isolated CoII ion.39 When the
temperature is lowered, cmT remains constant down to around
30 K and shows a progressive increase at lower temperatures to
reach a maximum value of ca. 2.8 cm3 K mol−1 at 10 K for 1 and
ca. 2.1 cm3 K mol−1 at ca. 12 K for 2 (Fig. 1a and b). Below this
temperature cmT sharply decreases to reach ca. 0.75 cm3 K
mol−1 for 1 and ca. 1.0 cm3 K mol−1 for 2, at 2 K. This
progressive increase at low temperatures suggests the presence
of ferromagnetic interactions in both compounds. The
magnetic susceptibility (cm, Fig. 2a and b) shows an abrupt
increase with a maximum slope at ca. 11 K as can be seen in the
thermal variation of the derivative of cm with temperature (inset
in Fig. 2a and b). This behaviour suggests the presence of a long-
range magnetic ordering below ca. 11 K in 1 and ca. 10 K in 2.40

To conrm this possible ordering we have performed
hysteresis measurements of the magnetization at 2 K for both
compounds. These measurements show two interesting facts.
On one hand, the rst eld sweep of the isothermal magneti-
zation shows a sigmoidal shape with a linear increase at low
elds and a change in the slope at ca. 120 mT in 1 and 80 mT in
2 and reaches a very low initial saturation step at a value of ca.
0.2mB at low elds in both compounds (upper insets in Fig. 3).
For elds above ca. 200 mT the magnetization shows a linear
increase with no saturation and reaches values of ca. 1.3mB in 1
and 1.7mB in 2 at 5 T (Fig. 3). This behaviour indicates that both
compounds behave as metamagnets with critical elds of ca.
120 and 80 mT at 2 K in 1 and 2, respectively (i.e., they behave as
antiferromagnet/ferromagnets for elds below/above ca. 120
and 80 mT, respectively). The derivative of the magnetization
with the magnetic eld shows a clear maximum at ca. 120 mT in
1 and 80 mT in 2 (lower insets Fig. 3), conrming the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Thermal variation of the cmT product per CoII atom in compound 1. (b) Thermal variation of the cmT product per CoII atom in
compound 2. Insets show the low-temperature region.

Fig. 2 (a) Thermal variation of cm per CoII atom in compound 1. (b) Thermal variation of cm per CoII atom in compound 2. Insets show the
thermal variations of the derivative of cm with temperature. The arrow in (b) shows the minimum at ca. 10 K.

Fig. 3 (a) Isothermal magnetization at 2 K for compound 1. Upper inset shows the low field region and lower inset shows the low field region of
the derivative of the magnetization with themagnetic field showing a maximum at ca. 120mT. (b) Isothermal magnetization at 2 K for compound
2. Lower inset shows the low field region. Upper inset shows the low field region of the derivative of the magnetization with the magnetic field
showing a maximum at ca. 150 mT.
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metamagnetic behaviour with critical elds of 120 and 80 mT at
2 K for 1 and 2, respectively.

A further conrmation of the metamagnetic behaviour for
both compounds is provided by the magnetic susceptibility
measurements at low temperatures with different applied DC
elds (Fig. 4). These measurements show the presence of
a maximum at low temperatures in the cm vs. temperature plot
only for DC elds below 120 mT in 1 and 80 mT in 2. These
results further support the metamagnetic behaviour and indi-
cate that both compounds present a (canted) antiferromagnetic
order only when the applied DC elds are below the critical
ones.

The second important result shown by the magnetization
measurements is the presence of a hysteresis cycle with coercive
© 2024 The Author(s). Published by the Royal Society of Chemistry
elds at 2 K of ca. 38 mT for 1 and 68 mT for 2 (Fig. 5). These
hysteresis cycles and the low initial saturation values (MR z
0.2mB) indicate the presence of a spin canting in the ordered
antiferromagnetic phase.40 From this initial MR value and the
expected one (MS z 2.15),23 we can estimate a canting angle (g)
from the relation: sin g = MR/MS as g = 5.3° in both
compounds.10

An additional proof of the long range order at low temper-
atures is provided by the zero eld-cooled (ZFC) and eld-cooled
(FC) magnetic susceptibility of both compounds (Fig. 6) that
show a maximum at low temperatures in the ZFC and a diver-
gence between both plots at around 11 K in 1 and 10 K in 2, in
agreement with the DC susceptibility data in both compounds
(Fig. 2).
RSC Adv., 2024, 14, 11557–11569 | 11559
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Fig. 4 Thermal variation of cm per CoII atom in compounds (a) 1 and (b) 2 with different applied DC fields.

Fig. 5 Hysteresis cycles at 2 K for compounds (a) 1 and (b) 2.

Fig. 6 Zero field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility for compounds (a) 1 and (b) 2.
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In order to further conrm the presence of this weak anti-
ferromagnetic ordering at low temperatures, we have performed
AC susceptibility measurements with different applied DC
elds (Fig. 7 and 8). These measurements show a slightly
frequency dependent peak in both, the in-phase ðc0

mÞ and out-
Fig. 7 Thermal variation of the in-phase (filled symbols, left scale) an
compounds (a) 1 and (b) 2 at different frequencies with no DC field app

11560 | RSC Adv., 2024, 14, 11557–11569
of-phase ðc00
mÞ AC susceptibilities at ca. 11 K for 1 and ca. 10 K

for 2 when no DC eld is applied. The ordering temperature,
measured as the moment when the c00

m signal becomes non
zero is ca. 11.0 K in 1 and 10.0 K in 2 (Fig. 7), in agreement with
the values observed in the DC susceptibility measurements
d out-of-phase (empty symbols, right scale) AC susceptibilities for
lied.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Thermal variation of the out-of-phase ðc00
mÞ AC susceptibilities for compounds (a) 1 and (b) 2 at a frequency of 1000 Hz with different

applied DC fields.
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(Fig. 2). Note that the slight dependence of c0
m and c00

m with the
frequency can be attributed to the domain wall movement.23

As expected, when the AC measurements are performed
under increasing DC elds, the out of phase signal shis to
lower temperatures and its intensity decreases to disappear for
DC elds above the critical eld (Fig. 8), further conrming the
metamagnetic behaviour of both compounds and their critical
elds.

The presence of the canted antiferromagnetic ordering at
low temperatures strongly suggests the presence of weak
intermolecular interactions in both compounds. To study these
interactions, we have performed a detailed Hirshfeld surface
analysis.

3.2. Hirshfeld surface analysis

Hirshfeld surface analysis helps to understand the molecular
surface in the crystal system by dividing the electron density
into molecular pieces. Also, to dene the different types of
intermolecular contacts in the crystal, crystal Explorer soware
allows to visualisation di, de, dnorm, shaped index, and curved-
ness maps in the different colouring methods, and 2D nger-
print plots can be drawn for nearest contacts in the crystal
phase. The 3D dnorm surfaces were drawn at a high resolution
using a xed colour scale ranging from −0.1823 (red) to 1.3509
(blue) for molecule I and −0.4004 (red) to 1.3849 (blue) for
molecule II. The transparent dnorm and shaped index surfaces
allow the visualization of the target metal–organic complexes
(Fig. 9), where the red, blue and white colour indicates short
(close contacts like H-bonding), long (contacts like van der
Waals), and no contacts, respectively. The strong and shiny red
and blue surfaces over the sulphur, nitrogen and oxygen atoms
correspond to the donor and acceptor character, respectively.
The detailed intermolecular interactions obtained from the
crystal structure of both complexes have been used to investi-
gate the contribution of non-covalent interactions. The strong
red spots on the sulphur atom on the dnorm map are due to the
S/H–N and S/H–O interactions; whereas, other light red
spots are due to weaker interactions (N/H–C and S/N).

Similarly, the presence of red, yellow, and blue surfaces over
all the atoms in the molecules on the shaped index corresponds
to the p–p stacking. Here, both blue and red triangles are close
to each other, which conrms the p–p interactions in both
metal complexes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The calculated 2D ngerprint plots help to study the inter-
molecular interactions involved within the structures; in which,
the decomposed ngerprint plots (Fig. S1†) allow us to under-
stand the contribution of one interaction from different contact
types. In compounds 1 and 2, the highest contributions corre-
spond to the S/H, N/H, C/H, and H/H interactions, with
values of 20.8/34.1, 13.6/13.6, 17.4/18.0 and 38.9/11.2% for 1
and 2, respectively (Fig. 10).

The S/Co contact is much weaker in both compounds (only
0.1 in 1 and 0.5% in 2) due to the coordination with the nitrogen
atom. Furthermore, since the C/H and N/H contacts are very
similar in both complexes, it can be assumed that they are due
to C–H/p stacking and N/C–H interactions. The large
differences observed in the S/N, S/H and H/H interactions
are due to the presence of coordinated thiocyanate groups in
both compounds. Additionally, the enrichment contact ratio
was calculated to nd the interactions in the unit cell. Table S1†
shows the enrichment contact ratio for both compounds. The
S/H contact in 1 is greater than in 2. The C–H/O contacts in 2
are due to the water molecules. The enrichment contacts ratio
of Co : S is found to be higher than 1. Here, an enrichment ratio
(EAB) greater than 1 indicates that the pair of involved atoms
exhibit a high tendency to form interactions in the crystal phase
whereas the enrichment ratio EAB < 1 indicates a low tendency.
The exact nature of the crystal packing is predicated on minute
chemical and structural alterations to the molecules, and the
appearance of the intermolecular interaction is associated with
the 3D arrangement of the clusters in the crystal phase.
Therefore, the magnetic characteristics of the compounds are
ultimately controlled by microscopic chemical modications.

3.3. Electrostatic potential map

To get detailed information about the electrostatic potential by
charge distribution around the molecule, a molecular electro-
static potential map (MESP) was drawn. The reactivity of the
chemical system can be studied from the nucleophilic and
electrophilic characteristics. Also, the electrostatic elds of the
chemical system allow insight into the structure and function,
biological recognition, and noncovalent interactions in and
around the macromolecular system. The blue region represents
the most positive and the red one denotes the electronegative
electrostatic potential in the chemical system. In our target
metal complexes, the blue colour is present on all the atoms
RSC Adv., 2024, 14, 11557–11569 | 11561
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Fig. 9 Hirshfeld surface analysis of Co-metal complexes, (A (1), B (2))
shows the dnorm surface map and (C and D) shows their fingerprint
plots, and (E and F) shows the shape-index of both complexes.
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indicative of nucleophilic region (Fig. 11). This positive area of
the hydrogen atom favours nucleophilic attack due to electron
deciency.

The vicinity of the small electronegative region around the
nitrogen atoms in compound 1 favours the electrophilic contact
with the nearest molecule in the unit cell. A large
11562 | RSC Adv., 2024, 14, 11557–11569
electronegative region is observed around the sulphur atoms in
both molecules. The oxygen atom of a water molecule in
compound 2 also carries a high electronegative surface due to
the strong S/H–O type of interaction. The highest electroneg-
ative surface in both metal complexes conrms the strong
interactions in the crystal phase. Furthermore, we have
computed the electrostatic potential energy (in kcal mol−1) for
the metal complexes. These calculations show that the thiocy-
anate group carries the highest electronegative potential energy
in both complexes. In compound 1, the Co atom is coordinated
by two thiocyanate groups and two 1-(2-pyrimidyl)piperazine
rings, with both organic rings and thiocyanate groups exhibit-
ing almost similar electronegative energy values. In contrast,
the organic ring in compound 2 carries a high positive energy
value.

3.4. Molecular orbital analysis

To characterize the electron-donating and withdrawing ability
of the target system, molecular orbital analysis has been per-
formed, i.e., the HOMO (Highest Orbital Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital) play a vital role
in the electrical, optical, chemical and biological properties.41–46

The molecular orbital analysis of both metal complexes was
obtained from their optimized geometries which are shown in
Fig. 12. The HOMO is highly located on the thiocyanate groups
in both complexes and slightly extends to the metal atoms. The
LUMO is spread over the carbon atom in 1 and over the 1-(2-
pyrimidyl)piperazine ring in 2. The energies of the molecular
orbitals, band gaps and other global reactivity descriptors are
listed in Table 1. The energy gap between HOMO and LUMO
allows the prediction of the kinetic stability and reactivity of the
compound.41–46 The molecule with a smaller energy gap can be
considered as a somolecule whereas a higher energy gap leads
to a hardmolecule. In our case, complex 2 is found to be a soer
molecule than complex 1. This may be due to the crystallization
of water molecule in 2 that forms strong hydrogen bonds in the
crystal packing. Furthermore, the electrophilicity index is also
another important quantum chemical descriptor in terms of
molecular reactivity. All the quantum chemical descriptors can
be calculated using Koopman's theorem. Moreover, the calcu-
lated ionization potential, electron affinity and electronegativity
of both complexes show that the electronegativity and electron
affinity are lower than the ionization potential. From the
molecular orbital analysis, both Co-metal complexes are almost
similar and they may act as intra-ligand charge transfer metal
complexes.27,47,48

3.5. Quantum theory of atoms in molecules (QTAIM)
analysis

Modern computational methods allow the prediction of many
chemical and biological properties without the need to use
experimental methods. The QTAIM analysis is also one of the
major methods that characterize the contribution of interac-
tions, not only hydrogen bonding but also revealing non-
covalent interactions in real space. Therefore, in the present
study, the data of the two Co-metal complexes obtained from X-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The contribution of intermolecular contacts in the crystal system of both metal complexes.

Fig. 11 Electrostatic potential map of both metal complexes with their energy maxima in kcal mol−1.
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ray diffraction were studied by QTAIM analysis to get insight
into the electronic level. This analysis examines the electron
density r(r) in the bond critical point (bcp), Laplacian of elec-
tron density (second derivative of electron density, V2r(r)),
© 2024 The Author(s). Published by the Royal Society of Chemistry
ellipticity and energy densities (Vr, Gr, Hr). All these values are
shown in Table S2.† A (3,−1)-type critical point can be observed
between two interacting atoms, resulting in the existence of
hydrogen bonding and other noncovalent interactions in both
RSC Adv., 2024, 14, 11557–11569 | 11563
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Fig. 12 HOMO and LUMO map both complexes, drawn at 0.2 a.u.

Table 1 Calculated global reactivity properties of the molecule

Global reactivity descriptors

DFT energy (eV)

Complex-1 Complex-2

Band gap 3.57 2.86
HOMO energy −5.68 −5.24
LUMO energy −2.11 −2.38
Ionization potential (I = −EHOMO) 5.68 5.24
Electron affinity (A = −ELUMO) 2.11 2.38
Global hardness (h = (I − A)/2) 1.78 1.43
Electronegativity (c = (I + A)/2) 3.89 3.81
Electrophilicity (u = m2/2h, m = −c) 4.25 5.08
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metal complexes. The critical point map (Fig. 13) shows the
bond critical points (in magenta), ring critical points (in blue)
and critical points between noncovalent interactions (in green)
in both metal complexes.

In complex 1, the cobalt atom coordinates with two nitrogen
atoms of the thiocyanate group and two nitrogen atoms of the 1-
(2-pyrimidyl)piperazine ring. There are no strong hydrogen
bonding interactions; however, the small electron density and
positive Laplacian of electron density between Co and nitrogen
atoms conrmed the strong coordination bonds. The average
r(r) and V2r(r) of the Co–N bond in complex 1 are 0.537 eÅ−3 and
8.572 eÅ−5; whereas, the same for the bond in complex 2 are
0.575 eÅ−3 and 9.375 eÅ−5, respectively. In complex 2, the (3,
−1)-type critical point search shows the bcp between S/N, S/
C, S/O, C–H/S, N–H/O and N–H/S interactions. Among
them, the N–H/S interaction seems to be stronger than the
other interactions in the metal complex. The r(r) and V2r(r) of
the N1–H1A/S2A and N12–H12/S3A interactions are 0.144/
0.174 eÅ−3 and 1.149/1.354 eÅ−5 in 1 and 2, respectively.
Notably, the bridging interaction is characterized by the
11564 | RSC Adv., 2024, 14, 11557–11569
presence of several critical bonds connecting the thiocyanate
group and water molecules and 1-(2-pyrimidyl)piperazine rings
observed in complex 2 with the order: (ligand)N–H/S(thiocya-
nate)/O(water)/H–N(ligand). This conrms the strength of
the two complexes (two thiocyanate groups, two water mole-
cules, and two pyrimidylpiperazine rings) in the asymmetric
unit (Fig. 14). The presence of a critical point implies interac-
tion and a positive sign of the Laplacian conrms the closed-
shell nature of the interaction.

All the interactions are further characterized by NCI-RDG
(noncovalent interaction – reduced density gradient) plots to
corroborate the existence of different types of interactions.47,48

The NCI isosurface map of both complexes shows the strength
of the interactions. Here, the size and mode of the surface
between two interacting atoms reveal their stability (Fig. 14a
and b). The pink colour surface between two atoms/two mole-
cules in the NCI isosurface map conrms the existence of the
interaction. In particular, the “L” shaped NCI isosurface
observed between the thiocyanate group and the 1-(2-pyrimidyl)
piperazine ring in complex 2, suggests the presence of stacking
interactions. On the other hand, the triangle-shaped intra- and
intermolecular interactions observed between the 1-(2-pyr-
imidyl)piperazine ring and the water molecule in complex 2,
indicate the presence of a strong hydrogen bonding. The RDG
plot was drawn in opposition to the electron density sign (l2)r.
The repulsive and attractive interactions can be identied from
sign (l2)r > 0 and sign (l2)r > 0, respectively in the coloured RDG
plot (Fig. 14e and f). The strong interactions are shown in blue,
weak van der Waals interactions are displayed in green and the
strong repulsion forces are in red. Furthermore, the ELF anal-
ysis of both metal complexes shows the localization region in
the structures revealing a more detailed insight into the
bonding situation (Fig. 14c and d). In general, the ELF surface
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The bond critical point search in both metal complexes.

Fig. 14 (A and B) The NCI iso-surface map, (C and D) ELF surface, and (E and F) RDG plot of both complexes.
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in-plane is called s-bond and the out-of-plane is p-bond
contribution. The electron delocalization with p-bond contri-
bution can be conrmed from the pyrimidylpiperazine ring.
The arrangement of ELF electron-pairing basins in both
complexes is very similar. Thus, the ELF basins are observed in
between the Co-metal and the nitrogen atoms of the ligands,
conrming the coordination bond. The ELF surface around the
sulphur atom in the thiocyanate groups of both complexes
shows the s-hole nature.

We have also computed the electrostatic interaction energy
(using Buckingham approximation) and the total interaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
energy (using the kernel energy method) for both complexes
aer separating the binary complex (shown in Fig. 15). Here, the
electrostatic interaction energy of complex 1 shows the same
values with both sides of the 1-(2-pyrimidyl)piperazine ring as
well as with the thiocyanate groups. This higher electrostatic
interaction energy conrms the strong bonds. Whereas in
complex 2, the 1-(2-pyrimidyl)piperazine ring and the thiocya-
nate groups are formed by noncovalent interactions, and also
asymmetric unit contains two complexes. Therefore, we decided
to compute the electrostatic interaction energy and kernel-
based interaction energy, the average EIE and Ekernel values of
RSC Adv., 2024, 14, 11557–11569 | 11565
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Fig. 15 Electrostatic interaction energy and kernel-based interaction energy of both metal complexes.
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1-(2-pyrimidyl)piperazine ring-thiocyanate groups are −13.91
and −19.99 kcal mol−1, respectively. The interaction energy
between two thiocyanate groups is −6.49 and
−10.74 kcal mol−1, and the EIE and Ekernel values for 1-(2-pyr-
imidyl)piperazine ring with water molecule are −22.27 and
−17.35 kcal mol−1, respectively. Both interaction energies are
deemed to be at higher values, which indicates the strength of
noncovalent interactions and leads to the stabilization of the
molecular assembly in the solid-state phase.
3.6. Natural bond orbital (NBO) analysis

The quantum chemical calculation has been used as a powerful
method to characterize the NBO of target compounds. NBO is
11566 | RSC Adv., 2024, 14, 11557–11569
also one of the potential techniques to examine the intra-,
intermolecular, metal bonding and charge transfer in the
chemical system. In general, NBO analysis allows us to consider
all possible interactions between occupied and unoccupied
orbitals, it leads to estimating their energy by second-order
perturbation theory. The stabilization energy can be deter-
mined using the following eqn (1):

Eð2Þ ¼ �qi
�
Fij

�2

3i � 3j
(1)

where: qi is the occupancy of the donating orbital, 3i and 3j are the
energies of the donating and accepting orbitals and Fij are the off-
diagonal elements of the Fock matrix in the NBO basis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, in this present work, both complexes were sub-
jected to NBO analysis by B3LYP/6-311G** and LanL2DZ level of
the DFT method (Table 2). The obtained stabilization energy for
bonds between nitrogen and cobalt atoms is higher. Also, the
stabilization energy of all four Co–N bonds is not similar. In
particular, the Co1–N13(SCN) bond has a much higher stabili-
zation energy than the other three Co–N bonds in compound 1:
Table 2 Dipole moment (m) in Debye (D), polarizability (a), and
hyperpolarizability (b) of the titled compounds using the base level of
DFT/B3LYP 6-311G** (non-metal atoms) and LanL2DZ (Co-metal)
methods

Complex-1 Complex-2 Urea/KDP

mx 4.9506 29.9513
my −8.0694 −33.8061
mz −11.846 10.0197
mtotal 15.1641 46.264 1.3197/6.03
axx 9.684 × 10−24 9.678 × 10−24

axy −6.834 × 10−25 −5.385 × 10−24

ayy 9.736 × 10−24 1.081 × 10−23

axz 8.811 × 10−25 2.376 × 10−24

azz 6.936 × 10−24 1.489 × 10−23

ayz 1.276 × 10−24 −1.408 × 10−24

atotal 8.785 × 10−24 1.179 × 10−23

Da 2.774 × 10−24 4.752 × 10−24

bxxx −4.747 × 10−30 4.677 × 10−31

bxxy 1.825 × 10−31 −4.989 × 10−31

bxyy −2.082 × 10−32 6.238 × 10−31

byyy −1.404 × 10−31 −6.064 × 10−31

bxxz −8.876 × 10−31 3.650 × 10−31

bxyz −8.991 × 10−31 −6.077 × 10−32

byyz 7.898 × 10−31 −9.210 × 10−32

bxzz −1.560 × 10−31 2.247 × 10−30

byzz −8.172 × 10−32 −2.463 × 10−30

bzzz 4.012 × 10−31 −3.438 × 10−30

btotal 4.935 × 10−30 5.822 × 10−30 0.1947/0.732 × 10−30

Table 3 The NBO analysis of Co-metal–organic complexes

Donor–acceptor E(2) (kcal mol−1)

Complex-1
LP(1) N13–LP*(5) Co1 40.17
LP(1) N15–LP*(5) Co1 18.80
LP(1) N1–LP*(6) Co1 20.19
LP(1) N1A–LP*(6) Co1 17.56

Complex-2
LP(1) N13A–LP*(7)
Co1A

25.25

LP(1) N15A–LP*(5)
Co1A

23.64

LP(1) N17A–LP*(5)
Co1A

22.87

LP(1) N19A–LP*(8)
Co1A

26.20

LP(2) S3–BD*(1) O1–
H2O

2.21

LP(3) S3–BD*(1) O2–
H2O

2.17

© 2024 The Author(s). Published by the Royal Society of Chemistry
one Co–N(SCN) and two Co–N(L) bonds. This kind of variation
is not observed in compound 2, where all the Co–N bonds are
similar (Table 3). This higher stabilization energy of hyper
conjugative interaction conrms their elongation of metal
bonds. Furthermore, the sulphur atom of the thiocyanate group
forms strong interactions with water molecules in the complex,
this can be conrmed by the stabilization energy of the LP /

BD* type interaction, which shows a high stabilization energy
between S3 and O–H groups.49–51 This NBO result of a particular
bond (Co–N) is reinforced with QTAIM analysis. Although, the
higher stabilization energy was noticed from ligand to metal due
to the charge transfer mechanism of metal–organic complexes.
4 Conclusion

In conclusion, we have found that the cobalt(II)-containing
compounds 1 and 2, based on 1-(2-pyrimidyl)piperazine,
present a metamagnetic behaviour with critical elds of ca. 120
and 80 mT, in 1 and 2, respectively, and a canted antiferro-
magnetic ordering below ca. 11 K and 10 K for 1 and 2,
respectively in the antiferromagnetic region, below the corre-
sponding critical elds. This behaviour is due to the presence of
moderate intermolecular interactions. The Hirshfeld surface
and void analysis of both compounds show the presence of
intermolecular interactions as p–p interactions, as also
observed in other related complexes.52,53 The study of the elec-
trostatic potential by charge distribution around the molecules
shows an important electronegative surface in both metal
complexes, further conrming the presence of interactions in
the crystal phase. The molecular orbital analysis reveals that the
HOMO is highly located in the thiocyanate groups and that both
cobalt complexes are almost similar, as conrmed by the
magnetic measurements.
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