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A mononuclear cobalt(i) complex [CsHgNs3lo[CoCly(CsHsN3)l () was synthesized and  structurally
characterized. Single crystal X-ray diffraction analysis indicates that monometallic Co(i) ions acted as
coordination nodes in a distorted octahedral geometry, giving rise to a supramolecular architecture. The
latter is made up of a % unit form composed of an anionic element [CogsCla(CsH;N3)]™ and one 2-
amino-4-methylpyrimidinium cation [CsHgNsl™. The crystalline arrangement of this compound adopts
the sandwich form where inorganic parts are sandwiched between the organic sheets following the
[100] direction. More information regarding the structure hierarchy has been supplied based on Hirshfeld
surface analysis; the X---H (X = N, Cl) interactions play a crucial role in stabilizing the self-assembly
process of I, complemented by the intervention of -7 electrostatic interaction created between

organic entities. Thermal analyses were carried out to study the thermal behavior process. Static
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character of the central Co(i) ion. Two-channel field-induced slow-magnetic relaxation was observed;

DOI: 10.1039/d4ra02149¢ the high-frequency channel is characterized by underbarrier relaxation with Ues = 16.5 cm™, and the
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1 Introduction

Over the past two decades, the field of single-molecule magnets
(SMMs) has had a remarkable evolution, and it is now gaining
more impetus as the subject is being expanded to include
organometallic compounds, lanthanides, and mononuclear
transition metal complexes.'?® The early research was concen-
trated on polynuclear transition-metal clusters,"*™® but recent
years have witnessed considerable progress in the exploration of
complexes with only one paramagnetic metal ion of high
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low-frequency channel involves a direct relaxation process affected by the phonon-bottleneck effect.

anisotropy, commonly known as single-ion magnets
(SIMs).*”*#2¢ It should be noted that coordinative unsaturated
compounds may be air-sensitive; this could impede their use in
practical applications. To solve this issue, research on the more
widespread complexes, including six-coordinate Co(u) SIMs, is
gaining momentum. The majority of six-coordinate cobalt(n)
complexes preferring octahedral architecture display high
positive D (axial anisotropy) values.>” The first manifestation of
a six-coordinate mononuclear Co(u) complex that exhibits SIMs
behavior was discovered in 2012 by Julia Vallejo."* A few cases of
SIMs with 3d metal ions may necessitate a low coordination
number to reduce the ligand field concerning the spin-orbit
coupling and obtain the intended slow magnetic relaxation
effects. The tuning of the local symmetry of the Co(u) center
imposed by the ligand field is important for the observation of
the slow magnetic relaxation in Co(u)-based SIMs* and yielded
many examples with exceptionally high relaxation barriers for
spin flipping, e.g., in ref. 29-31.

It is known that the magnetic anisotropy of metal complexes
can be increased by surrounding metal centers with heavier
halides (Cl, Br, I) thanks to their greater spin-orbit coupling
parameters.**® The kind of halides and the selection of organic
ligands have an impact on the structure of the coordinating
polyhedron surrounding the central metal ion.

In addition, 2-amino-4-methyl pyrimidine (Ampym) is
beneficial to be used as a ligand in this report, owing to its

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ability to commingle advantageous characteristics and offer
various intriguing performances in different fields, such as
magnetism,*”** optics,**° biology.**

Motivated by the aspects described above, the chemical
preparation, the crystallographic description of a new halide
Co(u) complex template by Ampym, the spectroscopic charac-
terization, the thermal behavior and magnetic properties, are
discussed herein with details to achieve our purposes.

2 Experimental section

2.1. Materials and physical measurements

To be structurally analyzed by X-ray diffraction, a single crystal
of about 0.3 x 0.3 x 0.3 mm?® was selected. Details of crystal-
lographic data collection and refinement parameters for I is
gathered in Table S1.f An Oxford Gemini S diffractometer with
a graphite monochromated Mo-K radiation source (=0.71073
A) was used to collect the data at 125.8 K. Using direct tech-
niques and SHELXS-13, the molecular structure was solved.
SHELXL-13, a full-matrix least-squares method, was then used
to improve the solution on F>.** Anisotropic displacement
parameters were employed for all non-hydrogen atoms. Using
an idealized geometry, a riding model, and a fixed isotropic
displacement parameter, the hydrogen atoms of the amine were
fine-tuned in their positions.

The FT-IR spectrum was recorded at room temperature with
a dispersed sample in a KBr pellet using PerkinElmer 1600 FT-
IR spectrometer within the range 400-4000 cm ™.

TGA-DSC measurements were performed with a NETZSCH
STA 409 PC/PG, using Al,O; crucible. TG/DSC measurements
were taken on 27.004 mg in static air, within the 27-900 °C
temperature range, with a heating rate of 6 °C min™".

The solid-state UV-VIS spectroscopy measurements were per-
formed in the reflectance mode on a Specord 250 (Analyticjena)
spectrophotometer in the wavelength range of 190-1100 nm.

Static magnetic measurements were performed in Quantum
Design MPMS®3 magnetometer in the temperature range from
1.8 to 300 K in magnetic fields up to 70 kOe. The static
susceptibility was estimated as the ratio of the magnetic
moment and applied magnetic field of 1 kOe. Alternating-
current (AC) susceptibility measurements were performed in
Quantum Design MPMS-XL and PPMS (equipped with ACMS
option) to cover the frequency range 0.1 Hz to 10 kHz. A nascent
polycrystalline (powdered) specimen was fixed in a gelatine
capsule with eicosane wax to avoid crystallite reorientation in
magnetic fields. The diamagnetic contribution of the capsule,
eicosane, and sample was subtracted from the raw data. The
electron paramagnetic resonance (EPR) spectra were studied
using Bruker ELEXSYS II E500 X-band spectrometer with an
operating frequency of 9.4 GHz and ESR910 helium flow-type
cryostat on powdered sample mixed with Apiezon N grease
attached to the Suprasil sample holder.

2.2. Synthesis

All the employed chemicals were used as received without
further purification. Blue single crystals of I (Fig. 1) have been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Recovered blue crystals of compound I.

afforded through a slow evaporation process. The preparation
protocol consists of preparing two solutions as follows: 0.2 g of
2-amino-4-methylpyrimidine (Ampym) (2 mmol) were dissolved
in 50 ml of distilled water (solution 1) and a 0.23 g of CoCl,-
-6H,0 (1 mmol) also dissolved in 50 ml of distilled water
(solution 2). Then, the solution 2 was added drop by drop in
solution 1. The mixture was acidified with hydrochloric acid
HCI (pH = 2.5), which was slowly added under magnetic stir-
ring until the homogeneity of the mixture. The final solution
was left to evaporate at room temperature, and the obtained
crystals were collected after about a week. The purity of the
prepared crystals was checked by powder X-ray diffraction
(Fig. S2t) and through Elem. Microanal: [Anal./Calc.]: C, 38.16
(37.54); H, 4.88 (4.69); N, 26.17 (26.28); Cl, 22.31 (22.21). The
overall yield of the reaction, based on the Co component, was
determined to be near 83%. The reaction scheme leading to the
formation of the complex I is given below (Scheme 1).

2.3. Computational details

2.3.1. Periodic density functional theory. Periodic Density
Functional Theory (DFT) calculations were performed using the
Vienna Ab Initio Simulation Package (VASP) with the projector-
augmented wave (PAW) method and Perdew-Burke-Ernzerhof
(PBE) functional was used. A cut-off of 500 eV was set to control
the number of plane waves.'® The tag K spacing was selected for
sampling the Brillouin zone with a value of 0.4.**-*® That value
for (CsHgN3),[CoCl,(CsH;N3),] structure was enough to obtain
negligible changes in the optimized cell parameters (@ = 7.9787
A, b = 8.8045 A, ¢ = 11.1457 A) in good agreement with the
experimental values (@ = 7.6349 A, b = 8.9698 A, ¢ = 11.0037 A).
DFT+U calculations* were performed by applying a U value of
10 eV for d-states of Co. The density and projected density of
states (DOS and PDOS, respectively) for the relaxed structures
were obtained using the tetrahedron method with Blochl
corrections with 6 6 2 mesh of K points.

2.3.2. Ab initio calculations in magnetic analysis. Ab initio
calculations were performed using the ORCA 5.0.4 computa-
tional package.®® The calculations of single-ion anisotropy
parameters were based on the state-averaged complete-active-
space self-consistent field (SA-CASSCF) wave functions fol-
lowed by N-electron valence second-order perturbation theory
(NEVPT2).°*** The active space of the CASSCF calculations on
metal-based d-orbitals was defined at the beginning as CAS(7,5),
second d-shell as CAS(7,10) and bonding ligand orbitals as

RSC Adv, 2024, 14, 25048-25061 | 25049
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Scheme 1 Synthesis of complex I.

CAS(11,7) were included further. The state-averaged approach
was used with all 10 quartets and 40 doublet states equally
weighted. The estimate of zero-field splitting parameters was
obtained through the quasi-degenerate perturbation theory,*

which an approximation to the Breit-Pauli form of the spin-
orbit coupling operator,”” and the effective Hamiltonian
theory®® was utilized. Relativistic effects were taken into account
by using the second-order Douglas-Kroll-Hess Hamiltonian
(DKH)* together with the corresponding segmented all-electron

View Article Online
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relativistic contracted (SARC) version of the triple-{ basis set
Def2-TZVP*** for all atoms. All calculations utilized the RI
approximation and the chain-of-spheres (RIJCOSX) approxi-
mation to exact exchange® with appropriate decontracted
auxiliary basis sets SARC/] and Def2-TZVP/C®** and tight SCF
convergence criteria.

Vibronic properties were calculated using FREQ keyword as
implemented in ORCA from the optimized geometry of the
isolated anion in the gas phase obtained by the DFT method

(b)

Fig. 2
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(a) Formular unit of 1. (b) Projection of the crystal packing of complex | along the b-axis.
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using TPSS functional®*®® with def2-TZVP* and def2/]** basis
sets, including the atom-pairwise dispersion correction with the
Becke-Johnson damping scheme (D3BJ).**%

3 Results and discussion

3.1. Crystal structure of [CsHgN;],[CoCl,(CsH,N3),]

X-ray structure analyses have been performed as explained
above. It is demonstrated from them that complex I crystallizes
in the triclinic system, space group P1, which sets it apart from
a similar complex with a comparable geometry, ligands and
counter cation but different metal ion reported by Jabeur et al.
in 2022. Structural analyses reveal that the CoCl4N, center is
best described as a moderately distorted octahedron, ligated
through four Cl atoms, originating from the acidified solution
and the chloride metal reagent, and the two N atoms from the
monodentate amine (Ampym). Co-Cl1/Cl1a, Co-Cl2/Cl2a and
Co-N1/N1a bond distances are equal to 2.5088(9) A, 2.528(9) A
and 2.246(3) A, respectively. Bond distances are similar to those
of the [AmpH],[MnCl,(Amp),].”

Calculating the octahedron's distortion coefficient, 4, can be
used to demonstrate how the molecular structure is distorted. The
calculation procedure is explained in detail in.** Using the values
mentioned in Table S2,f 4, (Co) is equal to 2.2 x 107> A,
demonstrating that CoCl4N, is moderately deformed (Fig. 2a). The
deformation rises from a bending of the CoCl, entity out of the
pyrimidine entity by 6.42(9)°. As a result of the inversion center at
the position of the Co1l atom, both pyrimidine ligands are never-
theless co-planar towards each other, displaced by 0.531(19) A. The
ortho amino groups are positioned anti towards each other.

In other compounds with similar amine groups, the bond
lengths and angles inside the aminopyrimidine cations are near
the typical values.”®**”* In fact, within the coordinated amine
rings, the C-N and C-C bonds are 1.343(3) and 1.396(6) A,
identical to the uncoordinated cation [CsHgN3]" of 1.341(3) and
1.417(6) A, respectively. Concerning the angle values, the
comparison of the C6-N4-C7 angle that is equal to 121.7(4)°
with the unprotonated pyrimidine mentioned in ref. 72, that
takes the value of 117.94(2)°, we can deduce the rise in this
internal angle at the protonated nitrogen atom.

The projection of the crystalline structure along the b-axis is
displayed in Fig. 2b. The distorted orthogonal intersection of the
CoCl, and the Ampym entities of 83.58(9)° results in two individual
layer structures intersecting each other. The CoCl, fragments
stacks along [0 2 3], the planes of the ligands average to [5 4 2].

The cohesiveness of the various components in the crystal is
ensured by a complex network of hydrogen bonds and controlled
by electrostatic interactions (Fig. 3a and b). The interconnection of
free pyrimidines and the other entities is assured via intermolec-
ular hydrogen bands created between N2---N6, N5---N3, N5---Cl2,
N4---Cl1, N4---Cl2. Whereas intramolecular hydrogen bands are
manifested between N2---Cl1 and C2---Cl1 (Table S37).

3.2. Infrared spectroscopy

With infrared absorption, vibrational characteristics were
provided to give further details on the crystal structure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Different types of hydrogen bonding in compound I. (b)
Electrostatic interactions between pyrimidines.

(Fig. S31). The comparison with other compounds linked to the
same cation Ampy*** led to the thorough description of all
detected bands in the infrared spectra of the cation in complex
I. Table S41 summarizes the different values detected at low and
high frequencies area. The description of the infrared absorp-
tion spectrum was detailed in the ESI.{

3.3. Thermal investigation

Thermal analyses were measured to highlight the phase tran-
sitions and the thermal stability of the compounds. The curves
obtained during the decomposition of compound I under
flowing air with a heating rate of 6 °C min~" between 25 and
800 °C are reported in Fig. S4.F

3.4. UV-VIS spectroscopy

The optical qualities of our substance were assessed via UV-
visible spectroscopy. Due to its magnetic and optical proper-
ties, which provide information on the site geometry, Co(u) is
often employed as a probe of metal binding sites and this to
confirm the octahedral geometry around the cobalt element in
this article. The characteristic bands of Co™ hexacoordinated
metal and the different transitions are elucidated in the ESI
file.}

Periodic DFT calculations have been performed and included
in the ESIt to get the band gap of (CsHgN3),[CoCly(CsH;N3),].

RSC Adv, 2024, 14, 25048-25061 | 25051
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3.5. Magnetic properties and theoretical calculations

The behavior of the magnetic properties of I is typical for high-
spin Co(u) ions with S = 3/2 (3d” ion) in the center of isolated
molecules, as shown by the temperature dependence of the xT
product (Fig. 4a) and field dependence of magnetization
(plotted against the reduced field in Fig. 4b). The room-
temperature value of xT = 3.42 emu K mol ', corresponding
to the effective magnetic moment p. = 5.23 up (up is Bohr
magneton) gradually decreases with lowering the temperature
with steeper drop at the lowest temperature, which suggests an
influence of weak antiferromagnetic intermolecular interac-
tions. The deviation of the room-temperature effective magnetic
moment from the spin-only value appears due to the strong
influence of the spin-orbit coupling in Co(u) ions. No difference
between zero-field cooled (ZFC), and field-cooled (FC) magnetic

x T (emu/mol)
N

O 1 1 1 1 1 1 1
0 50 100 150 200 250 300
Temperature (K)

—_ 0000000
:T OOOOOOOO
= (¢}
é i
C
je]
_E o 18K
GC) o 5K J
% A 10K
= v 15K
o 20K

20 30 40
H/T (kOe/K)

Fig. 4 (a) Experimental xT product of | measured in the applied field of
1 kOe (open symbols) compared with the simulation obtained directly
from CAS(7,5) SA-CASSCF/NEVPT2 results employing single_aniso
module on anion unit. (b) Experimental magnetization vs. reduced field
at different temperatures.
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Table1l Effective g-factors of the ground Kramers doublet and energy
gap 4;-, between two lowest doublets in 1 derived from SA-CASSCF/
NEVPT2 calculations done in ORCA

Ground doublet [g}, g5, 23] g;wg 4y, (em™)
[CoCl4(CsH,N3), 1~
CAS(7,5) [2.135, 2.774, 7.631] 4.180 241.6
CAS(7,10) [2.088, 2.879, 7.566] 4.178 223.9
CAS(11,7) [2.065, 2.812, 7.653] 4117 233.7
{(C5HgN;),[CoCl,(CsH,N;), 1"
CAS(7,5) [2.713, 3.681, 6.638] 4.344 251.9

response was observed as well as no sign of magnetic hysteresis
as possible evidence of magnetic ordering or blocking temper-
ature at low temperatures. The deviation between the magne-
tization curves plotted against the reduced field between 1.8 K
and 15 K shows the presence of sizable anisotropy. Our attempts
to use the effective spin Hamiltonian to fit the experimental
data did not yield satisfactory results. Both positive and nega-
tive values of the D-parameter were obtained depending on the
starting value in the fitting procedure. Therefore, SA-CASSCF/
NEVPT2 calculations were performed on isolated [CoCl,(CsH-
N;),]* anions to predict and be able to apply some constraints
on the spin Hamiltonian parameters in the magnetic properties
analysis. As shown recently,” including the second coordina-
tion sphere might be beneficial in correctly predicting zero-field
splitting parameters. Thus, the calculations were also per-
formed on a molecular unit comprising central [CoCl,(CsH-
N3),]>~ anion surrounded by four nearest Ampym cations, as
shown in Fig. 2. The results of the SA-CASSCF/NEVPT?2 calcu-
lations using the atom positions estimated from the X-ray
diffraction are summarized in Table 1 and Fig. 5. All calcula-
tions suggest the presence of the gap energy 4,, between two
lowest doublets in the range approximately 220-250 cm™ " with
low-lying excited states, which strongly contribute to the ground
state. As one can see, a slight enhancement of the energy gap
44, between the two lowest doublets was obtained when the
second coordination sphere was included, but the anisotropy of
effective g-factors of the ground Kramers doublet was reduced.
In addition to the presence of very low-lying excited states, the
norm of projected states of the effective Hamiltonian obtained
through the 2nd-order spin-orbit coupling contribution to the
zero-field splitting is as low as 0.61. In this case, the effective
spin Hamiltonian approach for the description of magnetic
properties is not applicable.

Ab Initio Ligand Field Theory (AILFT)™ analysis yields the
energy levels of d-orbitals, which are related to the crystal field
parameters and enable the revealing of the type of crystal-field
anisotropy. The splitting of the three lowest d-orbital levels by
0ax and 6,5, as shown in Fig. 5 for the case of CAS(7,5), gives
a reasonable estimate of the axial crystal field parameter 4,
and rhombic parameter 4,,, as argued in ref. 75. Analysis
suggests that orbital doublet state “E, with negative 4, (easy-
axis anisotropy) is the ground state of I with axial parameter
Aax = —04 = —870 cm™ " and strong rhombic parameter |4,;,| =

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The energies of six lowest multiplets as obtained from SA-
CASSCF/NEVPT2 calculations using isolated [CoCl,(CsH5N3),]2~ anion
for different CAS including the energies of d-orbitals obtained from
AILFT analysis in the case of CAS(7,5).

|6:n] = 145 em ™. The xT'vs. T dependence calculated directly by
ORCA for [CoCl,(CsH,N;),]>~ anion using the obtained set of
parameters with CAS(7,5) shown in Fig. 4a suggests the
importance of including intermolecular interactions for the
correct description of magnetic properties. We have employed
the single_aniso’® module in ORCA, including six doublet levels
and intermolecular interactions zJ to calculate the suscepti-
bility, which agrees well with the experimental data for zJ =
0.4 cm ™.

An X-band EPR experiment was also performed at low
temperatures, as shown in Fig. 6. The peak-to-peak signal
intensity decreases with increasing temperature, typical for the
transitions between the levels of well-isolated ground Kramers
doublet. A significant line broadening, most probably due to the
presence of unresolved hyperfine splitting, does not allow an
accurate determination of effective g-factors of the ground
Kramers doublet using an effective Seg = % model. Nevertheless,
an attempt to simulate the EPR spectra in the EasySpin

1.2 T T T T T T T
—23K
0.8 - — 10K .
20K

—30K
simulation

EPR signal (arb. u.)

_1 2 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700

Magnetic field (mT)

800

Fig. 6 X-band EPR spectra of | measured at 2, 10, 20 and 30 K (solid
lines) including a simulation (dashed line) using an effective Segr = 1/2
model.
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simulation package”” yielded an estimate of
2,85, 23] = 2.55,3.75,6.20, which appear to be in good agree-
ment with predicted values in Table 1 for increased coordina-
tion sphere in {[(CsHgNj;),] [CoCl4(CsH,N;),]}>" unit.

In order to probe the SIM behavior as in other Co(u)-based
complexes, the dynamic response of I at low temperatures and
in different applied static (DC) magnetic fields was investigated.
No signature of relaxation in AC susceptibility was observed in
the zero-magnetic field. This seems to be a common conse-
quence of the very fast relaxation of magnetization due to the
quantum tunneling of magnetization (QTM) induced by
hyperfine interactions with the nuclear spins. Usually, the
applied DC field is able to suppress QTM, and slower relaxation
pathways can be observed. Indeed, following the application of
a small DC magnetic field, two relaxation channels were
observed: the high-frequency (HF) relaxation channel close to 1
kHz and the low-frequency (LF) relaxation channel in the region
below 1 Hz (Fig. S1t and 8a). The existence of multiple

0.15¢}
g
= 0.10}
IS
L
~0.05}
0.00
0.0
b)T=2K o o ©O
1.0F O LF o ©
o HF o o)
o
0.5F o o _
— o ©
<2 Z =
- 2 E
0.0004 .
o o O
0.0002 . ]
o
OOOOO 1 1 D 1 1 1
0 2 4 6 8 10 12
B (kOe)
Fig. 7 (a) Cole-Cole plots of | in different applied DC fields measured

at 2 K including the fits of the modified Debye model with two relax-
ation channels. (b) Field dependence of relaxation times extracted
from Cole—Cole plots.
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relaxation channels in SIMs has been theoretically predicted”®*°
and observed in many experimental examples. The relaxation
times extracted from Fig. S11 and 7a are shown in Fig. 7b. While
the LF channel slows down up to the highest experimental field,
the HF channel, once it appears at small fields, accelerates
above 3 kOe.

Next, one DC magnetic field was selected to study the
temperature dependence of the relaxation time in the LF and
HF regions. The corresponding frequency-dependent AC
susceptibility at different temperatures in the applied DC field
of 5 kOe is shown in Fig. 8 and 9. Both relaxation channels show
a gradual acceleration of the relaxation time upon warming up,
but the LF relaxation channel seems to tend to slow again when
approaching 5 K. The corresponding Cole-Cole plots for the
frequency range 0.1-1 kHz (Fig. 8c) and 20 Hz to 10 kHz (Fig. 9¢c)
were analyzed using the modified Debye model separately (ob-
tained using two separate devices) and yielded the temperature
dependence of the relaxation time presented in Fig. 10. In each
region, one or two relaxation channels were included in modi-
fied Debye model as needed for a proper description of AC
susceptibility and extraction of relaxation rates of LF and HF
channel. Since there is no saturation of the relaxation time of
the HF relaxation channel in the low-temperature region, the
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QTM was neglected (usually suppressed by the magnetic field).
For the easy-axis anisotropy present in I, a contribution of the

two-phonon Orbach and Raman relaxation processes govern the
. . . . 7ﬂ -1
spin reversal in Kramers ions with topg™ = 7o %7 and g

= CT", where U is the energy barrier for thermally activated
relaxation within the Orbach process. The exponent n
describing the Raman process has a value n = 9 for Kramers
ions with an insulated ground doublet,* but in SIMs often takes
lower values due to the involvement of both acoustic and optical
phonons.®> The Orbach is more effective at higher temperatures
because it requires the exact thermal energy of participating
phonons comparable to the energy barrier.

In the Arrhenius-type plot in Fig. 10, one can see a small
change in the slope between the low-temperature and high-
temperature regimes. The influence of the power law process
(Raman, but may contain other influences) to describe the
temperature dependence of the relaxation time in the full
temperature range was included typ ' = Tops | +Tr_ yielding
To = 1.08 x 1078 s, U = 16.5 cm ™ * (23.8 K), C = 2010.3 K 7,
and n = 1.63. The estimated relaxation barrier is much smaller
than predicted energy gap 4;,, an effect often observed as
underbarrier relaxation in other 3d or 4f SIMs, e.g., in ref. 83-85.
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Fig. 8 Frequency dependence of real (a) and imaginary (b) components of AC susceptibility of | measured in an applied DC field 5 kOe in the
temperature range 1.8-5 K (c) Cole—-Cole plots of LF relaxation channel of I. The fit of the modified Debye model is shown by solid lines of the
corresponding color (a second Debye component was included to account for the onset of a high-frequency relaxation channel if necessary).
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Fig. 9 Frequency dependence of real (a) and imaginary (b) components of AC susceptibility of | measured in an applied DC field 5 kOe in the
temperature range 2-3.25 K in the frequency range 20 Hz to 10 kHz. (c) Cole—Cole plots of HF relaxation channel of I. The fit of the modified
Debye model is shown by solid lines of the corresponding color (a second Debye component was included to account for the onset of a low-

frequency relaxation channel if necessary).

The nature of slow relaxation in SIMs can also be predicted
using SA-CASSCF/NEPVT2 energies with the single aniso
module in ORCA, which estimates relaxation transition rates

0 T T T
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0.4
T (K"
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Fig. 10 Temperature dependence of the relaxation time in reduced
coordinates in applied DC field 5 kOe (HF channel, red symbols, LF
channel, blue symbols). Models to describe the behavior of the
relaxation time are shown by the corresponding lines.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(magnetic moment matrix elements). For Co(u) ions, the two
lowest Kramers doublets can be involved in relaxation that were
included in the calculation shown in Fig. 11. The transition rate
on ground state QTM effect is high (0.817), and QTM will play
a significant role in their fast zero-field relaxation unable to
detect it by AC susceptibility. Once it is suppressed by the
applications of the magnetic field, as in the case of I, the Orbach
process may take place (but not only).

The reduction of the observed relaxation barrier in
comparison to the prediction may be due to insufficient
temperature range to recover the correct barrier (a clear linear
region in the Arrhenius plots up to much higher temperatures is
needed), and a relatively large 7, may suggest the influence of
intermolecular interactions. On the other hand, the influence of
anharmonic phonons on slow magnetic relaxation was
emphasized recently,® stating that the presence of off-
resonance phonon modes contributes to much lower Uey
observed experimentally in comparison to expected 4., in easy-
axis SMMs, so-called underbarrier relaxation. Thus, the study of
spin-vibronic coupling with low-energy molecular vibrations,
which mediate the spin-phonon-bath energy exchange in SIMs,
is of current interest.*”-* Several reports suggest the presence of
low-energy vibrational modes related to the local molecular
rotations and torsion with a strong spin-phonon coupling to

RSC Adv, 2024, 14, 25048-25061 | 25055
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Fig. 11 Single_aniso calculations of magnetic moment matrix
elements between Kramers doublets for I, based on CAS(7,5) using
isolated anion.

affect the slow spin-phonon relaxation in some molecular
systems.”*® Recently, it was shown that the underbarrier
relaxation may result from the involvement of such low-energy
vibrational modes in the Raman process.”*®” In addition, an
unusual exponential temperature dependence of the relaxation
time of the Raman process was predicted, undistinguishable
from the Orbach process through the magnetic energy barrier,
which could hinder the observation of the actual Orbach
process. When the temperature dependence of the relaxation
time is analyzed by the standard combination of Orbach and
Raman process in such case, a small U. and unusually low
exponent for the Raman process are obtained as in I. We probed
the presence of the low-energy vibrational modes that could be
involved in such under barrier relaxation in I using the DFT
calculations as implemented in ORCA. The geometry of the
isolated [CoCl,(CsH,N3),]*~ anion I was optimized using TPSS
functional, and vibrational modes were calculated. The lowest
calculated energies of vibrational modes below 50 cm™" are
14.07, 25.10, 26.53, and 46.02 cm ™ * and correspond to vibra-
tions involving Ampym ligands. Although, this is a rough
approximation since the calculation does not include the
Ampym cations surrounding the [CoCl,(CsH,N;),]>~ anion, we
assume that the energy scale of the low-energy vibrations would
not differ significantly in the real crystal.

The LF relaxation channel slows down to very high DC
magnetic fields (Fig. 7b) like in other SIMs with more than one
relaxation channel, e.g. in ref. 98-103. Such an effect is often
observed when the presence of the phonon-bottleneck effect
influences the direct relaxation process'**'* due to weak
contact with the thermal reservoir. An anomalous slowing down
in the temperature dependence of relaxation time t.r was
observed above 4 K, which was previously reported in several 3d-
ion- or Gd(m)-based magnets,'*1*141% ygually for low-
frequency field-induced relaxation channels. Unfortunately,

25056 | RSC Adv, 2024, 14, 25048-25061

View Article Online

Paper

the origin of this behavior remains unclear, and its observation
is complicated by the usual intensity decrease of the out-of-
phase component of AC susceptibility, which yields higher
error bars on the estimated relaxation time in the high-
temperature region. The fit of power dependence ' = CT" in
the low-temperature region below 3.5 K (Fig. 10) was performed
yielding exponent n = 1.98 with C = 0.49 K™ ". This seems to be
the case of direct relaxation process influenced by the presence
of the severe phonon-bottleneck effect'”* when the temperature
dependence of the relaxation time is indeed renormalized
towards 7 ~ T > and the characteristic relaxation time can be is
slowed down by several orders of magnitude. The field depen-
dence of the relaxation time for LF channel supports that
assumption. In relation to the HF relaxation channel, the
presence of phonon-bottleneck effect does not influence the
temperature dependence of the Orbach relaxation process,
thus, it does not influence the estimation of the relaxation
barrier.

In summary, the HF relaxation channel in I is characterized
by under barrier relaxation, and the LF relaxation seems to be
strongly influenced by the phonon-bottleneck effect in combi-
nation with the direct relaxation process.

4 Conclusion

The synthesis, the design, and the structural characterizations
of a new mononuclear halide compound with the formula (Cs-
H;gN3),[CoCly(CsH,N3),] were discussed in this paper. The
whole structure is constructed by infinite chains built up by the
hydrogen bonding (N-H:--Cl, and N-H:--N) joining the anionic
and the cationic components in complementarity with the -7
interactions, which exert an influence over the resulting struc-
ture. These latter are proven by Hirshfeld surface analysis. The
detailed and rigorous allocation of IR vibration spectra was
carried out based on the spectra of homologous compounds,
and an assignment of all the bands was given. Optical UV-VIS
spectroscopy is an incredibly useful tool in understanding the
formation and the conduction type of materials. It confirms the
octahedral geometry surrounding the cobalt ion. The optical
band gap energy takes a value of 3.4 eV, maybe revealing a semi-
conducting behavior of the complex that presents the well-
known d-d transitions in the visible region. Band gap value
obtained by theoretical calculations is in good agreement with
the gap addressed experimentally. These calculations highlight
the important role of the Co d-states in the electronic
transitions.

Then, it is well established that the geometry around the
metal complex plays a decisive role in magnetic features. In fact,
the static magnetic measurements supplemented by ab initio
calculations report weak antiferromagnetic intermolecular
interactions and appreciable easy-axis anisotropy. As a result,
compound I behaves as a field-induced SIM with two relaxation
channels involved in the slow-magnetic relaxation. Despite the
significant energy barrier prediction, the under barrier relaxa-
tion, which can be related to low-energy vibronic modes as
suggested by recent theoretical predictions, plays an important
role in the HF relaxation channel. The importance of the low-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy vibronic modes of the ligands is emphasized by the DFT
calculations and related to the recent predictions of unusual
exponential temperature dependence of the Raman relaxation.
On the other hand, the direct relaxation process, in conjunction
with the phonon-bottleneck effect, appears to impact LF relax-
ation significantly.
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