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Introduction

Mononuclear transition metal complexes constitute the most
miniature molecular magnetic units for quantum data storage
and processing applications in the emerging fields of mole-
cular spintronics and quantum computing.! Spin crossover
and mononuclear single-molecule
in their excellent paradigms of addressa-

2-13

(SCO) compounds
magnets (SMMs),"* %’
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How the spin state tunes the slow magnetic
relaxation field dependence in spin crossover
cobalt(i) complexest
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A novel family of cobalt(i) compounds with tridentate pyridine-2,6-diiminephenyl type ligands featuring
electron-withdrawing substituents of general formula [Co(n-XPhPDI),](ClO4),-S [n-XPhPDI = 2,6-bis(N-n-
halophenylformimidoyl)pyridine with n = 4 (1-3) and 3 (4); X =1 (1), Br (2 and 4) and CL (3); S = MeCN (1
and 2) and EtOAc (3)] has been synthesised and characterised by single-crystal X-ray diffraction, electron
paramagnetic resonance, and static (dc) and dynamic (ac) magnetic measurements combined with
theoretical calculations. The structures of 1—4 consist of mononuclear bis(chelating) cobalt (i) complex
cations, [Co'(n-XPhPDI),]2*, perchlorate anions, and acetonitrile (1 and 2) or ethyl acetate (3) molecules
of crystallisation. This unique series of mononuclear six-coordinate octahedral cobalt(i) complexes dis-
plays both thermally-induced low-spin (LS)/high-spin (HS) transition and field-induced slow magnetic
relaxation in both LS and HS states. A complete LS « HS transition occurs for 1 and 2, while it is incom-
plete for 4, one-third of the complexes being HS at low temperatures. In contrast, 3 remains HS in all the
temperature range. 1 and 2 show dual spin relaxation dynamics under the presence of an applied dc mag-
netic field (Hq4c), with the occurrence of faster- (FR) and slower-relaxing (SR) processes at lower (Hgq. = 1.0
kOe) and higher fields (Hgc = 2.5 kOe), respectively. On the contrary, 3 and 4 exhibit only SR and FR relax-
ations, regardless of Hyc. Overall, the distinct field-dependence of the single-molecule magnet (SMM)
behaviour along with this family of spin-crossover (SCO) cobalt(i)-n-XPhPDI complexes is dominated by
Raman mechanisms and, occasionally, with additional temperature-independent Intra-Kramer [LS or HS
(D > 0)] or Quantum Tunneling of Magnetisation mechanisms [HS (D < 0)] also contributing.

ble and stimuli-responsive magnetic materials, are bistable
magnetic molecules with potential applications in molecular
spintronic devices and quantum computers.>®™>*

From a historical viewpoint, in the molecular magnetism
field, great attention was devoted to mononuclear cobalt(i)
complexes as illustrative examples of SCO compounds®™° or
SMMs.*>” "% Now, many cobalt(i)-based SCO compounds and
SMMs are known, where both high- (HS, Sc, = 3/2) and low-
spin (LS, Sc, = 1/2) states are available for a 3d” cobalt(n) ion
depending on the metal coordination environment. To date, a
few examples are known where both properties coexist in the
same system, leading to a new class of multiresponsive and
multifunctional SCO/SMM materials as potential candidates
for multistable molecular quantum bits (qubits) for quantum
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T Electronic supplementary information (ESI) available: Details of powder X-ray
diffraction (Fig. S1), crystallographic drawings (Fig. S2-S6 and Tables S1 and S2),
EPR spectroscopic (Table S3) and magnetic data of 1-4 (Fig. S7-S14), and theore-
tical calculations (Scheme S1 and Table S4). CCDC 2040599-2040602. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
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information processing (QIP).**™** Known cobalt(i)-based
SCO/SMM systems include a series of double salts whereby the
SCO and SMM behaviour have been separately identified on
the two components of the ion pair.°#®® In such cases, the
SCO feature occurs in cationic six-coordinate octahedral com-
plexes, and the SMM response arises from anionic four-coordi-
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nate tetrahedral ones. More interestingly, a series of mono-
nuclear five-coordinate cobalt(i) SCO complexes with a square-
pyramidal coordination geometry exhibits a field-induced
SMM behaviour in the LS state;**®” one of them was recently
tested as a molecular qubit prototype.®® In truth, the LS cobalt
(m) ion is a genuine two-level magnetic quantum system rep-
resented by the mg = +1/2 and —1/2 states, able to play the role
of a qubit for quantum computing applications. By compari-
son, the HS cobalt(n) ion possesses an effective doublet or
quartet ground spin state (Se = 1/2 or 3/2) coming from the
well-isolated ground Kramers doublet resulting from a large
first-order spin-orbit coupling (SOC) with either easy-plane xy-
(D > 0) or easy-axis Ising-type (D < 0) magnetic anisotropy,
respectively. This feature makes this effective spin state an
alternative candidate for a “single” qubit. Likewise, related
mononuclear octahedral cobalt(i1) complexes exhibit a chemo-,
electro-, or photo-switching of the SCO and SMM behaviour,
being thus postulated as promising candidates for chemical
sensors and switches.®*”?

Cobalt(un) complexes with bidentate 2,2"-bipyridine (bipy) or
tridentate 2,2':6',2"-terpyridine (terpy) ligands and related
imine derivatives constitute a major class of SCO systems. In
this respect, Figgins and Busch reported in 1960 the first
examples of the SCO phenomenon in mononuclear octahedral
cobalt(n) complexes with N-methyl substituted, pyridine-2-
imine (PI) and pyridine-2,6-diimine type (PDI) ligands.”*””
Herein, we report the synthesis, structural, and spectroscopic
characterisation, as well as the static (dc) and dynamic (ac)
magnetic properties for a related series of mononuclear octa-
hedral cobalt(u) compounds of formula [Co(n-XPhPDI),]
(ClOy)pS[1: X=1(n=4),S=MeCN; 2: X=Br (n=14),S =
MeCN; 3: X = Cl (n = 4), S = MeCO,Et; and 4: X = Br (n = 3)]
(Scheme 1). This novel family of cobalt(un) complexes displays
thermally-induced LS-HS transition and field-induced slow
magnetic relaxation in the LS and HS states. The distinct SCO

X3 X4 —|2+
X4 X3
=N &=
N oN=
/ \N_
Ni X& Xs
X3 X4  [Co"(n-XPhPDI),J?*
n-XPhPDI X4 X3
1 4-IPhPDI 1 H
2 4-BrPhPDI Br H
3 4-CIPhPDI Cl H
4 3-BrPhPDI H Br
Scheme 1 General chemical formula of the [Co"(n-XPhPDI),%*

complex cation in 1-4.
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and SMM behaviours depend on the halogen substituent, the
para or meta substitution, or occasionally the presence of
additional crystallisation solvent molecules (acetonitrile or
ethyl acetate). This study allows us to obtain appropriate
magneto-structural correlations that, with the aid of ab initio
and density functional theory (DFT) calculations, could be
useful in designing new SCO/SMM materials as prototypes of
molecular spintronic devices for QIP.

Experimental
Materials

All chemicals were of reagent-grade quality, purchased from
commercial sources, and used as received.

Preparation of the ligands

4-XPhPDI (X = I, Br, and Cl). Pyridine-2,6-diformaldehyde
(0.135 g, 1.0 mmol) and 4-iodoaniline (0.438 g, 2.0 mmol),
4-bromoaniline (0.344 g, 2.0 mmol) or 4-cloroaniline (0.255 g,
2.0 mmol) were dissolved in 5.0 mL of ethanol containing
100 pL of acetic acid. The reaction mixture was refluxed for
30 min and cooled in an ice bath. The white (X =1 and Cl) and
brown (X = Br) crystalline solids were collected by filtration,
washed with a small amount of ethanol, and dried in the open
air. Yield: 94, 90 and 93% for X = I, Br and Cl, respectively.
Anal. calc. for C;sH;3N;I, (4-IPhPDI): C, 42.49; H, 2.44; N, 7.82.
Found: C, 42.88; H, 2.54; N, 7.61%. IR (KBr, cm™): 1622(m)
[(C=N) from 4-IPhPDI ligand]. "H NMR (CDCl;; 300 MHz,
ppm): & = 8.64 (s, 2H, Hin), 8.28 (d, 2H, m-H,y, ] = 7.8 Hz), 7.95
(t, 1H, p-Hyy, J = 7.8 Hz), 7.75 (d, 4H, m-Hpy, J = 8.6 Hz), 7.06
(d, 4H, o-Hpp, J = 8.6 Hz). Anal. calc. for C;oH;3N;3Br,
(4-BrPhPDI): C, 51.50; H, 2.96; N, 9.48. Found: C, 51.25; H,
3.12; N, 9.66%. IR (KBr, cm™'): 1625(m) [¢(C=N) from
4-BrPhPDI ligand]. "H NMR (CDCls; 300 MHz, ppm): § = 8.64
(s, 2H, Hiy), 8.28 (d, 2H, m-Hyy, J = 7.8 Hz), 7.95 (t, 1H, p-H,,,
= 7.8 Hz), 7.55 (d, 4H, m-Hpy, ] = 8.6 Hz), 7.19 (d, 4H, 0-Hpy, J =
8.6 Hz). Anal. calc. for C;9H;3N3Cl, (4-CIPhPDI): C, 64.42; H,
3.70; N, 11.86. Found: C, 63.25; H, 3.65; N, 11.99%. IR (KBr,
em™'): 1626(m) [¢(C=N) from 4-CIPhPDI ligand]. '"H NMR
(CDCl3; 300 MHz, ppm): 6 = 8.65 (s, 2H, Hin), 8.28 (d, 2H,
m-Hypy, J = 7.8 Hz), 7.95 (t, 1H, p-Hpy, J = 7.8 Hz), 7.40 (d, 4H,
m-Hpy, J = 8.6 Hz), 7.26 (d, 4H, 0-Hpy, ] = 8.6 Hz).

3-BrPhPDI. Pyridine-2,6-diformaldehyde (0.135 g, 1.0 mmol)
and 3-bromoaniline (218 pL, 2 mmol) were poured into 5.0 mL
of ethanol containing 100 pL of acetic acid. The reaction
mixture was refluxed for 30 min, and the solution evaporated
under reduced pressure to afford an oil of the crude product
that was lately dried under vacuum. Yield 98%. 'H NMR
(CDCls; 300 MHz, ppm): 6 = 8.65 (s, 2H, Hin), 8.28 (d, 2H,
m-Hpy, ] = 7.8 Hz), 7.95 (t, 1H, p-Hpy, J = 7.8 Hz), 7.40 (d, 4H,
m-Hpy, J = 8.6 Hz), 7.26 (d, 4H, 0-Hpy, ] = 8.6 Hz).

Preparation of the complexes

[Co(4-TPhPDI),](ClO,4),-MeCN (1), [Co(4-BrPhPDI),](Cl0,),-MeCN
(2) and [Co(4-CIPhPDI),](ClO,),"EtOAc (3). A methanolic solution

This journal is © The Royal Society of Chemistry 2024
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(5.0 mL) of cobalt(u) perchlorate hexahydrate (0.037 g, 0.1 mmol)
was added dropwise to a suspension of 4-IPhPDI (0.107 g,
0.2 mmol), 4-BrPhPDI (0.088 g, 0.2 mmol) or 4-CIPhPDI
(0.071 g, 0.2 mmol) in methanol (10.0 mL). The reaction mix-
tures were heated at 50 °C for 30 minutes. The resulting red
precipitate was collected by filtration and washed with a small
amount of methanol in all three cases. X-ray quality crystals of
1-3 were grown by slow diffusion of ethyl acetate through satu-
rated acetonitrile/chloroform (1 : 1 v/v) solutions in glass tubes.
Yield: 66 (1), 73 (2) and 62% (3). Anal. calc. for
C0H29N,04CL1,Co (1): C, 34.99; H, 2.13; N, 7.14. Found: C,
35.21; H, 2.08; N, 7.42%. IR (KBr, cm™): 2244(w) [1(C=N)
from acetonitrile], 1580(m) [¢(C=N) from 4-IPhPDI], 1086(vs)
[/(CI-0) from perchlorate]. UV-Vis (MeCN): vpay (em™) [e (M ™"
em™)] = 50762 [114 883], 43479 [71901] and 28 654 [34 774].
Anal. calc. for C4oH,oN,04CL,Br,Co (2): C, 40.54; H, 2.47; N,
8.27. Found: C, 40.66; H, 2.45; N, 8.45%. IR (KBr, cm™):
2244(w) [¥(C=N) from acetonitrile], 1580(m) [¢(C=N) from
4-BrPhPDI], 1086(vs) [¢(CI-0) from perchlorate]. vpma, (em™) [e
(M em™)] = 51282 [105132], 43860 [51854] and 29326
[26 960]. Anal. calc. for C4,H34,Ns040ClsCo (3): C, 47.84; H,
3.25; N, 7.97. Found: C, 47.66; H, 3.35; N, 7.92%. IR (KBr,
em™Y): 1730 (m) [¢(C=O0) from ethyl acetate], 1580(m) [¢(C=N)
from 4-CIPhPDI|, 1086(vs) [¢(Cl-O) from perchlorate]. vmax
(em™) [e M™" em™)] = 51282 [10351], 44 053 [55 620] and
29 586 [28 428].

[Co(3-BrPhPDI),|(Cl0,), (4). Pyridine-2,6-diformaldehyde
(0.027 g, 0.2 mmol) and 3-bromoaniline (44 pL, 0.4 mmol)
were poured into 5.0 mL of ethanol containing 100 pL of acetic
acid. Over the reaction mixture refluxed for 30 min was added
dropwise a methanolic solution (5.0 mL) of cobalt(i) perchlor-
ate hexahydrate (0.037 g, 0.1 mmol) and then heated at 50 °C
for 30 minutes. The resulting red precipitate was filtered and
washed with a small amount of methanol. X-ray quality crys-
tals of 4 were grown by slow diffusion of ethyl acetate through
a saturated acetonitrile/chloroform (1: 1 v/v) solution in a glass
tube. Yield 83%. Anal. calc. for C;gH,¢NgOgCl,BrysCo (4): C,
39.89; H, 2.29; N, 7.35. Found: C, 40.02; H, 2.36; N, 7.65%. IR
(KBr, cm™): 1572(m) [¢(C=N) from 3-BrPhPDI], 1088(vs) [¢(Cl-
0) from perchlorate]. vma (cm™) [¢ (M~ em™)] = 50505
[68 630], 45 872 [61 543], and 30 395 [19 985].

Physical techniques

Elemental analyses (C, H, N) were performed at the Servicio
Central de Soporte a la Investigacion (SCSIE) at the Universitat
de Valencia (Spain). FTIR spectra were recorded on a Nicolet-
5700 spectrophotometer as KBr pellets. Electronic absorption
spectra of the ligands and complexes 1-4 (c;, = ¢y = 5 X 107°
mM) were carried out in acetonitrile solutions at room temp-
erature with a Jasco UV/Vis/NIR V-670 spectrophotometer. "H
NMR spectra were recorded at room temperature on a Bruker
AC 300 (300 MHz) spectrometer. Deuterated chloroform was
used as solvent and internal standard (§ = 7.26 ppm). Q-band
EPR spectra of powdered samples of 1-4 were recorded at
4.0 K under non-saturating conditions with a Bruker ER 200 D
spectrometer equipped with a helium-flow cryostat. PXRD data

This journal is © The Royal Society of Chemistry 2024
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were obtained on a powder X-ray diffractometer (model Ultima
IV, Rigaku, Japan) using Cu K, radiation (A = 1.5418 A) at a
voltage of 40 kv and a current of 30 mA with 6-26 geometry.
Data were collected using a 20 step of 0.02° and a counting
time of 0.25° 20 min~" in the angular range from 5 to 40° (26).

Magnetic measurements

Variable-temperature (2.0-300 K) direct current (dc) magnetic
susceptibility measurements under applied fields of 0.25 (T <
20 K) and 5.0 kOe (T > 20 K) and variable-field (0-50 kOe) mag-
netisation measurements at 2.0 K were carried out on crushed
crystals of 1-4 with a Quantum Design SQUID magnetometer.
Alternating current (ac) magnetic susceptibility measurements
of 1-4 in the temperature range 0-12.0 K under +5.0 Oe oscil-
lating field at frequencies in the range of 0.1-10.0 kHz were
performed under different applied static dc fields (0-2.5 kOe)
with a Quantum Design Physical Property Measurement
System (PPMS). The magnetic susceptibility data were cor-
rected for the diamagnetism of the constituent atoms and the
sample holder (a plastic bag).

Crystal structure data collection and refinement

X-ray data on single crystals of 1-4 were collected with Mo-K,
radiation (4 = 0.71073 A) at 150 K on a Bruker APEX-II CCD (1
and 3) and an Agilent Supernova diffractometers (2 and 4), the
last one equipped with an EosS2 detector. Collection, scala-
tion, and integration of data were carried out with Bruker
SAINT”® (1 and 3) and CrysAlisPro’” (2 and 4) software. The
crystal structures were solved by intrinsic phasing methods
integrated into the SHELXTL software4’® with the Olex2 plat-
form.”® The models were refined by full-matrix least-squares
on F* using the SHELXL-2018/3 program. Non-hydrogen atoms
were anisotropically refined. Hydrogen atoms were set on geo-
metrical positions and refined with a riding model. Two posi-
tions were found for the 12 and 17 iodine and perchlorate (Cl4)
oxygen atoms of 1. The site occupancy factors (s.o.f., 0.454 and
0.546 for 12 and I2A, and 0.817 and 0.183 for 17 and I7A) of
iodine atoms were refined, and constraints were applied to the
bond lengths and anisotropic factors of the perchlorate oxygen
atoms. Since the perchlorate Cl6 in 3 is disordered in two posi-
tions, their s.o.f. were refined considering soft restraints on
the distances between oxygen atoms. Two bromophenyl
groups in 4 occupy two positions connected by a rotation (ca.
180°) around the N;,,,~Cpp, bond; therefore, they were modelled
in these positions, and their s.o.f. refined (0.484 and 0.516 for
Br8 and Br8B, and 0.831 and 0.169 for Br4 and Br4B). Some
constraints were also applied to the anisotropic displacements
of the carbon atoms. Three perchlorate groups in 4 are also
disordered into two positions; their s.o.f. were refined, and
some restraints on Cl-O bond lengths and anisotropic displa-
cements of the chlorine and oxygen atoms were applied to
make more accessible the convergence of the refinement. The
graphical manipulations and calculations were performed with
the CRYSTALMAKER and MERCURY programs.®>®! Tables 1,
S1 and S21 summarise crystallographic data, refinement con-
ditions, and relevant structural parameters for 1-4.

Dalton Trans., 2024, 53, 5507-5520 | 5509
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Table 1 Selected structural data for 1-4°
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RI(CO’NPy)b (A) Ry(Co-Ni) (A) R3(Co-N'im)° (A) Req ¢ A) R (A)
1 Cot 1.907(2) 2.113(3) 2.126(3) 2.117(3) 2.047(3)
Co2 1.902(2) 2.026(2) 2.209(2) 2.117(2) 2.046(2)
2 Col 1.892(3) 2.035(3) 2.192(3) 2.114(3) 2.039(3)
Co2 1.884(3) 2.094(3) 2.126(3) 2.110(3) 2.035(3)
3 Col 2.0255(19) 2.185(2) 2.228(2) 2.207(2) 2.146(2)
4 Cot 1.904(5) 2.018(5) 2.245(5) 2.132(5) 2.055(5)
Co2 1.940(5) 2.081(5) 2.194(5) 2.138(5) 2.071(5)
Co3 2.024(5) 2.205(5) 2.214(5) 2.210(5) 2.148(5)

“Structural data for each crystallographically independent cobalt atom. ” Average axial cobalt to pyridyl-nitrogen bond distance from the two
ligands. © Average equatorial cobalt to imine-nitrogen bond lengths from each ligand. ¢ Average equatorial cobalt-nitrogen bond distance defined
as Req = (Ry + R;3)/2. © Average cobalt-nitrogen bond distance defined as R = (R; + R, + R3)/3.

Crystallographic data (excluding structure factors) of 1-4 have
been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication number CCDC 2040602
(1), 2040600 (2), 2040601 (3) and 2040599 (4).f

Computational details

DFT study: geometries and spin densities. Because in an
SCO system the crystal structure is strongly temperature-depen-
dent, there may be some problems in recognising a molecular
geometry as one of the two competing configurations, HS and
LS, from the experimental data at a given temperature. For this
reason, the geometry of the mononuclear complex [Co(n-
XPhXPDI),]*" of one of the compounds, specifically 3, has
been chosen and optimised in the two electronic configur-
ations. This study was carried out by DFT-type calculations
through the Gaussian 09 package using the hybrid B3LYP
functional,®*® the quadratic convergence approach and
Ahlrichs’ triple and double-zeta (TZVP) basis sets for cobalt
and the rest of atoms.®*® A polarisable continuum model
(PCM) was used with the parameters corresponding to the
acetonitrile to avoid the usual electronic overdelocalisation in
DFT calculations.®® Optimised geometries were then con-
firmed as global minima by frequency calculations.

Ab initio calculations on the zfs tensors. The parameters
that determine the axial (D) and rhombic (E) components of
the local zero-field splitting (zfs), the g-tensor for the S = 3/2
state (g3,,) and the ground Kramers doublet (g.s) of 3 and the
HS form of 4 were estimated from theoretical calculations
based on a second-order N-electron valence state perturbation
theory (CASSCF/NEVPT2) through an effective Hamiltonian
for the spin-orbit coupling (SOC),*”*° which often provides
accurate values of the nearby excited states energies and for
the zfs tensor of mononuclear first-row transition metal com-
plexes. Experimental geometries were used in this study.
Calculations were carried out on the experimental geometries
with version 4.0.1 of the ORCA programme®® using the def2-
TZVP basis set proposed by Ahlrichs®' and the auxiliary TZV/
C Coulomb fitting basis sets.”’”** The contributions to zfs
from 10 quartet and 20 doublet excited states generated from
an active space with seven electrons in five d orbitals were
included using an effective Hamiltonian. RIJCOSX method

5510 | Dalton Trans., 2024, 53, 5507-5520

combining resolution of the identity (RI) and “chain of
spheres” COSX approximations for the Coulomb and exchange
terms was used.”>*”

Results and discussion

Synthesis and general characterisation

The n-XPhPDI ligands (with #-X = 4-I, 4-Br, 3-Br, 4-Cl) were
synthesised from the straightforward condensation of pyri-
dine-2,6-diformaldehyde and the corresponding para- or
meta-monosubstituted aniline (1:2 molar stoichiometry) in
acid media, as reported earlier for the parent unsubstituted
PhPDI ligand.”® All these 4-XPhPDI ligands were isolated
as crystalline powders in good yields, and they were charac-
terised by elemental analyses (C, H, N), Fourier-transform
infrared (FT-IR) and proton nuclear magnetic resonance
("H NMR) spectroscopies. In contrast, the 3-BrPhPDI
ligand could not be isolated as a solid and was used as an
oily crude product.

The reaction between cobalt(u) perchlorate hexahydrate and
the corresponding 4-XPhPDI ligand (X = I, Br, and Cl) in the
1:2 molar ratio in methanol led to crystalline powders of 1-3.
Compound 4 was synthesised by an in situ reaction of pyri-
dine-2,6-diformaldehyde and 3-bromoaniline with cobalt(u)
perchlorate hexahydrate. X-ray suitable single crystals of 1-4
were grown in a test tube by layering ethyl acetate on saturated
acetonitrile/chloroform solutions of the crystalline powder.
The experimental and calculated (from the CIF files) PXRD
patterns of 1-4 (Fig. S11) showed a remarkable coincidence of
the position of all peaks, confirming the purity of the bulk
materials for each sample.

Description of the structures

Compounds 1 and 2 crystallise in the P2,/c space group of the
monoclinic system; 3 and 4 do so in the P1 and P2,/n space
groups of triclinic and monoclinic systems (Table S1f). All
structures consist of mononuclear cobalt(i) complex cations,
[Co"(n-XPhPDI),*" [n = 4 (1-3) and 3 (4); X =1 (1), Br (2 and 4)
and Cl (3)], perchlorate anions, and acetonitrile (1 and 2) or
ethyl acetate (3) crystallisation solvent molecules. However,

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Perspective views of the crystallographically independent mononuclear cobalt(i) units of 1-4 (a—d) with the atom numbering scheme of the
coordination sphere at the cobalt atom. The ligand backbones are drawn in grey and black colours for clarity whereas the pink and green cobalt

atoms correspond to the LS and HS configuration, respectively.

while 3 embodies a single crystallographically independent
cationic complex, two coexist in 1 and 2 and even three in 4
(Fig. 1 and 2).

Molecular structures. All cobalt atoms in the four compounds
exhibit the same rhombically distorted, axial compressed
octahedral CoNg environment (Fig. 1 and S27), as reported
earlier for the parent complex of formula [Co"(PhPDI),]
(Cl04),-CH;0H.”® The significant deviations from the ideal C,,
molecular symmetry in 3 and 4 are most likely due to the occur-
rence of a weak intramolecular face-to-face n-n stacking inter-
action between the central pyridyl and terminal phenyl rings
from the ligands (Fig. 1c and d), as evidenced by the intra-
molecular distance between the centroids of both rings (%) and
the dihedral angle (0) between their mean planes (see
Table S2t). In the coordination sphere, imine-nitrogen atoms
(Nim and N';,,) from each n-XPhPDI ligand define the equatorial
plane, while pyridyl-nitrogen atoms (Np, and N',,) occupy the
axial positions. Co-N bond lengths are grouped into two shorter
Co-Np,, and Co-N'p, [average R; = 1.905 (1), 1.888 (2), 2.028 (3),
and 1.922 and 2.024 A (4)], two intermediate Co-Nj,,, [average R,
=2.070 (1), 2.065 (2), 2.185 (3), and 2.050 and 2.205 A (4)], and
two longer Co-N';,,, bonds [average R; = 2.168 A (1), 2.159 (2),
2.228 (3), and 2.200 and 2.214 A (4)] (see Table 1). The average
values of the axial bond lengths (R,y) are rather shorter than the
equatorial ones [average values: Req = (R, + R;)/2 = 2.117 (1),
2.112 (2), 2.207 (3), and 2.125 and 2.210 A (4)] (see Table 1).

This journal is © The Royal Society of Chemistry 2024

Due to some asymmetry observed in these compounds,
these bond distances are difficult to assign to a specific spin
state when viewed individually. Nevertheless, the mean values
[R = (2Req + Rax)/3 = 2.047 (1), 2.037 (2), and 2.147 A (3)] are
typical for LS Co™ complexes in 1 and 2, but HS in 3. However,
both LS and HS Co" complexes coexist in 4 in a 2: 1 ratio [R =
2.057 (Co1/Co2) and 2.148 A (Co3)]. The stronger electron-with-
drawing character of the p-chloro substituent (3) compared to
the p-iodo- and p-bromo ones (1 and 2) should provide a
weaker ligand field, explained by the HS t,,’e,” electronic con-
figuration in 3. Since the d orbitals mainly participate in anti-
bonding molecular orbitals and the e, ones have their electron
density better directed to the bond regions than the t,, ones,
the greater occupation of the former in the HS state (3) is
responsible for its Co-N bond lengthening. However, the elec-
tronic effects induced in 4 by the weaker inductive character of
the bromine substituent are partially compensated by its meta
placement in the phenyl ring. Nevertheless, it is well known
that the network, including the crystal packing, plays a relevant
role in stabilising a particular electronic configuration of a SCO
system, which is probably the case here where there are Br---Br
strong intermolecular contacts. This circumstance is probably
why the HS and LS configurations occur together in 4.

Crystal structures. Moderate and weak intermolecular face-
to-face n-= stacking interactions occur in the crystal lattices of
1-4 between the halophenyl rings (only three of the four ones

Dalton Trans., 2024, 53, 5507-5520 | 5511
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Fig. 2 Projection views of the crystal packing of 1-4 showing the supramolecular 3D network in 1 and 2 (a and b), 2D array of n—xn stacked
hexagonal grids in 3 (c) and 1D array of n-connected chains in 4 (d) through n—= stacking (dashed lines) and X:--X contacts (brown and orange
solid lines) among the mononuclear units [Symmetry operation: (i) = —x + 1, -y + 1, —z+1(1and 2); () =x,y -1,z (3); () =1+ x,y, z (4); (i) =1 + x,

¥,z (3).

in 3) from neighbouring crystallographically independent
[Co"(n-XPhPDI),]** units, as shown in Fig. 2. The presence of
these contacts, together with edge-to-face n—x interactions in 3,
lead to supramolecular dimers (1 and 2), hexagonal grid (3),
and double-connected chains of complex cations (4).

The springing up of intermolecular halogen-halogen inter-
actions between neighbouring [Co"(n-XPhPDI),]** units also
contribute to stabilising the crystal packing of 1, 2, and 4
(Fig. 2 and S3t), but they are not present in 3 or in the HS
cobalt(n) units of 4. The interhalogen distances [I---I =
3.858-3.964 A (1), Br---Br = 3.624-3.680 A (2), and Br---Br =
3.072-3.492 A (4)] are slightly shorter than the sum of the van
der Waals radii (I---I < 4.0 A and Br---Br < 3.7 A). Both inter-
molecular interactions in 1 and 2 lead to a supramolecular
three-dimensional array along the crystallographic a axis
(Fig. S3 and S4ft), the holes being filled by perchlorate anions
and acetonitrile molecules. In contrast, this situation in 4 pro-
motes n-linked supramolecular chains of cationic mono-
nuclear cobalt(u) complexes rather well-isolated from each by
perchlorate anions placed into the interchain space (Fig. S67).
Mononuclear cobalt(n) complex cations and perchlorate
anions in 3 are arranged to build a segregated layer array

5512 | Dalton Trans., 2024, 53, 5507-5520

(Fig. S51), where ethyl acetate molecules occupy the interlayer
space establishing weak intermolecular van der Waals contacts
with complex cations.

EPR spectra and theoretical calculations

Q-Band EPR spectra of crushed crystals of 1-4 at 4.0 K are in
Fig. 3. All spectra show a strong predominant signal around g
=2.0 (12 000 G), typical for LS cobalt(un) complexes, split in two
by the high distortion (axial and rhombic) imposed by
n-XPhPDI ligands. However, two low-field signals, whose pat-
terns are characteristic of HS cobalt(u) octahedral complexes,
are also recorded for 3 and 4.°” The presence of additional LS
signatures in 3 indicates a small residual fraction of the LS
phase, not inferred from crystallography and the less sensitive
magnetometry techniques (see discussion below).

EPR spectra of 1-4 were simulated jointly for the LS and HS
fractions. LS contributions were satisfactorily simulated con-
sidering a highly axial (g, = g, # g;) for 3 and a rhombic octa-
hedron (g, # g, # g-) for the rest. Table S3 summarises the g
values used in these simulations.

Based on the crystal structure, 4 is the only compound in
which HS and LS configurations patently coexist. Its low-field

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Experimental Q-band EPR spectra of 1-4 (a—d) in the solid state
at 4.0 K (black solid lines). X-band spectrum of 3 appears as inset. Red
and blue solid lines are the simulated curves for Se¢s = 1/2 and aniso-
tropic S = 3/2 approaches (see text). The asterisks indicate the signals
from the HS fraction.

EPR signals (gesr = [2.39, 3.47, 6.42]), marked with an asterisk
in Fig. 3d, can only correspond to the ground Kramers doublet
of the HS fraction. These values are typical of an easy-plane zfs
(D > 0), the most common situation in octahedral cobalt(u)
complexes, and agree with those found by ab initio CASSCF/
NEVPT?2 calculations (g, = 3.25, g, = 7.21 and g, = 2.06). A sub-
sequent analysis considering a zfs on the quartet ground state
(g« = 247, g, = 2.77, g, = 2.13, D > 0, and E/D = 0.11) and
ab initio calculations (D = +92.6 cm™" and E/D = 0.207) confirm
the easy-plane zfs and a moderate rhombicity. While there is
reasonable agreement between theoretical and experimental
results, it is important to note that the theoretical predictions
should be considered semiquantitative at best, as indicated by
an abnormal g; value (1.91) and a large mixing of the spin
components into the ground Kramers doublet, suggesting that
the three spin states comprising the *T; term in an ideal octa-
hedral symmetry are nearly degenerate (0, 512, and 623 cm™").
As a result, second-order perturbation theory may encounter
challenges in its applicability.”®

However, among the four compounds, the only one exhi-
biting a HS configuration down to 2.0 K is 3, which shows
a split signal at low fields (H < 4000 G), also occurring in
the X-band spectrum. The g; values for the two components
of this signal are strongly dependent on the microwave fre-
quency band but not their centre of gravity, which is indica-
tive of an effect of the field-modulation amplitude, being
this midpoint that provides the real g value. This signal at
g, = 7.8 is conclusive evidence of an easy-axis zfs (D <
0).°>' In such a situation, the two remaining ges com-
ponents must take low values, enough so that they cannot
be observed by Q-band EPR spectroscopy, but it does in
X-band. Thus, the X-band spectrum shows an asymmetric
signal at fields higher than those for the residual LS frac-

This journal is © The Royal Society of Chemistry 2024
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tion, a consequence of the proximity between the signals at
gx = 1.43 and g, = 1.54. According to that, the analysis of
the X-band spectrum considering a zfs on a quartet spin
state provided the following results: g, = 2.25, g, = 2.05, g, =
2.78, D < 0, and E/D = 0.25, which are in agreement with
the previous discussion and those found from ab initio cal-
culations (geg = [1.19, 1.39, 8.56] or g3, = [1.95, 2.15, 3.04],
D =-92.1 cm™, and E/D = 0.196).

In conclusion, EPR spectroscopy allows determining the
spin state and also the presence of the minor molecules
undergoing a spin transition or the opposite. Supported by
theoretical calculations, this spectroscopic technique has
shown that this family of compounds, with unusual mole-
cular geometries, can show both easy-axis and easy-plane
anisotropies on the HS configurations. These electronic
changes in a highly distorted geometry must occur by subtle
geometric modifications imposed by the packing in the
crystal network arising from the observation or not of a
spin transition phenomenon.

Magnetic properties and theoretical calculations

The spin crossover and spin dynamics for this unique family of
mononuclear cobalt(u)-n-XPhPDI complexes with electron-with-
drawing substituents at the terminal phenyl rings were investi-
gated through static (dc) and dynamic (ac) magnetic measure-
ments in the temperature ranges 2.0-300 and 2.0-10.0 K,
respectively.

Static magnetic behaviour. The dc magnetic properties of
1-4 in the form of the y\T vs. T and M vs. H/T plots (yp and M
being the molar dc magnetic susceptibility and magnetisation
per mononuclear unit, T the absolute temperature, and H the
applied magnetic field) are shown in Fig. 4 and S7.}

The yT versus T plots for 1-4 reveal a behaviour depen-
dence on the electron-withdrawing character of the substitu-
ents and their meta or para location (Fig. 4a). At 300 K, y\T for
3 is 2.68 cm® mol™" K, a value expected for a HS cobalt(m) ion
with an unquenched orbital momentum contribution
(2.70 ecm® mol™ K with g¢, = 2.4). However, the y\T values at
room temperature for 1, 2, and 4 (2.15, 1.33, and 1.98 cm®
mol " K, respectively) are much smaller. For 3, the smooth but
gradual decrease in yyT on cooling to 1.85 cm® mol™ K at
2.0 K reveals the occurrence of a significant zfs coming from
the first-order SOC typical of an octahedral HS cobalt(u)

X, T (em*K mol)
M (NB)

. L L L L 0 L L L L f
o s0 100 150 200 250 300 o 10 20 30
T(K) H, (kOe)

Fig. 4 (a) Temperature dependence of yuT and (b) field dependence of
Mat 20K for 1 (m), 2 (@), 3 (@), and 4 (®). The solid lines are only eye
guides.
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complex (“T1g term with S¢, = 3/2 and L¢, = 1). Upon cooling, a
complete spin transition (with no hysteresis) occurs for 1 and
2, as reported earlier for the related complex with the electron-
donating p-methoxy-substituted PDI ligand.”® This fact is
revealed by the gradual decrease of y\T to reach a sort of
plateau [ca. 50 (1) and 150 K (2)]. The yuT value of 0.45 cm?
mol " K at 2.0 K for 1 and 2 is expected for an LS cobalt(u) ion
[emT = (NB*2co’13kp)Sco(Sco + 1) = 0.45 cm® mol ™" K with S¢, =
1/2 and gc, = 2.2]. In contrast, compound 4 exhibits a gradual
and incomplete spin transition in agreement with the coexis-
tence of the LS and HS signature signals observed in the EPR
spectra, as reported earlier for the parent unsubstituted
complex.”” Even though the spin assignment for 4 is challen-
ging, the y\T value of 0.92 cm® mol™ K at 2.0 K agrees with
that estimated for one HS and two LS cobalt(u) ions inferred
from its single-crystal X-ray structure.

The M versus H plots at 2.0 K for 1-4 further conform to the
aforementioned interpretation (Fig. 4b). So, the value of M at
50 kOe for 1 and 2 is 1.00Np, being then close to the calculated
one for the saturation magnetisation of a doublet spin state of
an LS cobalt(u) ion (M = gooScoNS = 1.10Nf with S¢, = 1/2 and
Zco = 2.2). Besides, for an LS octahedral cobalt(i1) complex with
Sco = 1/2 on which a magnetic anisotropy does not cause any
splitting, the isothermal magnetisation curves should super-
impose if they are magnetically isolated, as practically occurs
for 1 and 2 in the temperature range from 2.0 to 10.0 K
(Fig. S7a and bf¥). In contrast, M at 50 kOe for 3 is 2.06Np, a
value which agrees with the calculated one for the saturation
magnetisation for an effective doublet spin state of an HS
cobalt(n) ion (M = gcoScoNS = 2.10Nf with S, = Segr = 1/2 and
gco = 4.2). In this case, the ground +3/2 and excited +1/
2 Kramers doublets for D < 0, or vice versa for D > 0, are well-
separated due to the sizeable zfs effects operating on the
quartet ground state, recording only the magnetisation for the
ground Kramers doublet. On the other hand, the value of M
equal to 1.45Np for 4 at 50 kOe is close to that estimated for
the saturation magnetisation corresponding to one HS and
two LS cobalt(u) ions [M; = (2.10 + 2 x 1.10)/3 = 1.43Nf]. In con-
trast, isothermal magnetisation curves of 3 and 4 do not super-
impose below 10.0 K (Fig. S7c and df), supporting the occur-
rence of substantial zfs effects resulting from the significant
SOC acting on their HS cobalt(n) ions. Unfortunately, all the
attempts to fit the yyT'vs. T and M vs. H/T data of 3 taking into
account either a first-order spin-orbit coupling or a dominant
zfs were unsuccessful, a consequence of the presence of a
residual LS phase, evidenced in the EPR study (see below).

Dynamic magnetic behaviour. Ac magnetic properties of 1-4
were studied in the absence and under applied dc magnetic
fields (Hgqc) of 1.0 and 2.5 kOe. The in-phase (y'y) and out-of-
phase (y"y) ac molar magnetic susceptibility show frequency
dependence under a Hy. (Fig. S8-S117). However, they show
neither frequency dependence of y'y; nor a y"y; signal (data not
shown) in the absence of a Hg., more likely because of a fast
quantum tunneling of magnetisation (QTM). Although QTM
can avoid a slow magnetic relaxation, it becomes less efficient
when applying a Hy,, as in 1-4. This particular field-dependent
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behaviour, typical of mononuclear SMMs known as field-
induced SMMs, must exhibit an energy barrier governing the
spin reversal arising from a easy-axis zfs (D < 0). However, this
argument does not apply for LS or easy-plane HS electronic
configurations in cobalt(i) complexes since both procure
ground +1/2 Kramers doublets that make a fast spin-reversal
possible eluding other excited ones. Such a process is known
as intra-Kramer (IK) relaxation.

Direct and IK processes may seem to be the same, but they
are not. Direct relaxation can be applied to easy-axis non-
Kramer or any Kramer ions, while the IK mechanism only
works on easy-plane Kramer or S = 1/2 ions. Therefore, the IK
contribution in our systems is related to a passage between the
Zeeman-split components mg = +1/2 of the LS Co" ion (S = 1/2)
or the easy-plane HS Co" ion (S = 3/2). Interestingly, both
mechanisms are temperature-independent only without an
external magnetic field. However, under a Hg., the thermal
dependence differs since an IK process should follow an
Arrhenius law with a minimal energy barrier corresponding to
the Zeeman-splitting of the ground Kramer doublet, which
makes this relaxation appear temperature-independent with
most common working magnetic fields.

This series of compounds reveals that the HS and LS con-
figurations behave differently, the blocking temperature being
higher for the former and intermediate for 4 (Fig. S11}), which
contains both in a 2:1 LS/HS ratio below 150 K (see above). In
this case, the presence of HS Co" ions would affect the mag-
netic relaxation of the adjacent LS Co™ ions, and vice versa.

Similarly, while the blocking temperature strongly depends
on Hy, for the LS configuration, it is entirely invariant for the
HS one (Fig. S10t). These characteristics suggest that the
mechanisms of magnetic relaxation or how they operate will
be different in the two spin configurations, and they are prob-
ably strongly linked to electronic aspects such as the mixing of
M; functions by the rhombic parameter of zfs, nature of the
occupied 3d orbitals, spin delocalisation on the ligands, or
low-energy molecular vibrational modes. Additionally, new
signals displayed as incipient or a shoulder appear in the y"y
vs. T curves, mainly in 3 and under the Hy. of 2.5 kOe, allowing
to discern higher (HT) and lower (LT) temperature magnetic
relaxation processes.

The best way to calculate the magnetic relaxation time (z) is
the joint analysis of the y'y; and y"y vs. v data (Fig. 5 and 6)
through the generalised Debye model, which also takes into
account the static and infinite frequency magnetic suscepti-
bility (vs and yr), and the exponential factor that describes the
spectral breadth (), as additional fitting parameters."**

Two types of graphic representations are recommended
according to the nature of the relaxation mechanisms involved.
For thermally activated two-phonon Orbach-type relaxations
[tors ~ = 7o ' exp(—Uex/T)], an Arrhenius plot is preferable
since they show a linear dependence where the slope directly
estimates the energy barrier (U.) controlling the spin reversal.
However, a Inz vs. In T plot showing linear dependencies of
slope n is more appropriate for one-phonon direct or two-
phonons Raman-like mechanisms (7" « 7). When n takes

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Frequency dependence of 'y (left) and y"m (right) for 1 (a), 2 (b),
3 (c), and 4 (d) at a + 5.0 G oscillating field in the temperature range
2.0-10 K under an applied static magnetic field of 1.0 kOe. The solid
lines are the best-fit curves simulated by using the generalised Debye
model (see text).

values close to 2 or 8, optical or acoustic phonon-assisted
Raman mechanisms dispense the fastest spin reversal.'®?
Instead, a direct mechanism plays the main role for n values
close to unity. Nevertheless, both representations are helpful
for temperature-independent relaxations, such as QTM or IK.
That being so, Inz vs. In T (Fig. 7) and In z vs. 1/T Arrhenius
plots (Fig. S141) were drawn for 1-4 at Hy. = 0.5-5.0 kOe. In all
cases, there is a deviation from a linear dependence,
suggesting that several relaxations coexist and compete. In the
Arrhenius plots, it is not easy to distinguish straight lines,
indicating that one of the mechanisms utterly prevails, which
is not surprising for LS 1 and 2 since a S = 1/2 spin state
cannot present an energy barrier for the spin reversal.
However, the energy barrier so evaluated has sometimes been
related to the energy required to reach low-lying vibrational
modes that make the spin reversal easier and faster. A similar
case would be that for an easy-plane HS cobalt(i) complex (D >
0), as in the HS site of 4, where the |+1/2) ground Kramers
doublet allows fast relaxation, at least in the absence of a Hy,

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Frequency dependence of y'u (left) and x"m (right) for 1 (a), 2 (b),
3 (c), and 4 (d) at a + 5.0 G oscillating field in the temperature range of
2.0-10 K under an applied static magnetic field of 2.5 kOe. The solid
lines are the best-fit curves simulated by using the generalised Debye
model (see text).

1 | i 1 L |
1 15 2
InT

Fig. 7 Inzvs. InT plot for the calculated magnetic relaxation times (z)
of 1 (purple), 2 (pink), 3 (green), and 4 (blue) under applied dc magnetic
fields of 1.0 (O) and 2.5 kOe (®). Dashed and solid lines are the best-fit
curves (see text). Vertical error bars denote the standard deviation.
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being required a Hy. to observe slow magnetic relaxation
effects.'®® However, 3, exhibiting a easy-axis zfs (D < 0), should
be a different case where an energy barrier exists. Therefore,
both representations were analysed for the four compounds.
In general, a relatively high energy barrier acts at high temp-
eratures and a significantly lower one at low temperatures. The
values of this second energy barrier are too low to be related to
vibrational modes and are probably a consequence of the mag-
netic effect on a fast IK relaxation or even competing direct or
Raman mechanisms. Similarly, the energy barriers found for 3
are quite lower than that provided by the zfs. So, the fastest
relaxation mechanisms must be of a different nature and prob-
ably, once again, Raman or direct type.

As with the Arrhenius plots, the In 7 vs. In T plots for 1-4 do
not usually show regions with linear dependencies. However,
for 2 under a 2.5 kOe magnetic field, these features are
observed at high and low temperatures. The derived n values
show that Raman mechanisms assisted by optical and acoustic
phonons govern the relaxation of the magnetisation at low and
high temperatures, respectively. Although linear dependencies
are not observed clearly under other magnetic fields or com-
pounds, there is no reason to think that this does not occur in
all of them, particularly in those that also exhibit a LS con-
figuration. In this sense, these cases are usually described with
n values intermediate between those corresponding to optical
and acoustic phonons. However, good simulations are also
found with values closer to what might be expected. Therefore,
obtaining accurate values for n requires an extensive data
range, which is not always possible, and a meticulous analysis
of the experimental data to get the relaxation times. Besides, it
is also essential to avoid, without physical evidence, using an
oversised set of relaxation mechanisms, which will lead to
additional overparameterisation problems. Considering these
conclusions, we tried to carry out a similar analysis in all
cases. Furthermore, a dominant temperature-independent
relaxation becomes apparent under specific magnetic fields.
For a LS electronic configuration, this new process can only be
assigned to an IK relaxation, a direct and enabled interchange
between the two M, components of ground doublet (|+1/2) <
|-1/2)). The difficulties in achieving accurate relaxation times
and subsequent analysis can make it challenging to establish
general conclusions, but qualitative scrutiny of the Inzvs. In T
and Arrhenius plots is often more informative.
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It is worth noting that the temperature-independent relax-
ation in 3, due to an energy barrier arising from a negative D,
is instead governed by a QTM mechanism. Thus, the relaxation
times corresponding to this process prevailing at lower temp-
eratures are greater for the QTM mechanism (3) than for the
IK one (1, 2, and 4), consistent with its lower probability and
wavefunctions mixing between the components of the ground
Kramers doublet (Table 2). As the rhombicity of the zfs tensor
(E/D) increases, so does this probability, and the QTM process
becomes faster. Similarly, as expected, the relaxation rate for
IK and QTM processes decreases as the magnetic field
increases and, therefore, the splitting of the Kramers doublet.

However, the two spin configurations coexist in 4, the
majority being the LS form (2/3). Thus, the relaxation time for
the temperature-independent process is expected to be closer
to those observed for 1 and 2. A slower IK is still presumed for
the HS portion even though it exhibits a |+1/2) ground
Kramers doublet, as does the LS form. However, this Kramers
doublet arises from an S = 3/2 and not an S = 1/2 state, or
what is the same from an HS and not an LS form; so, this con-
clusion is not surprising, being also confirmed by the way it
depends on Hjy., which is more like 3. However, what is the
cause behind it?

An isolated electron, ie., a single |+1/2) Kramers doublet,
in the absence of an external magnetic field or even being
moderate, must show a swift spin reversal with an oscillating
field. This same doublet arising from an unpaired electron in
a metal complex cannot be described as that of an isolated
electron since its spin density is delocalised on the ligands.
Moreover, the local spin densities caused by a spin delocalisa-
tion mechanism polarise spin densities into neighbouring
atoms and even, together with the participation of magnetic
orbitals in the metal centre, into some internal orbitals of the
own metal ion."® In such a situation, reversing the spin
density laying on the paramagnetic centre entails opposing
spin densities in inner layers and also on neighbouring atoms
becomes a more difficult task that requires a reversal of the
overall density on the complex at once, leading to a significant
slowdown in the spin reversal. On the other hand, the spin
delocalisation in the HS configuration on cobalt(u) complexes
is larger than in the LS form since the former one shows a
larger occupation of the e, orbitals and therefore, a less loca-
lised spin density,"** as confirmed by DFT calculations (Fig. 8

Table 2 Selected parameters from the least-squares fit of the ac magnetic data of 1-47

Hgc (kOe) 7 ” (x107° 5) C1°(sT'K™) n ¢ C,° (s K™ n,°
1 1.0 — 1480 £ 50 1.98 £ 0.03 1.13 £0.09 5.6 +0.4
2.5 1.1+0.4 23+2 2.4+1.0 3.73 £ 0.03 4.69 + 0.07
2 1.0 0.32 £0.23 900 = 600 2.5+0.4 1.3+0.3 5.7+0.8
2.5 1.10 = 0.07 58+9 1.92 £ 0.10 1.15+0.03 5.26 = 0.09
3 1.0 1.39 £ 0.06 25+5 2.5+0.6 1.43 £0.19 5.16 £ 0.06
2.5 24+04 100 = 20 2.20 + 0.15 1.000 + 0.016 5.30 £ 0.05
4 1.0 — 2340 = 80 1.91 £ 0.03 0.10 £ 0.03 7.33+£0.13
2.5 0.59 = 0.09 1050 £ 60 1.95 £ 0.15 81+1.3 5.04 £ 0.07

“The fits correspond to double or triple relaxation models. ? Coefficient factor for the temperature-independent IK process (z~* = IK). ° Coefficient

and polynomial factor for the Raman process (7~ = CT").
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(a) Hs

Fig. 8 Spin density maps for the optimised geometries on HS (a) and LS
(b) configurations of the cobalt(i) complex in 3. Isosurfaces are shown
setting cut-off at 0.0002 e bohr~>. Colour code: dark blue, cobalt; light
blue, nitrogen; brown, carbon; green, chlorine; pink, hydrogen. Positive
and negative spin densities are displayed in yellow and blue colours.

and Table S41). Hence, the relaxation of the magnetisation in
a HS configuration is likely slower, as it is observed. Besides, a
distinct o- or m-type polarisation contribution in the pyridine-
diimine fragment is observed for the LS and HS configuration,
which agrees with the different nature of the magnetic orbitals
involved in each case.

How the magnetic field affects the particular dynamic mag-
netic behaviour of HS and LS forms is not apparent and
requires a more detailed study. However, it can be argued that
the most significant influence at lower temperatures observed
in the LS form may be due solely to the fact that such an effect
has already “saturated” under smaller magnetic fields since the
Zeeman splitting is larger on a § = 3/2 than on a § = 1/2 state. In
contrast, the dynamic behaviour tends to become invariant with
Hjy, for both HS and LS forms in the high-temperature region
since a Raman mechanism governs the spin reversal
relaxation,®®®””® which involves virtual states associated with a
spin-phonon coupling or low-energy vibrations for the complex
or network and they are therefore not affected by Hye.

Conclusions

A novel series of mononuclear spin crossover cobalt(u) com-
pounds with a field-induced single-molecule magnet behav-
iour has been prepared through ligand design from a series of
N,N'-diphenyl-substituted pyridine-2,6-diimine (7-XPhPDI) tri-
dentate ligands bearing electron-withdrawing iodo, bromo, or
chloro substituents at the para or meta positions of the term-
inal N-substituted phenyl rings.

This series of compounds exhibits from complete and
gradual, thermally-induced spin transition to its absence,
including partial transitions. No direct correlation of the SCO
phenomenology with the electron acceptor nature of the
ligand substituents is observed along this series. Otherwise,
the role played by the crystal lattice through its organisation
assisted by covalent bonds or intermolecular interactions in
the SCO phenomenon must be highlighted. Then, the effects
of the intermolecular halogen---halogen contacts seem to be
responsible for the distinct SCO behaviour. Thus, weak X---X
interactions only concerns the LS cobalt(u) units.

This journal is © The Royal Society of Chemistry 2024
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These cobalt(u)-n-XPhPDI complexes show different spin
relaxation dynamics under a de¢ magnetic field with slower-
(SR) and faster-relaxing (FR) characters depending on the mag-
nitude of the applied dc magnetic field or their LS and HS
nature. This disparate field-induced SMM behaviour is domi-
nated by IK or QTM plus Raman processes at low- and high-
temperature regions. The observed Raman mechanisms are
assisted by both optical and acoustic phonons, involving
virtual states that can be ascribed to low-energy vibrational
modes. The presence of two-phonon Raman processes at
higher temperatures was confirmed by its weak or null depen-
dence on the dc magnetic field; however, at least for the LS
configuration, the strong magnetic field influence suggests
that IK, QTM, or even direct mechanisms govern the spin
reversal at lower temperatures. Our results and theoretical
studies support that the larger spin delocalisation in the HS
configuration slows down the magnetic relaxation.
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