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Engineering first-order spin—orbit coupling in a
pentagonal bipyramidal Fe(i1) complex and
subsequent SMM behaviorf

Kateryna Bretosh, (2 2 Virginie Béreau, {2 ®® Flaurent Heully-Alary,® Nicolas Suaud,*©
Carine Duhayon,® Elen Duverger-Nédellec,%® Nathalie Guihéry*© and
Jean-Pascal Sutter (2 *@

Pentagonal bipyramidal (PBP) complexes with a first-order spin—orbit coupling contribution can be
readily obtained, mainly through chemical design optimization ensuring minimum structural distortion
and a more symmetrical ligand field. This conclusion follows from the investigation of a series of five Fe(i)
complexes: [FeLN3(H,O)CIICL-4.5H,0, 1; [FeLN°Cly]-:3H,0, 2; [Fel™®Br.), 3; [Fel™®l,, 4; and
[Feo 12ZNn0 8sLN?11], 5 (LN® stands for the pentadentate macrocyclic ligand formed by the condensation of
2,6-diacetylpyridine and 2,9-di(a-methylhydrazino)-1,10-phenanthroline). Theoretical calculations
revealed quasi-degeneracy of the d,, and d,, orbitals for the complexes with halide ligands at the apical
positions (AE = 91, 134, and 142 cm™, respectively, for 2—4). This small energy gap leads to SO states
with very strong mixing of the ground and first excited quintet states. Therefore, the ZFS Hamiltonian is
not suitable for modelling the magnetic properties of complexes 2—5. This does not apply for 1 with AE =
412 cm™. The recorded magnetic behaviors indicated strong magnetic anisotropy; for 1 D = =24 cm™*
was obtained. The Br and | derivatives were found to behave as SMMs (with a U/kg of about 90 K), the
latter even in the absence of a static field.
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Introduction

The paradigm of single-molecule and single-chain magnets
(i.e. SMM and SCM)"“? has triggered efforts to achieve large
magnetic anisotropy in molecular compounds.®*™® One way of
achieving this is to be close to the first-order spin-orbit
regime. However, while the orbital angular momentum, L,
plays a dominant role in lanthanide ions, it is generally
quenched by the ligand field in transition metal ions.”*° In 3d
ion complexes, the coordination sphere leads to an energy dis-
tribution of the d orbitals with differences of a few hundreds

“Univ. Bordeaux, CNRS, Bordeaux INP, ICMCB, UMR 5026, F-33600 Pessac, France
tElectronic supplementary information (ESI) available: Additional experimental
information; crystal structure solution for 2, crystallographic information,
related plots, and bond lengths and angles for all the compounds, PXRD,
Mossbauer spectra, EDX analysis of 5, additional magnetic behaviors, and data
from theoretical calculations. CCDC 2352840-2352845. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d4qi03255a
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to a few thousands cm™' between them. The magnetic an-
isotropy exhibited by the metal center stems from the inter-
action between the fundamental and excited levels resulting
from the promotion of an electron to a higher-energy orbital, a
process known as second-order spin-orbit coupling (SOC).
This magnetic anisotropy is described by the zero-field split-
ting (ZFS) model,"* and quantified by the axial parameter, D,
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and the rhombic term, E. The sign of D, which is positive for
in-plane anisotropy and negative for axial anisotropy, is regu-
lated by the coordination polyhedron and the electronic con-
figuration of the metal center,'” and its strength is inversely
proportional to the energy difference of the ground and
excited states. However, under certain conditions, the splitting
of the orbital levels can lead to quasi-degenerate orbitals
giving rise to a certain amount of first-order spin-orbit contri-
bution. This results in much larger anisotropy and, in the case
of an axial-symmetry ligand field, axial (i.e. Ising-type) an-
isotropy is observed. The use of low coordination number com-
plexes is an effective approach to generate first-order SOC.
This has been illustrated for Fe derivatives with two-coordinate
linear™® or trigonal-pyramid'”"® coordination spheres, most
exhibiting slow relaxation of magnetization (i.e. SMM behav-
ior). Similar results have been reported for Co(m)'**° and Ni(1/
u)*>'"2® derivatives. However, the slightest deformation of the
coordination sphere or the symmetry of the ligand field leads
to an increase in the energy difference between the d orbitals
of the metal ion and lifts the quasi-degeneracy of the spin-
orbit free states, resulting in the suppression of first-order
SOC'15,24726

While the contribution of the first-order SOC is clearly
essential for enhancing the magnetic anisotropy in 3d ions,
achieving this objective by chemical design remains highly
challenging. And this becomes even more difficult if such com-
plexes are to form the building blocks of polynuclear systems
such as SCMs; a crucial requirement will be that the suitable
geometry of the coordination polyhedron is structurally robust.

Energy diagrams with degenerate orbitals are also observed
for geometries with higher coordination numbers."* This is the
case for heptacoordinated species with pentagonal bipyramidal
(PBP) arrangements for which two sets of two orbitals with the
same energy levels are expected in the ideal geometry
(Scheme 1). In real compounds, structural distortions and low
symmetry of the ligand field lead to the lifting of degeneracies
of the energy levels of these orbitals (from a few hundreds to
thousands cm™"). However, a significant ZFS effect has been
demonstrated for such complexes, with D parameters of the
order of 30 cm™" for Co(u) to —30 cm™"* for Fe(u) and Ni(u).””
For a given metal ion, the value of D depends on the actual
energy difference between these orbitals.”® For instance, in Fe
(u) derivatives, the main contribution to the negative D value
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Scheme 1 Relative energy diagram of the d orbitals in an ideal penta-
gonal bipyramidal geometry (Dsy), the electron filling is for high-spin Fe
(1), and sketch of the molecular complexes 1-5.
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arises from the transfer of an electron between d,; and d,, orbi-
tals; therefore their energy separation significantly affects the
overall value of D. Theoretical calculations have revealed that D
will not exceed —10 cm™' for an energy difference above
400 cm™*, but that D value may reach —20 to —30 ecm™* when
the energy difference is reduced to about 200 em™*.>*> The
same applies to Ni(n) in PBP coordination, but for the d® con-
figuration it is the d,, and d,._,. orbitals that are relevant.”®
Thus, to achieve large magnetic anisotropy, it is essential to
minimize the energy gap between d orbitals. The optimum
situation would be to achieve quasi-degeneracy, which would
de facto induce a substantial contribution from first-order SOC.

We show here that PBP complexes with a first-order SOC
contribution can be readily obtained, mainly through chemical
design optimization ensuring minimum structural distortion
and a more symmetrical ligand field.

The PBP coordination polyhedron is typically induced by a
pentadentate ligand, which occupies the equatorial positions
of the complex and confers remarkable structural robustness.
The phenanthroline-based macrocyclic ligand L™® (Scheme 1)
gained our preference because it is planar, obviously stiff, and
symmetrical with five coordinating sp>N atoms. A suitable
metal ion is Fe(n). Its high-spin d® electronic configuration in
the PBP geometry leads to three electrons occupying the two
d,; and d,, orbitals. As these orbitals are ideally degenerate
and are linear combinations of m; = +1 spherical harmonics,
1°* order SOC can take place. However, to maintain the (quasi-)
degeneracy of these orbitals, the apical ligands of the complex
must have the same interaction with each of these orbitals,
and any dissymmetry would induce an energy difference
between them.> Halides (CI~, Br™, and I") seemed best suited
for this purpose. The corresponding complexes are reported
here. Theoretical calculations revealed quasi-degeneracy of the
d,, and d,, orbitals (AE < 200 cm™") for all those with halide
ligands in the apical positions. Their magnetic behavior indi-
cated strong magnetic anisotropy, and the bromide and iodide
derivatives were found to behave as SMMs, the latter even in
the absence of a static field.

Results and discussion
Syntheses

The PBP  complexes [FeL"’(H,0)Cl|Cl-4.5H,0, 1;
[FeL™°Cl,]-3H,0, 2; [FeL™Br,], 3; [FeL™L], 4; and
[Feo.12Zny gsL""L,], 5, were obtained by adapting a reported pro-
cedure.*® The Fe(n) complex [FeL">(H,0)Cl]Cl-4.5H,0, 1, was
prepared by reacting FeCl,-4H,O0, 2,6-diacetylpyridine, and 2,9-
di(a-methylhydrazino)-1,10-phenanthroline in H,O in the pres-
ence of HCl. When excess NaCl was added to the reaction
mixture, co-crystallization of 1 and [FeL"’Cl,]-5H,0, 2
occurred. However, the complexes [FeL™Br,], 3 and [FeL™"L,],
4 were isolated as single products by the same procedure (i.e.
in the presence of an excess amount of either NaBr or Nal, and
the corresponding HX acid). The reactions were performed
under strictly oxygen-free conditions, although the addition of
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ascorbic acid was required to avoid traces of oxidation. This
was systematically confirmed by Méssbauer spectroscopy (see
below). All the complexes were isolated as crystallized solids
and the same batch was used for the characterization studies.
In order to investigate these Fe complexes diluted in a dia-
magnetic matrix, the corresponding Zn(u) complexes were syn-
thesized to verify structural concordance. Only the iodide
derivative [ZnL""1,] proved isostructural to the Fe homologue.
With Br-, a pentagonal pyramidal complex, [ZnL'’Br]
Br-0.5H,0, with a single axial ligand was obtained (Fig. S67),
and the Cl derivative could not be crystallized. Thus, only
mixed-metal derivative [Feq1,Znggsl™ L], 5, was prepared.
Information on these Zn complexes are provided in the ESI.{

Crystal structures

The crystal structures for all the complexes have been deter-
mined by single-crystal X-ray diffraction analyses; the crystallo-
graphic data are given in Table S1 (ESI).t The metal-ligand
bond lengths and axial bond angles for the first coordination
sphere of 1-4 are gathered in Table 1, and additional infor-
mation can be found in the ESI (Fig. S1-S61).

Complexes 1-4 and [ZnL™I,] are mononuclear and have a
chemical organization similar to known PBP complexes of 3d
metal ions with ligand L°.**7*® The crystal arrangement of 2
was found to be incommensurable and composed of two
superimposed inversed configurations, more information can
be found in the ESL{ For each molecular complex, the M(u)
center is heptacoordinated and sits in a slightly distorted pen-
tagonal bipyramid environment (Fig. 1 and ESIT). The equator-
ial plane is formed by five N atoms from pentadentate ligand
L™, while axial positions are occupied by different donor
groups: H,O and CI™ for 1, CI™ for 2, Br™ for 3, and I" for 4
and [ZnL"1,]. The Fe-N bond distances in the equatorial sites
are found between 2.07 and 2.28 A, the shortest is with the N
of the pyridyl moiety and the longer with the imine groups
(Table 1). These bond distances are very similar to those
reported for [FeL">(H,0),]*".>* The bonds between the metal
center and the halogen atoms in the apical sites are longer,
extending from 2.25 to 2.92 A for CI” to I", in line with the
increasing van der Waals radii of these atoms. The equatorial
coordination arrangement is perfectly planar, the five nitrogen
atoms and the iron atom (as well as Zn in [ZnL""L,]) lie in the
same plane (defined by the 5 N, see Fig. S1-S5t), and only for
1 the Fe atom is very marginally outside the plane by 0.022 A.

View Article Online
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The apical arrangement very slightly deviates from normal to
the equatorial plane, and the X-Fe-X links form an angle of
around 170° (Table 1) in all the complexes. Thus, the coordi-
nation polyhedron of all these complexes is best described by
a pentagonal bipyramidal geometry.

To evaluate the degree of deviation from the ideal PBP geo-
metry, continuous shape measures analysis of the coordi-
nation polyhedron was performed with SHAPE software.**°
The CShM parameter values related to the deviation of the
actual shape from ideal PBP for 1-4 are 0.499, 1.060, 1.326,
and 2.214, respectively. The divergence, which increases from
1 to 4, can be ascribed to the increasing size of the halogen
atoms. Indeed, the distortion of the equatorial plane from the
pentagonal geometry is quite small and similar for all com-
plexes (Table S21). The increasing deviation from the ideal
PBP geometry is therefore mainly due to the lengthening of
the Fe-X,yia) bonds from 1 to 4 (Table 1) due to the larger size
of the halogen atoms which results in an elongated pentagonal
bipyramidal environment.

For [ZnL"*Br]Br, the molecular complex exhibits a pentago-
nal pyramidal coordination sphere with the five N atoms of
L™ bonded to Zn forming the pentagonal base and a co-
ordinated Br located on the apex of the pyramid (Fig. S67).
Zn(n) is located approximately 0.441 A above the basal plane
with N-Zn bond distances ranging from 2.134 A to 2.350 A
(Fig. S61), which are slightly longer than those in [ZnL">L,].
The charge of this cationic complex is compensated by a
bromide anion. Although unusual, the formation of a pentago-
nal pyramidal complex between L™> and a 3d metal ion is not
unprecedented, and it was reported for an Mn(u) derivative
with CI as the apical ligand.*'

For all the compounds the crystal packing shows that the
complexes are stacked in parallel (Fig. S1-S47t). For 1 and 2 the
complexes are organized in layers, with uncoordinated ClI
and/or H,O solvates in between (Fig. S1 and S2t), whereas the
packing is more compact for the solvent-free 3 and 4. The
closest distances between the Fe centers are similar, with
values of 8.352(1) to 8.7229(3) A from 1 to 4. For the Br- and
I-derivatives, some rather close separations between the
halogen atoms and the hydrogen of adjacent complexes,
especially with phenanthroline and pyridyl moieties, become
evident when the van der Waals radii of the halogens are con-
sidered (about 1.85 and 2.0 A, respectively). These weak hydro-
gen bonds (H---X: 2.8062(4)-2.9585(4) A in 3 and 3.0592(2)-

Table 1 Metal-ligand bond lengths (A) and axial bond angles (°) for the first coordination sphere for 1-4

1 2 3 4
Fel-N1 2.1112(2) Fe1-N3 2.13(1) Fe2-N6 2.07(1) Fel-N1 2.128(5) Fel-N1 (2.1053)
Fe1-N2 2.273(2) Fel-N4 2.248(7) Fe2-N5 2.252(9) Fe1-N2 2.304(3) Fe1l-N2 2.280(2)
Fe1l-N7 2.270(2) Fel-N7 2.117(9) Fe2-N2 2.124(9) Fel-N4 2.114(3) Fel-N4 2.123(2)
Fe1-N4 2.137(2) Fel-Cl1 2.575(6) Fe2-Cl1 2.544(2) Fel-Brl 2.7106(5) Fel-T1 2.9231(2)
Fel-N5 2.134(2) Fe1-CI2 2.555(6) Fe2-Cl2 2.591(6) Br-Fe-Br 171.08(4) I-Fe-1 170.556(4)
Fe1-Cl 2.2549(7) Cl-Fe1-Cl 171.5(1) Cl-Fe2-Cl 170.0(1)

Fe1-O1 2.193(2)

Cl-Fe-O 174.26(5)
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Fig. 1 Molecular structures of the Fe complexes 1-4. One of the two independent complexes of 2 is shown; counter ion and lattice solvent mole-

cules are not depicted; * refers to the 1 — x, y, 1,5 — z symmetry operation.

3.1730(2) in 4) are likely to inter-connect all the molecules in
the solid (Fig. S4f) and propagate magnetic interactions
(vide infra).

With the exception of compound 2, the phase concordance
of the bulk samples with the crystal structures was confirmed
by powder X-ray diffraction (Fig. S77).

Maossbauer spectroscopy

>’Fe Mossbauer spectroscopy was carried out to confirm the
oxidation state of the Fe centers and the purity of samples 1, 3,
and 4 for magnetic studies. The spectra recorded at 80 K show
a unique doublet (Fig. S81) with a chemical shift near § =
1.1 mm s ' and a quadrupole splitting of about 4 = 2.1 mm
s~! (Table 2). These characteristics are comparable to those
reported (i.e. 1.1 and 2.74 mm s, respectively) for a homolo-
gous high-spin Fe(u1) complex with H,O as ligands in the apical
positions.** Moreover, Mossbauer data have been reported for
several other Fe(ur) complexes in the PPB surrounding featuring
either a macrocyclic ligand**™** or an open pentadentate
ligand®>®*>™*° in their equatorial coordination sphere. In all
cases the chemical shift is found between 1.0 and 1.2 mm s~ "
while their quadrupole splitting is more versatile as it varies
with the ligands located in the apical positions.*® Interestingly,
Fe(ur) in the same PBP environment exhibits a decrease in the
chemical shift to about § = 0.5 mm s ' with smaller
splitting,®>" which makes it very distinguishable and easy to

This journal is © the Partner Organisations 2025

Table 2 Experimental Mossbauer parameters and magnetic character-
istics for 1, 3-5

1 3 4 5
Médssbauer doublet (80 K)

5 (mms™) 1.10 1.09 1.05 —
A (mms™) 2.12 2.14 2.03 —

Magnetic characteristics

w7 at 300/2 K (em® mol™" K) 3.16/2.21 3.90/2.11 3.27/0.58 —

M (uz) for 50 kOe at 2 K 2.52 2.73 2.14 2.28
Ulks (K) — 89+5 99+8  88+9
7o (5) — 7x107"? 3x107"" 2x107"°

identify in the Mossbauer spectrum of a Fe(u) derivative. The
spectra obtained for 1, 3 and 4 are typical of high spin PBP
Fe(n) complexes with no detectable traces of oxidation products.

Theoretical calculations

Wavefunction based calculations (SO-CAS(6/5)SCF + NEVPT2)
(see the Experimental section for computational information)
have been performed on complexes 1 to 4 followed by the pro-
cedure of anisotropic parameter extraction proposed by
Maurice et al.’ The atom coordinates from the X-ray structures
were considered except for the positions of the H atoms that
were optimized using DFT calculations.

Inorg. Chem. Front., 2025, 12, 3456-3468 | 3459
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(left part) Energy differences (cm™) between the ground state Q; spin—orbit free and the 4 excited quintuplet states (Q, is the 1st excited

one, ...) in complexes 1-4 (the apical ligands is indicated in brackets), obtained at the NEVPT2 level of calculations, and (right part) AILFT 3d MO

energies obtained at the NEVPT2 level of calculations

Complex QZ Q3 Q4 QS dyz dxz dxzfy2 dxy dzz

1 (Cl H,0) 450 6661 7951 9228 0 412 5275 6278 7197
2 (Cl) 92 6804 7756 9060 0 91 5323 6122 7048
3 (Br) 42 5734 7999 8070 134 0 4597 6415 6470
4(D) 37 6314 7962 8739 142 0 5020 6570 7035

The x, y, and z axes are those presented in Fig. S15.F

The NEVPT2 energy differences between the spin-orbit
free quintuplet ground state and the first excited quintuplet
state resulting from d-d transitions are given in Table 3,
together with the energies of the AILFT 3d MOs. It should
be specified that the lowest Q; and Q, states essentially
have a mono-configurational wavefunction with a double
occupancy either in the d,, or the d,, orbital (depending on
the complex).

Atanasov et al.>® have studied a family of trigonal pyramidal
iron(u1) complexes that exhibit very similar spectra to those cal-
culated here with almost degenerate d,, and d,, orbitals. They
proposed a model that accounts for the first-order SOC and
the lift of degeneracy arising from geometrical distortions
from the ideal C; symmetry. A related approach has also been
developed to characterize a Ni(u) complex.>" This model is
applicable to the complexes studied here, for which the ideal
symmetry would contain a Cs; symmetry axis. In the case of
strictly degenerate d,, and d,, orbitals, the ground state is
degenerate and consists of a 1:1 mixture of two quintuplet
states (Q; and Q,) in which either the d,; or the d,, orbital con-
tains a single electron. Distortions of the ideal Cs symmetry
will lead to a lift of the degeneracy (26,) of these orbitals and
to their mixing (8,) so that the ligand field Hamiltonian matrix
can be written as:

dyz dyz
~61 & (1)
( & & )

In the complexes studied here, the states Q; and Q, are
almost mono-configurational, hence the §, parameter is close
to zero. As the d,, and d,, orbitals are linear combinations of
the M; = +1 spherical harmonics, the two spin-orbit free quin-

tuplet states Q; and Q, can only be coupled through the (Is,
part of the spin-orbit Hamiltonian:

75°¢ _ gz (I7s + (s + 17 si7)/2) 2)

where ¢ is the covalently reduced effective spin-orbit
constant.”

SOCs will generate 10 spin-orbit states, which are the eigen-
functions of the spin-orbit and ligand field Hamiltonian, the
representative matrix of which is provided in the ESI
(Table S6%1). In the absence of SOC with the other excited

3460 | /norg. Chem. Front.,, 2025, 12, 3456-3468

states, the analytical expressions of the energy of the SO states
resulting from this first-order SOC would be:

1
E(S04,80,/S0q,504¢) = =+ EWMZ +2
1 5 2 (3)
E(SO3,SO4/SO7,SOS) = i Z 166 + C
E(S05/80¢) = + 6

where § = /5,2 + 5,2.

The ab initio energy of these SO states is given in Table 4 as
well as their wavefunction decomposition on the basis of the
two spin-orbit free quintuplet states Q; and Q,. Of course, the
SOC with other excited states is non-zero and is treated
ab initio, indicating that the reported energies do not strictly
follow these spacings.

In complex 1, the ground state is mainly based on a con-
figuration with a doubly occupied d,, MO (and a single occu-
pation of all other MOs), while Q,, Qs, Q4, and Qs exhibit
double occupancy of the d,,, d,.y, dy, and d,, MOs, respect-
ively. The spectrum presents an energy gap of 450 cm™*
between the ground and first excited states originating from
the energy gap between the d,, and d,, MOs. Therefore, the 5
lowest SO states SO;-SOs are mainly based on the My com-
ponents of Q; (more than 86%) and are low in energy com-
pared to SOs-SO;, that are mainly based on Q, components.
In this case, the anisotropic ZFS spin Hamiltonian applies
(eqn (4)); it is extended with a fourth-order tensor operator rep-
resented by By, as recommended.>®

E[$,>+382]
2
+ By4o[3587* — (308(S + 1) — 25)8,% + 3S(S + 1)(S(S + 1) — 2)]

(4)

Parameters By, D and E, reported in Table 5, have been
extracted for complex 1 using the following formulas which
result from the diagonalization of the Hamiltonian Hyps
matrix (given in Table S77):

Hzrs = D[S;* — S(S+1)/3] +

1
D= —Z[(Ens; —Eny) + (Ensz — Eno)]

(5)

4
Byy = (Eniszno)fg(Enisznil) .

140

In eqn (5), En.,, En,; and En, are the mean energy values
of the SO states essentially carried by the Mg = +2, M = +1, and

This journal is © the Partner Organisations 2025
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Table 4 Energy (cm™) and decomposition of the ground and first excited spin—orbit states on the basis of Q; and Q,

Complex SO, SO, SO; SO, SOs SO¢ SO, SOg SOq SOy
1 Energies 0.0 1.0 34 48 58 507 521 548 601 603
Weights 86/12 87/12 96/3 95/5 98/0 0/96 3/95 5/94 12/87 12/85
2 Energies 0.0 0.0 81 82 141 228 280 320 408 410
Weights 61/39 61/39 71/28 69/31 99/0 0/99 28/71 31/69 39/60 39/60
3 Energies 0.0 0.0 84 86 161 207 275 315 411 411
Weights 55/44 55/44 62/38 59/40 99/0 0/99 37/62 41/59 44/55 44/55
4 Energies 0.0 0.0 87 88 169 208 284 320 421 421
Weights 54/45 54/45 60/40 58/42 99/0 0/99 40/60 42/58 45/54 45/54

Weights (in %) are given for Q,/Q,. SO states SO;, SO,, SO and SO;, are
on the M = +1 components, and SO5; and SO on the M, = 0 components.

based on the M = +2 of Q; and Q, respectively, SOz, SO,4, SO, and SOg

Table 5 Parameters extracted from the formulas (see text) and provided by the ORCA code®®

Complex D (eqn (5)) D (ORCA) D (exp) E (eqn (5)) E (ORCA) E (Exp) Bayo 1 ¢ (ORCA)
1 —14.00 —-13.64 —24.9+0.4 2.33 2.24 4.06 £ 0.04 0.09 225 411
2 — — — — — — — 43 409
3 — — — — — — — 23 404
4 — — — — — — — 20 396

Axes are those of the D tensor for complex 1 (Fig. S157). z is almost aligned with the bond between the metal and the apical ligands and x and y
are in the plane of the pentadentate ligand. x is almost along the Fe-N(pyridine) direction in 1 (N1).

M, = 0 spin components, respectively. E is 1/6 of the splitting
between the two SO states essentially carried by the M = +1
spin components. The values of the ZFS parameters D and E,
and of the spin-orbit constant calculated in ORCA are also
reported (Table 5). The decrease of the spin-orbit constant in
complexes (in comparison with the free metal ion) is due to
the covalent interaction between the metal ion and the ligand
and is called the relativistic nephelauxetic effect. As expected,
the obtained values follow the spectrochemical series, and
therefore, they decrease as the nephelauxetic effect increases,
i.e. H,O < CI” < Br~ <I". This effect is well documented in the
literature.>*>® As expected from the nature of the excitation
from Q; to Q,-Qs, the contribution of Q, to D is negative
(-=18.9 cm™") while those of Q; and Q, are positive and of
much smaller amplitude (+1.97 and 0.72 cm™", respectively)
since these states are much higher in energy, and the contri-
bution of Qs is almost zero.

The case of complexes 2, 3 and 4 is more complex since the
energy gap between Q; and Q, is much smaller than in 1, as
d,; and d,, are almost degenerate. This small energy gap leads
to SO states with a very strong mixing of Q; and Q, spin-orbit
free states (except for My = 0 components that do not interact
through SOC) and no clear gap is observed between the 5
lowest and 5 highest energy states. Therefore, the ZFS
Hamiltonian is not suited to model magnetic properties of
complexes 2-4,°° and only their § and ¢ parameters have been
reported in Table 5. Note that parameters D and E are provided
by the ORCA code and can be calculated using the formulas
given above, but the magnetic moment, which now contains a
non-negligible contribution from the angular momentum, can
no longer be equated with spin momentum alone. For this

This journal is © the Partner Organisations 2025

reason, an evaluation of the D and E parameters from the mag-
netic data using spin S = 2 is irrelevant for these complexes.

The calculated g-factors show the anticipated trend with g, =~
gy < g, values are tabulated in Table S8.7 In addition, the magne-
tization versus field has been calculated at various temperatures
and will be compared below to the measured magnetizations.

Compared with previous works on PBP Fe(u1) complexes,
the first order SOC contribution in complexes 2 to 4 is much
more important. Indeed, it should be noted that the energy
differences between the ground state Q; spin-orbit free quin-
tuplet and the first excited state (Q,) are particularly small
here. For instance, in the earlier reports these values vary
between 170 and 410 cm™', compared to the 37-92 cm™*
found for 2-4 (Table 3). Complex 1, with H,O in the apical
position, has an energy difference of 450 cm™" between Q, and
Q,, and can therefore be described using a ZFS model. In 1,
this energy difference is governed by the energy difference
between the d,, and d,, orbitals, which in turn is governed by
the difference of interactions in the x and y axes. In this
respect, the orientation of the n-doublets in the apical posi-
tions plays a crucial role in these complexes.”® In 1, the =
doublet of H,O is oriented along the x axis (Fig. S15%) and
therefore introduces a dissymmetry between x and y axes,
which is responsible for the lift of degeneracy between the two
orbitals. On the other hand, for halogen atoms as in 2-4, 2 n
doublets are involved with identical interactions with d,, and
d,,, leading to quasi-degeneracy of the orbitals.

29,48

Magnetic properties

The temperature dependence of the molar magnetic suscepti-
bility, yu, in the 2 to 300 K range, and the field dependence of
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the magnetization at different temperatures between 2 and 8 K
were recorded for complexes 1, 3, and 4 (Fig. 2 and S10%).

All the derivatives exhibit a paramagnetic behavior charac-
terized by a constant yyT value between 300 and 100 K, fol-
lowed by an increasingly steep decline as T approaches 2 K. The
characteristic values found at 300 and 2 K are listed in Table 2.
As can be seen in Fig. 2, the decline is clearly more pronounced
for 4. For this compound the M versus H at 2 K also exhibits an
S-shape behavior (Fig. 2b). These behaviors indicate antiferro-
magnetic interactions between the complexes in the solid
state.’’ This was anticipated from the crystal lattice arrange-
ment of 4, which shows short contacts existing between the Fe
complexes by means of I atoms and phenanthroline moieties
(vide supra). The M versus H behavior for 5 confirms this
hypothesis (Fig. 2b), as such intermolecular magnetic inter-
actions no longer occur for the diluted derivative.

The field dependences of the magnetizations for 1, 3, and 4
between 2 and 8 K are depicted in Fig. S10.} For all complexes,

S IRRIRRRIIIIRRRRRINIRRRRRRI

xMT (cm3mo|'1K)

0 T T T T -
0 50 100 150 200 250 30!
T(K)
(b)
25 S
//
“ / 4
2
s
T=2K

20 30 40 50
H (kOe)
Fig. 2 (a) ymT versus T for 1, 3, and 4 and (b) M versus H at 2 K for 4 and 5.
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the magnetization achieved for a field of 50 kOe at 2 K is
around 2.5up (Table 2), a value lower than the expected contri-
bution of spin alone for a center with S = 2, confirming the
existence of substantial magnetic anisotropy. The theoretical
calculations revealed that only derivative 1 shows no mixing
between ground and excited states, and so its magnetic beha-
viors were likely to be analyzed with a ZFS-based model.
Indeed, a good adjustment of the experimental M versus H
behaviors was obtained with a model for an S = 2 with mag-
netic anisotropy accounted by ZFS, yielding D = -24.9 =
0.4 cm™" and E = 4.06 + 0.04 cm ™" for g = 2.34 (Fig. S10at). The
negative value for D is in agreement with the anticipated axial
magnetic anisotropy for a high-spin d° ion in PBP geometry,”’
and with the calculated value. A similar analysis proved
impossible for 3 (let alone 4), which is in line with the con-
clusion of the theoretical studies. However, for these com-
plexes the experimental M versus H behaviors are well repro-
duced by the calculated behaviors as described above
(Fig. S10%).

The existence of a slow magnetization relaxation phenom-
enon was examined by AC-mode magnetic susceptibility
measurements in zero field and in the presence of an applied
magnetic field. For 1, just the onset of an out-of-phase com-
ponent of the susceptibility, yt1, is observed in the applied
field (Fig. S11%), a behavior indicative of fast relaxation above
2 K. For 3, a slow relaxation is revealed when a small field is
applied to cancel the QTM (quantum tunneling of the magne-
tization), while the y{; versus T for 4 in zero field shows a fre-
quency dependent peak (Fig. S12a and S13a, respectively).

For 3, the optimum applied DC field, ie. for which the
peak signal of yj; is the largest and at the lowest frequency,
turned out to be 5 kOe (Fig. S12bt). Detailed AC studies were
carried out with this applied field to reveal frequency and
temperature dependencies of the yf; characteristic for an SMM
(Fig. 3 and S127). The relaxation times, 7, between 2 and 5.6 K
were obtained from the analyses of yf; versus v behaviors using
a generalized Debye model.®®> The temperature dependency of
7 is well modeled by an expression combining an Orbach
process (Arrhenius law) and a direct mechanism to account for
the lower temperature behavior (eqn (6), respectively first and
second term)."” The best fit gave Ulk = 89 + 5 K, 7, = 7 x 10 '
s,DH"=14.6 + 0.1 K ' s,

7' =10 exp(—U/kgT) + DH?T + QTM (6)

For 4, the temperature dependency of y}; in the absence of
a static applied magnetic field exhibits a well-defined peak
shape with the maximum shifts from about 6 K to lower T with
decreasing AC frequencies from 1500 to 1 Hz (Fig. S13bf).
However, yy; does not tend to return to zero after reaching the
peak when the temperature is lowered. The behavior at lower
temperatures (<3 K) is characteristic of QTM, but a second,
smaller peak is also observed at around 3.5 K. This second
component could be the signature of magnetic ordering,
which is also suggested by the meta-magnetic behavior shown
by 4 (Fig. 2b). Indeed, the second (T-independent) signal is no
longer found for 5 (vide infra). Moreover, the signal at 3.5 K is
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[FeLN®Br,], 3: (left panel) i versus v, in the 2—6 K temperature range with Hpc = 5 kOe; (right panel) experimental (O) and calculated (—)

relaxation time, 7, versus 1/T with best-fit associated with eqn (6) (see the main text).

dampened by the application of a DC field (Fig. S13e and f¥).
In the field, the maximum of yj; at 2 K steadily shifts to a
lower frequency until about 5 kOe, suggesting QTM cancella-
tion, but it also continuously increases in intensity with DC
fields up to 10 kOe (Fig. S13et). The latter trend can be attribu-
ted to a gradual decoupling of intermolecular interactions by
the applied field.

The relaxation times, z, for 4 in the absence of an applied
field could be obtained between 2 and 6.4 K from the analyses
of yw1 versus v behaviors by a generalized Debye model
(Fig. S13c and Table S47). The plot of = versus 1/T (Fig. S13d+)
shows three domains characteristic of temperature activated
relaxation (6.4-5.8 K), T-independent relaxation (5.6 to about
3.5 K), and for lower T a steady increase of the relation time
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—o—24 —o—5.6
—o—2.38 —o—5.8
——6.0
——3.6 —o—6.2
——6.4
—>—6.6
—0—6.8
——7.0K
—o—5:2
N O S~ A J
R,
SDGOX]
PO
KRGV
YOS NI\
SR
P N
(PRl
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likely due to the intermolecular interactions taking place at
these temperatures. The temperature dependence of 7 between
6.4 and 3.0 K is well modeled by an expression combining an
Orbach process and QTM (first and third terms in eqn (6)).
Best fit gave U/kgy =76 + 6 K, 7, = 8 x 107'% 5, and QTM = 3.41 X
10~* s (Fig. S13d¥), confirming the SMM behavior in zero-field
for 4.

In order to avoid the contribution of the QTM, an investi-
gation of the SMM characteristics was performed with an
applied field of 5 kOe (Fig. S13g-11). Under these conditions,
the temperature dependence of the relaxation of the relaxation
time follows an Orbach behavior in the higher T-domain and a
Direct process below 5 K, characterized by U/kg = 99 + 8 K, 74 =
3 x 107" s, and DH" = 11.47 + 0.09 K™* s™%. It can be noticed

10

10

T(s)

10 y

10°

0.1 0.2 0.3 0.4 0.5
YT (K"

Fig. 4 [Feo12Znogsl™?l,l, 5: (left panel) yiy versus v with Hpc = 1 kOe, in the 2—7 K temperature range; (right panel) experimental (O) and calculated
(—) relaxation time 7 versus 1/T with best-fit associated with eqn (6) (see the main text).
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that these parameters are very similar to those of the Br-deriva-
tive, 3.

For the solid solution of [FeL™"L,] in [ZnL"’L,], 5, AC mag-
netic susceptibility recorded in the absence of an applied
static magnetic field confirms the emergence of a yj; signal
below 9 K for a test frequency of 997 Hz (Fig. S14at). However,
the profile of the behavior, with a poorly resolved peak and a
continuously increasing contribution with decreasing tempera-
ture, is a characteristic of rapid relaxation processes such as
QTM. The latter is quenched when a static field is applied; for
5, 1 kOe was found to be optimal (Fig. S14bt) and was applied
for detailed AC studies. The yy; versus v behavior at different
temperatures between 2 and 7 K and the related temperature
dependence of 7 are depicted in Fig. 4 (additional plots are
shown in Fig. S141). And here again, 7 versus 1/T of [FeL™L,] in
5 is perfectly modeled using an Orbach and a Direct process
(eqn (6)) with U/ks = 88+ 9K, 7, =2 x 107 '° 5, and DH" = 4.13 +
0.04 K' s7". The energy barrier for magnetization reversal is
very similar to that obtained for the bulk [FeL™’L,], confirming
the molecular origin of the low T magnetization freezing. No
evidence for magnetic hysteresis was found in the M versus H
behaviors recorded at 2 and 5 K (Fig. S107).

An SMM-type behavior with a magnetization reversal regu-
lated mainly by a thermal activation is clearly evidenced for
2-5. For the I-derivative, slow magnetization relaxation is even
observed in zero-field, a behavior hardly found in mono-
nuclear 3d ion SMMs. For all, the effective energy barriers,
Ulkg, are much larger than those usually reported for PBP com-
plexes of Fe(n),>” and reach that described for linear two-co-
ordinated Fe(n) with first-order SOC."

Concluding remarks

Unlike lanthanide ions, 1*-order spin-orbit coupling is can-
celled by the ligand field for transition metal ions, and achiev-
ing high magnetic anisotropy is generally considered the Holy
Grail for these ions. The results gathered herein show that the
contribution from first-order SOC is not confined to low-
coordination number complexes but can be implemented in a
pentagonal bipyramidal Fe(ir) complex by appropriate chemical
design.

The rigid pentadentate ligand, , imposes an effective
equatorial coordination sphere close to a pentagonal and sym-
metrical ligand field, and apical ligands (halogens in the
present case), which exhibit a very similar overlap with the d,,
and d,, orbitals, lead to a quasi-degenerate state for these orbi-
tals sharing 3 electrons. The mixing of the M; levels, revealed
by the theoretical calculations, confirms the existence of the
1%“order SOC and rules out the possibility of describing the
magnetic behavior within the ZFS formalism.

Further evidence is provided by the experimental behavior,
which is consistent with the existence of large magnetic an-
isotropy, the most salient feature being the SMM behavior
with large energy barriers for magnetization reversal. The

LNS
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observation of such a behavior without an applied static mag-
netic field is quite unique for a mononuclear 3d complex.

Finally, such complexes with quasi-degenerated magnetic
orbitals are also desirable building units for the design of
exchange-coupled polynuclear compounds. Some recent
studies have shown that close to a first-order SOC regime, an-
isotropic interactions such as the Dzyaloshinskii-Moriya®*®*
or the symmetric exchange tensor of anisotropy may also reach
high values.®>*®

Experimental section
Materials and methods

All the chemicals used were commercially available and were
employed without further purification. 2,9-Di
(a-methylhydrazino)-1,10-phenanthroline-2HCl, denoted as
Phen™“""2.2HCI, was synthesized from methylhydrazine and
2,9-dichloro-1,10-phenanthroline®” according to a literature
procedure.®® All the syntheses of Fe'' complexes were carried
out under N, using Schlenk techniques and degassed solvents
(diethyl ether was purified using an Innovative Technology
Solvent Purification® system while the alcohol and water sol-
vents were distilled under N, prior to use). The solid samples
for the characterization of the Fe" complexes were prepared in
a glovebox. Technical information can be found in the ESL.{

Synthetic procedures

[FeL™>(H,0)CI[CI-4.5H,0 1. FeCl,-4H,0 (100.0 mg;
0.54 mmol) was solubilized in 70 mL of water, followed by the
addition of ascorbic acid (100.0 mg; 0.57 mmol).
Phen™*™"2.2HCI (170.0 mg; 0.54 mmol) was then added to the
solution that turned yellow. The addition of 2,6-diacetylpyri-
dine (81.0 mg; 0.54 mmol) followed by 3 drops of 37%
aqueous HCI solution turned the solution color to olive green.
The reaction mixture was heated to reflux for 1 h and then con-
centrated to 10 mL before being stored overnight at 5 °C. Dark
green-brown crystals suitable for X-ray diffraction were col-
lected by filtration and washed with cold methanol, shortly
dried under vacuum and stored under a nitrogen atmosphere
(164.0 mg, 49%). Elemental analysis: caled for
Cy3H,oN,Cl,FeO, 5 (with the loss of 1 H,O molecule of the
solvent) C, 45.79; H, 5.01; N, 16.25. Found C, 45.96; H, 4.93; N,
16.22. IR (vmax/cm™): 3317br, 3170br, 2989w, 1589vs, 1575vs,
1553s, 1486vsbr, 1419s, 1363s, 1300s, 1186s, 1148vs, 1090vs,
1045vs, 858vs, 736w, 686w, 664w, 624vw.

[FeL™Br,] 3 and [FeL™1,] 4. 3 and 4 were synthesized fol-
lowing the same procedure as that for 1. 48% HBr and 47% HI
aqueous solutions were used instead of HCI to acidify the reac-
tion mixture after the addition of 2,6-diacetylpyridine. The
addition of NaBr (500.0 mg; 4.85 mmol) or Nal (800.0 mg;
5.33 mmol) at the end of the reflux time formed dark green
crystals of 3 (121 mg, 41%) or 4 (176 mg, 50%), respectively,
and these were isolated after cooling the solution to 5 °C for
several days. For 3, elemental analysis: caled for
C,3H,;N,Br,Fe C, 45.20; H, 3.46; N, 16.04. Found C, 45.35; H,
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3.47; N, 16.20. IR (I/max/cm_1): 3039w, 2951w, 1590vs, 1575vs,
1545s, 1495vs, 1473s, 14275, 1409s, 1359s, 1302s, 12565, 1187s,
1150vs, 1094vs, 1027vs, 1009s, 953s, 873vs, 812s, 795s, 742s,
658w. For 4, elemental analysis: caled for C,3H, N,Fel, C,
39.18; H, 3.00; N, 13.90. Found C, 39.08; H, 2.74; N, 13.66. IR
(Umax/em™): 3037w, 3000w, 1589vs, 1573vs, 1542s, 1494vs,
1471s, 1451s, 1423s, 1405s, 1354s, 1302s, 1255s, 1180s, 1148vs,
1091vs, 1026vs, 867vs, 798s, 740s, 695w, 658W.

[Feo.12Zng gsL™°1,] 5. FeCl,-4H,O (8.0 mg; 0.040 mmol) and
Zn(NO;),-6H,0 (118.0 mg; 0.40 mmol) were solubilized in
40 mL of H,0. Ascorbic acid was added (20.0 mg; 0.11 mmol)
followed by Phen™*""2.2HCI (113.0 mg; 0.36 mmol), 2,6-diace-
tylpyridine (69.0 mg; 0.42 mmol), and then 3 drops of 47% HI
aqueous solution. The solution turned yellowish green and it
was heated to reflux for 1 h. A brown-yellow precipitate started
to appear during the heating time. Nal (380.0 mg; 2.53 mmol)
was added before allowing the suspension to cool down to
room temperature. The solid was then isolated by filtration
through a cannula and filter paper. It was washed with
acetone and dried under vacuum (120.0 mg, 47%). Elemental
analysis: calcd for C,3H,1N;Feq 1,1,Zn g5 C, 38.72; H, 2.97; N,
13.74. Found C, 38.70; H, 2.95; N, 13.75. EDX analysis
(Fig. S9t) was performed on several crystals that confirmed the
presence of both Fe (12 mol%) and Zn (88 mol%). IR (Vmax/
cm_l): 3035w, 3010w, 1592vs, 1571vs, 1542s, 1494vs, 1470s,
1450s, 1427s, 1408s, 1355s, 1302s, 1255s, 1179s, 1148vs,
1091vs, 1030vs, 866vs, 798s, 739s, 693w, 658w.

Single-crystal X-ray diffraction

Intensity data were collected at low temperature on an Apex2
Bruker diffractometer equipped with a 30 W air-cooled micro-
focus source (1 = 0.71073 A). Structures for 1, 3, 4, [ZnL">Br]-Br
and ZnL™’I, were solved using SUPERFLIP*® or ShelxT”® and
refined by means of least squares procedures using the PC
version of the CRYSTALS program.”" Atomic scattering factors
were taken from the international tables for X-ray crystallogra-
phy.”” All non-hydrogen atoms were refined anisotropically.
Structure for 2 was found to be modulated with a modulation
vector of 0.6754a + 0.1052c¢. The structure was solved by charge
flipping methods using the SUPERFLIP program® using the
super-space group C2/m(a0g)0s and refined using Jana2006.”
The structure is composed of two superimposed inversed con-
figurations of the complex. The incommensurately modulated
structure of this complex was successfully solved and refined
in (3 + 1) dimensions, evidencing an ordered-disorder along
the fourth dimension as well as a significant atomic displace-
ment from the average positions. Additional information can
be found in the ESL.

Computational information

CASSCF and NEVPT2 calculations were performed with
Orca5.0 package® considering 6 active electrons and 5 active
MOs, i.e. those with a major Fe 3d character. Extended DKH-
def2 atomic basis sets were used for all atoms except I: QZVPP
for Fe atoms (14s10p5d4f2 g), TZVP for C (6s3p2dif), N
(6s3p2dif), O (6s3p2dif), Cl (8s4p2dif), Br (10s8p4dif), SVP
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for H atoms (2s1p) and a 15s11p5d1f basis set for I atoms.
Optimization of the positions of the H atoms was performed
by DFT calculations using def2-SVP atomic basis sets and the
PBE functional.

Data availability

Crystallographic data have been deposited at the CCDC under
2352840 (1), 2352845 (2), 2352841 (3), 2352842 (4), 2352843
([ZnL™Br]-Br), and 2352844 (ZnL“’,) and can be obtained
from https://www.ccdc.cam.ac.uk/structures/.
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