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Abstract. A family of four-coordinate Fe'! complexes formed with N,N’-chelating amido-
pyridine ligands has been synthesized and their magnetic properties investigated. These
distorted tetrahedral complexes exhibit significant magnetic anisotropy with Zero-Field
Splitting parameter D ranging between —17 and —12 cm™. 4b initio calculations enabled to
identify the structural factors which control the nature of the magnetic anisotropy in these
complexes and to rationalize the variation of D between the three complexes. It is shown that
a reduced N-Fe-N angle involving the chelating nitrogen atoms of the ligands is at the origin
of the negative D value and that the torsion between the two N-Fe-N planes imposed by steric
hindrances further increases the |D| value. Field-induced slow relaxation of magnetization was
observed for the three compounds and a SMM behavior with an energy barrier for

magnetization flipping (Uey) of 27 cm™ could be evidenced for one of them.

INTRODUCTION.

Slow relaxation of magnetization at the molecular scale was initially discovered in the
complex [Mni2012(0Ac)i6(H20)4].! This seminal work initiated active research on
coordination complexes displaying such a unique magnetic phenomenon. In these so-called
Single-Molecule Magnets (SMMs), each individual nano-magnet exhibits a magnetic
hysteresis in the magnetization versus field curve and displays slow relaxation of the
magnetization when removing the external field at low temperatures. This molecular magnetic
bistability arises from a splitting of the Ms components of the ground spin state S due to both
relativistic effects and a lowering of the ligand-field-induced symmetry. In the absence of
magnetic field, the low energy spectrum presents an energy barrier between the various Mg
components with a degenerate ground state corresponding to the +Ms and —Ms components,

1.e. with two different magnetization orientations. This phenomenon is therefore called Zero-



Field Splitting (ZFS) and is characterized with two parameters: the axial parameter D which
by convention is negative when the largest |Ms| components are the lowest in energy and the
rhombic parameter £ which mixes the various Ms components and is therefore responsible for
tunneling. The height of the energy barrier A is given by A4 = D-§* for systems with integer
spin ground states (S) and A = D-(5-1/4) for systems with half-integer spin ground states.

In 2010, the first report of slow relaxation of the magnetization in a mononuclear trigonal
pyramidal Fe'" complex ? fueled the interest for single-ion transition metal complexes. These
are indeed the simplest systems to exhibit SMM behaviors provided they possess substantial
magnetic anisotropy and, ideally, uni-axial (i.e. Ising-type) anisotropy characterized by a
negative D value. Interestingly, control of the coordination sphere (geometry, symmetry,
ligand field) and relevant electronic configuration for the metal ion allows reaching
significant magnetic anisotropy.> For instance, weak ligand fields resulting from low
coordination numbers are favorable parameters for large magnetic anisotropy in 3d ions
because 1) orbital angular momentum is stronger and ii) second-order contribution of Spin-
Orbit Coupling (SOC) is enhanced when the energetic splitting between the ground state and
first excited states is reduced.

Following the report by Freedman et al., several tetracoordinated Fe'' complexes have been
reported to exhibit magnetic anisotropy with D parameters spanning from positive to strongly
negative values (Table 1).2* Although the most negative D has been found for Fe!! in trigonal
pyramid surrounding, the variety of geometries and nature of ligand systems preclude easy
comparison and thus convincing rationalization for the D values (Table SI1).

To provide further insights into the role of geometrical parameters on the anisotropy of
four-coordinate Fe'' compounds, we synthesized a new family of complexes formed with
chelating amido-pyridine ligands (Scheme 1).° In these complexes, the metal center has

similar coordination surrounding but exhibit distinct distorted tetrahedral coordination
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polyhedra. Interestingly, their D parameter was found to range from —17 to —12 cm’!. In-depth
theoretical investigations were decisive in identifying the geometrical distortions involved in

the observed variation of D values.

Table 1. Selected examples of magnetic anisotropy parameter (D) in distorted four-coordinate

Fe' complexes reported in the literature.

Compound? Geometry D (cm™') Ref.

[Fe(CF3-ONO)CI] Square 17.4 6
planar

[Fe(Bc®4),] Tetrahedral -10.74 4

[Fe(N(SiMes)2)2 Tetrahedral +4.1 4d

(depe)]

[Fe(CsS5)2](NBus)2 Tetrahedral +5.61(9) *

Na[(tpaB¥)Fe]- Trigonal -48 2

THF pyramidal

K[(tpaM*)Fe]-:2 DME  Trigonal -44(4) 2
pyramidal

K[(tpa™P)Fe]-:3 DME  Trigonal -30(2) 2
pyramidal

Na[(tpa®™)Fe]-:3 DME  Trigonal 26(2) 2
pyramidal

K[(tpa®™)Fe]-2 DME  Trigonal -6.2 2
pyramidal

a  Be® = bis(3-tert-butylimidazol-2-ylidene)borate; [CFs-ONOJH; = 2,2’-(azanediylbis(2,1-

phenylene))bis(1,1,1,3,3,3-hexafluropropan-2-ol); tpaP™ = tris(5-2,6-difluorophenyl-pyrrol-2-yl)methyl)amine;
tpaMes = tris(5-mesityl-pyrrol-2-yl)methyl)amine; tpa™ = tris(5-phenyl-pyrrol-2-yl)methyl)amine; tpat&" = tris(5-
tert-butyl-pyrrol-2-yl)methyl)amine.

Experimental Section.

General Considerations. All manipulations were carried out in a glove-box or using
Schlenk-type techniques under a dry argon atmosphere. Solvents were dried using a MBraun
solvent purification system and stored over 4 A molecular sieves. The '"H NMR spectra were
recorded on a Bruker AV400 NMR spectrometer. Chemical shifts are reported in ppm relative
to the residual proton of C¢Ds (7.15 ppm). IR measurements were conducted on a Bruker
Alpha ATR-IR spectrometer. Elemental analyses were performed by the internal service of

the Laboratoire de Chimie de Coordination, Toulouse. It is worth mentioning that several
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attempts have been conducted in elemental analyses but the extreme sensitivity of the
compounds precluded better results. NBusPF¢ for cyclovoltammetry was dried overnight in
vacuo at 100 °C. Solution magnetic susceptibilities were determined by the Evans method.’
Fe(N(SiMes)2)2, HN2mes, HN2pipp and HaN3pip, were prepared according to literature

procedures.®

Syntheses of complexes 1-3.

Fe(N2mes)2, 1. To a solution of 2-[(mesitylamino)methyl|pyridine (HN2mes, 155 mg, 0.68
mmol, 1 equiv.) in pentane (5 mL) was added Fe(N(SiMes)2)2, (125 mg, 0.34 mmol, 0.5
equiv.) dissolved in 2 mL of pentane at room temperature, resulting in an immediate color
change to red and precipitation after 1 minute. After 15 min. of stirring stirring at the same
temperature, the solution was removed by filtration and the residue dried in vacuo to yield
130 mg of 1 (0.26 mmol, 76%) as a bright red solid. "H NMR (400.1 MHz, C7Ds, 298K) 6 =
77.6, 44.38, 42.80, 40.40, 39.96, 22.05; IR (ATR, cm™) = 3306 (vw), 2982 (w), 2938 (vw),
2906 (vw), 2744 (m), 2668 (vw), 1599 (w), 1560 (w), 1476 (s), 1435 (s), 1364 (vw), 1343
(m), 1297 (m), 1235 (vs), 1146 (s), 1102 (w), 1073 (s), 1043 (s), 949 (m), 886 (m), 846 (s),
801 (m), 750 (vs), 719 (s), 619 (m), 532 (s), 469 (m), 406 (m); elemental analysis calc.
(CsoH34FeNs, 506.47 g/mol) C 71.14 H 6.77 N 11.03, exp. C 70.52 H 6.64 N 10.84. Single
crystals, suitable for X-ray diffraction analysis, were obtained from a saturated pentane
solution placed at -38 °C. perr=4.80 us (Evans, CsDs + 1%TMS, 400.1 MHz, r.t.).

Fe(N2pipp)2, 2. To a solution of 2-[(diisopropylphenylamino)methyl]pyridine (HN2pipp, 268
mg, 1.0 mmol, 1 equiv.) in Et20 (5 mL) was added Fe(N(SiMe3)2)> (188 mg, 0.5 mmol, 0.5
equiv.) dissolved in 2 mL of pentane at room temperature, resulting in an immediate color
change to red. After 1 h of stirring at the same temperature, the solution was filtered, the

solvent evaporated under reduced pressure and the red residue washed with 5 mL of pentane
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to yield 225 mg of 2 (0.25 mmol, 50%). 'H NMR (400.1 MHz, C¢Ds, 298K) 6= 125, 79.8,
45.01, 38.75, 37.85, 11.80, -32.1, -34.94; IR (ATR, cm™) = 2953 (m), 2859 (w), 2749 (w),
1477 (w), 1456 (w), 1429 (s), 1357 (w), 1343 (w), 1307 (m), 1247 (s), 1209 (w), 1200 (w),
1151 (m), 1110 (m), 1073 (s), 1045 (s), 1012 (w), 904 (m), 799 (m), 752 (vs), 719 (m), 620
(W), 586 (w), 554 (w), 416 (vs); elemental analysis calc. (C3sH4sFeN4, 590.64 g/mol) C 73.21
H 7.85 N 9.49, exp. C 72.73 H 8.22 N 9.40. Single crystals, suitable for X-ray diffraction
analysis, were obtained by slow diffusion of pentane into a saturated EtO solution at -38 °C.

tett =4.85 up (Evans, C¢D¢ + 1%TMS, 400.1 MHz, r.t.).

Fe(HN3pipp)2:CsHi, 3. 2,6-bis[(mesitylamino)methyl]pyridine (H2N3pipp, 305 mg, 0.67
mmol, 1 equiv.) was dissolved in 5 mL of Et:O and filtered. By addition of a solution of
Fe(N(SiMes)2)2 (125 mg, 0.34 mmol, 0.5 equiv.) in 2 mL of Et2O an immediate color change
to reddish violet was observed. After stirring for 2 h at room temperature, the solution was
filtered and all volatiles were removed in vacuo. Washing the residue with 3 mL of cold Et,O
(-38 °C) and 3 mL of cold pentane (-38°C) with subsequent drying in vacuo yields 200 mg of
Fe(HN3pipp)2 (0.20 mmol, 61%)."H NMR (400.1 MHz, C¢Ds, 298K) 5= 72.11, 44.93, 44.25,
40.43, 34.95, 17.35, 7.58, -3.71, -13.56, -19.53, -31.56, -34.94; IR (ATR, cm™") = 3052 (vw),
2953 (s), 2927 (w), 2862 (m), 2724 (vw), 1599 (w), 1565 (w), 1459 (vs), 1427 (vs), 1382 (m),
1358 (m), 1310 (s), 1253 (vs), 1194 (m), 1156 (w), 1112 (m), 1076 (m), 931 (w), 888 (w),
873 (w), 800 (s), 770 (vs), 760 (vs), 713 (vs), 548 (w), 438 (w), 414 (vs); elemental analysis
calc. (Cs7HosFeNs, 1041.35 g/mol ) C 77.27 H 9.29 N 8.07, exp. C 76.32 H 9.56 N 8.23. yefr =
498 us (Evans, CsDet1%TMS, 400.1 MHz, r.t.). Single crystals, suitable for X-ray
diffraction analysis, were obtained from slow evaporation of a saturated pentane solution at

r.t. efr = 4.80 up (Evans, C¢Dg + 1%TMS, 400.1 MHz, r.t.).



Crystallography. Data for 1 and 3 were collected at low temperature (180 K and 100 K
respectively) on a Gemini Agilent diffractometer using a graphite-monochromated Mo-Ka
radiation and equipped with an Oxford Instrument Cooler Device. Data for 2 were collected at
100 K on a Bruker Kappa Apex II diffractometer using a graphite-monochromated Mo-Ka
radiation (4 = 0.71073A) and equipped with an Oxford Cryosystems Cryostream Cooler
Device. The structures have been solved using SUPERFLIP? or SHELXS-97'" and refined by
means of least-squares procedures using the software package CRYSTALS.!! The atomic
scattering factors were taken from International Tables for X-Ray Crystallography.'> All non-
hydrogen atoms were refined anisotropically. All hydrogens atoms were refined by using a
riding model.!> Absorption corrections were introduced by using the MULTISCAN
program.'* Drawings of molecules were performed with the programs DIAMOND and POV-
Ray. H atoms are omitted for clarity. Full crystallographic data and structure refinement for
compounds 1-3 are gathered in Table SI2.

Magnetic measurements. The samples for magnetic measurements were prepared in a
glovebox under argon atmosphere and were introduced as polycrystalline powders into quartz
tubes with solid eicosane. The tube was then gently warmed to melt the eicosane, ensuring a
good mixing to avoid torqueing of the crystallites and provide good thermal contact between
the samples and the cryogenic bath. The quartz tubes were closed with a plastic cork which
was immediately melted after exiting the tube from the glovebox. Magnetic susceptibility
measurements were carried out with a Quantum Design MPMS-5S SQUID susceptometer.
The absence of ferromagnetic impurities was checked by measurement of M vs. H at 100 K.
dc measurements were conducted from 300 to 2 K at 1 kOe and the data were corrected for
the diamagnetic contribution of the sample holder, grease and sample by using Pascal’s
tables.!> The field dependences of the magnetization were measured at several temperatures

between 2 and 10 K with dc magnetic field up to 5 T. ac susceptibility experiments were
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performed at various frequencies ranging from 1 to 1500 Hz with an ac field amplitude of 3
Oe.

Computations. The method proposed in 2009 to extract the D and E parameters from the
computed spectrum and wavefunctions of low energy and the effective Hamiltonian theory!’

has been adapted to an S = 2 pseudo-spin. The analytical derivation of the model Hamiltonian

Hppq =S.D.S in the {|2,—2),]2,—1),]2,0),|2,+1),|2,+2)} basis set of the five M

components of the quintet ground state gives the representative matrix shown Table SI3.

All matrix elements can be numerically determined. In a first step, the Complete Active
Space Self Consistent Field (CASSCF) method has been used to determine the wave functions
and energies of the lowest quintet and triplet states. Then a correlated electronic spectrum has
been computed adding a second-order perturbative evaluation of electron dynamic correlation
corrections to the CASSCEF energies. Finally the various states have been coupled through the
spin-orbit interaction.

The second step consists in extracting the matrix elements from the effective Hamiltonian
theory. For this purpose, a numerical effective Hamiltonian (Hetr) is built from the wave
functions and energies of the five components of the quintet ground state. This method is
extensively described in one of our publication'¢ and is only shortly reviewed here. A model
space based on the five {|2,—2),|2,—1),|2,0),|2,+1),|2,+2)} configurations is defined.
Then, the Hesr matrix is determined so that its eigenvalues coincide exactly with those of the
five Ms components of the quintet ground state and its eigenvectors are the projections of the
quintet component wave functions onto the model space. Comparison between the numerical
values of Hefr and the expression of the ZFS tensor in the same basis provides a direct
evaluation of Dxx, Dyy, Dyy, Dxy, Dxy, and Dy,. Finally, the diagonalization of the D tensor

gives the D and E values and allows the determination of the magnetic axes.
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Calculations have been performed using both Molcas 8.0'® and ORCA 3.0.3" packages.
Electronic energies of the lowest states have been calculated at the CAS-PT22° and NEVPT2%!
levels of correlation while the spin-orbit interactions have been introduced via the Spin-Orbit
State Interaction (SO-SI) method??. X-Ray geometrical structures of complexes 1, 2 and 3
were used in the calculations. The CAS(6,5) contains 6 electrons in 5 active d orbitals
essentially located on the iron ion while in CAS(6/10) an additional set of diffuse d orbitals
has also been included in the active space, as such a procedure has shown to provide better
results'®.

In Molcas calculations, ANO-RCC?* atomic basis sets are used: 6s5p3d2f for Fe, 3s2p for C
and N and 1s for H. Orca calculations were performed using cc-(p)VDZ Dunning?* atomic

basis sets: 6s5p3d1f for Fe, 3s2p1d for C and N and 2s for H.

The impact of the computational parameters (atomic basis set quality, size of the active
space, methods to calculate dynamic correlation corrections and the number of states included
in the SO-SI matrix) on D and E has been studied for complex 1 and is discussed in

Supplementary Information.

RESULTS AND DISCUSSION.
Synthesis.

Fe(N(SiMe3)2)2 is a reactive complex,®®?

notably toward compounds featuring amine
moiety. The coordination of such compounds generate amido ligand and release the volatile
bis(silyl)amine HN(SiMe)s3)2.°>42¢ Following a similar synthetic strategy, Fe(N(SiMe3)2)> was
reacted with 2 equivalents of the respective amido-pyridine ligand (HN2mes for 1; HN2pjpp for
2; HoN3pjpp for 3, see Scheme 1), resulting in a rapid color change to red. Workup afforded

the respective compounds 1-3 in good yields (50-76%). All compounds are highly oxygen
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sensitive, and decompose within weeks in the glovebox at room temperature. The compounds
were characterized by X-ray diffraction, 'H NMR, IR spectroscopy, elemental analysis and
cyclic voltammetry (see Supporting Information). Their magnetic features were determined in

solution by Evans method as well as in solid state by SQUID measurements.

Ars Ar< Ar O\\ . Ar Ar-N jN_j\\N’Ar
o

0§ NG NH N HIN 05 FelN(SiMey))e r %y
| ® - 2 HN(SiMe3), Ar—N" ’L AN ,L
HN2pipp: A" =DIPP N Ar = Dipp | /\ |7 N~
HN2yes: Ar = Mes _
Dipp = 2,6-Diisopropylphenyl ; 2::: '\D/'i‘:; 3: Ar = Dipp

Mes = 2,4,6-Trimethylphenyl
Scheme 1. Syntheses of compounds 1-3.

Solution characterization.

'"H NMR spectroscopy for 1-3 shows a characteristic pattern between +130 and —40 ppm
(Figures SI2, SIS and SI8). By comparison between 2 and 3, the low field shifted signals
correspond to the protons of the pyridyl and amide bound aryl part. Magnetic moments were
assessed by Evans’ method. A uesr value of ca. 4.8 up was found for all complexes,
confirming a high-spin (S = 2) electronic configuration. The Fe'/Fe" redox potentials were
significantly different. The cyclic voltammetry of 1-3 in THF (scan rate of 100-200 mV/s)
indeed spans over a range of 0.4 V (1: -0.94 V, 2: -0.87 V and 3: -0.53, vs. Fc/Fc¢', Figures

SI4, SI7 and SI10).

Solid state characterization.
Single-crystals suitable for X-Ray diffraction analysis were obtained for the three
compounds. Complexes 1-3 crystallized in the monoclinic P21, C2/c and triclinic P-I space

groups, respectively. Their crystal structures are shown in Figure 1.
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Figure 1. Molecular crystal structure of 1-3 (ellipsoids of the N and Fe atoms at 30%
probability). H atoms (except the amine H atoms and a pentane molecule in case of 3) are

omitted for clarity.

In each complex, the Fe' center is tetracoordinated, surrounded by two amido-pyridine
ligands, coordinated in a bidentate fashion. The bond distances are similar in the three
complexes: for example, the Fe-N distances vary by only 2 and 0.5% in the Fe-Npy and Fe-
Nam fragments, respectively (see Table 2). In addition, these parameters are in the same range
as the one observed by Westerhausen et al. in analogous high-spin tetrahedral Fe!
complexes.®® In 1, the Fe'' center resides along a 2-fold screw axis leading to two
crystallographically equivalent ligands. In the case of 3, the additional amine groups remain
pendants. Yet, some N-Fe-N angles and the dihedral angle defined by the two NFeN planes of
each ligand varies significantly: 89.8° for 1, 69.0° for 2 and 75.3° for 3 (see Table 2).*®
Finally, the iron centers are well separated within the crystal lattice, with Fe:--Fe distances of
at least 8.3 A (Table 2). The 3-D crystal packing is promoted by short contact interactions
between aromatic rings for 1 (Figure SI11) and neighboring isopropyl groups for 2 and 3

(Figures SI12 and SI13).
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Table 2. Selected structural parameters of compounds 1-3 in the solid state.

Compound 1 2 3
Distances /A

Fel-N1 2.1238(9) 2.1257(12) 2.1690(16)
Fel-N2 1.9397(8) 1.9313(9) 1.9304(19)
Fel-N3(N2’) 1.9397(8) 1.9307(10) 1.935(2)
Fel-N4(N1°) 2.1238(9) 2.1522(11) 2.1623(12)
Fe---Fe 8.3442(4) 9.5481(4) 8.8056(9)
Angles /°

N1-Fel-N2 81.28(4) 81.13(4) 81.76(8)
N1-Fel-N3 117.72(4) 126.54(4) 121.44(8)
N1-Fel-N4 104.70(4) 92.11(4) 99.11(7)
N2-Fel-N3 150.25(3) 141.70(5) 136.65(8)
N2-Fel-N4 117.72(4) 129.42(5) 134.19(6)
N3-Fel-N4 81.28(4) 80.39(5) 81.68(7)
Dihedral

angle /°

N1-Fe-N2/N3- 89.8 69.0 75.3
Fe-N4

The description of the overall geometry is not straightforward since the metal center lies
between tetrahedron and seesaw coordination arrangement. We thus sought for additional
information by carrying out Continuous Shape Measurement?’ (CShM) calculations. CShM
values provide a quantitative measurement about the deviation of a given coordination sphere
from the ideal geometry for which shape values equal to zero. Table SI1 gathers the results of
the calculations performed considering all the possible geometries for a four coordinate
complex. Every complex exhibits a polyhedral shape deviating markedly from an ideal
geometry and best described as distorted tetrahedral or see-saw coordination arrangement.
Figure SI1 provides further visual information about their relative distortion. These
complexes are located outside the distortion path expected between tetrahedral and see-saw
due to bond length distortions. A minimal distortion path analysis was also carried out with
SHAPE for 1-3 along the distortion pathway from tetrahedral (T-4) to see-saw (SS-4). The
results are summarized in Table 3. The deviation path parameter equals to 0 % for ideal T4
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geometry and 100 % for see-saw one. The values range between 53.6 % for 1 to 80.2 % for 2

with an intermediate value of 65.1 % for 3.

Table 3. Minimal distortion path (DevPath) analysis using SHAPE for compounds 1-3 from

T-4 (0 %) to SS-4 (100 %).

Compound T-4*  SS-4° DevPath
[Fe(N2mes)2] (1) 6206 5514 53.6
[Fe(N2pipp)2] (2) 7.778 8222 802

[Fe(HN3pipp)2]-CsHi2 (3) 6.598 6.892 65.1

4 T-4 stands for Tq (Tetrahedron)
b SS-4 stands for Cay (Seesaw)

Magnetic properties.

The temperature dependence of the molar magnetic susceptibility (yu defined as M/H per
mole of Fe!' complex) for 1-3 are shown as ymT vs. T plots in Figure 2. The room temperature
values of 3.10, 3.16 and 3.21 cm® K mol™ (5.03, 4.97, and 5.05 x5 mol™!) are consistent with
the values determined by the Evans method (Table 4). Upon cooling, the ymT product of 1-3
remains constant until ca. 50 K below which a quick drop can be observed. This susceptibility
decrease can be attributed to the ZFS effect (magnetic anisotropy) because the magnetic

centers are quite well separated in the solid (see structure description above).
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Figure 2. Temperature dependence of ymT for 1-3 with the best fits in solid lines (see

parameters in the text).

Table 4. Magnetic moments of 1-3 in solid state and solution.

Compound test (s mol™!)  pegr (s mol™) Mat2Kand 5 T (us)
solid state solution

[Fe(szes)2] (1) 503 480 270

[Fe(N2pipp)2] (2) 4.97 4.85 2.23

[Fe(HN3pipp)2]-CsHi2 (3) 5.05 4.80 2.38

In transition-metal complexes, the effect of ZFS on the magnetic properties is usually
observed at low temperatures. Thus, the most sensitive and accurate evaluation of the
magnetic anisotropy of polycrystalline samples from SQUID data relies on the field and
temperature-dependent measurements of their magnetization. The field-dependence of the
magnetization (M) measured for 1-3 are plotted in Figures 3 and SI13 under the form of M vs.
H. The magnetization obtained at 2 K under a field of 5 T are 2.70 (1), 2.23 (2) and 2.38 (3)
i, values lower than expected for a spin-only S = 2 system (i.e. 4 ug). Interestingly, the
magnetization curves are not matching on a single master curve (Figure SI15), a characteristic
indicative for significant magnetic anisotropy in these complexes. This anisotropy was

estimated considering the ZFS axial and rhombic magnetic anisotropy parameters D and E by
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concomitant fits of M vs. H and yuT vs. T curves with the program PHI?® yielding negative D
values of respectively —12.3(1) cm™ (1), =16.9(7) em™ (2), and —=16.5(5) cm™ (3). In the case
of complexes 1 and 2, fits of analogous quality could be reached with or without taking into
account the E parameter. For complex 3, it was necessary to add the contribution of the
rhombic anisotropy E to reach good reproduction of the data. However, the experimental
errors on this parameter is high keeping in mind that the intermolecular interactions (zJ°) were
neglected to avoid overparametrization. The set of parameters determined from the best fits
shown in Figures 3 and SI13 are gathered in Tables 5 and 6. These parameters were
systematically validated by at least two investigations on different batches. Fitting the data
with positive D values were also attempted but this only led to unsatisfactory E/D ratios
(higher than 0.33). The effect of the geometry distortion on D for these complexes will be

discussed below.

3.0

(-
(=]
PRI PR
FEN
R
~ A A

fit

0 5 10 15 20 25
H/T (kOe K™

Figure 3. Field dependence of the magnetization (M) for [Fe(N2mes)2] (1) with the best fits in

solid lines (see parameters in the text).

The easy-axis (Ising-type) magnetic anisotropy exhibited by 1-3 prompted us to examine
the possibility for blocking of the magnetization. Therefore alternating current (ac) magnetic

susceptibility measurements have been carried out to detect any slow relaxation of the
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magnetization. No out-of-phase susceptibility (ym’’) signals were detected in zero dc field,
but upon application of an external field, a response was observed with visible maxima in
v’ curves above 2 K for 1 and 2 (Figure SI17). The relaxation times (7) were determined at
each temperature fitting the yv” = f(v) curves with a generalized Debye model.?’ For 2, ym”’
= f(v) is only slightly frequency-dependent (Figure SI19) revealing an almost temperature
independent relaxation regime likely stemming from multiple spin-lattice vibrational
relaxation mechanisms with a main contribution from quantum tunneling of the magnetization
(QTM).

For 1, a linear dependence of the relaxation time was found above 3 K (Figure 4a),
suggesting a thermally activated regime characteristic of a SMM behavior. For lower
temperatures, the 7 = f(1/7) curve deviates from linearity highlighting contributions from
additional relaxation modes shortcutting the thermal relaxation pathway. In mononuclear
complexes, QTM, Raman and direct spin-phonon processes are often playing an important
role in the magnetization dynamics when a dc field is applied.*® The coexistence of multi-
relaxation processes is also suggested by the relatively large distribution of relaxation times
obtained from the analysis of the Cole-Cole plots (o parameter in Table SI4 corresponding to
the fits shown Figure SI20).*! Quantum tunneling contributions were neglected to avoid
overparametrization as QTM is usually minimized under external magnetic field. This is also
supported by the temperature dependence of the out-of-phase susceptibility y’’m maximum
even at the lowest temperatures. Direct spin-lattice process is known to operate in the low
temperature regime under applied dc field*? and to be field dependent (equation 1). As the
position of the ac maximum of 1 is field dependent (Figure SI17a) and Ising-type magnetic
anisotropy promotes Orbach relaxation, the temperature dependence of 7 was fitted taking

into account direct and Orbach relaxation mechanisms (equation 1).
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A good fit was obtained from this model with 4 = 2.18 10* 5! Oe2 K'! (4 is a coefficient
and H is the external dc field), m = 3.3 10® s and Uer = 26.7 cm™! (Figure 4b). Raman and
Orbach mechanisms were also considered but this other model was excluded because the
Raman values are not coherent for integer spin ground state (see Supporting Information,
Figure SI21).3%433 The effective energy barrier for 1 is of the same order of magnitude and

compares with the anticipated Orbach barrier 3*|D| =37 cm™.
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Figure 4. (a) Frequency dependence of the out-of-phase ac magnetic susceptibility (ym”’) of
[Fe(N2mes)2] (1) as a function of the temperature recorded under an applied dc field of 2000
Oe (the solid lines are guides for the eyes). (b) 7! vs. T plot for 1 with the least-square fit of

the data materialized by the solid line using equation 1 (see parameters in the text).

Slow relaxation of the magnetization is also present in 3 but at lower temperatures (Figure
SI17¢c), preventing further studies to estimate the energy barrier for spin reversal. It can be
noticed that the magnetization blocking characteristics found for 1-3 do not parallel the

magnetic anisotropy exhibited by the complexes. Indeed, compound 1 with smallest magnetic
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anisotropy is the only compound for which an energy barrier for spin reversal could be

evaluated. Such a behavior is not unusual and was observed for the [Fe(tpaX)] complexes? or

in a family of four-coordinated Co complexes (Table 5).* It must be kept in mind that

different mechanisms regulate the relaxation of the magnetization and their relative

contributions are strongly dependent of the lattice vibrations.

30d.33.35

Table 5. Magnetic parameters of 1-3 compared with similar four-coordinate Fe!' complexes.

Compound D(m') E (em g Slow Hie 1o Ut Ref.
D! relaxation (Oe) (s) (cm’
1
)
[Fe(CF5-ONO)CI]  17.4 244 g=2.19, n.c. 6
gy=2.18,
gz:2.04
[Fe(N2mes)2] (1) -12.3(1) * 2xy=1.97,  Yes 2000 4.2 139 this
0.012) g~2.12 107 work
[Fe(N2pipp)2] (2) -16.9(7) =+ gxy=1.99, No this
0.05(2) g,/2.09 work
[Fe(HN3pipp)2] 3)  —16.5(5) = 2xy=2.02,  Yes 2000 - - this
2.13(3) g/~2.17 work
[Fe(tBuC):] -10.74 25 gxy=2.1, de
gz:2.16
[Fe(N(SiMes)2)2 +4.1 p 2 No 4d
(depe)]
[Fe(C3Ss)2J(NBuws)2  +5.61(9) 0.59(2) gx=2.00, No 4a
2,=2.04,
2,~2.08
Na[(tpa"®")Fe]- -48 0.4 2.3 Yes 1500 6.7 65 2
THF 10°
11
K[(tpaM*)Fe]-2 —44(4) 6 2.2 Yes 1500 2 492 2
DME 107
K[(tpaM*)Fe]-2 -39.6 -0.4 2.21 Yes 1500 2 492 2
DME 107
K[(tpa™P)Fe]-3 -302) 4 2.4 Yes 1500 - - 2
DME
Na[(tpa*™)Fe]-3 -26(2) 5 2.4 Yes 1500 nc? 25 2
DME
K[(tpaP?)Fe]-2 -6.2 0.1 2.0 Yes 1500 - - 2
DME

4 n.c. = non communicated
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Theoretical calculations. Calculations have been performed in order to determine the
structural factors which control the magnetic anisotropy in this family of complexes. For a
series of pseudo-tetrahedral Co'' complexes, ab initio calculations revealed the influence of
the first and second coordination sphere on the ZFS parameters®® depending on the
heteroatom coordinated to the metal center. Complexes 1-3 feature similar coordinated
amido-pyridine ligands to the Fe'' ions, hence variation in D can be related to mostly
geometrical considerations. The computation methodology described in the experimental
section lead to the D and E values reported in Table 6. They were obtained at CAS(6/10)PT2
level using basis set 1 and considering 5 quintet and 35 triplet states. They are compared to
those obtained at the NEVPT2 level for CAS(6/5) for an equivalent atomic basis set. A good
agreement of both calculations with experimental values is achieved. The magnetic axes
extracted from the ab initio calculations are very similar in the three complexes (see Figure

5).

Table 6. Evaluation of D and E from Wave Functions Theory (WFT) calculations compared

with the experimental values.

1 2 3
D(m?) | E(em™) | D(em?) | E(ecm™) | D (cm™) | E (cm™)
CAS(6/10)PT2 -10.7 0.02 -16.6 1.16 —-15.8 0.59
CAS(6/5)NEVPT2 | -13.7 0.09 -19.3 1.15 —-18.2 0.66
Experimental -12.3(1) | £0.01(2) | —=16.9(7) | £0.05(2) | =16.5(5) | £2.13(3)

For the three complexes, the energetic order of the orbitals located on the Fe'' ions and their
occupation in the two first states are reported in Figure 6. The MOs are represented in Figure

SI22. The spectra of the lowest quintet states and a perturbative evaluation of the contribution
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of each state on the D value are given in Figure SI23. The main contribution to D is brought
by the first excited state that is obtained from the ground state by a single excitation from the

dx2-y2 to the dy, orbitals. As these two orbitals are linear combinations of the do+ and d»-

A

spherical harmonics, the two states are coupled through the fzsz part of the spin-orbit

I (g . ¢
opcara‘[orZ:IZi §; + E(I AR P ) One can note that the M5 = £2 components of the quintet
i

states are essentially single reference (a single determinant is enough to describe each of the
two quintet state components). Hence the coupling is larger for these components than for the
others for which several determinants weighted by coefficients lower than 1 are required. As a
consequence, the lowering of the Ms = +2 components through the spin-orbit interaction is
larger than that of the other components and the contribution to D is therefore negative. It is
interesting to note that the energy difference between the ground and first excited state are
2346 cm’!, 1445 cm’!, and 1581 cm™ for complexes 1, 2 and 3 respectively at the
CAS(6/10)PT2 level. As the energetic stabilization due to spin-orbit coupling is inversely
proportional to the energy difference between the ground and excited states (at the second
order of perturbation), the similar values of D in complexes 2 and 3 and the smaller value of
|D| in complex 1 can be correlated with the energy of the first excited quintet state. One may
also conclude that to increase the |D| value one must decrease the energy difference between
the dx2.,2 and d., orbitals. Indeed, this difference is 1840 cm™! for 1, 1340 cm™! for 2, and 1450

cm’! for 3, in complete agreement with the evolution of the D value.
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Figure 5. Complexes 1 (left), 2 (center) and 3 (right) represented with their magnetic axes
projected onto the (xOy) (top) and (yOz) (bottom) planes determined from ab initio

calculations. The torsion angle 0 and the N-Fe-N angle d (see text) are also represented.

We firstly wanted to understand which distortion from the tetrahedron is responsible for the
negative D value. The first deviation from an ideal 7, geometry comes from the N-Fe-N angle
d (see Figure 5) involving two chelating nitrogen atoms, which is close to 80° in all studied
complexes instead of 109° in a tetrahedron. The second difference comes from the distances
between the iron and the nitrogen atoms. In all the complexes, the Fe-N bond distances
between the amide nitrogen atoms (Fe-N2 and Fe-N3) are shorter than the ones to the pyridine
N atoms (see Table 2). However, the respective Fe-N bond lengths vary only negligibly
between the complexes. We secondly wanted to understand how small structural differences
in the first coordination sphere between the three complexes affect the D value. The main
difference between the complexes comes from the torsion angle 6 which induces a loss of the
(> axes present in the tetrahedron. Figure 5 shows a view of the complexes in which the angle
of distortion (0) is represented. In our definition, an undistorted complex would have an angle
between the ligand planes of 90° (6=0°). As the distortion closes this angle which varies from

90° to 67° in the complexes, 0 varies from 0 to 23°. The values are 6 = 0°, 23° and 16° for 1,
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2 and 3 respectively and are a consequence of steric and crystal packing hindrances due to the
different chemical groups bound to the pyridine and/or to the phenyl group bound to N2/N3.
In order to understand the effect of these distortions (the angular o, the distances d and the
torsion O distortions), calculations on three model complexes have been performed: the
pyridine group was replaced by NCH while the N2 and N3 atoms were modeled by NC-
anions as the formal charge of the ligand is carried by these N atoms. In order to check that
there is no large bias introduced by the change of chemical groups, we have first calculated
the D values in model complexes where the position of the nitrogen atoms is exactly the same
as in the real complex and the model ligands are aligned with the metal ion.
CAS(6/5)NEVPT2 calculations were then performed. The values of D (-11.7 cm™, —14.1 cm’
!, and —15.1 cm! for models of complexes 1, 2 and 3 respectively) are in qualitative
agreement with the values obtained for the real complexes. Then, starting from the
tetrahedron angular, distance, and 0 torsion distortions were applied. The curves of D as
function of the three distortions 6, d and 6 are represented in Figure SI24. The angular
distortion is responsible for the negative D value observed in the three complexes as larger
negative D values are found when the bite angle decreases. This result can also be correlated
with the energetic order of the orbitals. Indeed, all the orbitals which have XY components
are stabilized in comparison to the perfect tetrahedron by the decrease of the angles in the Z
direction. The resulting energetic order of the orbitals is given in Figure 6. In contrast, the
deformations (simultaneous elongation of the Fe-NCH bonds and contraction of the Fe-NC"
bonds) have no important effect on the D values. Finally the distortion introduced by 0 is
responsible for the differences observed between the three complexes. It induces a significant
increase of the absolute value of the negative D parameter. This last result can also be easily

rationalized from a ligand field point of view. Indeed, when the system is not distorted the d..-
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y2 and d., orbitals are far apart in energy as the d,, points towards the ligands while the d.>-,»
does not. When the distortion takes place the energy difference between the two orbitals
decreases. As a consequence the energy difference between the two quintet states differing by
the occupation of these orbitals decreases and the absolute value of D increases. As complex 1
does not show any angular distortion while complexes 2 and 3 have a non-negligible and
similar distortion, one may rationalize why complexes 2 and 3 have large and similar values

of D in comparison to complex 1.

:4_! ‘);dxz-ﬂ’tdl2
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Figure 6. Energetic order and physical content in the magnetic axes frame shown Figure 5 of

i

2 2
X-y

the magnetic orbitals (essentially 3d character) located on the iron ion and their occupation in

the ground quintet state (left) and first excited quintet state (right).

Conclusions. This family of four-coordinate bis-(amido-pyridine) Fe!' complexes provided
insights on the distortion effects at the origin of the modulation of the magnetic anisotropy for
such tetrahedron-shaped d® centers. The main conclusions are: i) the negative D value arises
from the decrease of the N-Fe-N bite angles. This distortion stabilizes the dy, and di2,2
orbitals involved in the excitation at the origin of the sign of the magnetic anisotropy of all
studied complexes; i1) a further analysis of the structural parameters revealed that the torsion
between the planes of the two ligands in the first coordination sphere strongly contributes to
the negative D value and is responsible for the difference of D for these complexes. These
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results suggest that larger magnetic anisotropy (i.e. more negative D values) might be
anticipated for similar nitrogen-based bidentate ligands with a smaller bite angle and inducing
larger torsion between the two chelate planes. The magneto-structural correlation discussed in
this work is valid for Fe!' complexes with intermediate geometry between T4 and Dah. A
different coordination environment and distortion would modify the orbital splitting and thus
the relative contribution of SOC to D.

For the reported complexes, D parameters ranging from —17 to —12 cm™ have been
obtained. Interestingly, field-induced slow magnetic relaxation was detected in all cases
despite moderate magnetic anisotropy. A thermally activated relaxation process characterized

by an effective energy barrier of 27 cm™ was observed for complex 1.

Associated content. The Supporting Information is available free of charge on the ACS
Publication website. X-ray crystallographic files in CIF format for 1-3 (CCDC numbers:
1487407-1487409), additional structural and physico-chemical (electrochemistry, magnetism)

characterization data but also supplementary theoretical results.
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Three new distorted tetrahedral Fe!' complexes formed with N,N’-chelating amido-pyridine
ligands are shown to exhibit significant magnetic anisotropy and field-induced slow relaxation
of magnetization. Ab initio calculations rationalize the impact of structural distortions on both
the nature and the magnitude of the magnetic anisotropy D: reduced N-Fe-N bidentate angles

are responsible for its negative sign while the torsion angle controls its value.
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