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Introduction

Oligonuclear heterometallic complexes, combining 3d and 4f
metal ions, are intensively
magnetism." First of all, such compounds are useful models
illuminating the factors that influence the nature and strength
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Three new binuclear Fe"'-Ln" complexes, with similar structures, have been synthesized using the end-
off compartmental proligand, Hovalpn, resulting from the Schiff condensation between o-vanillin and
1,3-propylenediamine: [Fe"'Ln"(valpn)(hfac),(OAC)Cll (Ln = Gd, Tb, Dy; hfac™ = hexafluoroacetylacetonate;
AcO™ = acetate). The metal ions are triply bridged by two phenoxido oxygen atoms and by the acetato
ligand (syn—syn bridging mode). Among all these compounds the Fe''-Ln" exchange interaction was
found to be ferromagnetic (Jregq = +1.004(4) cm™% H = —JS¢.Scq). The [Fe"Dy"] derivative shows field-
induced slow relaxation of the magnetization. The interpretation of the magnetic properties for the
[Fe""Gd"], [Fe"Tb" and [Fe"'Dy"] is done through ab initio calculations. It was concluded that the
temperature behavior of the relaxation time in the [Fe"'Dy"] derivative is due to dominant Orbach relaxation
processes between states at the opposite sides and opposite heights of the blocking barrier. From this
understanding, the relaxation mechanism for similar systems where a transition metal is in exchange
coupling with a strong anisotropic lanthanide ion is elucidated, which could provide a strategy to synthesize
other binuclear complexes with better magnetic properties.

of the 3d-4f magnetic couplings. Then, numerous 3d-4f
complexes show Single Molecule Magnet (SMM) behavior and
emphasize the role played by the magnetic anisotropy of both
metal ions, as well as of the 3d-4f exchange interaction in the
slow relaxation of the magnetization phenomena.” Theoretical
and experimental studies indicate that the strength of the 3d-4f
interaction has direct consequences on the quantum tunneling
of magnetization (QTM).> Concerning the Fe™-Ln™ pair,
numerous clusters with various nuclearities have been
reported. Most of these compounds have been obtained by
reacting iron(m) and lanthanide(m) salts with aminoalcohols.*
Dodecanuclear complexes, [Feg Lng ], have been assembled by
reacting pivalato iron(u) and lanthanide(m) precursors with
phosphonic acids.” Several [Ln""Fe}"] tetranuclear complexes
with trichloroacetato bridging ligands have been reported by

Powell et al.® A high-nuclearity cluster, [Fe{3Smj"], the first

investigated in molecular
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Sm-based SMM, has been aggregated by benzoate ligands.”
Other Fe'"-Ln™ oligonuclear complexes have been obtained
using homo- and heteroleptic cyanido metalloligands,
([Fe™(CN)]*~ and [Fe™(bipy)(CN),]").® Tetranuclear cyanido-
bridged [Fey'Ln}"] molecular squares have been assembled
from [Fe"{HB(pz);}(CN);]” and lanthanide ions carrying
bidentate chelating ligands.” By employing bis-calix[4]arene

This journal is © The Royal Society of Chemistry 2021
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as a ligand, Brechin, Dalgarno et al. have obtained several
heterometallic clusters, including a nonanuclear complex,
[Fe?IGng].lo

The number of binuclear [Fe""'Ln"™"] complexes is limited to a
few examples: (i) cyanido-bridged complexes resulting by
attaching a [Fe™(CN)q]*~ group to lanthanide ions coordinated
by solvent molecules (H,O, DMF, DMSO) or other organic
ligands;'" (ii) an [Fe™Dy™] complex showing SMM behavior
which results from the self-assembly process involving
[Fe"(bpca),]" as a metalloligand and dysprosium(m) nitrate
(bpca = bis(2-pyridylcarbonyl)amine);* (iii) a tris-phenoxido
bridged binuclear [Fe™Gd™] complex synthesized from a
bicompartmental ligand derived from o-vanillin and a tripodal
amine.” The Schiff-base bicompartmental ligands generated
by o-vanillin, valXn®>~ (Scheme 1), have been widely employed to
design strictly binuclear 3d-4f complexes, the 3d metal ion
being in almost all cases divalent and occupies the small inner
compartment.’®'* Except the aforementioned [Fe™Gd™]
complex,® no other binuclear 3d-4f complexes with a trivalent
3d metal ion and bicompartmental ligands are known. The
main reason is that, in the step-wise synthetic process, the
[M™(valXn)]" intermediate bears a positive charge. Electrostatic
repulsion between the metalloligand and the lanthanide
cations hinders the formation of the heteronuclear binuclear
complexes. Using valXn®~ ligands and Fe™ and Gd"" ions, it has
been shown that, instead of binuclear complexes, tetranuclear
[Fel"GdY"] species are assembled, the two {Fe™(valXn)Ln™}
moieties being connected by an oxido bridge established
between the two Fe™ ions."” In these compounds, the weak
Fe™-Gd™ exchange interaction is overwhelmed by the
strong antiferromagnetic Fe"™-O-Fe'" coupling. Finally, we
recall that a non-compartmental ligand, obtained by reacting
o-vanillin with o-amino-phenol, leads to trinuclear [Fe}'Ln™]
complexes.'® Herein we report on a new general synthetic
approach that allows an easy access to binuclear Fe™-Ln™
complexes.

Besides the new general synthetic approach, magnetic char-
acterization of this first family of binuclear 3d-4f complexes
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with a trivalent 3d metal ion and bicompartmental ligands is
also investigated both in experiments and by using a state-of-
the-art ab initio method. Interestingly, we found that exchange
interactions between metal ions in these compounds are all
ferromagnetic. Dynamic magnetic susceptibility measurements
also revealed that among these compounds, only [Fe™'Dy™]
shows a field-induced slow relaxation of the magnetization.
Based on ab initio calculations, physical insight into the
electronic structure as well as relaxation mechanisms in this
new family of Fe"'-Ln™ complexes will be presented, which not
only elucidates the magnetic properties in this new family of
complexes but also may provide a recommendation to design
other 3d-4f complexes with better magnetic properties in the
future.

Theoretical investigation of polynuclear compounds is
usually performed using phenomenological models based e.g.
on the parameterization of the on-site magnetic anisotropy and
zero-field splitting and of the inter-site magnetic interactions."”2°
Another phenomenological method involves the description of
the zero-field splitting of the ground state spin state of the
polynuclear compound (e.g. ZFS of the ground S = 10 in the case
of Mn12). Quantum thermodynamical methods allowing the
simulation of the magnetic properties of large spin clusters are
also commonly used.”* The latter methods require
experimental determination of the ground state spin state from
low-temperature magnetic measurements. Broken-Symmetry DFT
calculations are commonly used for the description of the inter-
site magnetic exchange.”*® Usually, it provides reasonable values
for the magnetic interaction. This method was further expanded
to extract the anisotropic magnetic exchange inter-
actions. Fully ab initio computational methods are scarcely applied
for the description of the electronic structure and properties of
polynuclear compounds, because of the computational difficulties
involved in their application: (a) large size of the active space; (b) a
large number of roots required to be computed and (c) difficulties
in molecular orbital optimizations for such states, which prevent
the required level of numerical accuracy from being obtained
(<0.1 em™"). For these reasons, most used electron correlation
methods are applied to binuclear compounds.” DMRG-based
methods are used for describing large active spaces,*** but given
the large number of roots required for the description of the spin-
orbit coupling of lanthanides - their application for such
compounds is yet limited.

To overcome the above computational difficulties, a semi-
ab initio approach was proposed and successfully used for
many cases.**” The proposed method involves (a) calculations
of the on-site electronic structure and properties using high-
level ab initio methods, (b) estimation of the inter-site magnetic
exchange using the BS-DFT method,*® and (c) evaluation of the
energy spectra and properties of the entire polynuclear com-
pound using the data obtained at (a) and (b) with a fine-tuning
of the magnetic exchange in order to describe the available
magnetization data. This method was successfully used for the
description of the magnetism in a series of polynuclear com-
pounds and offers the best balance between the computational
cost and accuracy.
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Experimental
Materials

All starting materials were reagent grade and used without
purification. The syntheses of [Fe’(valpn)(H,O)CI]**’ and
[Ln"™(hfac),(Hhfac)(OAc)(H,0),]*° (Ln = Gd™, Tb™, Dy"™) have
been carried out as described in the respective papers.

Syntheses

[Fe™Gd™(valpn)(hfac),(OAc)Cl] (1). [Gd™(hfac),(Hhfac)
(OAC)(H,0),] (97 mg, 0.111 mmol) was added under stirring to
an acetonitrile solution (50 mL) of [Fe"(valpn)(H,O)CI] (50 mg,
0.111 mmol). The mixture is left under continuous stirring for
approximately 30 minutes. The resulting dark violet solution was
filtered and allowed to become concentrated by slow evaporation
for several days in a hood at room temperature. Dark violet
single crystals of compound 1 formed after several days and were
collected and washed with a very small amount of acetonitrile.
Yield: ca. 80%. Selected IR data (KBr pellets/cm™'): 3474(w,br),
2913(w), 1656(s), 1627(m), 1558(m), 1470(m), 1254(s), 1215(s),
1114(s), 948(w), 798(w), 738(m), 659(m), 584(w). Elemental
analysis: caled for C;1H,5CIF;,FeGdN,0,¢: C, 35.05; H, 2.37; N,
2.63; Found: C, 35.50; H, 2.59; N, 2.44.

[Fe™Tb™(valpn)(hfac),(OAc)CI] (2). The procedure is similar
to that of compound 1, using [Tb™(hfac),(Hhfac)(OAc)(H,0),]
(97 mg, 0.111 mmol). Dark violet single crystals of 2 formed
after several days and were collected and washed with a very
small amount of acetonitrile. Yield: ca. 80%. Selected IR data
(KBr pellets/em™): 3422(w,br), 2910(w), 1656(s), 1627(m),
1558(m), 1496(m), 1471(m), 1254(s), 1208(s), 1145(s), 949(w),
798(w), 739(m), 660(w), 584(w). Elemental analysis: caled for
C31H,5CIF;,FeTbN,O,: C, 35.01; H, 2.36; N, 2.63; Found: C,
35.36; H, 2.62; N, 2.74.

[Fe™ Dy" (valpn)(hfac),(OAc)CI] (3). The procedure is similar
to that of compound 1, using [Dy™(hfac),(Hhfac)(OAc)(H,0),]
(98 mg, 0.111 mmol). Dark violet single crystals of compound 3
formed after several days and were collected and washed with a
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very small amount of acetonitrile. Yield: ca. 80%. Selected IR
data (KBr pellets/em™"): 3431(w,br), 2910(w), 1657(s), 1628(m),
1559(m), 1471(m), 1255(s), 1208(s), 1145(s), 949(w), 856(w),
739(w), 660(m), 584(m). Elemental analysis: caled for
C31H,5CIF,,FeDyN,O,,: C, 34.88; H, 2.36; N, 2.62; Found: C,
35.23; H, 2.53; N, 2.81.

Physical measurements

IR spectra were recorded on a JASCO FTIR 4100 spectrometer in
the 4000-400 cm ™' range, with samples prepared as KBr
pellets. The X-ray powder diffraction measurements were
carried out on a Proto AXRD Benchtop using Cu-Ko radiation
with a wavelength of 1.54059 A in the range 5-35° (20). The
absorption spectra were obtained on a JASCO V-670 spectro-
photometer with solid sample accessory, in the 1800-250 nm
range. Magnetic susceptibility measurements were performed
on a Quantum Design SQUID MPMS-XL magnetometer at
temperatures between 1.8 and 300 K. All data were corrected
for the contribution of the sample holder and the diamagnetism
of the samples estimated from Pascal’s constants.

Crystal structure determination and refinement

X-Ray diffraction measurements for compounds 1, 2 and 3 were
performed on a STOE IPDS II diffractometer operating with
Mo-Ku (/. = 0.71073 A) X-ray tube with graphite monochromator.
The structures were solved by direct methods and refined by
full-matrix least squares techniques based on F>. The non-H
atoms were refined using anisotropic displacement
parameters. Calculations were performed using the SHELX-
2013 crystallographic software package. The structures were
solved by direct methods using the SHELXS structure solution
program. The H atoms attached to carbon were introduced in
idealized positions using the riding model. A summary of the
crystallographic data and the structure refinement for crystals
1-3 is given in Table 1. CCDC reference numbers: 1916564-
1916566.F

Table 1 Crystallographic data, details of data collection and structure refinement parameters for 1, 2 and 3

Compounds 1 2 3

Formula C31H,5CIF;,FeGdN,04, C3,H,5CIF,,FeTbN,O, C3,H,;5CIF,;,FeDyN, 0,
Molecular weight 1062.08 1063.75 1067.33
Temperature (K) 293(2) 293(2) 293(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P24/a P24/a P24/a

a (A) 16.9739(2) 16.9716(2) 16.9946(2)
b (A 12.6044(3) 12.5632(3) 12.5891(3)
N 18.5271(4) 18.5399(4) 18.5684(4)
B (deg) 98.272(5) 98.459(5) 98.404(5)

Vv (A% 3922.56(14) 3910.03(14) 3929.99(14)
Z 4 4 4

Deate (2 cm™?) 1.798 1.807 1.804

F (000) 2080 2084 2088
Wavelength (A 0.71073 0.71073 0.71073

Final R,%, wR,” [T > 20(1)]

R,%, wR,” (all data)
Goodness-of-fit on F>

Largest peak in final difference (e A~%)

“ Ry = Y| Fo| — |Fe|/30]Fol- " WR, = [ZW(FOZ -

10914 | J Mater. Chem. C, 2021, 9, 10912-10926

0.0412, 0.0967
0.0618, 0.1093
1.023

—0.837, 0.762

0.0420, 0.0924
0.0624, 0.1138
1.111

—1.332, 1.069

0.0803, 0.1383
0.1762, 0.1913
1.130

—0.982, 0.856

F2P IS wW(F2)TY% w = 1/[0%(Fo?) + (aP)* + bP] where P = [max(F,?, 0) + 2F]/3.

This journal is © The Royal Society of Chemistry 2021
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Ab initio calculations

The ab initio calculations for each compound were carried out
using CASSCF/RASSI-SO/SINGLE_ANISO approach implemented
using the MOLCAS 8.2 program package.*’ The atomic
coordinates for each compound were taken from structural data.
The ANO-RCC-VDZP basis set was used for all atoms except C, F
and H, for which the ANO-RCC-VDZ basis set was employed.
The active space in the CASSCF calculations included 7 electrons
in 7 orbitals for Gd™, 8 electrons in 7 orbitals for Tb™, 9
electrons in 7 orbitals for Dy"™ and 5 electrons in 5 orbitals for
Fe'™ (4f orbitals of GA™, Tb™, Dy™ and 3d orbital of Fe™). On the
basis of the resulting spin-orbit multiplets, g-factors and the
orientation of the magnetic axes of doublet states at the metal
sites, as well as the zero-field splitting tensors (ZFS parameters
and the orientation of the anisotropy axes) of Gd™, Tb™, and
Dy centres three complexes have been calculated ab initio
within the CASSCF/RASSI/SINGLE_ANISO approach using the
MOLCAS 8.2 package (see the ESIf for the details).>****>
Meanwhile, the dipolar coupling parameters were calculated
directly from the ab initio results for the single-ion anisotropy
of individual metal sites. Exchange coupling parameters
were then determined by fitting the experimental magnetic
susceptibility and magnetisation data using the POLY_ANISO
module of the MOLCAS 8.2 package (see the ESIt for the
details).***0

Results and discussion

The new compounds, [Fe"™'Ln"(valpn)(hfac),(OAc)Cl], have
been obtained by reacting two neutral precursors: [Fe"(valpn)
(H,0)CI]**? and [Ln"(hfac),(Hhfac)(OAc)(H,0),].>° The hfac™
ligands increase the Lewis acidity of the Ln™ ions, facilitating their
interaction with the oxygen atoms from the open compartment of
the iron(m) precursor. Moreover, the reaction between two neutral
precursors will favor the assembly of the desired heterobinuclear
complexes. For this study, we have chosen the following lanthanide
ions: Gd™ 1, Tb™ 2, and Dy™ 3. This synthetic approach appears to
be successful. It clearly indicates the principles to be followed to
obtain strictly binuclear [Fe™Ln™] complexes in a rational manner,
paving the way for other syntheses. The diffuse reflectance spectra
of the three compounds (Fig. 1) show the characteristic ligand-to-
metal charge transfer band for Fe™-phenoxido systems, which
obscure the spin forbidden, and therefore weak, d-d bands of the
[Fe™N,O05ClI] chromophore. (1: 554, 2: 555, 3: 535 nm). The purity
of the crystalline phases was proved by powder X-ray diffraction
(Fig. S1, ESTY).

Description of the structures

Compounds 1-3 are isostructural, therefore only the crystal
structure of the [Fe™Gd™] derivative will be discussed here
(Fig. 2). The metal ions are triply bridged by two phenoxido
oxygen atoms and by the acetato ligand (syn-syn bridging
mode). The Fe' ion is hosted into the inner compartment,
being coordinated by two nitrogen and two oxygen atoms from
the organic ligand (Fe-N1 = 2.079(5); Fe-N2 = 2.091(5); Fe-O1 =

This journal is © The Royal Society of Chemistry 2021
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FeGd (1)
FeTb (2)
FeDy (3)
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Fig. 1 Diffuse reflectance spectra for compounds 1 (red), 2 (violet) and 3
(blue).

Fig. 2 Perspective view of complex 1. For clarity the hydrogen and
fluorine atoms have been removed.

1.975(4); Fe-02 = 1.978(3) A); and by a chlorido ligand and an
acetato oxygen atom into the apical positions (Fe-O5 = 2.050(4);
Fe-Cl = 2.306(15) A), with an octahedral geometry. The Ln™ ion
shows a coordination number of 9, being coordinated only by
oxygen atoms (4 from the two hfac™ ligands, 4 from the open
compartment of the Schiff base, and one from the bridging
acetato ligand) with distances varying between 2.373(4) and
2.628(4) A). The coordination geometry of Gd™ can be
described best as a muffin (MFF-9)-like type with a CShM value
of 0.585 (Table S1, ESI{).*® The intramolecular Fe- - -Gd distance
is 3.449 A, while the shortest intermolecular Fe- - -Fe distance is
7.673 A; the shortest intermolecular Gd---Gd distance is
10.296 A and the shortest intermolecular Fe---Gd distance is
9.534 A. The values of the two Gd-O(phenoxido)-Fe angles are
Fe-O1-Gd = 103.41(14) and Fe-02-Gd = 103.87(13)°. Selected
bond distances and angles for the three compounds are
collected in Table 2. We recall that the structural motif is

J. Mater. Chem. C, 2021, 9,10912-10926 | 10915
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Table 2 Selected bond lengths (A) and angles (°) for compounds 1, 2, and 3

Compounds Distances (A) Angles (°)

1 Gd-010 2.362(4) 010-Gd-07 74.77(15) 0O1-Fe-05 92.37(14)
Gd-07 2.365(4) 010-Gd-06 141.49(14) 02-Fe-N1 88.93(19)
Gd-06 2.365(4) 07-Gd-06 70.67(14) 0O1-Fe-N1 172.40(18)
Gd-08 2.373(4) 010-Gd-08 80.72(14) 05-Fe-N1 84.02(17)
Gd-01 2.390(3) 07-Gd-08 72.48(13) 02-Fe-N2 171.62(17)
Fe-O1 1.978(3) 06-Gd-08 73.22(13) O1-Fe-N2 88.83(17)
Fe-05 2.050(4) 010-Gd-01 137.75(13) 05-Fe-N2 86.71(16)
Fe-N1 2.079(5) 07-Gd-01 143.26(13) N1-Fe-N2 97.6(2)
Fe-N2 2.091(5) 06-Gd-01 72.79(12) 02-Fe-Cl 95.34(11)
Fe-Cl 2.3062(15) 08-Gd-O1 93.58(12) O1-Fe-Cl 94.32(11

2 Tb-010 2.344(4) 010-Tb-07 74.43(16) 01-Fe-02 83.95(15)
Tb-07 2.350(4) 010-Tb-08 80.31(16) 01-Fe-0O5 92.54(15)
Tbh-08 2.352(4) 07-Tbh-08 73.00(15) 02-Fe-05 88.59(16)
Tb-06 2.352(4) 010-Tb-06 141.12(15) 0O1-Fe-N1 172.50(19)
Tb-0O1 2.381(4) 07-Tb-06 70.90(15) 02-Fe-N1 89.2(2)
Fe-02 1.975(4) 08-Tb-06 73.27(15) 05-Fe-N1 84.20(18)
Fe-05 2.055(4) 010-Tbh-01 137.62(14) O1-Fe-N2 88.97(18)
Fe-N1 2.078(5) 07-Tbh-01 143.83(14) 02-Fe-N2 171.39(17)
Fe-N2 2.081(5) 08-Th-O1 93.67(14) 05-Fe-N2 86.82(17)
Fe-Cl 2.3052(16) 06-Tb-01 73.09(14) N1-Fe-N2 97.6(2)

3 Dy-09 2.318(13) 09-Dy-06 141.4(4) 02-Fe-N1 171.2(5)
Dy-06 2.336(11) 09-Dy-07 74.6(5) O1-Fe-N1 88.5(5)
Dy-O7 2.344(11) 06-Dy-07 70.7(4) N2-Fe-N1 98.2(6)
Dy-08 2.348(11) 09 Dy-08 80.5(4) 05-Fe-N1 84.6(5)
Dy-02 2.355(10) 06-Dy-08 73.9(4) 02-Fe-Cl 95.1(3)
Fe-O1 1.992(10) 07-Dy-08 73.1(4) O1-Fe-Cl 96.5(3)
Fe-N2 2.059(13) 09-Dy-02 137.6(4) N2-Fe—Cl 90.1(4)
Fe-05 2.065(11) 06-Dy-02 73.1(3) 05-Fe-Cl 172.8(4)
Fe-N1 2.081(14) 07-Dy-02 143.6(4) N1-Fe- Cl 89.7(4)
Fe-Cl 2.297(5) 08-Dy-02 93.2(4) 02-Fe-Dy 41.6(3)

similar to the one described for [M"Ln"(valXn)(hfac),(OAc)]
complexes,® but in our case an additional chlorido ligand is
necessary in order to obtain a neutral species.

Magnetic properties

The new binuclear compounds are excellent candidates for
magnetostructural correlations, which are scarce for the
phenoxido-bridged Fe™-Ln™ pairs. Let us start with compound 1.
The temperature dependence of y,,T for this compound is shown in
Fig. 3. As can be seen, the room temperature value of the )T
product (12.26 cm® mol " K) is close to the one of two magnetically
independent Fe™ and Gd™ ions (12.25 cm® mol * K, considering
Zre = Zca = 2.00). Below 100 K, T increases abruptly and reaches
20.05 cm® mol ' K at 2 K, a value that corresponds to S = 12/2 for the
ground state, resulting from the ferromagnetic interaction between
Fe™ and Gd™ ions. The best fit to the data, using the Hamiltonian

1
H = 7JSFeSGd + DFe Sz2 - gSFe(SFe + 1)
+ EFe [Sx2 - Syz] + gFeHSFe + ngHSGd (1)

leads to J = +1.004(4) cm ™~ and g = 1.979(3), goa = 2.0(fixed), Dy =
—0.51(8) |Ege| = 0.1(2) cm ™. The value of the exchange parameter,
J, is close to those found in trinuclear [Fe™Gd™Fe™] complexes,
in which the metal ions are doubly bridged by phenoxido groups,'®
but higher than the one found by Costes in his binuclear [Fe™Gd™]
complex with three phenoxido bridges (J = +0.50 em '),"® the
intermolecular exchange interaction is assumed to be very
weak because of the large intermolecular distances between the

10916 | J Mater. Chem. C, 2021, 9, 10912-10926

magnetic centers (see above). The magnetization vs. field curves
(inset to Fig. 3) can be well fitted using a Brillouin function for
S =12/2 and g = 1.94.
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Fig. 3 ymT vs. T curve for compound 1. Inset: Field dependence of the
magnetization at various temperatures. The solid lines is the best simulta-
neous fit of magnetization and susceptibility data based on the anisotropic
Hamiltonian (1).
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Compounds 2 and 3 contain strongly anisotropic Tb"™ and
Dy™ ions, which have been chosen in order to induce the slow
relaxation of the magnetization phenomenon. The yuT vs. T
curves for 2 and 3 are shown Fig. 4. The corresponding room-
temperature values 16.91 and 19.16 cm® mol ™" K are slightly
higher than the sum of contributions of isolated magnetic ions
in these complexes, 16.2 and 18.4 cm® mol ™' K, respectively
(a straightforward calculation for gge = 2.00, Sge = 5/2; grp = 3/2,
Jtb = 6; gpy = 4/3, Jpy = 15/2 can be done following ref. 47). Given
small values of exchange parameters in these compounds
(vide infra) and the fact that the magnetic susceptibility for
individual magnetic centers in complexes are smaller than for
corresponding isolated metal ions due to zero-field (crystal-
field) splitting of their magnetic multiplets, the obtained higher
values of room-temperature magnetic susceptibility suggest a
rescaling down of the magnetic data for all complexes (see the
ESIY).

The thermal dependences of y\T are similar: (i) a decrease
from room temperature down to ca. 20 K, which is due to the
depopulation of the Stark sublevels of the Ln™ ions; and (ii) an
increase below 20 K, indicating the ferromagnetic coupling of
the Fe'™ and Ln™ ions. The M vs. H curves (insets to Fig. 4)
confirm the expected magnetic anisotropy of these systems.
Compounds 2 and 3 do not show frequency dependence of the
magnetic susceptibility in zero static field, suggesting fast
relaxation via QTM. The in-phase and out-of-phase magnetic
susceptibilities of both compounds have been recorded at
various static fields (0-3000 Oe), at 2 K (Fig. S2, ESIY), in order
to find the optimal value of the field for the observation of slow
relaxation of magnetization. For the terbium derivative, 2, only
weak frequency dependences of ;' and " at 2500 Oe are observed
(Fig. S3, ESIt). Conversely, the ac magnetic measurements
indicate that the dysprosium derivative, 3, (Fig. 5 and Fig. S4,
Table S2, ESIT) shows slow relaxation of the magnetization under
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Fig. 5 Dynamic magnetic properties of compound 3, recorded between
2 and 4 K: (a) in-phase component of the magnetic susceptibility, ym’, vs.
frequency; (b) out-of-phase component of the magnetic susceptibility,
M, vs. frequency; (c) Cole-Cole plots.
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Fig. 4 ymT vs. T curve for compounds 2 (left) and 3 (right). Inset: M vs. H curves.
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an applied static field (1000 Oe). Arrhenius plot of In(z) vs. 1/T for
compound 3 (Fig. 6) reveals that an approximately linear profile
represents relatively well the relaxation curve, which indicates that
the Orbach mechanism is dominant at an applied dc field.
The corresponding effective blocking barrier to magnetization
reversal from the fitting is around Uegs &~ 9.72 K if only the Orbach
process is used and Ues =~ 8.39 K if the Raman process is
included. Detailed theoretical analyses of the magnetic relaxation
behavior of all three complexes will be discussed in the following
section.

Theoretical analysis

From ab initio results for 1, which are listed in Tables S6-S9 and
S20, S21 and the corresponding low-lying energy levels of each
single metal ion plotted in Fig. S5-S10 (ESIT), as well as zero
field splitting parameters D and E for Fe™ shown in Table 3, we
see that the obtained ZFS splitting on Gd™ and Fe™ sites are
relatively small, which is not surprising given that these ions
are almost isotropic. In agreement with the fitted D and E
parameters for Fe' reported above, a negligible value for the
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Fig. 6 Relaxation time of the magnetization In(z) vs. T-* plot for 3. (a)
Arrhenius fitting with (n(z) = In(tg) + Uex/T gives an effective blocking
barrier of Uessr & 9.72 Kand 79 ~ 3.69 x 106 sif only the Orbach process
is used. (b) Arrhenius fitting In(z) = —In(tg™ exp(—Ues/T) + CT") gives

an effective blocking barrier of Uey ~ 8.39 K, 1o &~ 1.45 x 107 ° s, n = 4.16,
C = 61.4 s"L K" if the Raman process is included.
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Table 3 The zero-field splitting parameters (cm™) at Fe'" in 1-3

Compound D E

[Fe'"Gd™] 0.2034 0.0109
[Fe™"Tb™] 0.2113 0.0103
[Fe'"Dy™] 0.2129 0.0105

rhombic anisotropy parameter E is also observed. Ab initio
calculations for 1 also reveal that the ZFS parameter D on Fe™
appears to be considerably smaller than the fitted one using the
phenomenological model in eqn (1). The reason for this
discrepancy is that in the latter no ZFS on Gd™ was taken into
account, which was compensated by the artefactual increase of
ZFS on Fe'" in order to fit the magnetic data. Another drawback
of a pure phenomenological model is the opposite sign of D
for Fe™ compared to the ab initio results. This is a known
problem of a weak sensitivity of powder magnetic susceptibility
to the sign of D, mentioned already by Kahn,*” which makes
it difficult to extract the sign of D from the fitting of
magnetic data.

To elucidate the magnetic properties of the [FeLn™] series,
we simulate the thermal dependences of y\T as well as the M
vs. H curves in Fig. S10 and S11 (ESIt), for compound 1.
With an introduction of the intermolecular interaction zj =
—0.0007 cm ™, our ab initio results show that the simulated
magnetic data for 1 are in good agreement with experiment.
From the fitting, we also obtain the ferromagnetic exchange
coupling J = 0.898 cm™ ', which is consistent with the parameter
used in the phenomenological model in eqn (1) but is slightly
different with respect to the BS-DFT result (J = 0.710 cm ™).

Having all ZFS calculated, in Fig. 7, we show the low-lying
spectrum of exchange/dipolar multiplets of the [Fe™Gd™]
complex resulting from interaction between the ground multiplet
S = 5/2 of the Fe'" site and S = 7/2 of the Gd™ site (6 x 8 = 48
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Fig. 7 Calculated low-lying spin—orbit manifolds of states arising from
the magnetic interaction between the ground multiplet S = 5/2 of the Fe'
ion and the ground term 85 of the Gd" ion in the [Fe"Gd"] complex.
The components of each doublet (black lines) are placed on the diagram
according to their magnetic moment projection on the main magnetic axis
of the ground doublet (with energy zero).
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exchange states). These states subdivide into several groups of
levels separated by the exchange interaction. The states in each
such group correspond to a total spin Sy = Sge + Sgd (Stot = 15- - -6)
with total number of states being equal to 2S, + 1 (Table S20,
ESIt). In each group, these states basically split again into Ising
doublets via a weaker ZFS interaction on Fe'™ and Gd™ ions. The
multiplet arising from the ground manifold of 13 states (S = 6)
spread over an energy less than 2 cm™'; therefore, they are all
populated at the investigated temperatures. Given that many of
these doublets display a tunnelling gap as large as 10> cm ™"
(Table S20, ESIt), no blocking of magnetization relaxation can be
expected. This is in full agreement with the ac susceptibility
measurements showing that 1 is not a SMM.

Substitution of the isotropic Gd™ ion for an anisotropic Tb™
ion with oblate-shape f-electron charge cloud*® in complex 2
indeed increases the axiality of the crystal field on the lanthanide
ion. This is clearly shown in Table S10 and Fig. S7 (ESIt) where
the energy gap between the electronic ground and first excited
doublet corresponding to the lanthanide center substantially
changes from ca. 0.2 cm™ " to ca. 40 cm ™. This increase in the
axiality effectively differentiates nature of the energy splitting in
complex 2 from 1. In particular, the energy diagram changes
from subgroups characterized by the total spin Sge + Sgq in 1 to
subgroup of pseudospin 1/2 (corresponding to each electronic
doublet of Th™ ion) in exchange coupling with Sg. in 2 as seen in
Fig. 8. It should also be mentioned that due to no change in the
ligand, this substitution results in little effect on the Fe™™ center
(see Tables S12, S13 and Fig. S8, ESIt).

We further calculated the magnetic susceptibility and field-
dependent magnetization for complex 2 and showed them
in Fig. S12 and S13 (ESIY), respectively. An intermolecular
antiferromagnetic exchange coupling, z/ = —0.027 cm™ ', was
introduced to give a better fit to the y\T curve of 2 at low
temperatures.*>*** It is noted that the ferromagnetic
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Fig. 8 Calculated low-lying spin—orbit manifolds of states arising from
the magnetic interaction between the ground multiplet S = 5/2 of the Fe'"
ion and the ground and first excited doublet of the Tb" ion. The
components of each doublet (black lines) are placed on the diagram
according to their magnetic moment projection on the main magnetic
axis of the ground doublet (with energy zero).
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exchange parameters J = 0.310 cm™ " obtained from fitting of
ymT is of the same order of magnitude with the one from
BS-DFT calculation but ca. 3 times smaller (0.85 cm™" in
Table S18, ESIT). This difference is understandable considering
the low accuracy of the BS-DFT methodology for exchange
parameter calculation.

Using the exchange parameter obtained from fitting, the
low-lying manifolds of exchange/dipolar spin-orbit states of 2,
resulting from the magnetic interaction of the ground S = 5/2 of
Fe' centre with the ground non-Kramers doublet of the Tb™
ion (lower manifold of 12 states) and with the first excited
doublet (higher manifold of 12 states) lying ca. 40 cm™ " higher
are plotted in Fig. 8. The multiplet states in each manifold
group form Kramers doublets separated by the Fe™-Tb™
exchange interaction and the ZFS interaction at the Fe™ site.
At low temperature, the relaxation occurs mostly in the lowest
multiplet of 12 states, which due to the axiality of Tb"" ions in 2,
can be considered in an effective manner by the exchange
interaction between the ground doublet of the Tb™ ion
(pseudospin 1/2) and the Fe'™ ion (spin 5/2) in the crystal
field.*® However, as the ZFS of the Fe'™ ion is weak (see Table
S12, ESIf), the easy magnetic axis of the Tb" ions ground
doublet and the ZFS of Fe' ion is also non-colinear (about
27.2°, Fig. 9),"°* and the exchange interaction between Tb™
and Fe™ ions (see Table $18, ESIT) is small, each eigenstate of
the [Fe"Tb™] complex will accordingly be a strong mixture of
different myg. states. This results in large transversal
components of the g-tensor of doublets of the complex (see Table
S23, ESIT) as well as large transition matrix elements between the
eigenstates of 2, which can be seen in Fig. 10 via the relative

(E - E)’

45,49-51 o\ TE)
Pij = Pii = ikt eE,-/kT|‘u’J

between localized states |i) and |j). Consequently, relaxation in

conductance

ope 2
transition |

Fig. 9 Calculated molecular fragment of the [Fe"Tb"] complex (legend:
Tb-indigo, Fe-brown, C-grey, N-blue, O-red, H-light grey). The dashed
lines indicate the main anisotropy axis on Fe"' ion (blue) and the main
magnetic axis on Tb'"" ion (red).
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doublets involving in the magnetization relaxation at low temperature domain of [Fe""Tb"] complex (2), assuming that the whole population is initially prepared
on the left side of the potential well. Here |y;| stands for average transition magnetic moment matrix element and taken from ab initio calculation, and T = 2 K is
used for calculation of p;. Note that while relative transition conductive between states of different sides are shown with magnitude-dependent transparency,
ones between states on the same side of the potential well are plotted without magnitude-dependent transparency. This is because population transition
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magnetization. Particularly, (a—f) p; for i= — 1... —6 respectively; (g) the largest p; for each i branch are plotted and compared to determined the dominant
relaxation path (bold lines) from their corresponding pj. For [Fe""Tb"] at low temperature, the dominant paths are from |£3) < |F4).
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[Fe™Tb™], despite being slower than in [Fe™Gd™] due to the
axiality of the Tb™ ion, is still overly fast. Specifically, at zero
applied field, due to the large values of the transversal
components of the g-tensor, even the internal field is able to open
large tunnelling splitting gaps and accordingly accelerates
the magnetization relaxation. At large applied field,
although relaxation via QTM is suppressed, the large transition
conductance, and accordingly large transition rates, between
states with magnetic moments of opposite sign (see Fig. 10) are
still sufficient to result in a fast relaxation of magnetization.>>
This explains why some changes to the out-of-phase susceptibility
(see Fig. S3, ESIt) can be observed at high magnetic field, but no
slow relaxation is detected.

Similarly, the ab initio fragments calculations for complex 3
were performed. The spin-orbital energy levels and g tensors for
each metal center in the crystal field are exhibited in Tables
S14-S17, S24, S25 and Fig. S9, S10 (ESIt). As can be seen, while
the ZFS splitting of Fe™ is similar to those in the above two
complexes, the substitution from Tb™ to Dy further increases
the axiality of the lanthanide center. In particular, the energy
gap between the ground doublet and the first excited doublet of
the Dy™ center in 3 is almost double of the Tb™ center in 2
(70 em™" vs. 40 cm™ ). Other excited doublets of 3 also have a
larger energy than corresponding ones in 2. Together with the
fact that Dy™ is a Kramer ion, even without experiment, we can
also guess that a slower relaxation than 2 in 3 is likely and may
be observed.

Ab initio calculations of the magnetic susceptibility and
field-dependent magnetization for the [Fe"'Dy"™] complex are
also shown in Fig. S14 and S15 (ESIY), respectively. To have a
good agreement with experiment, an intermolecular antiferro-
magnetic exchange coupling, z/ = —0.023 cm ™" was introduced
to describe the bending down of the yuT curve at low
temperature.>**"*?

The fitting process done using the POLY_ANISO package
(MOLCAS 8.2) gives a value of J = 0.452 cm ™', which is about
45% larger than J in 2. This relative difference of J between 2
and 3 is also verified by BS-DFT calculation (see Table S18,
ESIY). It should also be noted that in complexes 1, 2, and 3, all
ab initio calculations show that the exchange interaction
between Ln™ and Fe™ ions is ferromagnetic, which is well
supported by the BS-DFT calculations (see Table S18, ESIT).
Meanwhile, the magnetic dipolar interaction (Table S19, ESI¥)
overall counteracts the ferromagnetic exchange interaction.
However, in the [Fe™'Gd™] compound, this effect is much
weaker than in [Fe™Dy™], where it reduces the effect of
ferromagnetic exchange by ca. 1/3. This is explained by a
different orientation of the spins (magnetic moments) of Ln
and Fe sites relatives to each other and relative to the Ln-Fe
axis in the complexes in 1-3, with the easy magnetic axis of
the Dy™ ion ground doublet and the ZFS of Fe™ also being non-
collinear (at an angle of 44.4°, see Fig. 11).

Using fitting value of J, the energy spectrum of the complex
is calculated and shown in Fig. 12 with the low-lying manifolds
of exchange/dipolar spin-orbit states resulting from the
magnetic interaction of the ground S = 5/2 of Fe'" centre with

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Calculated molecular fragment of the [Fe""Dy"'] complex (legend:
Dy-indigo, Fe-brown, C-grey, N-blue, O-red, H-light grey). The dashed
lines indicate the main anisotropy axis on Fe'' ion (blue) and the main
magnetic axis on Dy" ion (red).

the ground KD of the Dy™ ion (lower manifold of 12 states) and
the first excited KD (higher manifold of 12 states) lying ca.
70 cm~ " higher, which is larger than 2 due to Dy™ being more
axial than the Th™ ion (see Tables $10, S11 and S14, $15, ESI?).
Relaxation in 3 also occurs mainly within the lowest exchange
manifold (of 12 states) at low temperature. Due to ca. 45%
stronger exchange interaction between Dy™ and Fe™ ions
(see Table S18, ESIt), higher axiality and larger magnetic
moment of the Dy"™ ion, the mixture of different mg. in each
eigenstate corresponding to the lower manifold of [Fe™Dy""] is
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Fig. 12 Calculated low-lying spin—orbit manifolds of states arising from
the magnetic interaction between the ground multiplet S = 5/2 of the Fe'
ion and the ground and first excited Kramers doublet of the Dy" ion.
The components of each doublet (black lines) are placed on the diagram
according to their magnetic moment projection on the main magnetic axis

of the ground doublet (with energy zero).
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lowest doublets involving in the magnetization relaxation at low temperature domain of [Fe"'Dy"'] complex (3), assuming that the whole population is
initially prepared on the left side of the potential well. Here |y;| stands for average transition magnetic moment matrix element and taken from ab initio
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dominant paths are from |+£1) < |F6), which corresponds to an effective blocking barrier of around 9.54 K (6.63 cm™).
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4932 This leads to much smaller relative

significantly lower.
transition conductance, and accordingly much smaller
transition rates between states having different signs of
magnetic moments in 3 compared to 2, which can be seen
from Fig. 10 and 13 via the relative transition conductance
calculations. Indeed, these matrix elements for 3 are at least
two orders of magnitude smaller than 2, which explains why
under an applied field where QTM is suppressed, 3 relaxes
much slower than 2 (see Fig. S2 and S3, ESIf) and is thus
observable via the maximum in frequency-dependent out-of-
phase susceptibility. However, at zero applied field, since the
mixture of different mg. in eigenstates of 3 is still not
sufficiently small due to the weak crystal field of the Fe'" ion,
fairly decent tunnelling splitting gaps (see Table S24, ESIt)
within (quasi-) doublets of 3 are still open, which speed up the
relaxation via the QTM process between states with opposite
signed magnetic moments*>*>*® (left and right states in
Fig. 13).

From above, we have explained why the magnetization
relaxation in 3 is slower than 2, which is slower than 1.
A summary of the difference between these three binuclear
complexes is also provided in Table 4. Since only slow relaxation
is observed in 3, our next task is finding its dominant relaxation
path and accordingly the effective blocking barrier. This can be
done by first noticing that the exchange interaction splits the
energy spectrum so that |—m) and |+(7 — m)) in Fig. 13 having
approximately the same contribution of z-axis spin projection
component of Fe'™ spin (see Fig. 14 for a depiction of the
splitting of the energy spectrum in 3 assuming that there is no
involvement of the crystal field in the Fe™ ion). Accordingly,
those transitions between |—m) and |+(7 — m)) are favoured as
flipping one spin is much easier than two spins at the same time
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Fig. 14 Energy splitting of the lowest manifold arising from the exchange
coupling between a strong anisotropic lanthanide ion (e.g., Dy") and a
transition metal ion (e.g., Fe") in weak ZFS. Here orange lines are energy
levels, colored lines with arrows indicates the most preferred relaxation
channel for population at corresponding energy level. Lines with the same
color are expected to have the same transition rate. Dominant path is the
competition between different colored lines. Effective blocking barrier can
thus range from the height of the fourth to the sixth energy levels
depending on the specific system and temperature.

(coloured lines with arrow in Fig. 14). This is demonstrated in
Fig. 13 for 3 where the relative transition conductance, and
accordingly the transition rate, between states |—m) and state
|[+(7 — m)) is always fastest comparing to between |—m) and
other |+n). Additionally, from Fig. 13g, the calculated data for the
relative transition conductance also show that despite some
contributions from other relaxation paths (|£2) to |F5) and
|£3) to | F4)), the dominant relaxation path is indeed from |+1)
to | F6). This corresponds to the Orbach relaxation process with
a blocking barrier of approximately 9.54 K (6.63 cm™ '), which is
in excellent/good agreement with the fitted one 9.72 K from
experimental data (see Fig. 6a) if only the Orbach process is
taken into consideration, or 8.39 K (see Fig. 6b) if the Raman
process is also included. This agreement validates our suggested
mechanism for the relaxation in 3.

Table 4 Difference between three binuclear complexes with compartmental ligands 1, 2, and 3 from the theoretical investigations

FeHIGdHI FeIHTbHI FeIIIDyIII
ZFS on Fe™ Small Small Small
ZFS on Ln™ Small Large Largest
Order of interactions Gd-Fe - pSd HE > HIPTFe > pgre HY > HPFe > g

(Ex - Exchange, CF - Crystal field) Hgd ™ > Hie
Ground multiplet (relaxation at  Seora = 6 13 levels
low T occurs here)

St = 1/2, Spe = 5/2, 12 levels

Spy = 1/2, Sge = 5/2, 12 levels

Exchange constant Fe'"-Ln™ 0.898 0.310 0.452
(em ™)
Axiality of the ground multiplet Low High Highest

Relaxation at zero field Fast, not observable.
Main reason

Ln™ ion — low axiality, large

Fast, not observable.
Weak ZFS on Fe'" and isotropic ~Weak ZFS on Fe", weak Fe'"-Tb""
exchange interaction and non-

Fast, not observable.
Weak ZFS on Fe'" — fast QTM

tunneling splittings, strong spin- collinearity between easy magnetic axis

phonon coupling.

of Tb™ ground doublet and ZFS on Fe™

— large spin-phonon coupling and fast
QTM

Relaxation under an applied field Fast, not observable.

Main reason
Ln™ jon — low axiality, strong
spin-phonon coupling.

Fast, not observable.

Weak ZFS on Fe™ and isotropic Weak ZFS on Fe'", weak Fe"™'-Tb™
exchange interaction and non-
collinearity between easy magnetic axis spin-phonon coupling.

Slower, observable
Stronger Fe' exchange inter-
action, higher axiality — weaker

of Tb"™ ground doublet and ZFS on Fe™
— strong spin-phonon coupling.

Uest Not applicable
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Not applicable

From lowest to highest energy
level of the ground multiplet at
low T

J. Mater. Chem. C, 2021, 9,10912-10926 | 10923


https://doi.org/10.1039/d1tc00894c

Published on 25 junio 2021. Downloaded on 21/02/2026 9:58:04 am..

Journal of Materials Chemistry C

From above analyses on the physics in complex series
[Fe™Ln™], a generalization for similar systems where a
transition metal is in exchange coupling with the ground doub-
let of a strong anisotropic lanthanide ion can also be made. In
particular, due to the exchange interaction, the energy spectrum
of these complexes will be divided into multiple manifolds
where each one effectively arises from exchange coupling
between each doublet of the anisotropic lanthanide ion and
the zero-field-split energy spectrum of the transition metal ion.
Relaxation in these systems at low temperatures will then occur
mainly in the lowest manifold of the 2 X (2S¢ ansition—metal—ion * 1)
energy levels. In general, for these systems under an applied
field, the dominant relaxation path, and accordingly the effective
blocking barrier, will depend on the competition between
relaxation channels connecting states with the same dominant
z-component of the transition metal ion spin (see Fig. 14). On the
other hand, tunnelling splitting in these systems, which plays an
important role in relaxation at zero field, will depend on the
mixing of different z-components of the transition metal ion
spin in the localized states,®* hereinafter referred to as ‘“pure-
ness” and thus depends strongly on the rhombic anisotropy
parameter E of the crystal field of the transition metal ion, the
magnitude of the exchange constant, the collinearity of the easy
magnetic axis of the lanthanide ion’s ground doublet and one of
the ZFS of the transition metal ion, and to some degree the spin
number of the lanthanide ion.>*” Specifically, a weaker E, will
not only decrease the tunnelling splitting gaps but also improve
the “pureness” of the eigenstates on the opposite sides of the
potential wells and accordingly lower the transition rate between
states with different dominant z-component contributions, e.g.
|-m) and |n # +(7 — m)) in 3 (see Fig. 14). Meanwhile, a strong
exchange interaction and collinearity of the axes of lanthanide
ion’s ground doublet and transition metal’s ZFS, will further
strengthen the axiality of the complex’s eigenstates.”®>* All these
effects are in a synergy to help reduce relaxation time. Thus, a
system with a large J, a small E, and collinearity between easy
magnetic axes of lanthanide’s ion and ZFS of transition metal
ion will highly likely show a slow relaxation of magnetization.

Conclusions

We presented a new synthetic approach allowing for an easy access
to binuclear Fe™-Ln™ complexes. Applying this methodology,
three new isostructural complexes, [Fe™'Ln"(valpn)(hfac),
(OAc)C]] (Ln = Gd, Tb, Dy; hfac™ = hexafluoroacetylacetonate;
AcO™ = acetate), have been synthesized and thoroughly
investigated. This strategy can be extended towards other
3d-4f complexes containing trivalent 3d metal ions. It was
shown that only the third, [Fe" Dy™] complex 3 exhibits SMM
behavior within the investigated frequency domain of ac
susceptibility, which was rationalized by ab initio analysis.
In particular, ab initio analysis revealed that the temperature
behavior of the relaxation time is due to the Orbach relaxation
processes between the states on the opposite sides and
opposite heights of the blocking barrier, which become
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dominant in a sufficiently strong applied magnetic field
(Hge = 800 Oe), when the QTM is sufficiently suppressed. Our
theoretical analyses not only elucidated the mechanism of the
relaxation of magnetization in this series of binuclear
complexes, but also shed light on the possible relaxation
mechanism in similar systems where a transition metal is in
exchange coupling with the ground doublet of a strong
anisotropic lanthanide ion. From this understanding, similar
systems with better magnetization relaxation may be developed
in the future.
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