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Synthesis, structure, and magnetic properties of
diamagnetic Co(in) ion-based heterometallic
Co"'-Ln"" (Ln = Dy, Tb, Ho, Er) complexesi

Nandini Barman,? Purbashree Halder,? Subrata Mukhopadhyay,® Bjérn Schwarz, (2 *°
Enrique Colacio, {2 *© Rajanikanta Rana,® Gopalan Rajaraman*® and

Joydeb Goura (2 *2¢f

The reaction of Schiff base ligand N,N’-bis(salicylidene)ethylenediamine (HoL) with [Co'(u-

OH,)(0,CCMes)4(HO,CCMes)4] (Co'>-Piv) (Piv = pivalate) and Ln(NOs)s-xH,O (for 1, 3, 4 x = 5; for 2, x = 6)
salts in the presence of triethylamine afforded [Co"'Ln"(L)(u-Piv)o(m*-Piv)o(nt-OHMe),l where Ln = Dy, for 1;
Tb, for 2; Ho, for 3; and Er, for 4] complexes. The heterometallic dinuclear ensemble is built via the bridging
coordination action of [L]~ and four [Pivl~ ligands. Further, the Ln(i) center is coordinated by two n'-OHMe
ligands. Shape analysis of all the Ln(i) centers in 1-4 reveals the existence of a distorted triangular dodeca-
hedron geometry. Magnetic studies revealed that compound 1 shows slow magnetic relaxation under zero-
field at low temperatures whereas compound 4 displays field-induced slow magnetic relaxation. This
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Introduction

In recent years, 3d/4f containing heterometallic polynuclear com-
plexes have obtained increasing attention due to their potential
applications in a variety of fields such as magnetism," magnetic
refrigeration,” quantum computation,® spintronics,’ and
luminescence.” Interesting magnetic properties arise for such
systems, due to the strong interaction between paramagnetic 3d
and 4f electrons of the metal ions. In addition, the presence of
spin-orbit coupling in many lanthanide metal ions leads to a
large total angular momentum (/) and many lanthanide ions

“ Department of Chemistry, Jadavpur University, Kolkata 700032, India.
E-mail: jgoura@chemistry.du.ac.in, joydebgoura@gmail.com
b Rarlsruhe Institute of Technology (KIT) - Institute for Applied Materials (IAM),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany.
E-mail: bjoern.schwarz@kit.edu
¢ Departamento de Quimica Inorgdnica, Facultad de Ciencias, Universidad de
Granada, Av. Fuentenueva S/N, 18071 Granada, Spain. E-mail: ecolacio@ugr.es
 Department of Chemistry, Indian Institute of Technology, Bombay, Powdi,
Mumbai, Maharashtra 400076, India. E-mail: rajaraman@chem.iith.ac.in
¢ Department of Chemistry, University of Delhi, Delhi 110007, India
I Department of Chemistry, Bangabasi College, Kolkata 700009, India
1 Electronic supplementary information (ESI) available: Figures and tabulated
bond angles/lengths for the crystal structures of compounds 1-4. Bond valence
sum calculations for the Co(m) atoms of compound 1-4. Full results of the SHAPE
analysis for the Ln(m) centers in 1-4. Fig. S8-S15 are AC susceptibility measure-
ments for compounds 1-4. Fig. S19 is the IR spectrum of complexes 1-4. CCDC
2332342 (1), 2332343 (3), 2332344 (2) and 2332345 (4). For ESI and crystal-
lographic data in CIF or other electronic format see DOI: https://doi.org/10.
1039/d4nj02058h

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

phenomenon is in agreement with the results of theoretical studies.

possess significant single-ion magnetic anisotropy due to the
splitting of the J levels by the ligand crystal field.® As a result,
they exhibit single-molecule magnet (SMM) behavior with high
energy barriers for reversal of magnetization (Ue) and blocking
temperatures (Tg).”

From recent developments, it is realized that replacing
paramagnetic 3d metal ions with diamagnetic metal ions
(e.g- Zn(n), Mg(u), Co(m) in specific co-ordinations environ-
ments etc.) can lead to more desired magnetic properties. It is
observed that the presence of diamagnetic metal ions increases
the negative charge density on the bridging oxide ligands to
make it more rigid, and allows tighter binding with the
lanthanide metal ions, which stabilizes the ground state of
lanthanide metal ions, hence increasing the energy gap
between the ground and the excited state.® There are various
types of organic ligands utilized for the preparation of 3d/4f
ensembles. Among them, salen Schiff base type ligands are
appropriate for the construction of 3d-4f metal complexes as
they possess two types of coordination pockets, (i) the (N, O)
sites are suitable for transition metal ions, and (ii) the (O, O)
sites are suitable for lanthanoid ions. As a result, they can act as
multi-site coordination ligands leading to 3d/4f heterometallic
ensembles of diverse topology.

Chandrasekhar and coworkers have reported Ln-M com-
plexes with diamagnetic M"" ions {M"" = Co(m) and Zn(u)}
behaving as SMM complexes.” In 2015, they reported hetero-
metallic trinuclear Co™,Ln complexes and in these instances,
Co™,Dy shows zero field SMM behavior and the highest energy
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barrier of 88 K for reversal of magnetization,” while Tb and Er
analogs show field-induced slow relaxation of magnetization.
In 2017, they prepared diamagnetic Zn(u) metal ion containing
double triangular topology-based heterometallic hexanuclear
Zn;"Ln; complexes. Here, Zn;"Dy; displayed SMM behavior
with an energy barrier of 48 K.’ Mohanta et al prepared
a Co™-Dy heterometallic system based on an o-vanillin and
ethylene diamine ligand. AC susceptibility measurements pointed
out that this complex exhibited a field-induced slow magnetic
relaxation with two relaxation processes.'® Sun and co-workers
reported a series of Zn(u) or Co(m) ions-based heterometallic
3d/4f ensembles that were assembled via an o-vanillin based
compartmental ligand and a beta-diketonate as auxiliary ligand.
They have shown that replacing the square pyramidal Zn(u) ion by
a Co(m) ion for Co(mr)-Dy systems leads to better SMM behavior."*

Therefore, N,N'-bis(salicylidene)ethylenediamine (H,L) repre-
sents a very interesting ligand as it can be synthesized by
commercial reagents and it has two different coordination pock-
ets. Moreover, it may possibly to form a Ln(u) center with a
reduced coordination number due to the lack of an extra OMe
group in salicylaldehyde. It is well documented that the low
coordinated lanthanide(m) complexes exhibit better SMM perfor-
mance than any other system.'>

Herein, we report the synthesis and the structural/magnetic
characterization of [Co™Ln"™(L)(u-Piv)y(n-Piv)y(n'-OHMe),]
[where Ln = Dy, for 1; Tb, for 2; Ho, for 3; and Er, for 4]
complexes that are discussed with respect to results from
theoretical studies.

Experimental
Reagents and general procedures

Solvents and other general reagents used in this work were
purified according to standard procedures."® 2-Hydroxy benzal-
dehyde, ethylenediamine (S. D. Fine Chemicals, Mumbai, India),
Dy(NO;);-5H,0, Tb(NO;);-6H,0, Ho(NO;);-5H,0 and Er(NO,);-
5H,0 were obtained from Alfa Aesar and were used as received.
The Schiff base ligand, N,N’-bis(salicylidene)ethylenediamine
(H,L) and [Co™(u-OH,)(0,CCMe;),(HO,CCMej;),] (Co™,-Piv)
were prepared using a reported procedure.'*"?

Instrumentation

Melting points were measured using a JSGW melting point
apparatus and are uncorrected. "H NMR spectra were recorded
in DMSO-de¢ solutions on a JEOL JNM LAMBDA 400 model
spectrometer operating at 400 MHz. Chemical shifts are
reported in parts per million (ppm) and are referenced with
respect to internal tetramethylsilane (*H). FT-IR spectra were
recorded using a PerkinElmer LX-1 FTIR spectrophotometer
operating at 400-4000 cm ' by using a modern diamond
attenuated total reflectance (ATR) accessory method. Elemental
analyses of the compounds were performed using a PerkinEl-
mer 2400 Series-II CHN analyzer. Powder X-ray diffraction
(PXRD) patterns were measure using a Bruker D8 Advanced
powder diffractometer with CuK, radiation.
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X-Ray crystallography

Single-crystal X-ray structural studies of 1-4 were performed on a
Bruker SMART APEX II CCD diffractometer. Data were collected
using a graphite-monochromated MoK, radiation (4, = 0.71073 A).
The crystals did not degrade/decompose during the data collec-
tion. Data collection, structure solution, and refinement were
performed using the SMART, SAINT, and SHELXTL programs
respectively.'®*? All of the non-hydrogen atoms were refined
anisotropically using full-matrix least-square procedures. All of
the hydrogen atoms were fixed at idealized positions and a riding
model was used. All of the mean plane analyses and molecular
drawings were obtained using Diamond (version 3.1). The ORTEP
diagrams of all the complexes are represent in Fig. 1.

Synthesis

General procedure for the synthesis of 1-4. The following
general protocol was utilized for the preparation of the hetero-
metallic dinuclear complexes. H,L was dissolved in MeOH
(30 mL) and [Co™,(1-OH,)(0,CCMe;),(HO,CCMe,),] (Co™,-Piv)
was added to the solution. The reaction mixture were stirring
for 10 minutes, Ln(NO3);-xH,O (for 1, 3, 4 x = 5; for 2, x = 6) was
added. Triethylamine was added dropwise, and the solution
was stirred at room temperature for 12 h, affording a clear
red-brown solution. This solution was evaporated to dryness,
re-dissolved in methanol, and filtered. The filtrate was allowed
to evaporate slowly at room temperature. After 2 weeks, dark
brown block-shaped crystals were observed. Specific quantities
of the reactants involved in each reaction, yields of the pro-
ducts, and their characterization data are given below.

[Co™Dy(L)(n-Piv)»(n"-Piv),(n"-OHMe),] (1). Quantities: H,L
(0.164 g, 0.6112 mmol), Dy(NO;);-5H,0 (0.268 g, 0.6112 mmol),
NEt; (0.22 mL, 0.7640 mmol). Yield: 0.281 g, 48% (based on Dy).
M.p.: 200 °C (d). IR (KBr) (cm™): 2954(br), 1658(s), 1593(s),
1549(s), 1477(s), 1453(s), 1399(s), 1350(s), 1281(s), 1259(w),
1220(s), 1158(w), 1132(m), 1044(s), 900(w), 786(w), 749(s),
655(m), 619(w), 589(s), 547(s), 489(w), 471(m), 420(w). Anal.
caled for C3gHs3CoDyN,04, (957.26): C, 47.73; H, 6.11; N, 2.93.
Found: C, 47.46; H, 5.92; N, 2.78.

[Co™Thb(L)(n-Piv),(n"-Piv),(n'-OHMe),] (2). Quantities: H,L
(0.164 g, 0.6112 mmol), Tb(NO;);-6H,O (0.276 g, 0.6112 mmol),
NEt; (0.22 mL, 0.7640 mmol). Yield: 0.253 g, 43% (based on Tb).
M.p.: 200 °C (d). IR (KBr) (cm ™ ): 2953(br), 1656(s), 1593(s), 1547(s),
1477(s), 1452(s), 1399(s), 1350(s), 1281(s), 1259(w), 1219(s), 1159(w),
1132(m), 1041(m), 900(w), 786(w), 750(s), 654(m), 620(w), 589(s),
548(m), 489(w), 470(m), 418(w). Anal. caled for C3gHsgCoN,O1,Th
(952.26): C, 47.91; H, 6.14; N, 2.94. Found: C, 47.67; H, 5.96; N, 2.73.

[Co™Ho(L)(n-Piv),(n"-Piv),(n'-OHMe),] (3). Quantities: H,L
(0.164 g, 0.6112 mmol), Ho(NO3)3-5H,0 (0.269 g, 0.6112 mmol),
NEt; (0.22 mL, 0.7640 mmol). Yield: 0.293 g, 50% (based on
Ho). M.p.: 200 °C (d). IR (KBr) (cm™"): 2954(br), 1657(s), 1594(s)
1548(s), 1477(s), 1452(s), 1400(s), 1350(s), 1281(s), 1259(m),
1220(s), 1159(w), 1132(m), 1045(m), 900(m), 786(w), 750(s),
656(m), 620(w), 589(s), 548(m), 489(w), 472(m), 422(w). Anal.
caled for C33H;3CoHON,Oy, (958.26): C, 47.61; H, 6.10; N, 2.92.
Found: C, 47.26; H, 5.89; N, 2.74.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Complex 3

Complex 4

Fig. 1 ORTEP diagrams (with 50% ellipsoid probability) of 1-4. H atoms are omitted for clarity. Colour codes: Dy = green; Tb = yellow; Ho = cyan; Er =

pink, Co = brown, O = red; N = blue and C = white.

[Co™Ex(L)(n-Piv),(n'-Piv),(n'-OHMe),] (4). Quantities: H,L
(0.164 g, 0.6112 mmol), Ex(NO;);-5H,0 (0.270 g, 0.6112 mmol),
NEt; (0.22 mL, 0.7640 mmol). Yield: 0.306 g, 52% (based on Er).
M.p.: 200 °C (d). IR (KBr) ecm *: 2953(br), 1739(s), 1657(s),
1595(s), 1549(s), 1478(s), 1453(s), 1408(s), 1350(s), 1281(s),
1259(w), 1218(s), 1159(w), 1132(m), 1046(m), 900(w), 786(w),
749(s), 655(m), 621(w), 590(s), 548(w), 489(w), 472(m), 421(w).
Anal. caled for C33H;53CoErN,04, (959.26): C, 47.49; H, 6.08; N,
2.91. Found: C, 47.23; H, 5.81; N, 2.73.

DC and AC magnetometry. Direct current (DC) magnetiza-
tion was measured with a physical property measurement
system (PPMS) DynaCool from Quantum Design equipped with
a vibrating sample magnetometry (VSM) option. The powder
sample was pressed into a polypropylene capsule (P125E from
Quantum Design) and attached to the brass half-tube sample
holder (C130B). DC magnetization vs. temperature was mea-
sured at a magnetic field of 1000 Oe from 2 K to 50 K in settle
mode and from 51 K to 300 K in sweep mode with a 1 K min ™"

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

heating rate. The temperature step size for signal acquisition
was 1 K with a signal averaging time of 10 seconds. Magnetiza-
tion vs. field was measured at 2, 3, 4, 6, 10, 15, 20, and 25 K up
to 7T (2, 3,4, 5and 7 K for compound 1) with a field step size of
2500 Oe (0.25 T), a signal averaging time of 10 seconds and a
two-fold redundancy per measuring point. At each temperature,
the magnetic field was first increased to 7 T and then the field
was decreased to zero field again. The superimposed curves for
all field scans verified that no reorientation of the sample’s
powder particles has been induced by the magnetic field. The
raw data of DC magnetometry have been corrected for tem-
perature independent diamagnetic contribution stemming
from the sample capsule and from the atoms’ closed shells
according to the incremental method."” Table S1 (ESI+) lists the
samples’ masses and the values for diamagnetic corrections for
all compounds.

AC susceptibility was measured with a ACMS-II option from
10 Hz to 10 kHz at 35 frequencies (for 4, from 100 Hz to 10 kHz

New J. Chem., 2024, 48,15735-15746 | 15737
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at 40 frequencies) with log-distribution at 1.8 K (for 1 also at 2.0,
2.35 and 2.56 K and for 4 also at 2.0 K) at various magnetic DC
fields up to 1 T for 1 and 4, up to 2000 Oe for 3, and up to 500 Oe
for 2, respectively. For the AC measurements, the polypropylene
sample capsule was attached to the polymer straw sample holder
(AGC2 from Quantum Design) with the help of some polyimid
tape. The AC excitation field was 5 Oe with an averaging time per
measuring point of 10 seconds. The AC raw data sets have not
been corrected for diamagnetic contributions.

Results and discussion
Synthesis

Chandrasekhar and coworkers reported heterometallic trinuclear
bent-shaped Co™,Ln complexes by utilized o-vanillin Schiff base.’
This is the first example of this series that shows zero-field SMM
behavior.” In the current instance replacement of o-vanillin by
salicylaldehyde generates a simple Schiff base ligand, N,N'-
bis(salicylidene)ethylenediamine (H,L) (Scheme 1). H,L possesses
N and O donor sites and helps to bind the selectively Co(ur) and
Ln(m) ions due to hard-hard combinations of the O and Ln sites.
Therefore, the reaction of H,L ligand with Co",-Piv and Ln(NO;),-
xH,O (for 1, 3, 4 x = 5; for 2, x = 6) salts in the presence of
triethylamine as a base afforded heterometallic dinuclear Co™-

n™ family. Here the conversion of Co(u) to Co(m) is due to the
aerlal oxidation, and has been confirmed by bond valence sum
(BVS) calculations (Table S2, ESI+).'® The molecular geometries of
these complexes have been ascertained by single-crystal X-ray
diffraction and are discussed below.

Molecular structures of 1-4

The crystallographic parameters of 1-4 are given in Table 1.
Compounds 1-4 are isostructural and crystallize in the mono-
clinic C2/c (Z = 4) space group. In view of the structural similarity
of all the compounds, only the representative structure of 1 will be
described here. The detailed structural parameters of all four
compounds are given in the ESIf (Fig. S1-S3 and Tables S3-S8).

The heterometallic dinuclear Co™-Dy™ compound is formed
by the combination of a Co(ur) and a Dy(ur) ion which are held
together by [L]*, and four [Piv] ™ ligands. There are two types of
binding coordination modes of the pivalate ligand. Out of four
pivalate ligands two of them are bridges between Co(m) and
Dy(m) center and the remaining two are n'-coordinated to the

C
+ OH /i o /({ oH OH 4 Ln(NO3);xH0 + NEt; — 3
2 0 {
N OH tBu’§

Ln =Dy, Ho,Er; x=5
\ Th; x=6

Bu-t
[Co",-Piv]

Scheme 1 Synthesis of heterometallic dinuclear Co"
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Dy(m) center. In addition, two n'-OHMe ligands are coordinated
to the Dy(im) (Fig. 2 and Scheme 1). The coordination modes of
the ligands are summarized in Chart 1.

In compound 1, the Dy(m) center is eight-fold coordinated
with a coordination sphere DyOg. Systematic Shape analysis of
compounds 1-4, using SHAPE 2.1,"° reveals that the individual
Ln(m) coordination sphere is best described as a distorted
triangular dodecahedron geometry (Fig. 3). Full results of the
geometric analyses can be found in the ESIT (Table S8). The
isomorphism and phase purity of these complexes was further
check using powder X-ray diffraction analysis (Fig. S4-S7, ESIT).

The core structure and magnetic properties of the reported
Co™-Ln™ complexes have been compared with the current
instances to their formula and the magnetic properties
(Table S9, ESIT)."*"2% All the Co™-Ln™ complexes possess linear
core structure with different coordination geometry around
the lanthanide ions. Interestingly, compound [L'Co(m)Br,Dy-
(m)(acac),]-CH,Cl, show the largest energy barrier Uy = 167 K,
among the reported systems (Table S9, ESIt)" while
[Co™Dy™(HL)(AcO);(H,0);]-(AcO)(H,0) possesses Ueg = 113 K.>%
The different energy barrier explained due to the change in the
coordination number and geometry around the Dy(m) center. In
the former case it is eight-coordinated with biaugmented trigonal
prismatic geometry while the later one possesses nine coordi-
nated with distorted monocapped square antiprism geometry.
Another derivatives of [Co(Hy sL)Dy(DBM),H,0](ClO4)o.5(H,0)3
show U.g = 88.9 K** and it is similar effective energy barrier
reported the trinuclear bent-geometry of [Co™,Ln(L)y(u-Ox
CCH3),(H,0)5]-NO5-MeOH-4H,0 (LH; = 2-methoxy-6-{2-(2-hydro-
xyethylamino)ethylimino}methyl|phenol), in a zero applied
field.** Overall, the different magnetic properties of the diamag-
netic metal ion containing Co™-Ln™ complexes are mostly attrib-
uted by the lanthanide coordination number and geometry, as
well magnetic anisotropy 4f-metal ions.’"2°

Magnetic properties

The electronic configurations, total spin quantum numbers S,
total orbital angular momentum quantum number L and total
angular momentum quantum number J of Dy** (1), Tb*" (2),
Ho*'(3), and Er** (4), as well as the refined magnetic para-
meters as obtained by fits to the experimental data sets for
these complexes are listed in Table 2. The magnetic properties
of 1-4 in the form of the temperature dependence of the y\T
(where yy, is the molar susceptibility), in the temperature range

U -t Bu-t

\/ /H

/\\ W"’

Ln = Dy(1), Tb(2), Ho(3), Er(4)

MeOH

RT, 12h

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 1 Crystal data and refined structure parameters of 1-4
Compound 1 2 3 4
Formula C33H53CoDyN,O;, C3gH53COoTbN,O;, C33H53COHON,O;, C33H53COErN,O;,
Formula weight (g mol ™) 956.29 952.27 958.72 961.05
Temp. (K) 100(2) 100(2) 100(2) 100(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c C2/c
Unit cell dimensions  a (&)  16.1016(11) 16.1293(10) 16.1250(10) 16.1225(11)

b(A)  10.6366(8) 10.6538(10) 10.6664(10) 10.6783(11)

c(d)  25.107(2) 25.171(2) 25.1229(2) 25.104(2)

() 90 90 90 90

B()  107.172(5) 107.014(3) 107.197(3) 107.219(3)

7 () 90 90 90 90
Volume (A%); Z 4108 (5); 4 4136 (6); 4 4127(6); 4 4128(6); 4
Density (Mg m ™) 1.546 1.530 1.543 1.546
Abs. coef. (mm ™) 2.270 2.158 2.366 2.482
F (000) 1956 1952 1960 1964
Crystal size (mm) 0.12 x 0.09 x 0.08 0.12 x 0.11 x 0.09 0.12 x 0.11 x 0.09 0.16 x 0.12 x 0.08
0 range (°) 2.609 to 25 2.602 to 24.994 2.604 to 25 2.603 to 25
Limiting indices -19<h<18 -19<h<19 -19<h<19 -19<h<19

-12 <k <12 -12 <k<12 -12 <k<12 -12 <k<12
-29 <1<29 -29 <1<29 -29 <1<29 -29 <1<29

Reflections collected 24951 30810 32055 31599

Unique reflections [Rin]
Completeness to 0
Data/restraints/parameters
GOOF on F*

Final R indices [I > 20(J)]
R indices (all data)

3620 [0.0890]
99.8% (25.00°)
3620/0/253
1.173

R, = 0.0420, WR, = 0.0874
R, = 0.0528, WR, = 0.0915

3647 [0.0493]

99.9% (24.994°)
3647/0/253

1.454

R; = 0.0505, WR, = 0.1249
Ry = 0.0520, WR, = 0.1254

3638 [0.0394]

99.9% (25.00°)
3638/0/253

1.226

Ry = 0.0235, WR, = 0.0544
R, = 0.0250, WR, = 0.0549

3640 [0.0656]

99.9% (25.00°)
3640/0/253

1.266

R, = 0.0343, WR, = 0.0709
R, = 0.0381, WR, = 0.0719

2.18 and —1.19

Largest residual peaks (e A7)

Fig. 2 Molecular structure of 1. All hydrogen atoms have been omitted
for clarity.

t-B
/—_—\ Bu-t S
N >
N ; <0
— >Co/ = o O\ T
Co Ln Ln

e

Chart 1 Coordination modes of all of the ligands used in the present study.

300-2 K and under an applied magnetic field of 1000 Oe, are
given in Fig. 4(a).

The room temperature 7T values of complexes 1-4 are in
rather good agreement with the expected theoretical values

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

1.63 and —

3.32 1.44 and —0.70 0.70 and —1.81

Fig. 3 Eight-coordinate distorted triangular dodecahedron geometry of
the dysprosium center in 1.

using the free ion approximation (see Table 2). The y\T product
decreases with decreasing temperature, first slowly down to 75—
100 K for 1, 2 and 4 and then rapidly down to 2.0 K to reach the
values indicated in Table 2. In the case of 3, the yuT very
slightly increases to reach a maximum at approximately 100 K
and then decreases down to 2 K. The decreases in yy,T for 1-4
are mainly due to the effects of the thermal depopulation of the
my sublevels of the >**'T; ground state of the Ln** ion, which are
originated by the crystal field, together with possible very weak
Ln*"-..Ln*" antiferromagnetic interactions.

The experimental curves were fitted by means of a phenom-
enological Hamiltonian approach with an angular momentum
basis set that represents the magnetic lanthanoid ion using
the program PHIL>' In this magnetic model, the lanthanoid
ion was defined by its corresponding total angular momentum

New J. Chem., 2024, 48,15735-15746 | 15739
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Table 2 Electronic configurations and refined magnetic parameters for compounds 1-4

View Article Online
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1)

Lanthanoide Ln

Dysprosium (Dy)

(2)

Terbium (Tb)

3)

Holmium (Ho)

4

Erbium (Er)

Electr. Conf. [Xe] 4f"%6s>

Ln** 4f°
Spin quantum nr. S 5/2
Orbital quantum nr. L 5
Total quantum nr. J 15/2

Ground term ®Hys
Theoretical magnetic parameters

Landé g factor 1.33
Paramagnetic moment fiheo (Ug) 10.646
Curie constant Cypeo (cm® K mol ™) 14.17
Saturation moment Mo (its) 10

Experimentally observed magnetic parameters

4T at room temperature (cm® K mol ) 13.90
ymT at 2 K (em® K mol ™) 10.16
Measured moment at 2 K and 7 T Mpax (is) 6.33(1)

Refined magnetic parameters from experimental DC magnetometry

Effective giso 1.3372(5)
Effective paramagnetic moment g (ug) 10.677(1)
Curie constant C° (em® K mol %) 14.25(1)

Saturation moment M* (uig) 10.03(1)

CFP BY (cm ™) —5.55(5)
CFP B} (em ™) 0.0232(2)
Fit residual 0.45

[Xe] 4f°6s> [Xel 4f"6s> [Xe] 4f"%65”
4f® 4f"¢ 4f"!

3 2 3/2

3 6 6

6 8 15/2
"Fe *I s
1.5 1.25 1.2
9.721 10.6066 9.5812
11.82 14.07 11.48

9 10 9

12.39 14.30 11.88
12.00 5.42 5.82
5.41(1) 6.62(1) 5.90(1)
1.594(2) 1.280(1) 1.234(1)
10.330(1) 10.861(1) 9.953(1)
13.34(1) 14.75(1) 12.14(1)
9.56(1) 10.24(1) 9.26(1)
—7.9(4) -3.3(2) —4.9(1)
0.021(1) 0.014(1) 0.025(1)
49 709 19

“ Calculated from the total angular momentum quantum number J and the refined effective g, value.

quantum number J. A refinable effective isotropic g-factor gis,
was introduced with the theoretical g-factors as listed in Table 2
as starting values for the refinements. Besides this, two crystal
field parameters (CFP) B; and B} were introduced to account for
uniaxial local site anisotropy (see eqn (S1), ESIt for description
and definition of applied Hamiltonian). The fits of the mag-
netic model simulations to the experimentally measured data
are quite satisfying, except the low temperature and high field
part of the field scans of 3 which could not be modelled
adequately. Most importantly, the refined isotropic gy, factors
for 1-4 (Table 2) are all quite close to the theoretical values,
verifying thereby that the magnetic properties can exclusively
be ascribed to the Ln*" ion and that Co(m) is diamagnetic. For
all compounds 1-4, negative values for B and positive values
for BY have been refined, with the absolute values of B} being
much smaller than those of BY. Because of the crude model
used to simulate the magnetic data, the refinement of the CFPs
should still rather be considered as a parameter fit, and the
application of more sophisticated spectroscopic methods
would be needed to extract more reasonable parameters to
characterize the crystal field. The magnetization values at the
highest applied DC magnetic field of 7 T are almost half of
those calculated for the theoretical saturation moments M,co
of hypothetical free ions (see Table 2), which can be mainly
attributed to crystal-field effects giving rise to significant mag-
netic anisotropy.

The AC susceptibility measurements were firstly performed
at the lowest available temperature of 1.8 K and up to the
highest experimentally available excitation frequency of 10 kHz
to investigate whether slow magnetic relaxation is present in
these compounds. Furthermore, the AC susceptibility was not
only measured at zero DC magnetic field, but at various

15740 | New J. Chem., 2024, 48,15735-15746

external DC fields as outlined in the Experimental section. 1
and 4 are the only compounds of the series that exhibit slow
magnetic relaxation within the available parameter space of the
experiment. In the case of 1, the frequency dependence of the
7y at 1.8 K and applied magnetic fields in the 0-10 000 Oe (= 1
T) range (see Fig. S8, ESIt) shows weak slow relaxation from
zero Oe (with a maximum at a frequency of about 10 kHz), until
approximately 3500 Oe (with maximum at a frequency about
3 kHz). The intensity of the maxima increases until 588 Oe (at
about 8 kHz) and decreases and shifts to lower frequencies
when the DC field increases from this value, so that at about
5000 Oe no cusp can be observed any more. Maxima are
observed until 2.35 K (Fig. S8-S10, ESI}), but at 2.56 K (Fig.
S11, ESIT) the broad maxima peaks have shifted to frequencies
that are higher than those available in our equipment. Con-
cerning 4, as shown in Fig. S12 (ESIt), there are no indications
for slow magnetic relaxation neither at zero nor at fields up to
175 Oe at 1.8 K. But from 231 Oe on, there is a cusp in the
imaginary y” part around 8 kHz that is slightly shifting to lower
frequencies when the DC field is increased to 1236 Oe. For even
higher fields up to 1 T, the overall signal reduces again and a
cusp in " is only visible up to 2162 Oe (see Fig. S12, ESIt). The
cusp in the imaginary y” part, together with a simultaneously
present steep decreasing real y}, part points to the realization
of a field-induced slow magnetic relaxation in 4. However,
already at 2 K the slow relaxation has already shifted to higher
frequencies, so that it is no longer observable within the
available frequency range of this experiment (see Fig. S13,
ESIYt). The behavior observed for 1 and 4 could be due to either
a very low energy barrier for the flipping of the magnetization,
which is not high enough to trap the magnetization above 2 K,
or the existence of a very fast resonant zero-field quantum

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 DC magnetometry measurements (circles) and fits of magnetic
models (lines) obtained for 1-4: (a) xT vs. temperature, (b) inverse
susceptibility 7% and (c)-(f) magnetization vs. field. The numbers give
the lowest and highest temperatures in K, respectively, of the measured
field scans.

tunneling of the magnetization (QTM), which leads to a flip-
ping rate that is too fast to observe the maximum in the yj;
above 2 K (Fig. S13, ESIT). In contrast for 2 and 3 (see Fig. S14

2.2+
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and S15, ESIT respectively) no maxima in the imaginary yj;
signals could be observed at 1.8 K, neither in zero field nor in a
present DC external field with the available experimental
parameter space.

The AC data for 1 could not be fitted adequately, neither by a
Debye model nor by a generalized Debye model including a
distribution of relaxation times, because the relaxation rates
are too close to the experimental limit of the experiment of
10 kHz. To overcome this problem, an alternative approach has
been applied to obtain the relaxation parameters from the AC
data, which is based on the fact that the ratio between the out-
of-phase y}, and in-phase y}; AC susceptibility can be expressed
in an approximate manner as**

1/ = 2nfT, (1)

where fis the frequency of the AC magnetic field.

The substitution in this equation of the relaxation time (7)
by its expression for each relaxation mechanism (Orbach or
Raman) allows for determining the respective relaxation para-
meters. If, hypothetically, the relaxation would occur entirely
through an Orbach relaxation mechanism, for which t = 4
exp(Ues/ksT), the equation becomes as follows after applying
natural logarithms:

In(3i/xm) = In(2nf ) + Uetr [k T (2)

The effective energy barrier Ues could be approximately
assessed by fitting the experimental y};/x); data in the high-
frequency region to this equation, which allows roughly evalu-
ating U.g and 1, (Fig. 5).

The extracted parameters U and 1, were =0.3 K and
~1.9 x 107° s, respectively, at zero field and ~3.9 K and
~1.2 x 10~° s at 588 Oe. The small value of the energy barrier
agrees well with the fact that no maxima could be observed
for 1 above 2.5 K. The increase of Uy in the presence of a
small field could be related to the quenching of the QTM.
Nevertheless, the U values should be taken as phenomenological
ones and may not represent the actual relaxation processes. In the
presence of a magnetic field, direct/Raman processes should
dominate in the studied low-temperature range. Bearing this in

-~ 3617Hz  — 6656 Hz
—— 4430Hz & 8161Hz
084 -~ 5435Hz O 9984 Hz

Uge~ 3.9 K
to~1.22x10% s

0.50 0.55 0.60

UTK")

0.40 0.45

Fig. 5 Temperature dependence of the 111()(}(4/)({\4) at different frequencies under a magnetic field of zero (left) and 588 Oe for 1. Solid lines correspond

to the fit of the experimental data to eqgn (2).
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mind, the y”/y' data have also been fitted by the following
equation:

In(xh1/76) = In(2nfC) — n(in T) (3)

which has been obtained by replacing t in eqn (1) by its expression
for Raman/direct processes (t = CT ). The data in the 1.8-2.6 K
range at 588 Oe (the field at which the intensity of the y}, is larger)
were fitted to the equation using frequencies between 3617 and
9984 Hz, leading to the parameters C ~ 2.8 x 10 > sand n ~ 2
(Fig. 6).

The inverse of the relaxation times follows a t oc 7%
dependence, which could be ascribed to a resonance phonon
trapping (RPT) mechanism. This process occurs when there are
phonon-bottleneck effects, so that the energy of the lattice
modes generated by the relaxing spins cannot be liberate
appropriately fast into a thermal reservoir. These phonons
can be reabsorbed by other spins, and the effective relaxation
time becomes longer. It is worth mentioning that this alter-
native approach of fitting could not be applied to 4.

To explain the dynamic behaviour of these compounds
we have to inspect the distribution of oxygen donor atoms
and Ln-O distances in the Ln*" ion coordination sphere. The
shortest Ln-O distances in all these complexes involve oxygen
donor atoms of the phenoxido bridges (Ln-O ~2.3 A).
Moreover, all other distances are larger by up to approximately
0.12 A. The relatively large Dy-O distances and the rather
spherical distribution of the donor oxygen atoms around the
Ln** are not appropriate to create neither strong axial nor
equatorial crystal fields and therefore small axial anisotropy
are expected in all cases. In agreement, uniaxial anisotropies
were implemented in the magnetic models by introducing the
crystal field parameters BY and Bj. As a result, the energy gap
between the ground and first excited Kramers doublets (KD)
states, which determine the thermal energy barrier, is expected
to be very small. This prediction is in good accord with the

-5~ 9984 Hz
-=- 8161 Hz
6656 Hz
5435 Hz
0.8 -~ 4430 Hz
101 —— 3617 Hz
"= 1.2
.
E '1 .4"
1 C=~238x10°sK"?®
-1.61 n~1.9
0.5 0.6 0.7 0.8 0.9
LnT/K

Fig. 6 Dependence of the ratio of the In(y"'m/x'm) with InT at different
frequencies under a magnetic field of 588 Oe for 1. Solid lines correspond
to the fit of the experimental data to eqgn (3).
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experimental results, which as indicated above, show no max-
ima in the y\ vs. T plot below 2 K.

The fact that complexes 2 and 3 do not show slow relaxation
even in the presence of an applied magnetic field is not
unexpected taking into consideration that non-Kramers ions,
such as Tb>" and Ho®", present an intrinsic tunnelling gap in
the ground state favouring QTM. Moreover, to exhibit an axial
bistable ground state and slow relaxation of the magnetization,
these ions require a strict axial symmetry and this is not the
case of compounds 2 and 3. Besides, in the case of the Ho>" ion,
the intrinsic low anisotropy of the 4f shell makes more difficult
the adoption of an axial bistable ground state.

Theoretical calculation

AD initio calculations on complexes 1-4 were performed with
the MOLCAS 8.2>° program of the CASSCF/RASSI-SO/SINGLE_-
ANISO type (see computational details in ESIt). Experimental
findings indicate that complexes 2, 3, and 4 lack zero-field
single-molecule magnet (SMM) behavior and are not field-
induced SMMs either. Meanwhile, 1 exhibits non-SMM behavior
but demonstrates minimal field-induced SMM characteristics.
Ab initio calculations reflect these experimental results accurately.
The g tensors of complexes 1 and 4 exhibit non-axial behavior,
with a notable contribution from transverse anisotropy. Ground
state analysis further reveals substantial quantum tunneling of
magnetization (QTM) and minimal involvement of my; = 15/2,
alongside a mixture of other mj levels shown in Table 3. In the
case of complexes 2 and 3, our calculations reveal a significant
tunneling gap between the ground-state single-ion Tb™ and Ho™
sites: approximately 8.93 cm™" (for 2) and 1.87 cm™" (for 3), as
detailed in Table 3. This aligns with the experimental findings of
the absence of single-molecule magnet (SMM) behavior in AC
measurements without a DC field for complexes 2 and 3. Examin-
ing the anisotropy axes of 1-4 depicted in Fig. 7(a)-(d), it is evident
that there is an absence of a strong-field ligand along the
anisotropy axis, contributing to a reduction in the molecule’s
overall anisotropy.

To gain further insight into the anisotropy axis and its
alignment, we have calculated LoProp charges for complexes
1-4, as depicted in Fig. 7(a)-(d). Notably, high charges are
observed among all the coordinated atoms on the p,- and p;-
oxygen atoms linked to the Co™ ion. Given that the electron
density of Dy™, Tb™, and Ho™ ions exhibits an oblate shape,
the B-electron density is expected to align perpendicular to the
direction of maximum electrostatic repulsion. Meanwhile, the
g2, axis aligns with the atoms possessing the “largest” charges,
elucidating the parallel g,, orientation observed in complexes 1
to 3. Considering the electrostatic interactions remain consis-
tent for the Tb™ and Ho™ complexes compared to Dy, a
similar trend is anticipated. However, Tb'" exhibits a relatively
more oblate shape than Dy", whereas Ho™ is less oblate.
Consequently, the electrostatic repulsion from the strongly
negative oxygen atoms linked to the Co™ ion exerts the most
significant influence on the electronic structure of Tb™ ions,
followed by Dy, with the weakest impact on Ho™ ions.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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, g tensors, and wavefunction of the Ln
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fragments that originate from the corresponding ground atomic multiplet in

Energy (cm %)

1 (Dy) 2 (Tb) 3 (Ho) 4 (Er)
0 0 0 0
12.2 1.87 8.9 15.3
97.5 132.4 10.3 55.1
127.8 163.4 25.6 83.8
157.3 169.8 50.8 150.6
170.9 244.4 101.9 165.7
210.2 254.5 110.4 245.0
461.8 305.2 121.7 271.0

307.4 131.1

368.5 161.9

371.7 181.3

. & 2 Wavefunction

Ground Kramers doublet (1) 11.62 7.31 0.12 5|£15/2) +22|+£13/2) + 19|+11/2) + 78|+1/2)
Ground Ising doublet (2) 0.00 0.00 17.61 97|+6) + 19|+4)
Ground Ising doublet (3) 0.00 0.00 11.83 9|£8) + 50|£7) + 19]46) + 40|+5) + 19]|+£4) + 43|+0)
Ground Kramers doublet (4) 0.76 2.92 14.80 89|+15/2) +21|+13/2) + 11|+11/2) + 20|+5/2)

-0.64 -0.64

-0.84

Fig. 7 (a)-(d) Orientation of the magnetic anisotropy axis (g,) of all complexes 1-4. Dy, violet; Tb, brown; Ho, fluorescent green; Er, green; O, red; N,
blue; F, yellow; C, gray. H atoms are excluded for better clarity. LoProp charges on the donor atoms of complexes.

For complex 4, where Er'"

exhibits prolate electron density, the
anisotropy will align in the direction of the lowest charge.

To investigate the impact of the charge of the diamagnetic
ion on the anisotropy barrier and the resulting single-molecule

magnet (SMM) properties, we conducted a study by substituting
the tricationic diamagnetic ion in complex 1 with monocatio-
nic, dicationic, and tetracationic diamagnetic ions. Specifically,
potassium (K"), zinc (Zn"), and titanium (Ti'") ions were chosen
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Table 4 g tensors, and QTM of 1, 1a, 1b, and 1c

Model 8x g y. QT™M
la(KﬁDlnl 1.15 2.21 16.16 0.94
1b (zn"Dy™) 1.53 3.21 12.16 1.02
1 (Co"™'Dy™) 11.62 7.31 0.12 2.67
1c (Ti"Dy™) 10.6 6.31 0.18 2.68

for this purpose, and the Co™ ions in complex 1 were modeled

as K™ (model 1a), Zn" (model 1b), and Ti"V (model 1c), respec-
tively. Ab initio calculations were performed for models 1a, 1b,
and 1c, revealing that in the cases of 1a and 1b, there was an
observed increase in the anisotropy, leading to a partial sup-
pression of quantum tunneling of magnetization (QTM) in the
ground state, as detailed in Table 4. Conversely, in the case of
model 1c, the transverse anisotropy was notably higher, accom-
panied by increased QTM in the ground state. This trend
strongly indicates that a decrease in the oxidation state of the
diamagnetic ion results in enhanced electronic repulsion with
the bridging atoms, consequently increasing the anisotropy
barrier and partially quenching QTM.

In examining complexes 1-4, both experimental and com-
putational results indicate the absence of zero-field single-
molecule magnet (SMM) behavior. This could be attributed to
the anisotropy of the molecules, influenced by the electron
density of the metal. Complexes 1-3 exhibit an oblate electron
density, necessitating strong axial and weak equatorial ligands,
whereas complex 4 has a prolate shape, requiring weak axial
and strong equatorial ligands. However, none of the ligands in
1-4 fit these criteria. Complex 4 shows slow magnetic relaxation
under a small magnetic field but lacks field-induced SMM
behavior in theoretical investigations. Theoretical calculations
were conducted without considering the impact of the mag-
netic field on the compound’s electronic structure, as is cus-
tomary. These calculations reveal a high ground state quantum
tunneling of magnetization (QTM), indicating that relaxation
occurs within the ground state itself, as shown in Fig. S16-S18
(ESIt), resulting in a theoretical barrier height of zero. However,
when a small magnetic field is applied, compound 4 exhibits
slow magnetic relaxation, demonstrating its behavior under
experimental conditions. Additionally, it is observed that the
CASSCF-calculated CFPs closely align with the experimentally
fitted CFPs. While they are not an exact match, the trends are
consistent as shown in Table 5.

Conclusion

In summary, we used a multi-site coordination Schiff base
ligand to prepare heterometallic dinuclear Co™-Ln"" assembly.
The magnetic properties of the Ln(m) center are influenced by
the diamagnetic Co(m) ion. The magnetic study revealed
that compound 1 shows slow magnetic relaxation at low
temperatures under zero-field, whereas compound 4 needs
the application of a small magnetic field to exhibit such a
behavior. Ab initio calculations and experimental investigations
on complexes 1-4 reveal their magnetic behavior, with complex
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Table 5 Comparison of CFPs from experimental DC magnetometry with
CASSCF CFPs

BY (em™1) By (em™)
Compound Experimental CASSCF Experimental CASSCF
1 —5.5 —-2.7 0.023 0.008
2 -7.9 —6.0 0.021 0.007
3 —-3.3 —-1.8 0.014 0.006
4 —-4.9 -2.9 0.025 0.008

1 showing minimal single-molecule magnet (SMM) characteristics,
while complexes 2, 3, and 4 lack both zero-field and field-induced
SMM properties. Anisotropy analysis, supported by charge distri-
bution and electron density considerations, highlights the role of
ligand geometry in modulating magnetic behavior. Substituting
diamagnetic ions in complex 1 with different oxidation states
impacts anisotropy and quantum tunneling of magnetization
(QTM), suggesting a correlation between ion charge and SMM
properties. Experimental and computational data underscore
the influence of metal electron density on the absence of SMM
behavior and the importance of ligand geometry in optimizing
magnetic performance.
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