Accepted Manuscript T

Journal of

MOLECULAR
STRUCTURE

Structure and magnetic properties of two new lanthanide complexes with the 1-((E)-2-
pyridinylmethylidene)semicarbazone ligand

Rafael Natan Soek, Caroline Mariano Ferreira, Francielli Sousa Santana, David L.
Hughes, Giordano Poneti, Ronny Rocha Ribeiro, Fabio Souza Nunes

PII: S0022-2860(19)30169-3
DOI: https://doi.org/10.1016/j.molstruc.2019.02.036
Reference: MOLSTR 26193

To appear in:  Journal of Molecular Structure

Received Date: 29 November 2018
Revised Date: 19 January 2019
Accepted Date: 11 February 2019

Please cite this article as: R.N. Soek, C.M. Ferreira, F.S. Santana, D.L. Hughes, G. Poneti, R.R. Ribeiro,
Fa.Souza. Nunes, Structure and magnetic properties of two new lanthanide complexes with the 1-
((E)-2-pyridinylmethylidene)semicarbazone ligand, Journal of Molecular Structure (2019), doi: https://
doi.org/10.1016/j.molstruc.2019.02.036.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.molstruc.2019.02.036
https://doi.org/10.1016/j.molstruc.2019.02.036
https://doi.org/10.1016/j.molstruc.2019.02.036

Graphical Abstract

Ref.: “Structure and magnetic properties of two @uwthanide complexes with the 1-((E)-2-
pyridinylmethylidene)semicarbazone ligand”

Rafael Natan Soek, Caroline Mariano Ferreira, RedincSousa Santana, David L. Hughes,
Giordano Poneti, Ronny Rocha Ribeiro, and Fabiz8Munes*

Synthesis, structural and magnetic characterizatibriwo lanthanide complexes containing
2-formylpyridine semicarbazone (HSCpy) is discussed
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Abstract

Two novel semicarbazone-lanthanide(lll) complexesrewn prepared and
structurally characterized as [Ln (HscpiNOs),]NOs-MeOH (Ln = Gd and Tb; Hscpy
= 1-((E)-2-pyridinylmethylidene)semicarbazone). T#femetal ions experience deca-
coordination geometry. Each molecular formula aors two neutral Hscpy molecules
in the keto form coordinated through two nitrogéonas and one oxygen atom, while
two nitrate ligands are both coordinated in a dieetaode. The 1+ charge of the cation-
complex is balanced by a nitrate anion. Extensntermolecular hydrogen bonds are
formed through the methanol solvate molecule, wracts both as a donor and an
acceptor molecule. The chemical composition ofctnpounds was confirmed by high
resolution mass spectra (ESI-MS); peaks at m/z ZQl2and 148.05, assigned to the
fragments GHgNs" and GHeN3O", respectively, are in agreement with the coordbmat
of Hscpy. Alternating current magnetic susceptipianalysis was performed in the 10
— 10000 Hz range, and the terbium-complex showemlv stelaxation of the
magnetization when immersed in a static magnetid fof 1 kOe and 1.5 kOe, with an

activation barrier to the relaxation (21.9(4) Bmamong the highest found for ten-
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coordinated Th(lll) complexes. This behavior ofvsleelaxation of the magnetization is
relevant as a memory effect regarding the developroé Single Molecule Magnets

(SMM).
Keywords:Lanthanide; Semicarbazone; Crystal structure; Magpeoperties; SMM.
Introduction

The trivalent cations have 4f orbitals shielded3syand 5p orbitals; thus the
Ln*"-ligand interactions are mainly electrostatic, ahd magnetic and spectroscopic
features of LA™ ions are determined by ligand symmetry [1-4]. Thest common
oxidation state for lanthanide ions found in copnadion compounds is 3+, with ionic
radii in the 1.1-0.85 A range; gadolinium(lll) ekits a radius of 0.99 A [5]. The
lanthanide cations also show large coordination bens) typically 8-10. Due to their
similar electronic configuration, the lanthanideraknts are considered to have similar
chemistry, which is often assumed to be less dittmcelative to the d-block. Quite the
opposite, the chemistry of the lanthanide ionshe solid state and in solution has
proven this to be wrong. These ions have distinggmetic and spectroscopic
characteristics in a chemistry dominated by chasige, and steric effects.

The chemistry of lanthanide complexes continudsetintensively investigated
due to numerous potential applications. For exang®asitive molecular sensors have
been developed exploring the long-lived lumineseeat the 4f elements [6-8]. The
coordination chemistry determines the sensitiatyd the composition of the lanthanide
sensor varies throughout the test as the complex dmssociate and re-assemble.
Among other potential applications of lanthanidemptexes, magnetic resonance
imaging (MRI) appears as an important field of eesh [9,10]. Upon chelation by an
organic ligand, most of the coordinated solvent enoles are displaced from the

inner-sphere. A typical ligand used to create anl Méhtrast agent has eight donor



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

3
atoms. Any remaining solvent molecule (water, imtipalarly) is important for MRI
contrast, since it allows, through chemical excleanthat several other solvent
molecules can interact with the lanthanide ion,tiding the relaxation efficiency of
the Ln-based MRI contrast agents [11]. Finallythamide ions are of great interest to
develop Single-Molecule Magnets (SMMs) due to te&iong spin-orbit coupling, large
magnetic anisotropy, and large energy barriergpof seversal, showing slow magnetic
relaxation. SMMs are important due to their potnapplications in data storage,
quantum processing and molecular spintronics [12-14

In this work we expand on developing novel 4f compls with chelating
ligands, with particular interest in semicarbazongsmicarbazones are multidonor
atom ligands that can bind in a chelate mode, @dingr interesting coordination
compounds that can achieve the most diverse cadrdm modes and geometric
demands of metal ions. Their complexes have beediest for years as potential
biologically antifungal agents [15-18]. (E)-2-(pgime-2-ylmethylene)hydrazine-1-
carboxamide (Hscpy) (Scheme 1) is a semicarbazuthentate ligand prepared from
the reaction of semicarbazide hydrochloride angrddmecarbaldehyde in the presence
of sodium acetate in ethanol. Hscpy has five paedonor atoms, and it usually binds
as a chelate using two nitrogen (pyridinic/pyridieynd azomethinic) atoms and one
oxygen atom.

The first reports on the coordination chemistryHsicpy appeared in 1987 by
Singh and coworkers, who described the preparatfomononuclear-complexes with
vanadium(V), molybdenum(VI), manganese(ll), tungé#), antimony(lll) and
bismuth(lll), although no clear structural infornoat was presented [19-28]. Soon after,
metal complexes containing the Hscpy ligand, suctha cobalt(ll), nickel(ll), zinc(ll),

copper(ll) and iron(Il) compounds, were structwralaracterized [29-33]. Recently we
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4
reported the dinuclear copper(ll) complex and éstron with the thiosemicarbazone
analogues [34].

Regardless of its great potential to coordinateahiens, as far as we know, no
coordination complexes of Hscpy with lanthanidesidrave been reported. Therefore,
design, synthesis and characterization of new éamtle complexes with chelating
ligands, as well as the knowledge of their coortloma mode, structure, and
fundamental properties, continue to be relevatiiéamultiple potential applications.

Hence, herein we describe the synthesis and stalatharacterization of two
new deca-coordinated gadolinium and terbium congdexith Hscpy.

The dynamics of the magnetization of the Th derrgahave been investigated,
in the search for compounds that show slow relaratf magnetization. This is

relevant as a memory effect in the developmenimjl& Molecule Magnets (SMM).

/ /

\:N \:N
\ \

N H-N

=0 )—0°

H-N H-N
H ® Yy

H_

Hscpy

Scheme 1. Tautomeric (keto and enolate) forms of the pyrierearbaldehyde

semicarbazone ligand.
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Experimental

General

Reagent grade chemicals were used in this work. ligesmd Hscpy was
prepared according to published procedures [18].

Infrared spectra were obtained with a FTS3500GX-Raal Excalibur series
spectrophotometer in the region 4000-400'cim KBr pellets. Microanalysesvere
performed with a Perkin Elmer CHN 2400 analyser.

Mass spectra were measured in a high resolutioAMESbn a microTOF QlI
mass spectrometer (Bruker Daltonics, Billerica, M#m methanolic solutions.

X-band Electron Paramagnetic Resonance (EPR) spd&ee Supporting
material) were recorded on a Bruker EMX micro spmoeter equipped with a high
guality factor TE102 resonant cavity from solid gd@s and from agueous solutions at
77 K. The samples were placed in standard 4 mmER®R quartz tubes and the low

temperature spectra were obtained using an ineagtiartz finger Dewar.
Synthesis

Bis(1-((E)-2-pyridinylmethylidene)semicarbazone)(diitrato)lanthanide(ll
) nitrate [Ln (Hscpy) 2 (NO3)]JNOsMeOH (Ln = Gd andTb; herein complexegl)
and (2), respectively). Hscpy (0.49 g, 3 mmol), dissolved20 mL of ethanol, was
added to a solution of 1 mmol of Ln(N@xH,O dissolved in a minimum volume of
boiling ethanol. The solution was kept under reflax4 h. Then, the system was kept
in the freezer overnight and the product was ctdkdy filtration, washed with cold
ethanol and dried under vacuum. Yields were 408(&ig6) for Gd* and 437 mg

(65%) for TH".
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Single-Crystal X-Ray Analyses

Crystals suitable for X-ray diffraction analysiseebtained by the saturation
of a methanolic solution of each complex with dy¢tther vapor.

From each sample under oil, a crystal was mountea Ficro mesh and fixed
in the cold nitrogen stream on a Bruker D8 Ventdifractometer, equipped with a
Photon 100 CMOS detector, Moakadiation and graphite monochromator. Intensity
data were measured by thin-sliseandp-scans.

Data were processed using the APEX3 program [3b S$tructure was
determined by the intrinsic phasing routines in 8#ELXT program [36] and refined
by full-matrix least-squares methods, ofisFin SHELXL [37]. The two complexes
were found to be isostructural — the two complexletuales and their packing
arrangements are essentially identical. The nomdgeh atoms were refined with
anisotropic thermal parameters, except, in comglgxor O(36A), O(36B), C(37A)
and C(37A), which were kept isotropic, due to aydisorder, leading to a better
refinement result. For compled), all hydrogen atoms bound to carbon atoms were
included in idealized positions with U(iso)'s sdt a2*U(eq) or, for the methyl
hydrogen atoms, 1.5*U(eq) of the parent carbon afohydrogen atoms bound to
nitrogen or oxygen atoms were refined freely. Faanplex(2), the same procedure was
followed except that H(38) was also included inidenlized position with U(iso)'s set
at 1.5*U(eq) of the parent oxygen atom.

Scattering factors for neutral atoms were takemfreference [38]. Computer
programs used in this analysis have been notedeabog were run through WinGX
[39].

More detailed information about the structure frents is given in Tables 1,

for experimental details, and 2, which shows selbtiond distances and angles.
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7
CCDC files 1867407 and 1867408 contain the crysgadiphic data fot and2

respectively, for this paper at www.ccdc.cam.acomis/retrieving.html [or from the

Cambridge Crystallographic Data Centre (CCDC), I#lod Road, Cambridge CB2

1EZ, UK; fax: +44(0)1223-336033; email: deposit@zcdm.ac.uk].

AC susceptometry

Alternating current (ac) magnetic susceptibilityasis of pellets made of
microcrystalline powders o2, was performed with a Quantum Design PPMS setup
working in the 10 — 10000 Hz range with zero, Ontl .15 T applied static fields.
Magnetic data were corrected for the sample hotdatribution and for the sample
diamagnetism using Pascal’'s constants [40]. Theuaceptibility data were analyzed
within the extended Debye model [41], in which axmam in the out-of-phase
componentyy” of the complex susceptibility is observed when tlkaxation timer
equals (21)*. The frequency dependence gf," at constant temperature was

determined using equation (1):

X' (@) = (rr = xdil(wr) “eos@umi2))[1 + 2(wr) " sin(a1v2) + (@n)> > + (xr -
X9)2l(wr) “%cos@m2))/[1 + 2(wr) Zsin(aa1r2) + (wn)* ] (1)

where w = 2nv, xr and xs are the isothermal and adiabatic susceptibilities, the
susceptibilities observed in the two limiting cases 0 andv - o, respectively, and
is a parameter which accounts for a distributionreifixation times. The present
function includes two different sets #f, xs, rand a to reproduce the two overlapping

relaxation processes shownhy
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Results and Discussion

Complexesl and 2 have essentially identical chemical structures.ufadl
shows a molecular representation of comf@eXhe crystal structure contains a terbium
centre that is deca-coordinated by two Hscpy armaritrate ligands in chelating mode.
Each of the Hscpy ligands is coordinated to theéraéron forming two five-membered
chelate rings, one through the pyridine and thereetbine nitrogen atoms and the other
through the latter nitrogen atom and the oxygematiem the amide group. The 1+
charge of the cation-complex is balanced by a sépanitrate anion, that of N(33). A
methanol molecule completes the chemical environmoktne complex.

The tridentate Hscpy ligand shows bite angles N(py)-Th-O of 123.64(14)
and 121.48(13%, while the chelating nitrates show O-Tb-O’ angiés50.50(12) and
51.38(14)°. The normals to the Hscpy ligand planes in thismglex, calculated from
the positions of the twelve heavier atoms of eagand, are 41.29(7) ° apart (Supp.

Info., Fig S1.).
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Figure 1. View of the complex2, indicating the atom numbering scheme. Thermal

ellipsoids are drawn at the 50% probability level.

Selected bond distances and angles for compleresi2 are listed in Table 2.
The Ln-O(11,23), Ln-N(01,13) and Ln-N(08,20) borddths are between 2.392(4) and
2.6568(15) A, which are values significantly longilean those in a 3d-complex such as
the nickel(ll)-complex (mean Ni-N bond distance20047 A and Ni-O 2.137 A) [33];
this is consistent with the larger radius of thatl@nide ions. Analyzing the bond
lengths of the atoms directly bonded to the lantt&amons in complexe& and 2, we
observe that all bond lengths follow the generatepa with longer bonds for the Gd
complex than for the Tb cation. This is in accoithwhe ‘Lanthanide contraction’; as
we progress through the 4f series, the f electsuifer a greater attraction from the
nucleus due to poor shielding effect, leading ®itn radii decreasing as we advance in

the series.
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200 Table 1.Crystal data and structure refinement for compléxasd2.

Elemental formula
Formula weight
T/K

Radiation A / A
Crystal system
Space group

Unit cell dimensions

Volume / B

Z, Calculated density / Mg th
Absorption coefficient / mh
F(000)

Crystal colour, shape

Crystal size / mm

Brange /°

Index ranges

Completeness t6 = 25.2 °©
Absorption correction

Max. and min. transmission
Reflections collected / unique
No. of ‘observed’ reflections
(1> 20))

Data / restraints / parameters

Goodness-of-fit orfF>

Final R indices (‘observed’ data)

R indices (all data)

Largest diff. peak and hole / €°A

Location of largest difference peak

©@H16N100sGd, NG, CH,O (1)
703.67
302(2)
0.71073
Triclinic
P-1

a =8.7881(16)
b =12.105(2)
c =12.106(2)
o = 77.544(8)
B =86.075(8)
y = 88.102(8)
1254.3(4)
2,1.863
2.725
694

Colourless, parallelepiped

0.343 x 0.255 x 0.128

2.9t027.5

-Kh<11, -15k<15, -151<15

99.8 %

Semi-empirical from equivaten
0.7461 and 0.6826
124952 / 5758 [B(@n0.029]

5507

5758 /0 /392
1.100
R = 0.08R,= 0.039
R = 0.01%R,= 0.040
0.88 and -0.26
near the O(3&®B)n

C14H16N100sTh, NG;, CH,O (2)
705.3¢

240(2

0.7107.

Triclinic

P-1

a=8.7424(¢

b = 12.0551(1(
c=12.0572(1:

o =77.268(4)

B =86.632(4)

y=87.882(4)

1236.95(1¢

2,1.89.

2.941

69¢€

Colourless, parallelepip
0.242 x 0.135 x 0.0«

2.9t0 272

-11<h<11, -15k<15, -15I<15
99.9 %

Sem-empirical from equivalents
0.6985 and 0.56!

60747 / 5501 [R(int) = 0.20
494¢

5501/0/37

1.02¢

R =0.048wR,=0.114
R = 0.055wR,=0.118
1.74 anc-1.34

near the Tb ato

201 w=[c¢*(F0")+(0.0219P%+0.5100P]" for complexl andw=[c*(F0’)+(0.0635P%+3.800P]" for complex2.

202
203
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Table 2.Selected bond lengths (A) and angles (°) for corgsdé and2.

Ln= Gd (1) Tb (2)
Ligand 1* Ligand 2* Ligand 1  Ligand 2

Ln-N(01,13) 2.6073(14) 2.6568(15) 2.595(4) 2.643(4)
Ln-N(08,20) 2.5801(14) 2.5946(14) 2.557(5) 2.581(4)
Ln-O(11,23) 2.4226(14) 2.4035(12) 2.410(4) 2.392(4)
Ln-O(27,30) 2.5100(14) 2.4748(14) 2.493(4) 2.457(4)
Ln-O(28,31) 2.5399(14) 2.5030(15) 2.530(4) 2.486(4)
C(07,19)-N(08,20) 1.274(2) 1.273(2) 1.266(7)  1.274(7)
N(08,20)-N(09,21) 1.358(2) 1.361(2) 1.375(7) 1.356(6)
N(09,21)-C(10,22) 1.357(2) 1.362(2) 1.365(7) 1.375(7)
C(10,22)-0(11,23) 1.242(2) 1.243(2) 1.243(7)  1.239(6)
C(10,22)-N(12,24) 1.326(2) 1.325(2) 1.320(8) 1.323(7)
N(01,13)-Ln-N(08,20) 61.56(5)  60.61(5) 61.66(14) 60.65(14)
N(08,20)-Ln-O(11,23) 61.71(4) 61.62(4) 62.16(13) 61.94(13)
N(01,13)-Ln-O(11,23) 123.10(5) 121.14(4) 123.64(14) 121.48(13)
N(08)-Ln-N(20) 170.65(5) 170.50(14)
N(25)-Ln-N(29) 172.50(4) 172.61(13)

*Ligand 1 = ligand coordinated through N(01), N(G#)d O(11) atoms; ligand 2 = ligand coordinated
through N(13), N(20) and O(23) atoms

Support for the proposed neutral form of the Hsbiggnd comes from the
analysis of the N(09)-C(10) and C(10)-N(12) bonstaiices which, in the two ligands
of the Th complex, have mean values of 1.370(7nd &321(7) A, respectively; these
indicate the keto form of the ligand as shown irheé@oe 1. The C(10)-O(11) bond
exhibits a double-bond character with a short mimgth of 1.241(7) A, also in
accordance with the keto form of the tautomericildayium. The same behavior was

also observed for the Gd(lin complex and as seenn i
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Table 2.

Further, typical bond distances of the semicarbaz[88], namely C(06)-
C(07), C(07)-N(08), N(08)-N(09) and N(09)-C(10),eapractically the same after
coordination to the lanthanide ions despite thatim of 180° about the N(9)-C(10)
bond in the complex molecules. The largest changa® found in angles such as
C(06)-C(07)-N(08) and C(10)-N(09)-N(08) that ar&°4and 6.7 lower, respectively,
after coordination.

Recently, Raja and co-workers reported the crystaicture of a similar
complex [Ce(BPBH)YNOs)3], BPBH = 2-benzoylpyridine benzohydrazone [42].eTh
structure resembles those reported here, but iIiCtheomplex case all the nitrate ions
are directly bound to the cerium(lll) ion, leaditm dodeca-coordination of the metal
centre. Some observed bond distances, for Ce-NMijpg), Ce-N(azomethinic), Ce-
O(BPBH) and Ce-O(N§), are at 2.9365(16), 2.7706(14), 2.4952(12) arGP(2)-
2.72(2) A, respectively. Comparing those with thean bond distances found in our
terbium complex2, Ln-N(1,13) 2.619 A, Ln-N(8,20) 2.569 A, Ln-O(18)22.401 A and
Ln-0(27,28,30,31) 2.491 A, respectively, one cam that the bonds for the lanthanide
complexes have significantly shorter lengths.

The methanol molecules, with the oxygen atom O(38),both of our
complexes act as donors and acceptors in the fanmat hydrogen bonds which, with
hydrogen bonds from every N-H group, link the vasomoieties in an extensive
hydrogen bond network. Figure 2 shows a sectidhisfsupramolecular arrangement in

the unit cell of complez®.
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Figure 2. The hydrogen bond networks in comp@wiewed along tha axis. Thermal
ellipsoids are drawn at the 50% probability lew¢ydrogen bonds are shown as dashed

lines.

FTIR and mass spectra.

Infrared spectra showed bands that are charaaten$t group functions
expected for these compounds as seen in Figuree8nMalues, observed in the series
are:v(N-H) at 3379 crit, v(C=0) at 1665 cm, (pyridine ring) at 1547 cih v(C-C) at
1478 cni', 3(C-H) at 1153 cnt [43]. The complexes also showed the stretchingemod

v(N-O) of nitrate ions at 1383 ¢
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Figure 3. FTIR spectra of the complexésand2.

Figure 4 shows high resolution mass spectrum (HREA3H- of compoundd
and 2 in the positive mode (Full spectra can be see®@g®. info. Fig S2). They
exhibited peaks at m/z = 122.07 and 148.05 assitmdte fragments §EisNs™ and
C/HgN3O", respectively, Scheme 2. In addition, several rfragts containing
lanthanides were also observed as representedhientec2 for both complexes. The
assignments are in accordance with the calculatghfentation patterns, considering

the isotopic distribution of the elements, as destrated in Figure 4.
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Figure 4. HRMS-ESI positive mode of complexds(al) and2(bl) dissolved in 9:1

CH3OH/H,O mixture showing the corresponding fragment insé&alculated
fragmentation patterns (a2) and (b2) for Gd andc@implexes, respectively, showing

the most intense peaks, considering the isotogicildution of the elements.

.

( N\
| NN l@ | NS
/
C,HN;0" CgHgN5 ™
148.050 m/z 122.071 m/z
r €] -+
. | NN | NH,
XN XN
1 | | N
~ \N 2N \ / \ LN\
| ‘ | Ln / Ll’l\ //N=O
/ ~ ‘ / \ 0
: P )\ N g i )
N HNT N HzN)\E/N\ \
[Ln' (CHyN)I [Ln' (C7H7N30)]" [La' (CgH oNsO)]™  [La'™ (C;HgN,0),]"  [La'™! (C;HgN,0), NO5]*
Gd 247.965 306.983 366.009 484.048 547.043
Tb  248.960 307.984 367.010 485.049 548.044

Scheme 2Fragments assignments according to the experimdatal of complexe%

and2.
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Dynamics of the magnetization of complex 2.

The largely unquenched magnetic orbital momenthef lanthanide ions, in
combination with the crystal field acting on themakes their magnetic moment relax
more slowly than that usually found in paramagn8istems featuring slow relaxation
of the magnetization are called Single lon (or Male) Magnets (SIM and SMM,
respectively), and are widely investigated for themory effect [44] and quantum
coherence associated to their magnetic momenedetel of the magnetically isolated
molecular entity [45]. In order to evaluate theaxation dynamics of compleg,
frequency- and temperature-dependent alternatedstususceptometry was carried
out.

With zero static applied magnetic field, compl@xdid not show any
out-of-phase signal in the magnetic susceptib{sge Suppl. Info. Fig. S3), similar to
previously analyzed ten-coordinated Tb(lll) com@eX46-48]. The application of a
static field of 1 kOe significantly slows down theagnetization dynamics, allowing the
detection of a set of frequency- and temperatupeddent peaks in the investigated
range, reported in Figure 5a. Examination of tlegdency dependence of the in-phase
(' () and out-of-phasexy” («)) susceptibilities points to the presence of two
distinct relaxation processes. The first one is stmw to present peaks within the
investigated frequency range and appears asia tag low temperature part of the"

() plot. The second one, on the other hand, shoeguéncy- and temperature-
dependent peaks in the 216 1G° Hz range. In order to extrapolate the magnetic
relaxation time of the systens, the fitting of thexy" («) profiles has been carried out
with an extended Debye model including two indegerndrelaxation processes
(Equation 1). Since no peaks in the frequency degmare of they" plot for the slow

process have been detected, the parameters degcttile slow relaxation process are
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affected by great uncertainties and will not becassed here, but simply used to fit
efficiently the completenv” («) isothermal profiles. The temperature dependeft¢keo
relaxation time of the faster process has beeneoloas function of the inverse of

temperature, according to the Arrhenius relatienr o exp@kgT), in Figure 5b.

e
(@)}
1

-10.0+

o
N
1

-10.4 1
[
=

o
[\S)
1

-10.81

e
(e
N

-11.21

0.1 02 03 04 05
7' (K™

Figure 5. a) Frequency dependence of the out-of-phase rtiagnesceptibilityyy" of

2, measured for different temperatures ranging fetK (blue points) to 6.0 K (red
points) measured with an applied magnetic field &Oe. b) Temperature dependence
of the relaxation times measured with a static iadpiagnetic field of 1 kOe (empty
circles) and 1.5 kOe (full circles) along with therresponding best fitting lines, as

described in the text.

The plot describes a temperature dependence tbft is decreasing upon
lowering the temperature, indicating a crossovetween at least two relaxation
mechanisms. To fit this curve, a model including @rbach process, describing a
thermally activated relaxation through an activathmarrier, coupled to a temperature

independent one (tunneling process) has been used:

I(T) = 10exp(A/ksT) + Tunneling
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The black line reported in Figure 5b displays tasutts of the fitting, which
yielded o = 2.6(1J10° s, 4 = 7.6(2) cnt and a tunneling frequency of 2.60{&) Hz
as best-fitting parameters. It must be stressed fttieng of the plot with models
including a Raman process coupled to a direct oa tanneling one yielded poorer
results or extremely low Raman exponent (2.3), wede thus discarded. In order to
have better insights into the relaxation dynamids 2p the ac susceptometry
characterization has been measured with a statinetia field of 1.5 kOe, yielding the
results reported in Figure S4. The frequency-depenbtehavior of then" exhibits
again two different relaxation processes, of whoaly one presents clear maxima. For
this, the plots have been fitted with the same rhagtaployed for the 1 kOe
measurements. The extracted relaxation times, tegb@s full dots in Figure 5b, are
higher than those previously found at the same ¢eatpre in a 1 kOe field, indicating
that the increased field suppressed the quantunelimg relaxation process still present
in the 1 kOe field. As observed in the previousecabe higher temperature part
displays a steeper dependence on temperature, vghieduced upon cooling, reaching
a maximum at about 2.9 K. Below this temperaturdeerease in the relaxation time
upon cooling occurs. This phenomenon can be irgedras result of a decrease in the
energy exchange between the molecules and the salie vibrations responsible for
the spin relaxation upon cooling (phonon-bottleneftkct) [49-51]. The curve has been
fitted with the same model as used before, joi@ngdrbach process with a remaining
tunneling mechanism. The extracted parametersopareB.3(5110" s, 4 = 21.9(4) crit
and a tunneling frequency of 1.92{0° Hz. The presence of a quantum tunneling of
the magnetization with an applied field may arisenf the presence of overlapping
processes of direct relaxation and phonon-bottleneffect. The experimentally
determined value of the activation barrier to thegmetic relaxation is among the

highest found for ten-coordinated Tb(lll) complexpsinting to the Hscpy ligand as a
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good building block from which to prepare lanthaicbmplexes with slow relaxation

of the magnetization [46-48,52].

Conclusion

Two new complexes of the bis-semicarbazone Hscpgssbave been prepared
and characterized, and both trivalent metal iond @&d Tb) showed coordination
number 10. The ligand Hscpy is bound as a tridenthelate, coordinated through two
nitrogen atoms and one oxygen atom, while two tattegands are coordinated in a
chelate mode. The complexes crystallized with ao@panying discrete nitrate anion
as counter-ion, and a methanol mono-solvate maedhle overall composition is
[Ln(Hscpy) (NOs3)2]NOzMeOH.

Infrared (FTIR) as well as high resolution massctpe(HRMS-ESI) of the
Gd®* and TB* compounds exhibited bands and fragments, respégtin accordance
with the chelate mode of binding of Hscpy, anddhlleulated fragmentation patterns.

In search for essential magnetic properties reduioe a possible application
as a single molecule magnet (SMM), we have expltmeddynamics of magnetization
of the terbium complex. It showed slow relaxatidntlte magnetization under static
magnetic fields of 1 kOe and 1.5 kOe, with an atton barrier to the relaxation
(21.9(4) cnt) among the highest found for ten-coordinated Tp(Bomplexes,
indicating that the Hscpy ligand is a good buildibtpck from which to prepare

lanthanide complexes with slow relaxation of thegnetization.
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3) Terbium complex shows a high activation barerelaxation



