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ABSTRACT

Three new sets of mononuclear Ln'" complexes of general formulas [LnL;]-CH;OH
(Ln™ = Yb (1), Er (2), Dy (3), Gd (4) and Eu (5)), [LnL,(tmh)(CH;0H)]-n H,O'm
CH;OH (Ln™ = Yb (1b), Er (2b), Dy (3b), Gd (4b)) and [LnL,(tta)(CH;OH)]-CH;OH
(Ln™ = Yb (1¢), Er (2¢), Dy (3¢), Gd (4¢) have been prepared from the reaction of
Ln(CF3S0O3)'nH,O salts with the tridentate ligand 2-(tetrazolate-5-yl)-1,10-
phenanthroline (HL). For the two latter sets, additionally with the respective -
diketonate ligands 2,2,6,6-tetramethylheptanoate (tmh) or 2-thenoyltrifluoroacetonate
(tta). In the [LnLs;]-CH;OH complexes the Ln" ijons are coordinated to three
phenanthroline-tetrazolate ligands showing a LnNy coordination sphere. Dynamic ac
magnetic measurements for 1 — 3 reveal that these complexes only exhibit single
molecule magnet (SMM) behaviour when an external dc magnetic field is applied, with
Uesr values of 11.7 K (1), 16.0 K (2) and 20.2 K (3). When the tridentate phenanthroline-
tetrazolate ligand is replaced by one molecule of methanol and the f-diketonate ligand
tmh (1b — 3b) or tta (1¢ — 3c¢), a significant increase in U occurs and, in the case of the
Dy derivates 3b and 3¢, out-of-phase x’* signals below 15 K and 10 K, respectively,
are observed under zero-dc magnetic field. CASSCF+RASSI ab initio calculations
performed on the Dy derivates support the experimental results. Thus, for 3 the ground

Kramers’ doublet is far from being axial and the first excited state is found to be very
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close in energy to the ground state so the relaxation barrier in this case is almost
negligible. Conversely, for 3b and 3¢, the ground Kramers’ doublet is axial with a small
quantum tunneling of the magnetization (QTM) and the energy difference between the
ground and first Kramers’ doublets is much higher, which allows these compounds to
behave as SMMs at zero-field. Moreover, these calculations support the larger Uk
observed for 3b compared to 3¢. Additionally, the solid-state photophysical properties
of 1, 2, 4 and 5 show that the phenanthroline tetrazolate ligand can act as an effective
antenna to sensitize the characteristic Yb'", Er'" and Eu'" emissions through an energy

transfer process.

INTRODUCTION

Tetrazole ligands have been widely used in the last few decades to prepare plentiful nd-
transition metal complexes (n = 3, 4, 5) with interest in fields such as molecular
magnetism, MOFs or photochemistry, among others.'® 5-substituted tetrazoles show
several intrinsic properties that make them very attractive from the point of view of
coordination chemistry: i) first of all, they are very easy to prepare. Since the first
practical procedure described by Finnegan® involving the reaction of nitriles and sodium
azide in the presence of ammonium chloride, several synthetic protocols have been
established allowing for the preparation of these ligands with a vast range of 5-
substituents in excellent yields under mild synthetic conditions and short reaction
times;’ 7i) when deprotonated, they form strongly basic tetrazolate anions that are able
to coordinate transition metal cations through a wide variety of coordination modes;” iii)
additionally, the tetrazolate ring is highly reactive towards electrophilic agents allowing
for their functionalization with several functional groups such as amines or carboxylic
acids.” Regarding the 4f-block of elements, several Eu'"'- and Tb"'-tetrazolate complexes
with remarkable luminescent properties have also been recently reported.® The
structural and stability properties of some lanthanide tetrazolate complexes have been
found to be similar to those of the carboxylate analogous,”" although the replacement
of the carboxylate group with tetrazolate induces a significant red-shift of the lowest-
energy absorption bands in the UV-Vis spectra, allowing for the luminescence of these
complexes to be effectively sensitized with visible light. Surprisingly, to the best of our
knowledge no examples of Dy Er'" or Yb" complexes with tetrazole-based ligands

I

have been reported thus far. Compared to Eu, these lanthanides also display interesting

luminescence properties in the visible or near-infrared spectroscopic regions’ as well as

2



exciting magnetic properties.® They have particularly stimulated the research activity in
the field of Molecular Magnetism due to their ability to behave as single-molecule
magnets (SMMs). These systems are molecular complexes exhibiting slow relaxation of
the magnetization and magnetic hysteresis below a certain temperature, known as

9

blocking temperature (7g).*° It is worth noting that these nanomagnets present

potentially outstanding future applications in fields such as molecular spintronics,'’

10,11

ultra-high density magnetic information storage and as qubits for quantum

1.'"> The SMM behavior arises essentially from the

computing at the molecular leve
existence of an anisotropic energy barrier (U) that prevents magnetization reversal
below T when the magnetic polarizing field is removed.” The utility of the lanthanide
ions in this field is due to the fact that they exhibit strong magnetic anisotropy due to the
combination of strong spin-orbit coupling and crystal-field effects promoted by the
ligand surrounding.® In fact numerous 3d/4f and 4f (and 5f) mononuclear and
polynuclear coordination compounds, most of them containing Dy"" ions,*”"* have been
reported to exhibit SMM behavior, which is usually due to the individual Ln" ions and
their coordination sphere, rather than to the whole molecule. Interestingly, mononuclear
4f metal complexes have been shown to possess energy barriers an order of magnitude
higher than observed in 3d and 3d/4f polymetallic clusters. SMM are generally
constructed by assembling lanthanide ions with inorganic or organic ligands containing
either only oxygen donor atoms or a combination of oxygen and nitrogen donor atoms
or only nitrogen donor atoms (organometallic complexes containing only carbon'*
donor atoms with or without nitrogen,'” sulphur'®, phosphorous, arsenic or selenium'’,
bridging groups are less abundant). Some typical examples of Dy-SMMs containing a
combination of oxygen and nitrogen donor atoms compounds are Dy(diimine)(tris(f-
diketonate) complexes (diimine = bipyridine, phenanthroline, bipyrimidine), some
which exhibit large anisotropic energy barriers for the reversal of the magnetization.'®
As far as we know, no examples of SMMs containing either only tetrazolate ligands or
tetrazolate/p-diketonate mixed ligands have been reported so far.

Here, we report on the synthesis, structure, magnetic and luminescent
properties of three sets of mononuclear 4f-complexes prepared from the tridentate
ligand 2-(tetrazolate-5-yl)-1,10-phenanthroline (HL, scheme 1). For the first set,
the lanthanide ions (Ln"™ = Yb, Er and Dy) are coordinated to three L™ ligands,

showing a LnNy coordination sphere. It is worth mentioning that examples of

non-phthalocyaninate Dy-containing SMMs (induced by the magnetic field) in
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which the Dy ion are surrounded exclusively by nitrogen donor atoms are very
scarce.”” For the second and third sets, the coordination sphere around the Ln™
ions is of the type LnNsO3, where a phenanthroline-tetrazolate ligand has been
replaced by one molecule of methanol and the B-diketonate ligands 2,2,6,6-
tetramethylheptane-3,5-dionate (tmh) or 2-thenoyltrifluoroacetonate (tta). The
aim of this work is two-fold: (i) to know whether or not the LnNy complexes
exhibit SMM properties and to analyze how these properties vary when the L~
ligand is substituted by different B-diketonate ligands and (ii) to elucidate if the
ligand L~ in isolation acts as an effective sensitizer for red (Ln"™ = Eu) and NIR
(Ln"™ = Nd, Er, Yb) luminescence. If SMM and luminescence properties coexist

in these complexes, these new systems represent bifunctional luminescent-SMMs

mononuclear complexes.

EXPERIMENTAL SECTION

General procedures

Unless stated otherwise, all reactions were conducted in oven-dried glassware in
aerobic conditions. Reagents and solvents purchased from commercial sources
were used as received. The ligand 2-(2H-tetrazol-5-yl)-1,10-phenanthroline (HL)

was prepared as previously reported by Gao et al.*’

Preparation of complexes

[Ln(L)s]-CH;0H [Ln™ = Yb (1), Er (2), Dy (3), Gd (4), Eu (5)]. A general
procedure was followed for the synthesis of these complexes. 0.15 mmol of the
appropriate Ln(CF3SO3)-nH,0 dissolved in methanol (10 mL) was added without
stirring to a mixture containing three equivalents of HL ligand (0.45 mmol, 110
mg) and the stoichiometric amount of triethylamine in methanol (20 mL). The
resulting yellow solutions were allowed to stand at room temperature. Slow
evaporation of the solvent over a period of 1 — 2 days afforded for complexes 1 —
5 as a good crop of single crystals suitable for X-ray diffraction which were

filtered, washed with a minimum amount of methanol and air-dried.

[Ln(L)(tmh)(CH;0H)]-mCH;OH-nH,O [Ln™ = Yb (1b), Er (2b), Dy (3b), Gd
(4b)]. Following a similar procedure, 0.015 mmol of Ln(CH3SO3);-nH,O
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dissolved in CH30H (20 mL) was added without stirring to a solution containing
0.015 mmol of Htmh (2,2,6,6-tetramethylheptane-3,5-dione), 0.030 mmol of HL
and 0.045 mmol of triethylamine in 20 mL of CH3OH. After a few hours, well-
formed crystals were obtained in good yield. The crystals were stable while
submerged in their mother liquor. A severe and rapid crystalline degradation was

observed when the crystals were isolated and dried.

[Ln(L)x(tta)(CH3;0H)]-CH3;0H [Ln™ = Yb (I¢), Er (2¢), Dy (3¢), Gd (4¢),]. These
complexes were prepared as the tmh derivates, but using 2-

thenoyltrifluoroacetone (Htza) instead.

Elemental analyses for these compounds are given in the ESI (Table S1).

Physical Measurements

Elemental analyses were carried out at the “Centro de Instrumentacion
Cientifica” of the University of Granada on a Fisons-Carlo Erba analyser model
EA 1108. IR spectra on powdered samples were recorded with a ThermoNicolet
IR200FTIR using KBr pellets. Alternating current susceptibility measurements
under different applied static fields were performed using an oscillating ac field
of 3.5 Oe and ac frequencies ranging from 1 to 1500 Hz with a Quantum Design
SQUID MPMS XL-5 device. Ac magnetic susceptibility measurements in the
range 1 — 10000 Hz were carried out with a Quantum Design Physical Property
Measurement System using an oscillating ac field of 5 Oe. UV-Vis spectra were
measured on a UV-1800 Shimadzu spectrophotometer and the
photoluminescence spectra on a Varian Cary Eclipse spectrofluorometer.
Lifetime data were obtained on a JobinYvon-Horiba Fluorolog spectrometer
fitted with a JY TBX picoseconds photodetection module. All near-IR
photophysical data were obtained on a JobinYvon-Horiba Fluorolog-3
spectrometer fitted with a Hamamatsu R5509-73 detector (cooled to -89 °C using
a C9940 housing). For the near-IR lifetimes the pulsed laser source was a
Continuum MiniliteNd:YAG configured for 355 nm output. Luminescence
lifetime profiles were obtained using the JobinYvon-Horiba FluoroHub single
photon counting module, and the data fits yielded the lifetime values using the

provided DAS6 deconvolution software. X-Ray Powder diffraction patterns were
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collected using a high-throughput Bruker D8 Advance diffractometer working on
transmission mode and equipped with a focusing Gébel mirror producing CuKa
radiation (A = 1.5418 A) and a LYNXEYE detector. Data were collected at room
temperature (RT), in the 20 range 3 to 35°, with a 0.02° step width.

Single-Crystal Structure Determination

Suitable crystals of the different complexes were mounted on a glass fiber and
used for data collection at 100(2) K. Data for 1, 3, 5, 1b - 3b and were collected
with a Bruker AXS APEX CCD area detector equipped with graphite
monochromated Mo Ka radiation (A = 0.71073 A) by applying the w-scan
method. Data for 2 - 4 and 1c¢ — 4¢ were collected with a Bruker D8 Venture (Mo
Ka radiation, A = 0.71073 A, Photon 100 CMOS detector). Using Olex2*', the
structures were solved by either Patterson or direct methods with SHELXS and
refined with full-matrix least-squares calculations on F° using SHELXL?*.
Lorentz-polarization and empirical absorption corrections were applied.
Anisotropic temperature factors were assigned to all atoms except for the
hydrogens, which are riding their parent atoms with an isotropic temperature
factor arbitrarily chosen as 1.2 times that of the respective parent. Final R(F),
WR(F?), goodness of fit agreement factors, and details of the data collection and
analysis can be found in Supporting Information (Tables S2-S4). Selected bond
lengths and angles are given in Supporting Information (Tables S5-S10). The X-
ray studies for 1b - 4b were carried out with the samples embedded in oil in order
to preserve their crystallinity. In the case of 4b, the hydrogen atoms associated to
the disordered methanol molecule C3S(B)-O3S could not be located from
difference Fourier maps.

Computational Details:

Low-energy spectra and g factors of the eight lowest Kramers’ doublets of 1 were
obtained by means of CASSCF+RASSI calculations, as implemented in the MOLCAS
8.0 software package.” The method is divided into two steps: (i) CASSCF(9,7)
calculations for three different multiplicities (sextet, quartet and doublet) (ii) The effect
of spin-orbit coupling on the basis of the converged wavefunctions obtained in the
previous step is included by the Restricted Active Space State Interaction (RASSI)

method. Spin Hamiltonian parameters (such as g factors) can be calculated from the



wavefunctions resulting after the state interaction step employing the SINGLE ANISO
program.”* We included 21, 128 and 98 roots for the sextet, quartet and doublet Dy™
CASSCF calculations, while for the Er'" systems 35 and 112 quartets and doublet states,
respectively were employed and 7 doublet states for the Yb™ calculations. The
employed basis set has the following contractions: Dy, Er, Yb[9s8p6d4f3g2h]; S
4s3pld, F 4s3p2d1f; O [4s3p2d1f]; N [4s3p2d1f]; C [3s2p]; H [2s]. The structure of the
model was extracted from the corresponding X-ray structure without any ligand
truncation. Electrostatic potential maps were obtained by DFT calculations (functional:
B3LYP basis,” TZVP program,’® Gaussian09>") employing the geometry for the ligand

environment of the previous CASSCF+RASSI calculations and removing the Dy"" ion.

RESULTS AND DISCUSSION

Synthesis and structural characterization of [LnL;]-CH3;0H (1 -5),
[LnL,(tmh)(CH30H)] (1b — 4b) and [LnL;(tta)(CH30H)] (1¢ — 4¢) complexes.
Complexes 1 - 5 were synthesized by mixing Ln(CF3S0Os3);-n H,O with HL and
triethylamine in methanol without stirring using a 1:3:3 molar ratio (see scheme
1). Complexes 1b - 4b and 1c¢ — 4¢ were prepared following a similar procedure

by mixing the Ln™

trifluoromethanesulfonate with HL, Htmh (2,2,6,6-
tetramethylheptane-3,5-dione) or Htta (2-thenoyltrifluoroacetone) and Et;N in a

1:2:1:3 molar ratio (see scheme 1).

- [\ MeOH, 3Et;N
TN NN Ln(CF3S0;);:nH,0 1 N
N~N N HL = 2-(2H-tetrazol-5-yl)-1,10-phenanthroline N\N/
[LnL3]-CH3OH (1-5) [LnL,(tmh)(CH30H)]'m CH3OH-n H,0 (1b-4b)
Ln" =Yb (1), Er (2), Dy (3), Gd (4), Eu (5) [LnLx(tta)(CH30H)]-CH30H-(1c-4c)

Scheme 1.- Reactivity of the HL ligand and complexes prepared in this work.

X-Ray crystallographic studies revealed that 1 — 5 are isostructural
compounds crystallizing in the monoclinic space group P2;/c. In general, the

structures consist of mononuclear [LnL;] entities and one crystallization molecule



of methanol. Within the mononuclear units, the lanthanide ions are coordinated
by three deprotonated phenanthroline-tetrazolate ligands disposed in an “up — up
— down” arrangement around the lanthanide resulting in a C; symmetry of the
complex. The LnNy coordination environment is comprised of three N atoms of
the tetrazolate (Ni,) rings (N6, N12 and N18) and six N atoms of the three
phenanthroline (N,,) moieties (N1, N2, N7, N8, N13 and N14). According to the
continuous-shape-measures (CShMs) method,*® the lowest shape measures for
the LnNy coordination belong to a C4 spherical capped square antiprism
(CSAPR) geometry in the range 0.932 (1) — 1.194 (5) (Table S11). As expected,
the Ln — N bond lengths decrease from Eu"' to Yb" due to lanthanide
contraction. The decrease of ionic radii along the series also affects the planarity
of the coordinated ligands. Whereas for the Eu'" derivate (5) the torsion angles
between the phenanthroline and tetrazolate rings are within the range 0.75° —
4.82°, for the Yb™ derivate (1) the range increase to 3.44° - 11.03° probably due
to steric hindrance. The Ln-N¢, bond distances are significantly shorter than those
observed for the Ln-N,, bonds which points out the strength of the electrostatic
interaction between the metal cation and the anionic tetrazolate ring.

Complexes 1b — 4b are also isostructural and crystallize in the triclinic P-1
space group. The structures consist of mononuclear [Ln(L),(tmh)(CH;OH)]
entities and molecules of methanol and water of crystallization. The Ln"" ion
exhibits a LnN¢O3 coordination sphere with the lowest shape measures for the Cy,
CSAPR geometry in the range 0.694 (2b) - 1.063 (4b) (Table S11). As observed
previously for 1 — 5, the two Ln-Ny, bond distances are short compared to the Ln-
Npn bonds. They are, however, significantly longer than those of the Ln-Oimn

111

bonds. The electrostatic interaction between the Ln" center and the f-diketonate

ligands is stronger than that showed by the tetrazolate anions. As expected, the

1 center

Ln-N and Ln-O bond distances decrease as the atomic number of the Ln
increases. The nitrogen atoms of the tetrazolate groups in L™ are connected with
solvated methanol and/or water molecules along the crystalline network through
strong hydrogen-bond interactions.

The main structural features of complexes 1¢ — 4¢ are very similar to those
observed for 1b — 4b. All the complexes are isostructural and crystallize in the P-
1 spatial group of symmetry. The lowest shape measures for the LnNgOs;

coordination sphere belong also to C,, CSAPR geometry and are found in the
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range 0.730 (1¢) — 0.834 (4¢)). The atomic distances around the Ln™" unit follows
the expected trend Ln-Nphen>Ln-Ng,>>Ln-Oy, and a slight steric crowding is
observed as the atomic number of the lanthanide ion increases and, therefore, its
size decreases. In this set of complexes, the unit cell contains a crystallization
molecule of methanol involved in a strong H-bond interaction with a nitrogen

atom of one of the tetrazolate ring.

Figure 1.- Crystal structures of complexes 3 (a), 3b (b) and 3¢ (c). Lattice solvents
molecules and hydrogen atoms have been omitted for the sake of clarity. Ellipsoids are

drawn at 50 % probability.

Magnetic properties

The direct-current (dc) magnetic susceptibilities (ym) of complexes 1-4, 1b-4b and 1c-
4c have been measured in the 2-300 K temperature range under an applied magnetic

field of 0.1 T and are shown in Figure S1 in the form ym7 vs T.

The room temperature yy7 values for all the complexes are very close to those

calculated for isolated Ln'" ions in the free-ion approximation (see Table 1).

Table 1: Direct current magnetic data for the complexes studied in this work.

Experimental M,

Ground state Theoretical Theoretical Experimental value
of the Ln™ uT value M, value Compound  yy T30k / xuTax (T=2K,H=5T)
ion (cm® K mol™)* (Nug)" (em® K mol™) ’

(Nusp)

Yb'™ 2.57 4 1 2.21/1.99 1.94
*Fap, g7 =8/7 1b 2.24/1.44 1.74
1c 2.25/1.48 1.83

Er' 11.48 9 2 10.38/7.34 5.35
L5, g7 =6/5 2b 13.04/5.7 423



2¢ 11.29/5.39 5.29

Dy" 14.17 10 3 13.38/9.37 5.60
Hisp, gy =413 3b 15.52/12.60 5.61
3¢ 14.02 /10.40 4.98
Gd" 7.875 7 4 7.65/7.55 6.72
880082 4b 8.37/7.93 7.24
4c 7.34/7.00 6.93
2
T = A;i lg2s(+1)} "M =Nlu,; J=L+S; g, = % + ST(ST;;B;];;L D

On cooling, the yuT product of the complexes 1-3, 1b-3b and 1¢-3c¢ steadily
decreases down to 2 K, which is due to the depopulation of the excited m; sublevels of
the Lo ions, which arise from the splitting of the spin-orbit ground terms (2F 72 I 5
and °Hisp, for YO, Er'" and Dy", respectively), by the ligand field, and/or possible

" jons. The T product for the

very weak intermolecular interactions between the Ln
Gd™ compounds (4, 4b and 4¢) remains almost constant from room temperature to 2 K,

as expected for such an isotropic ion.

The field dependence of the magnetization for complexes 1-3, 1b-3b and 1c-3c¢
are given in Figure S2. The M versus H plot at 2 K for these complexes shows a
relatively rapid increase in the magnetization at low field to reach almost saturation for
magnetic fields of 5T. The observed saturation values for these complexes (see Table 1)
are rather lower than the calculated ones, which is due to crystal-field effects leading to
significant magnetic anisotropy.” The field dependence of the magnetization at 2 K for
the compounds 4, 4b and 4c¢ follows the Brillouin function for a S =7/2 systems, as

expected.

Single Molecule Magnet behavior.

In order to know if the complexes 1-3, 1b-3b and 1e¢-3¢ behave as
mononuclear single-molecule magnets, dynamic ac magnetic susceptibility
measurements as a function of the temperature and frequency were performed on
these samples. Under a zero-external dc field, none of the ytterbium complexes
(1, 1b and 1¢) exhibited out-of-phase (¥'"m) signals. This behavior can be
attributed either to the fact that the energy barrier for the flipping of the

10



magnetization is too small to trap the magnetization in one of the equivalent
configurations above 2 K, or to the fast relaxation of the magnetization through
quantum tunnelling (QTM). When the ac measurements were performed in the
presence of an external dc field of 1000 G to fully or partly suppress the QTM,
complexes 1, 1b and 1c¢ showed frequency dependence of the out-of-phase (x'"wm)
signals typical of thermally activated relaxation processes and SMM behavior
(Figure 2 and Figures S3 — S5), with out-of-phase y"m peaks in the ranges 3.5 K
(1400 Hz) — 2.5 K (300 Hz), 5.0 K (1400 Hz) — 3 K (300 Hz) and 4.75 K (1400
Hz) — 2.5 K (80 Hz), respectively. In the cases of complexes 1 and 1¢, the out-of-
phase susceptibility tends to zero after the maxima which indicates that the
quantum tunnelling of the magnetization has been effectively suppressed. For 1b
the out-of-phase susceptibility increases slightly below 2 K at low frequencies
thus indicating that the QTM relaxation process has not been fully cancelled in
this complex. The values of the energy barriers for the reversal of the
magnetization (U.s) and the relaxation times (t,) were extracted from the fit of
the frequency dependence of y"m at each temperature to the Debye model
(Figures S4 in Supporting Information) and are reported in Table 1. Virtually
identical values were obtained for U and 1, by fitting the frequencies of the
maxima (t = 1/2nf) observed for the y"wm signals and the temperatures to an
Arrhenius plot.

It should be noted that Raman relaxation processes are usually proposed for Yb™
complexes.” In view of this we decided to fit the experimental data also to an equation
that considers that the spin-lattice relaxation takes place through a Raman process (

~1 = BT™) . In general n = 9 for Kramers’ ions such as Yb",’ but depending on the

T
structure of the levels, n values between 1 and 6 can be considered as reasonable.’ The
fit of the experimental data is excellent, which could indicate that the spin-lattice
relaxation is not of the thermally activated type, but takes place through an optical

acoustic Raman-like process.

11



o
N
h

x" I emu-mol!
o
=
;

0.0

0.3
150 Hz k]
200 Hz
< 300 Hz
o 024 500 Hz w20 o 1
&Es 700 Hz © a 1b
S ., 900 Hz £ 8.5 6 1o
£, 1200 Hz . i
e aman(t =
1400 M2 -9.01 — Arrhenius
o‘o- T T L} L] T T
10 015 020 025 030 0.35 0.40 0.45
1UT (K"

Figure 2.- Temperature dependence of in-phase out-of-phase y'"v component of
the ac susceptibility for Yb"' complexes 1 (top left), 1b (top right) and 1¢ (bottom
left) under an applied dc field of 1000 Oe (the solid lines are guides to the eye).
Arrhenius (red lines) and Raman (green lines) plots of relaxation times (bottom
right). The solid lines represent the best fitting of the experimental data for 1, 1b
and 1c to the Arrhenius equation for a thermally activated process or to a Raman

relaxation process.
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Table 2.- U and 1, values for the reported complexes.

Complex Orbach Raman Raman + Orbach

(Hy =1000 Oe) (1" =BT")

Us (K) 1, (5) B n B n Uesr (K) T, (5)
1 11.7  4.6-10° 82.1 3.6
1b 297 35107 02 65
1c 303  2.0-107 03 65
2 16.0°  5.3-10°
2b 304  7.8:10° 4.1 52 492 38107
2c 258 3.5-10°
3b 137 1.2:10” 12:10° 90 202 21-10®
3b 957  3.4-107 0002 55 1701 1.2-107
3c 760  4.2-10° 0.003 64 1361 1.2-10"

* Calculated with the equation In(y"v/y’w) = In(wto)-U/kT. ® In this complex, competing
Raman, Orbach and direct relaxation processes were considered (1" = AT + BT" + 7, exp(-Uyy

/kpT) with A = 9.4 and n fixed at n =9).

The replacement of L™ by a B-diketone bidentate ligand in the YbNy coordination
sphere of 1 to afford a YbNsO; coordination environment in 1b and lc seems to
provoke a significant increase of the thermal energy barrier (in the case of a thermally
activated relaxation process) or in the energy gap between the ground state and a virtual
state (in the case of a Raman relaxation process).

The Cole-Cole plots (Figure S5) for 1, 1b and 1c¢ show, in the temperature
regions where appear the maxima in the y"m vs T plots, semi-circular shapes with
a values (this parameter determines the width of the distribution of relaxation
times, so that oo = 1 corresponds to an infinitely wide distribution of relaxation
times, whereas o = 0 describes a single relaxation process) in the 0.096-0.013,
0.17-0.06 and 0.2-0.017 ranges, respectively, thus indicating the presence of a

very narrow distribution of slow relaxation processes in those regions.

13



10Hz — 150Hz

1.07 2 1.0 2b —— 40 Hz —— 200 Hz
oal — 1000 Hz — 80 Hz 300 Hz
5o —— 800 Hz - —— 100 Hz 500 Hz
5 T
€ 069, - 500 Hz g %ﬂ\& —— 700 Hz
2 ‘ 200 Hz 5 0.5 \ —— 900 Hz
O 0.4 —— 120 Hz qE, 1400 Hz
: 40 Hz =
= 0.21 =
0.04, —— e 001 : ; .
2.0 2.5 3.0 3.5 4.0 2 4 6 8
T/IK T/IK
2c 6
1.0 —— 10 Hz — 200 Hz
- — 40Hz — 300Hz
[ —~— 70Hz 500 Hz 4
« —— 100 Hz — 700 Hz e
E 0.5 — 150 Hz — 900 Hz £ 3]
= —— 1400 Hz
=
-9-
0.0
3 4 5 6 0.25 0.30 0.35 0.40 0.45
T/K 1UT (K™

Figure 3.- Temperature dependence of in-phase out-of-phase y'"m component of

the ac susceptibility for Er'"

complexes 2 (top left), 2b (top right) and 2¢ (bottom
left) under a applied dc field of 1000 Oe (the solid lines are guides to the eye).
Arrhenius (red lines) and Raman (green lines) plots of relaxation times for 2b
(bottom right). The solid lines represent the best fit of the experimental data to
the Arrhenius equation for a thermally activated process or to a Raman relaxation

process.

The erbium complexes 2a—2¢ do not show out-of-phase ac signals at zero dc
applied field, which, as in the complexes 1a—1¢, could be due to the existence of
a very small thermal energy barrier for the reversal of the magnetization as to
block the magnetization above 2 K and/or the occurrence of a fast QTM
relaxation process. In the presence of a field of 1000 Oe, to fully or partly annul
the possible QTM, the compounds 2 and 2¢ show slow relaxation of the
magnetization without maxima above 2 K. Nevertheless, the y"v signals appear at
higher temperatures in 2¢ than in 2. The y"m vs T plot for 2b, however, displays
the frequency dependence of " in the temperature range 4 K (1400 Hz)-2.5 K
(80 Hz), which points to the existence of SMM behaviour induced by the dc

magnetic field. The relaxation times extracted from the frequency-dependent
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susceptibility data follow an Arrhenius law with an effective energy barrier for
the reversal of the magnetization Uy = 30.4 K and 1, = 7.7-10° s (Figure 3,
bottom right). The Cole-Cole diagram for 2b in the temperature range 4.25 - 2.25
K (Figure S8) exhibits semicircular shapes and can be fitted using the generalized
Debye model, affording o values in the range 0.043(4.25 K) - 0.37(2.25 K),
which suggest the existence of more than one relaxation process. In view of this,
we have fitted the temperature dependence of the relaxation times to a
combination of thermally activated (Orbach) and Raman processes. The extracted
values are given in Table 1. In order to make a quantitative comparison with 2b,
the Debye equation In(y"wm/y’m) = In(0710)-Ues/kT was used to calculate 1o and
U for 2 and 2¢ (Figure S9 and Table 1). As in the case of the ytterbium
complexes, the energy barrier dramatically increases on passing from 2 to 2b and
2¢.

Ac magnetic susceptibility measurements as a function of the temperature and
frequency under zero and 1000 Oe dc fields for compounds 3, 3b and 3¢ show that only
the two latter compounds display frequency dependence for the out-of-phase (y"wm)
signals below 15 K and 10 K, respectively, typical of thermally activated relaxation
processes at zero-field (Figure S11). However, no neat maxima appear in the
temperature dependence of the out-of-phase (y"wm) signals at different frequencies,
which could be due to overlapping of different relaxation processes, including a faster
QTM relaxation process even at frequencies as high as 1400 Hz. This behaviour seems
to indicate that 3b and 3c present slow relaxation of the magnetization and SMM
behaviour at zero dc applied field. The increase of the out-of-phase (y"wm) signals at very

low temperature is an unambiguous indication of the existence of fast QTM.
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Figure 4.- Temperature dependence of in-phase out-of-phase y'"m component of
the ac susceptibility for Dy complexes 3 (top left), 3b (top right) and 3¢ (bottom
left) under a applied dc field of 1000 Oe (the solid lines are guides to the eye).
Arrhenius (red lines) and Raman (green lines) plots of relaxation times (bottom
right). The solid lines represent the best fitting of the experimental data for 3, 3b
and 3c to the Arrhenius equation for a thermally activated process or to a Raman

relaxation process.

When the ac measurements were performed in the presence of a small external dc
field (Figure 4) of 1000 Oe to completely or partially suppress the fast QTM relaxation
process, the tails at low temperatures disappeared, giving rise to well defined out-of-
phase susceptibility peaks in the temperature ranges 2.8 K (6000 Hz)-2.20 K (80 Hz),
13.5 K (1400 Hz)-6 K (10 Hz), 9.3 K (1400 Hz)-3.5 K (10 Hz). The Cole-Cole diagram
for these complexes (Figure S13) exhibit semicircular shapes and can be fitted using the
generalized Debye model, affording a values in the ranges 0.2 (2.2 K)-0.1(3.0 K), 0.06
(6.0 K)-0.006 (14.0 K), 0.24 (4.0 K)-0.04 (9.0 K), which clearly suggest the existence of
more than one relaxation process in compounds 3 and 3c¢. The frequency dependence of

x"u at each temperature was fitted to the generalized Debye model (Figure S12), which
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allowed the relaxation times, 1, to be extracted. The fitting of 1t to the Arrhenius law
afforded the effective energy barriers for the reversal of the magnetization listed in
Table 1. The fact that the data deviate from linearity in the low temperature region,
suggests the existence of competing Raman and Orbach processes and therefore, we
have fitted the experimental data to the following equation, which includes

contributions of both relaxation processes:
v'=BT" + 15" exp(-Upy /ksT) (1)

The best fit of the experimental data afforded higher effective energy barriers for the
reversal of magnetization and lower flipping rates than the simple Arrehnius law, which

are indicated in Table 1 together with other significant parameters.

It is worth mentioning that no obvious hysteresis loop can be observed at 2.0 K,

1T

even for the Dy~ complexes, which could be due to the QTM and the slow magnetic

field variation speed of our conventional SQUID.

1T

It is well known that mononuclear Dy complexes often exhibit SMM

behaviour as they show an M; = +15/2 Kramers’ doublet ground state with axial

¥.92 We have performed electronic structure calculations based on CASSCF

anisotropy.
methods™ to estimate the values of the thermal energy barrier and to gain insight into
the mechanism of the slow magnetic relaxation. From the nine complexes studied (1-3,
1b-3b and 1¢-3¢, see Table 3), only two of them, 3b and 3¢, show slow relaxation of the
magnetization at zero dc field. This type of calculations allows for the estimation of
excitation energies, spin-Hamiltonian parameters (Landé g-factors) and relaxation
pathways for the lanthanide complexes. From the analysis of calculated spin-
Hamiltonian parameters (see Table 3), we observe strong axial anisotropy for 3b and 3c,
in agreement with the observed zero-field SMM properties of these compounds. It is
worth noting that all the remaining complexes (all the three Yb’" and Er’" derivatives

and the Dy’" derivative 3) present markedly higher deviations from purely axial

anisotropy, as evidenced by their larger values of g, and g, in comparison to 3b and 3c.

From the CASSCF-RASSI excitation energies (Table 3) we can observe that
complex 3 presents, after the inclusion of spin-orbit effects, a very low first excited state
(SO-E1), which severely limits the existence of a pronounced relaxation barrier for this

compound. On the other hand, the excitation energies between the ground and second
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Kramers’ doublets (KD) for 3b and 3¢ are comparable with other Dy compounds that
behave as SMMs.» The calculated Usgr values (energy gap between the ground and first
excited KDs) follow the same trend as the experimental ones but are almost 50 % larger.
However, when Orbach and Raman relaxation processes are considered to occur
simultaneously, the experimental U values are more comparable, but still lower than
the calculated ones. The difference between the experimental and calculated U.s values
could be due to limitations inherent to the CASSCF method.?® In fact the calculated U
values are usually overestimated, probably due to the existence of spin relaxation

mechanism between neighbour molecules that are not considered in the calculations.

Table 3. Calculated CASSCF-RASSI first-excitation energy (SO-E;) and g-factors for
the ground Kramers’ doublet for Yb'", Er' and Dy"' compounds.

SO-E; gz gy gx

1 79.9 6.305 0.703 0.357
1b 211.2 7.593 0.607 0.475
1c 181.1 7.349 0.660 0.411
2 26.0 12.939  2.960 1.241
2b 50.2 14.700  0.500 0.055
2¢ 52.7 14.138 1.091 0.640
3 21.1 13.774  5.581 1.660
3b 148.0 19.548 0.010 0.006
3¢ 102.1 19.590  0.024 0.017

The g-tensor values of the ground state (Table 3) indicate that 3 is far from presenting a
purely axial magnetic moment. In fact, the computed transversal magnetic moments
between the connecting pairs of opposite magnetization (Figure 5) indicate a large
transversal magnetic moment between the ground state Kramers’ doublet for 3 (1.2 up),
which supports the existence of strong QTM in this compound. Moreover, 3, presents
heavily mixed states (as evidenced in the low magnetic moments) and high matrix
elements of the magnetic moment connecting them. Further evidence for a large mixture
of different states in the case of 3 is provided by the (E»-E;)/E; ratio, with values of -
0.33, 72.6 and 5.6 for 3, 3b and 3c respectively. E; and E, represent the first and second
excited states before the state mixing of the spin-orbit coupling operator. A low (E,-
E)/E; ratio, such as the one obtained for 3 indicates that the first two excited states will
be close in energy and both of them will mix to the ground level via the spin-orbit

coupling, obtaining a heavily mixed state with low anisotropy.”* High (E»-E;)/E, ratio
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indicates that ground state will mostly mix through the spin-orbit operator with the first
excited state, that has a similar anisotropy to the ground state,’ resulting in a state with
large magnetic anisotropy. As expected, the (E»-E;)/E; ratio is much larger for 3b and

3¢, in line with their more axial ground state

This analysis explains why 3 and the Yb** (1, 1b, 1¢) and Er’" (2, 2b, 2¢) are not
SMMs at zero field. Complexes 3b and 3¢ show, however, strongly axial ground states
(g- around 19.6) with almost vanishing transversal components of g. In good agreement
with the latter, these compounds exhibit comparatively lower matrix elements for the
lower states than 3 and their patterns more closely resemble the classical double well
potential picture (Figure 6 and S14 respectively). Moreover, the transversal magnetic
moment between the ground state Kramers’ doublet is very small in both complexes
(around 10 up), which suggest that QTM is almost suppressed in the ground state. All
these correlated facts (easy-axis anisotropy of the Dy and small QTM) favor the slow
relaxation of the magnetization and the SMM behavior observed for 3b and 3¢ at zero

applied dc field (Figure S11).

It is clear from the experimental and theoretical results that the replacement in 3
of one tridentate tetrazolate ligand by a B-diketonato unit, favors SMM behavior. The
rationale behind this trend will be analyzed in terms of the electrostatic repulsion of the
ligand field and the orientation of the magnetic moment. In the case of 1 and 2, the
inclusion of a B-diketonato unit also favored SMM behavior, as the evidenced in the
increase of the first excitation energy (E; in Table 3) and the lowering of the transversal
components of the g-tensor of the ground state. However, this replacement did not lead
to zero-field SMMs in 1b, 1¢, 2b and 2c¢, as g« and g, remained significant in these

cascs.

The direction of the main component of the magnetic moment for compounds 3,
3b and 3¢ are shown in Figures 5, 6 and S14 respectively. In the case of 3, the ligand
electrostatic potential map (Figure 5) presents a very broad repulsive “hemisphere”
associated with the formally negative N-tetrazol ligands and a less repulsive half
pointing to the neutral N-phenanthroline donor atoms, and therefore, there is not a

11

clearly favored orientation to accommodate the oblate density of the Dy with the

lowest electron repulsion with the ligands.*® This pattern explains why the ground state

19



shows a marked departure of purely axial anisotropy. The calculated matrix elements
(Figure 5, right) show the predominance of the spin relaxation through tunnelling effect

in the ground state (above 0.1 indicates an efficient spin relaxation mechanism).

200 - -—

Energy (cm 1)
=
1
g
-

M (ug)
Figure 5.- Orientation of the main anisotropy axis (green arrow) for the ground
Kramers’ doublet of 3 (above). Electrostatic potential maps for 3. Red and blue regions
represent high and low electronic repulsive regions, respectively. The scale was
adjusted to a minimum-maximum difference of 0.09 au. in all cases to provide
comparable pictures (middle). Representation of the energy of the levels from the
ground °H;sp, multiplet (y-axis) as a function of the magnetic moment of the
corresponding Kramers’ doublets (x-axis) for 3 (below). Matrix elements between states
as a function of their magnetic moment along the main anisotropy axis are given in the
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plot with arrows indicating possible magnetic relation pathways. Other pathways

involving transitions between non-neighbor states are omitted for clarity.

On the other hand, the magnetic moments of 3b and 3¢ point to the negative diketonate
ligands, being able to accommodate the oblate electron density in the plane
perpendicular to that vector (Figures 6 and S14, respectively). In this way, the
diketonate ligand helps to “pin” the magnetic moment, providing a localized repulsive
region that will be avoided by the 4f electronic density. At the opposite side of the
coordination sphere, we observe negative N-tetrazole ligands, roughly completing a
“repulsive axis”. Ligand electrostatic potential maps for 3b and 3¢ (Figures 6 and S14,
respectively) display some regions of lower potential associated with formally neutral
N-donor atoms on top of a more repulsive background, which is consistent with their
more axial g-tensor of the ground state. The alignment of these regions does not yield a
plane, preventing a complete vanishing of the transverse components of the ground g-
tensor, as reflected in the perpendicular orientation of the phenanthroline fragments. As

M Jon calculated with the

expected, the orientation of the anisotropic axis on each Dy
electrostatic model® (Figures S15) compares rather well with that obtained by the ab
initio method. Furthermore, the matrix element between states (Figure 6, right) indicate
that the probability of tunnelling effects in the ground state are very low (0.0069) being
consistent with SMM behaviour found for 3b. The fact that the experimental and
calculated U values for 3b are larger than those of 3¢ could be due to small
differences between their respective Dy coordination spheres probably due to different

steric effects provoked by the tmh and tta -diketonato ligands.
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Figure 6.- Orientation of the main anisotropy axis (green arrow) for the ground
Kramers’ doublet of 3b (left). Electrostatic potential maps for 3b. Red and blue regions
represent high and low electronic repulsive regions, respectively. The scale was
adjusted to a minimum-maximum difference of 0.09 a.u. in all cases to provide
comparable pictures (center). Representation of the energy of the levels from the ground
%H,s;, multiplet (y-axis) as a function of the magnetic moment of the corresponding
Kramers’ doublets (x-axis) for 3b (right). Matrix elements between states as a function
of their magnetic moment along the main anisotropy axis are given in the plot with
arrows indicating possible magnetic relation pathways. Other pathways involving

transitions between non-neighbor states are omitted for clarity.
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It should be noted at this point that, compared to 3b and 3¢, the absence of a significant
energy barrier for the reversal of the magnetization even at Hy. = 1000 Oe for the
erbium complexes 2b and 2¢ (assuming thermal activated relaxation processes) is
associated to the departure of purely easy-axis anisotropy in the ground doublet state,

"has a prolate electron

which can be justified using the simple oblate-prolate mode. Er
density distribution and, to avoid the electrostatic repulsion with the negatively charged
B-diketonate oxygen atoms (those with shortest Dy-O distances and large electrostatic
charge), the magnetic moment (and the f-electron cloud) should be located close to
perpendicular to the shorter Er-O bonds in the mean plane of the phenanthroline
nitrogen atoms and without a well-defined orientation. This leads to a large transversal
component of the g-tensor, which explains the absence of a measurable relaxation
barrier at zero magnetic field in 2 - 2¢. A similar argument can be applied to the Yb""
complexes (if a thermal activated relaxation processes is assumed), also having a prolate
electron density distribution. The results obtained for the [Ln(L)s;] complexes (1-3) and
[Ln(L)2(B)] counterparts (1b-3b and 1¢-3¢) clearly show the usefulness of the simple
|

oblate-prolate electrostatic repulsion model for predicting SMM behavior in Ln

mononuclear complexes.

Photophysical properties

The ability of the B-diketonate ligands to sensitize Ln'"'-based luminescence is well
known.” In order to determine if the ligand L™ could act as an antenna to sensitize Ln" -
based luminescence, the photophysical properties of the first set of complexes 1 - 5 have
been studied. Firstly, to determine the inherent L-based luminescence in these
complexes, the emissive properties of the gadolinium derivative 4 were investigated.
UV excitation of 4 at 349 nm (Figure S16) resulted in the appearance of a very weak
and structured emission band arising from the *mn* state of the ligand with a maximum
located at 545 nm with a shoulder at higher energy (484 nm). The onset of this emission
band allowed the approximation in energy of the *nn* state to be close to ~ 20500 cm™.
Excitation of complex 3 at Aex. = 349 nm did not result in the characteristic Dy (4F9/2 —
SHy; J = 15/2, 13/2) emission which is certainly due to the fact that the energy of the
donor *mn* state is slightly lower than that of the emissive *Fo, excited state of this ion.
Conversely, irradiation of 5 led to the characteristic Eu"' emission in the red region of

the visible spectrum. The emission displayed the characteristic Dy — 'F; transitions
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dominated by the ’F, band. Bands 'F, and 'F, are moderate in intensity whereas the Fs
band is rather weak. In this case the energy gap between donor *mn* and the acceptor
Dy levels (J = 0, 17230 cm™; T = 1, 19000 cm™) is ~ 3200 cm™ and 1500 cm™
respectively, in the optimal range to allow an efficient L — Eu'" energy transfer without
the possibility of thermal-back energy transfer to occur. Regarding the NIR Ln''-
emissive properties of 1 and 2, excitation at 355 nm resulted in the appearance of
sensitized NIR emission from ions Yb™ (2F5/2 — 2F7/2, 980 nm) and Er'™ (4113/2 — 4115/2,
1530 nm) respectively. Luminescence decays for these Ln"-emissive samples were
determined using a Nd:YAG excitation source with A, = 355 nm. All the emission
decays were fitted monoexponentially yielding lifetime values (Table 2) which are
typical of those commonly observed for Eu" (milliseconds), Yb™ and Er™
(microseconds). These values are in agreement with the absence of coordinated solvent

I

molecules around the Ln centres.

Table 2.- Luminescence lifetime of solid-state complexes.*

Complex 1 2 5

T/us 11.78 2.37 1.11-10°

* Measured at room-temperature using Aex. = 355 nm.
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Figure 7.- Sensitized emission spectra in the solid state of complexes 1 (a), 2 (b) and 5
(c) and their respective Jablonski’s diagrams (d). Approximate energy values of the
singlet (S;) and triplet (T,) states of the ligand L were determined from the UV-vis

absorption and emission spectra of complex 4.

Conclusions
The ongoing results show that homoleptic [LnL3;] mononuclear neutral complexes,
exhibiting a LnNy coordination sphere with a geometry close to a spherical capped
square antiprism (Cay), can be prepared from the reaction of the Nj-tridentate ligand
2(2H-tetrazol-5-yl)-1,10-phenanthroline (HL) with Ln" ions. Moreover, heteroleptic
[LnL,(B)] complexes (P are the B-diketonate ligands tmh = 2,2,6,6-tetramethylheptane-
3,5-dionate or tta = 2-thenoyltrifluoroacetonate) can also be obtained using the same
reaction conditions as for [LnL3] but in the presence of the corresponding -diketonato
ligand.

Dynamic ac magnetic studies reveal that [DyL,(p)] complexes exhibit SMM
behaviour at zero field, whereas the rest of Yb", Er'' and Dy" complexes show field
induced slow relaxation of the magnetization. In any case, the replacement of one

tridentate tetrazolate ligand L™ by a B-diketonato ligand, passing from a LnNy to a

25



LnNgOs coordination sphere, induces a significant increase of the thermal energy
barrier. Furthermore, it seems that the U.s values for the [DyL,(tmh)] complexes are
larger than those for the [DyL,(tmh)] counterparts. These observations are supported by
CASSCF-RASSI theoretical studies, as they indicate that: (i) U [DyLs] << Ues
[DyLa(tta)] < Uesr [DyLa(tmh)] and (ii) the ground Kramer’s doublet for [DyLs] is far
from being Ising type and exhibits significant QTM, whereas [DyL,(f)] complexes
present a strongly axial ground Kramer’s doublet with almost suppressed QTM. These
results explain why [DyL,()] complexes show SMM behaviour at zero field and,
however, the complex [DyLs;] needs the application of a dc field to observe slow
relaxation of the magnetization. This fact can also be justified by taking into account the
effect of the repulsion of the ligand field on the orientation of the magnetic moment.
Thus, for the [DyLs] the tetrazolate nitrogen atoms bearing the large negative charge are
located at the same side of the Dy'" ion, giving rise to a broad negative region, so that
there is not a clearly favoured orientation for the magnetic moment and the ground
Kramer’s doublet show a marked departure from pure axial anisotropy. However, for
the [DyL,(B)] complexes, the tetrazolate nitrogen atoms and the diketonate oxygen
atoms (those bearing larger negative charge) are located at opposite sides of the Dy™
ion, completing a repulsive axis and giving rise to axial ground state with the magnetic
moment oriented along the repulsive axis (the oblate electron shape distribution is
perpendicular to this axis to avoid repulsion). The behaviour of 1-1¢ and 2-2¢ also
follows the same trend, although showing a larger transverse component of the g-tensor
for the ground state. The latter enhances the tunnelling mechanism of magnetic
relaxation, requiring and external field to measure a relaxation barrier. These results
demonstrate the utility of the oblate-prolate repulsion model to predict SMM behaviour
in Ln"™ mononuclear complexes.

Finally, the photoluminescence study of the [Ln(L);] complexes demonstrated the
ability of the ligand L to sensitize Yb"", Er'" and Eu'"-based emissions in the respective
NIR and visible spectroscopic regions, with lifetime values that are in agreement with

I

the absence of coordinated solvent molecules in the Ln" coordination sphere.
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Tetrazolate

Uer = 136.1 K]

Increasing U in Ln(lll)-based single-ion magnets by ligand replacement.
Mononuclear LnL; complexes prepared from a tridentate phenanthroline-tetrazolate
ligand display field-induced SMM behaviour with very low thermal energy barriers.
The replacement of one tridentate phenanthroline-tetrazolate ligand by a -
diketonate, induces a significant increase of U and leads to these new complexes
to behave as SMMs at zero field.
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