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Introduction

Dinuclear enantiopure Ln*>* complexes with (S-)
and (R-) 2-phenylbutyrate ligands. Luminescence,
CPL and magnetic propertiest

Annia Tubau,? Francesco Zinna, {2 °® Lorenzo Di Bari, {2 ** Mercé Font-Bardia® and

Ramon Vicente (2 *@

The reaction of Ln(NO3),-6H,0 (Ln = Nd, Sm, Eu, Tb, Dy, Tm and Yb) with the respective enantiopure (R)-
(=)-2-phenylbutyric or (S)-(+)-2-phenylbutyric acid (R/S-2-HPhBut) and 4,7-diphenyl-1,10-phenanthro-
line (Bphen) allows the isolation of chiral dinuclear compounds of the formula [Lny(p-R/S-2-
PhBut)4(R/S-2PhBut),(Bphen),] where Ln = Nd** (R/S-Nd-a), Sm>* (R/S-Sm-a), Eu®* (R/S-Eu-a), Tb>*
(R/S-Tb-a and R/S-Tb-b), Dy** (R/S-Dy-a and R/S-Dy-b), Tm®*" (R/S-Tm-b) and Yb** (R/S-Yb-b).
Single crystal X-ray diffraction was performed for compounds S-Eu-a and S-Tm-b. Powder crystal
X-ray diffraction was performed for all complexes. From the crystallographic data two different struc-
tural motifs were found which are referred to as structure type a and structure type b. In structure
type a, the Ln®*" atoms are bridged through four R or S-2-PhBut ligands with two different kinds of
coordination modes whereas in structure type b the two Ln®* atoms are bridged through four R or
S-2-PhBut ligands showing only one kind of coordination mode. For those lanthanide ions exhibiting
both structure types, Tb®* and Dy**, a difference in the luminescence and magnetism behavior is
observed. All compounds (except R/S-Tm-b) exhibit sensitized luminescence, notably the Eu®* and
Tb** analogues. Circular Dichroism (CD) and Circular Polarized Luminescence (CPL) in the solid state
and in 1 mM dichloromethane (DCM) solutions are reported, leading to improved chiroptical pro-
perties for the DCM solutions. The asymmetry factor (gym) in 1 mM DCM is +0.02 (+ for R-Eu-a) for
the magnetically allowed transition °Dg — ’F, and +0.03 (+ for R-Tb-a and R-Tb-b) for the °D, —
’F5 transition. Magnetic properties of all compounds were studied and the Dy** compound with the
structural motif b (R-Dy-b) shows Single Molecular Magnet (SMM) behavior under a O T magnetic
field. However, R-Dy-a is a field-induced SMM.

showing slow relaxation of the magnetization and acting as
single-molecule magnets (SMMs)," a plethora of mono and

Lanthanide(m) compounds are currently studied mainly for
their peculiar magnetic and luminescence properties derived
from their partially filled 4f valence shell. Regarding magnetic
properties, since the discovery of the first mononuclear lantha-
nide complexes of formula [Pc,Ln]“TBA* (Ln = Tb**, Dy**; Pc
= dianion of phthalocyanine; TBA" = tetrabutylammonium)
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polynuclear SMM complexes derived from lanthanide ions
with large orbital momentum and strong magnetic anisotropy
have been reported.”> On the other hand, lanthanide(m) com-
plexes with luminescence properties are of interest due to
their applications in materials and biosciences.® The prepa-
ration of chiral lanthanide(umr) coordination compounds is of
high current interest to achieve circularly polarized lumine-
scence (CPL)* for applications in circularly polarized organic
light-emitting diodes (CP-OLEDs),> biological sensing® and
anti-counterfeiting devices.” Moreover, CPL active lanthanide
complexes are studied in the context of molecular
magnetism.®

Chiral ligands naturally induce a dissymmetric environ-
ment around the Ln*" ion, which determines the onset of chir-
optical properties allied to the f-f transitions of the ion. In
emission, this is sensitively monitored through CPL, which
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can be conveniently quantified by means of the dissymmetry
factor gjum, eqn (1):

=2= 1)

where I;, and Iy are the left and right circularly polarized com-
ponents of the emission of the compound.

Usually, non-aggregated organic molecules or d-metal com-
plexes, with a few exceptions particularly concerning chro-
mium(m),’** display gj.m factors of the order of 107*-1073,%™"
while lanthanide complexes may show much higher values
(107*-1.4)."° Usually, CPL is measured for mononuclear Eu®**
complexes, while it is more rarely investigated for complexes
with higher nuclearity, such as binuclear helicates'" or trinuc-
lear'” and heptanuclear™ systems.

In previously published papers, we have used the chiral
bidentate bridging carboxylate ligands generated from (S)-(+)-
or (R)-(—)-2-phenylpropionic acid and S-(+)- and R-(—)-2-(6-
methoxy-2-naphthyl)propionic acid to synthesize two series of
enantiomeric pure dinuclear 4f-metal ion complexes of the
formula [Ln,(S-L)s(phen),] or [Ln,(R-L)s(phen),] (HL = chiral
carboxylic acid) by adding simultaneously neutral chelating
1,10-phenanthroline (phen) ligands which block two coordi-
nation sites per Ln** ion and terminate further aggregation.™*
The 1,10-phenanthroline ligands also have a role of sensitizing
the luminescence of the lanthanide ion, through the so-called
antenna effect. In fact, because of the weak f-f absorption of
Ln*" ions, a suitable chromophore organic ligand should be
employed to populate the lanthanide emitting states through
an energy transfer process."’

We have also recently published a series of 1D coordination
compounds with the formula [Ln(p-R-MPA)(R-MPA),(phen)],
or [Ln(p-S-MPA)(S-MPA),(phen)],, for R- or S-HMPA, respect-
ively (Ln = Eu, Tb, Dy and Sm) where R- or S-MPA is the
anionic salt of the R- or S-a-methoxyphenylacetic acid.'®

With the aim of obtaining new lanthanide compounds in
which luminescence, chiroptical and magnetic properties
could coexist, and therefore obtaining multifunctional
materials, we present herein the structural, magnetic and
optical studies of a new series of chiral lanthanide coordi-
nation complexes derived from the enantiomeric pure R- or S-
2-phenylbutyric acid (R/S-2-HPhBut), Scheme 1(a), and the
auxiliary ligand 4,7-diphenyl-1,10-phenanthroline (Bphen),
Scheme 1(b). The reaction of the above ligands with the
respective nitrate lanthanide salts leads to new dinuclear com-

a)

Scheme 1 (a) R/S-(—/+)-2-Phenylbutanoic acid (R/S-2-HPhBut) (b)
bathophenanthroline (Bphen).
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plexes  with  the formula  [Lny(p-R/S-2-PhBut),(R/S-
2PhBut),(Bphen),] showing two different structural motifs a
and b with coordination numbers 9 and 8 respectively, where
Ln = Nd** (R/S-Nd-a), Sm>" (R/S-Sm-a), Eu®** (R/S-Eu-a), Tb*>*
(R/S-Tb-a and R/S-Tb-b), Dy*" (R/S-Dy-a and R/S-Dy-b), Tm**
(R/S-Tm-b) and Yb*" (R/S-Yb-b). Luminescence as well as
Circular Dichroism (CD) and Circular Polarized Luminescence
(CPL) measurements were performed in solid and in 1 mM
DCM solutions. Also, the static and dynamic magnetic studies
of the presented complexes are discussed in this work. In a
remarkable way, the Dy** compound with the structural motif
b (R-Dy-b) shows Single Molecular Magnet (SMM) behavior
under a 0 T magnetic field. However, R-Dy-a is a field-induced
SMM. Moreover, R-Nd-a and R-Yb-b are also field-induced
SMMs.

Experimental section

Starting materials

(R)-(—)-2-Phenylbutyric acid (R-2-HPhBut), (S)-(+)-2-phenylbuty-
ric acid (S-2-HPhBut) and bathophenantroline (Bphen) were
purchased from Sigma-Aldrich. The Ln(NO3);-6H,O salts were
obtained from Strem Chemicals. All the reactants were used as
received.

Syntheses of [Ln,(p-R/S-2PhBut),(R/S-2PhBut),(Bphen),]

Into 20 mL of an ethanolic solution} in a 1:1 ratio, the
respective R or S-(— or +)-2-phenylbutyric acid (1.5 mmol,
246.3 mg) and KOH (1.5 mmol, 84.2 mg) were dissolved.
Separately, a DMF solution containing 4,7-diphenyl-1,10-phe-
nanthroline (Bphen) (0.5 mmol, 166 mg) was heated until it
had dissolved (around 55 °C). Then the amine solution was
added to the previous ethanolic solution. The resulting solu-
tion was stirred for 10 min. Afterwards, a DMF solution con-
taining the respective Ln(NO;);-6H,O salt (0.5 mmol) was
added. The light pink transparent solution was magnetically
stirred for 15 minutes at 55 °C. Then the reaction solution was
cooled down to room temperature and left to stand to crystal-
lize through slow evaporation. White crystals appear after two
weeks. Crystals obtained in the synthesis were dissolved in
3 mL of DMF and the solutions were left to crystallize through
slow vapor diffusion with acetonitrile to obtain suitable crys-
tals for the single crystal X-ray diffraction measurement of $-
Eu-a and S-Tm-b.

Selected IR-ATR bands as well as elemental analyses of com-
pounds R/S-Nd-a to R/S-Yb-b are compiled in the ESL.7

IR and magnetic measurements

Infrared spectra (4000-400 cm™"') were recorded from KBr
pellets on a Perkin-Elmer 380-B spectrophotometer. Magnetic
measurements were performed using a Mesures Magnetiques
Unit from Scientific and Technological Centers (CCiTUB),

1To obtain structure a of the [Tb,(u-2-R/S-PhBut),(R/S-2-PhBut),(Bphen),] com-
pound, the solvent used in this step should be methanol instead of ethanol.
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Universitat de Barcelona, using a Quantum Design MPMS-XL
SQUID magnetometer. Pascal’s constants were used to esti-
mate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the corrected molar
magnetic susceptibilities.

Luminescence properties

Solid-state fluorescence spectra of the compounds were
recorded on a Horiba Jobin Yvon SPEX Nanolog fluorescence
spectrophotometer (Fluorolog-3 v3.2, HORIBA Jobin Yvon,
Cedex, France) equipped with a three-slit double grating exci-
tation and emission monochromator with dispersions of
2.1 nm mm™* (1200 grooves per mm) at room temperature.
The steady-state luminescence was excited using unpolarized
light from a 450 W xenon CW lamp and detected using a red-
sensitive Hamamatsu R928 photomultiplier tube at an angle
of 22.5° for solid-state measurements and at an angle of 90°
for solution measurements. The equipment was adjusted to
obtain the highest background-to-noise ratio. Spectra were cor-
rected for both the excitation source light intensity variation
(lamp and grating) and the emission spectral response (detec-
tor and grating). Near infra-red spectra were recorded at an
angle of 22° using a liquid nitrogen-cooled, solid indium/
gallium/arsenic detector (850-1600 nm). To measure the emis-
sion spectra, solid-state samples were excited at excitation
wavelengths (l.) of 355, 354, 360, 360, 355, 355, 356 and
359 nm for S-Sm-a, S-Eu-a, S-Dy-a, S-Dy-b, S-Tb-a, S-Tb-b, S-Nd-
a and S-Yb-b respectively. Emission spectra of the DCM solu-
tions were monitored at a Ay, of 284 nm for all compounds.

The photoluminescence time decay curves were measured
with the same instrument in the phosphorescence mode using
a 450 W xenon pulsed lamp (1.5 ns pulse). The experiments
were monitored at the respective A, and emission wavelength
(Aem) Of 615 nm (°D, = F,) for S-Eu-a and 546 nm (°D, — "Fs)
for S-Tb-a and S-Tb-b.

The measured decays were analyzed using the Origin soft-
ware package. Both decay curves were fitted monoexponen-
tially: I(¢) = I exp (— %) The fit quality was determined

obs
using the y* method of Pearson. Luminescence quantum
yields (¢L,) were recorded using an absolute PL quantum yield
spectrometer from Hamamatsu Photonics upon excitation of
the samples at the respective dexc.

Chiroptical spectroscopy measurements

ECD spectra. The ECD spectra were recorded with a Jasco
J-1500 spectropolarimeter on polycrystalline samples dispersed
in a KBr matrix. In order to check for and minimize the contri-
butions from linear dichroism/linear birefringence, for each
sample, different spectra were recorded rotating the sample by
180° around the optical axis and then all the spectra were aver-
aged. Solution spectra were recorded in DCM solution (1 mM)
ina1 cm cell.

CPL spectra. The circularly polarized luminescence experi-
ments for compounds S/R-Eu-a and S/R-Tb-b were carried out

13568 | Dalton Trans., 2024, 53, 13566-13582
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with a home-built CPL spectrofluoropolarimeter'” that
acquired simultaneously the luminescence and CPL data,
under UV irradiation (Ana.x = 254 nm) on quartz plate depo-
sitions and on 1 mM DCM solutions. The depositions of the
complexes obtained from n-pentane dispersions.
n-Pentane was chosen as a dispersant as it does not dissolve
the compounds and in this way the complexes are deposited
as a microcrystalline powder film. The spectra were acquired
rotating the sample by £90° around the optical axis and by flip-
ping the sample by 180° around the axis perpendicular to the
collection beam. At least 2 spectra were recorded for each con-
figuration. All the spectra were then averaged to give the final
spectra. Acquisition parameters: slit width 0.5 mm, scan speed
0.5 nm s, integration time 2 s, PMT voltage 680/700 V.

X-ray crystallography. Good quality crystals of S-Eu-a and S-
Tm-b were selected and mounted on a DSVENTURE (Bruker)
diffractometer with a CMOS detector. The crystallographic
data, conditions retained for the intensity data collection, and
some features of the structure refinements are listed in
Table S1.f All the structures were refined using the least-
squares method. Intensities were collected with multilayer
monochromated Mo-Ka radiation. Lorentz polarization and
absorption corrections were made for the S-Eu-a and S-Tm-b
crystal measurements. The structures were solved by direct
methods, using the SHELXS-97 computer program'® and
refined using the full-matrix least-squares method, using the
SHELXL-2014 computer program.'® The non-hydrogen atoms
were located in successive difference Fourier syntheses and
refined with anisotropic thermal parameters on F>. For hydro-
gen atoms, isotropic temperature factors were assigned to be
1.2 irrespective of the C atom to which the H was attached.

were

Results and discussion

Structural characterization of R/S-[Ln,(p-2-PhBut),(2-
PhBut),(Bphen),]

Single crystal X-ray diffraction measurements were performed
for compounds S-Eu-a and S-Tm-b. Selected bond distances of
S-Eu-a and S-Tm-b and crystallographic information are listed
in Tables S1 and S27 respectively. Partially labelled plots of the
structure of compounds S-Eu-a and S-Tm-b are shown in
Fig. 1, top.

All the synthesized compounds have the same molecular
formula, but from the crystallographic data two different struc-
tural motifs can be found, structure type a (structure a) and
structure type b (structure b). Structure a is found in the S-Eu-a
compound, which crystallizes in a triclinic crystal system in
the P1 space group.

Each asymmetric unit is constituted by a dinuclear entity in
which each Eu*" is nonacoordinated. In each dinuclear unit,
the two Eu®" atoms are bridged by four (S)-(+)-2-phenylbutirate
ligands (S-2-PhBut) through two different coordination modes.
Two of the bridging S-2-PhBut ligands are in the symmetrical
syn-syn bidentate bridging coordination mode (n:n;:p, or 2.11
using Harris notation®’) (Scheme 2a) with Eu-O bond lengths

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Top, partially labeled plots of compounds S-Eu-a (left) and S-Tm-b (right). H atoms have been omitted for a better view of the structure.
Bottom, idealized coordination polyhedron compared with the real positions of the coordinating atoms of S-Eu-a (pink) and S-Tm-b (blue).

o7 o8

o \ 92
/ \
Ln Ln Ln Ln Ln
a b ¢

Scheme 2 Coordination modes of S/R-2-PhBut. (a) Symmetrical syn—
syn bidentate bridging, (b) chelating-bridging and (c) chelating coordi-
nation mode.

ranging between 2.356(5) and 2.413(4) A. The other two S-2-
PhBut bridging ligands are best described as chelating-brid-
ging (ni:ma:py or 2.21) (Scheme 2b) in which O8 and 09
connect the two Eu atoms with bond distances in the 2.326(4)-
2.773(4) A range; meanwhile O7 and 010 are bonded only to a
Eu atom with Eu-O bond lengths of 2.518(5) and 2.401(5) A
respectively. The Eul---Eu2 intramolecular distance is 4.000(5)
A. Moreover, there are two S-2-PhBut ligands coordinated to
each Eu center in the monodentate chelating coordination
mode (Scheme 2c¢) with Eu-O bond distances in the 2.404(4)-
2.543(4) A range. Finally, each EuN,O, coordination sphere is
completed by two N atoms from the bathophenanthroline
ligand (Bphen) with Eu-N distances in the 2.567(4)-2.649(4) A
range. To determine the distortion degree of each lanthanide

This journal is © The Royal Society of Chemistry 2024

ion coordination polyhedron the SHAPE software®' was used.
The distortion degree was quantified as Continuous Shape
Measurement (CShM) values. For the former compound, the
coordination polyhedron is close to a Muffin geometry (MFF-9,
Cs) with a CShM value of 1.616 for both Eu’' centers, as
shown in Fig. 1, bottom. The europium ions of each dinuclear
entity are crystallographically independent, but both have the
same coordination environment. The molecules are arranged
in space through n-H stacking from the Bphen ligands.
Centroid 1 (Cg1), formed by C97, C98, C99, C107, C108 and
C109, interacts with H24 bonded to an sp> carbon (C24) from
one aromatic ring of the Bphen ligand of the adjacent dinuc-
lear unit, with a Cg1---H24 intramolecular distance of 2.540 A,
Fig. 2. The n-H stacking interaction grows along the [0 0 1]
space vector.

On the other hand, the structure type » is found in S-Tm-b.
It crystallizes in the monoclinic crystal system and the C2
space group. The asymmetric unit of $-Tm-b is composed of a
dinuclear system where each Tm** ion is octacoordinated. The
thulium centers are bridged through four carboxylate S-2-
PhBut ligands that are in the symmetrical syn-syn bidentate
bridging coordination mode with Tm-O distances ranging
from 2.234(9) to 2.291(7) A. The intramolecular distance
between the two Tm metals is 4.287(7) A. Also, there are two S-
2-PhBut ligands, coordinated one to each lanthanide center, in
the monodentate chelating coordination mode and Tm-O dis-
tances in the 2.312(9)-2.412(8) A range. Each TmN,Oj coordi-
nation sphere is fulfilled by two N atoms from one Bphen

Dalton Trans., 2024, 53,13566-13582 | 13569
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Fig. 2 =—H stacking intramolecular interactions along the S-Eu-a crystal lattice. The orange balls represent the calculated centroid of the Bphen
aromatic rings. The n—H stacking interaction is represented by the pink dotted lines.

ligand with Tm-N distances in the 2.516-2.585 A range. The
coordinating N and O atoms are set around each Tm*" ion in a
geometry close to a triangular dodecahedron (TDD-8, D,d)
with a CShM value of 1.288. Each Tm center of the same
dinuclear unit is crystallographically independent but both are
placed in the same environment inside the lattice. Moreover,
there are no n-H or zn-n interactions with distances short
enough to consider stacking between the dinuclear molecules
in S-Tm-b.

The main difference between the structural motifs a or b is
the coordination mode of the bridging ligands, Scheme 3. In
structure b, the four of them are found in the same syn-syn
bidentate bridging mode while in structure a, besides the two
carboxylate ligands in the syn-syn bidentate bridging mode,
the other two S/R-2-PhBut bridging ligands are found in the
chelating-bridging coordination mode. Consequently, the
coordination number decreases from 9, in structure a, to 8, in
structure b. The distinction in the coordination number leads
the chelating S-2-PhBut and Bphen ligands to rearrange differ-

ently in space also, changing the geometry of the coordination
polyhedron from the crystal motif a to b.

Moreover, the Powder X-Ray Diffraction (PXRD) of S-Eu-a
and S-Tm-b samples matched well with the calculated PXRD
patterns obtained from the single crystal structure, confirming
its phase purity, Fig. S1.7

Then enantiopure compounds R-Eu-a and R-Tm-b, as well
as both the enantiomeric pairs, were synthesized using other
lanthanide ions such as Nd**, sm*", Tb**, Dy** and Yb*".
PDRX was performed for all the analogues (Fig. S2 and S37).
Interestingly, different diffractograms corresponding to struc-
ture a and structure b were obtained depending on the lantha-
nide ion. The trend goes as follows (Scheme 4): (i) for Nd**,
Sm*" and Eu®", the final product crystallizes as structure a (S/
R-Nd-a, S/R-Sm-a and S/R-Eu-a) whereas (ii) for Tm*" and Yb*",
the final product crystallizes as structure b (S/R-Tm-b and S/
R-Yb-b). (iii) Meanwhile, for Tb®>" and Dy*" ions, both structure
types are obtained. For Tb®" the final structural motif depends
on the solvent used during the reaction. In a methanol/DMF

TQ / \ ~
%%07: ':‘§8012:El‘r@

Scheme 3 Scheme of structure type a (left) and structure type b (right). The atoms are numbered as in the structures of compounds S-Eu-a and S-

Tm-b which show the structural motifs a and b, respectively.

13570 | Dalton Trans., 2024, 53, 13566-13582
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Coordinationnumber : 8
Structure b

La Eu Gd

Th | Dy Ho | Er

- 580

i

Structure b

Structure a

Scheme 4 Structural trend along the lanthanide group.

solution, a Th** compound with the structure a (S/R-Th-a) type
is obtained. If ethanol instead of methanol is used, the Tb*"
final compound shows the structure b (S/R-Th-b) type. For the
Dy*" analogue, a mixture of both structures is obtained. Since
the crystals corresponding to structure a and structure b can be
discerned by the naked eye, each structure type can be isolated
for S and R-Dy compound (S/R-Dy-a and S/R-Dy-b).

The trend observed for the presented R/S-[Ln,(p-2-
PhBut),(2-PhBut),(Bphen),] lanthanide family is mainly due to
the gradual decrease in the lanthanide(m) ionic radius on
increasing the atomic number, the so-called lanthanide
contraction.*»** The reduction of the Ln*' radii induces a
decrease in the coordination number which implies a change
in the final structure. As the Ln*" radius decreases, the coordi-
nation number diminishes from 9 (structure a), for the lighter
lanthanides, to 8 (structure b) for the heaviest ones. The lantha-
nide elements located in the middle of the period show both
coordination numbers as structure a and structure b. For the
Tb*" analogue, the obtaining of one structural type or the
other is discriminated by the solvent used in each synthesis.

In addition, the contraction along the lanthanide series is
also observed in the Ln-O and Ln-N bond distances in the §-
Eu-a and S-Tm-b structures. The overall Eu-O and Eu-N bond
lengths are larger than those for Tm-O and Tm-N. The
Ln---Ln intermolecular distance, though, is larger for S-Tm-b
(4.287 A) compared to S-Eu-a (4.000 A). This is because in S-
Eu-a, the Eu®*" ions are bridged, apart from the bridging
ligand, through one oxygen atom from each chelating-bridging
carboxylate ligand which generates an Ln-O-Ln angle, short-
ening in this way the Eu---Eu intramolecular distance.

Luminescence properties

The luminescence properties of all compounds were measured
in the solid state and in 1 mM dichloromethane (DCM) solu-
tion at room temperature. Since each enantiomer pair shows
the same luminescence properties, only the S-enantiomer of

This journal is © The Royal Society of Chemistry 2024

<+ >

Th: depending on the solvent

MeOH= structure a
EtOH - structure b

Dy : a mixture of structure a and
b is obtained. The crystals are
easily distinguished by the naked

eye.

each lanthanide is discussed in this section. The excitation
spectra of the polycrystalline enantiomers were recorded at the
emission wavelength (dem) of 1062 nm (*F3/, — *I34),) for S-Nd-
a, at 597 nm (*Gs;, — ®Hy),) for §-Sm-a, at 615 nm (°D, — F,)
for S-Eu-a, at 546 nm (°D; — Fs) for S-Tb-a and S-Tb-b, at
574 nm for S-Dy-a, at 576 nm (*Fo/, — ®Hy3,) for S-Dy-b and at
975 nm (°Fs;, — °F,;,) for S-Yb-b (Fig. S47). All the spectra
show an intense and broad band around 300-400 nm that is
assigned to the 1 — 7* and n — 7* excitation transitions from
the Bphen ligand. In addition, for compound $-Sm-a, a weak
band appears at around 403 nm and it is assigned to the
intrinsic °Hs;, — *F5,, f-f transition. The shoulder found in
the 375-400 nm range in the S-Dy-a and S$-Dy-b spectra could
be attributed to the ®*H;5,, — °P5,, and °H,5,, — °Ps/, centered
f-f excitation transitions.>® Absorption spectra were recorded
for all complexes, the free Bphen ligand (¢ = 1 mM) and depro-
tonated S-2-PhBut DCM solutions, as shown Fig. S5;1 the latter
was recorded in the presence of KOH. All spectra show similar
absorption patterns. The maximum appearing at 284 nm is
assigned to the 1 - n* and n — =* transitions in the Bphen
ligand. In the superimposed spectra of the Bphen free ligand,
the maximum is slightly blue shifted in comparison with the
S-Eu-a spectrum indicating coordination to the metal.
Emission spectra were monitored by exciting the samples at
their respective absorption maxima, in the solid and DCM
phases. This resulted in the emission of the predicted lantha-
nide f-f transitions within the visible and NIR ranges. Besides,
the characteristic red and green luminescence colour of Eu
and Tb-based systems could be seen by the naked eye. For a
more accurate comparison of their luminescence, emission
spectra of S-Th-a/S-Tb-b and S-Dy-a/S-Dy-b pairs were moni-
tored under the exact same conditions. The expected profiles
were recorded in all cases, with some differences in the poly-
crystalline and solution samples, except for S-Dy-a and S-Dy-b,
where no significant emission was observed in solution. The
luminescence properties of S-Tm-b are not discussed as its
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Fig. 3 Emission spectra of all compounds measured in the solid state and in 1 mM DCM solution.

emission spectrum is entirely dominated by ligand emission.
Emission bands exhibited by the former lanthanide complexes
are presented in Fig. 3 and a compilation of the wavelengths
assigned to each transition can be found in Table S3.}

Excitation of $-Sm-a led to emission bands at 563, 597, and
644 and a weak one at 705 nm, Fig. 3(a). The bands are
assigned to the transitions from the *Gs/, emitting level to the
6Hj level where J is 5/2, 7/2, 9/2 and 11/2, respectively. Residual
emission from the ligand, which becomes more prominent in
DCM solution, is detected at 450-500 nm indicating a rather
low sensitization efficiency for S-Sm-a.

The expected Eu®* bands corresponding to the °Dy — "F¢_4
transition are distinguished after the excitation of S-Eu-a,
Fig. 3(b). The forbidden transition (AJ = 0) appears as a sharp,
low-intensity band at 581 nm. For the “F, ground state, the
splitting due to crystal field perturbation is 1. Hence, any split-
ting of the emission band associated with the 0 — 0 transition
suggests the presence of more than one Eu®" emitting center,

13572 | Dalton Trans., 2024, 53, 13566-13582

each with a different environment. In the crystal structure of
the dinuclear S-Eu-a compound, there are two Eu®" ions that
are crystallographically independent, although each has the
same chemical environment, and both have the same coordi-
nation geometry (CShM is the same). Therefore, compound S-
Eu-a has one Eu®* emitting center with a single 0 — 0 emission
band. The magnetically allowed °D, — ’F, transition, with
intensity independent of the environment, arises at 594 nm
and it is split due to the crystal field. The most intense band
located in the red range at 615 nm is assigned to the D, — “F,
transition and it is mostly responsible for the red emission
colour of S-Eu-a. The splitting of the hypersensitive band
suggests that the lanthanide ion does not occupy an inversion
symmetry site inside the structure found in solid and in solu-
tion samples. Finally, the broader band at 701 nm which is
also split due to crystal field perturbation is assigned to the
°D, — ’F, transition.”* Polycrystalline and DCM spectra of S-
Eu-a appear to be rather similar; however on dissolving the

This journal is © The Royal Society of Chemistry 2024
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solid sample into the 1 mM DCM solution, splitting of *D, —
’F, due to crystal field perturbation is not seen anymore, indi-
cating some sort of structural change in solution, Fig. S6.}

S-Th-a and S-Tb-b polycrystalline powders show the bands
arising from f-f Tb*" transitions at 491, 546, 585 and 623 nm
which are assigned to °D, — "Fjs_3. The S-Tb-a signals are
more intense than the ones corresponding to the S-Tb-b
isomer, as also seen for the measured quantum yields (see
below). Besides, for S-Tb-b, the bands corresponding to °D, —
’F, and °D, — F; transitions are split due to crystal field per-
turbation. Furthermore, the spectra of both S-Tb-a and S-Th-b
show the same pattern when they are found in DCM solution
(Fig. 3e) and at the same time the two spectra are different
from the polycrystalline sample suggesting that the dinuclear
unit is probably not maintained when dissolving the S-Tb-a
and S-Th-b compounds in DCM.

As for the Dy-based systems, when exciting the polycrystal-
line S-Dy-a and S-Dy-b samples at the corresponding ligand
excitation wavelengths, very weak emission corresponding to
the Dy*" luminescence could be measured, Fig. 3c. Weak
bands at 481 and 574 nm correspond to the “Fy, = ®Hy5/, and
"Fop = °Hys,, transitions; however, the emission spectra are
mainly governed by a more intense and broader band in the
blue range (400-450 nm) corresponding to ligand emission.
For S-Dy-a and $-Dy-b in DCM solution, the luminescence is
totally quenched, and just emission from the ligand can be
detected (spectra not shown).

Regarding the NIR emitters, after exciting the S-Nd-a
powder at the ligand wavelength, emission from the Nd** ion
is clearly recognized, as shown in Fig. 3f. The more intense
band arising at 1061 nm is assigned to *F3, — *I;;/, whereas
the two less intense bands at 886 and 1339 nm correspond to
“F3, = "ojp and *Fz, — 'L15), transitions.

Finally, the expected luminescence band from the Yb** ion
is induced after the excitation of $-Yb-b. The band appearing
at 976 nm corresponds to the *Fs5;, — *F,, transition and is
split due to crystal field perturbation.>*>*

The emission spectra in solution are slightly different com-
pared to the polycrystalline spectra. This may indicate a
change in the lanthanide coordination environment due to
solvation effects or due to the stability of the compounds in
solution.

For instance, thanks to europium’s pure magnetic dipole
and electric dipole nature of the Do, — “F; and °D, — ’F, tran-
sitions respectively, some structural information can be
obtained from its luminescence spectra. The integrated area of
the D, — “F, band to the area of the D, — F, band ratio (0
— 1/0 — 2) provides information about the symmetry around
the Eu®* environment.>® For the polycrystalline sample the
ratio value is 0.3 while in solution it changes to 0.2 indicating
that a slight change is produced around the Eu®" site on dis-
solving the sample in DCM solution. Furthermore, spectra of
both S$-Th-a and S-Th-b are comparable when they are found in
DCM solution, as already mentioned, suggesting that the
dinuclear unit is not maintained. Instead, a new compound,
probably a mononuclear system, is found and perhaps an equi-

This journal is © The Royal Society of Chemistry 2024
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librium of different species is active in solutions. Because
good luminescence properties are retained in the solution
samples, the solvated systems could correspond to a molecular
system where the S-PhBut ligand is still coordinated to Ln** to
maintain the neutral charge and at least one chromophore
Bphen molecule remains coordinated to the metal. Hence exci-
tation at the ligand absorption wavelength induces character-
istic Ln*" emission. In addition, residual ligand emission was
observed in the S-Th-a and S-Tb-b spectra, pointing to back
transfer energy from the Tb** emitting level to the triplet state
of the ligand or a possible equilibrium between the free ligand
and the lanthanide complex. "H-NMR spectra of S-Eu-a and S-
Tb-b derivatives in deuterated DCM solutions show a dynamic
equilibrium between species of different geometries with poss-
ibly an exchange of the Bphen ligand between a bound and a
free form. In contrast, the chiral carboxylic acid appears
mostly bonded to the Ln in both cases. There is no evidence of
a trend of red or blue shifting of the emission bands in the
solid state with respect to the DCM solution ones, Fig. S7.7

Photoluminescence quantum yield (¢, ) and luminescence
decay time (7,ps)

The overall photoluminescence quantum yields (¢f,) and
luminescence lifetimes (z,,s) were measured for both polycrys-
talline and solution samples at room temperature, for com-
pounds presenting higher emission intensity: S-Eu-a, S-Th-a
and $-Tb-b samples. The results are compiled in Table 1.
S-Eu-a is the compound showing the highest ¢l value
which is about 2-fold greater in the polycrystalline sample
(0.71) compared to the DCM solution (0.31). Also, S-Eu-a
shows the longest 7,5 value among the presented compounds
(1.90 ms). As for S-Tb-a and S-Tb-b complexes, S-Th-a showed
higher luminescence intensity when comparing the emission
spectra of the polycrystalline samples. This trend was also fol-
lowed in the measured ¢f, values where the S-Tb-b quantum
yield was reduced by half (0.5) compared to that in S-Tb-a
(0.10). Meanwhile for the 1 mM DCM Tb*>" samples, the
measured ¢}, value turned out to be the same for both S-Tb-a
and S-Tb-b (0.015), suggesting once more that the mentioned
Ln** compounds go through a structural change due to solvating
effects and when the Tb polycrystalline complexes, whether
structure a or structure b, dissolve the final arrangement found in
the solution is the same. In addition, the 7ops polyeryst Value of
S§-Tb-a is slightly greater than that of S-Tb-b, being 0.40 for

Table 1 Overall quantum yields and luminescence lifetime of com-
pounds S-Eu-a, S-Tb-a and S-Tb-b measured in polycrystalline samples
((ﬁtnpolyc,ystand Tobspolycryst) @and DCM solutions (4, pem and zobspem)- The
samples were excited at the respective absorption maxima (see
Luminescence properties section of the Experimental section)

(/}in polyeryst (j)in solution Tobs polycryst (ms) Tobs solution (ms)
S-Eu-a 0.71 0.31 1.90 1.80
S-Th-a 0.10 0.015 0.40 “
S-Tbh-b 0.05 0.015 0.30 “

“Value not recorded due to limitations in the equipment.
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Fig. 4 Lifetime curves of compounds S-Eu-a, S-Tb-a and S-Tb-b. Solid lines represent mono-exponential fittings.

structure a and 0.30 for structure b. All decay curves could be
fitted by a monoexponential decay law, Fig. 4. The presence of
a single decay time component, 7., for the former com-
pounds is suggestive of a single radiative deactivation process,
both in the solid state and in solution.

More information concerning the sensitization mechanism
of S-Eu-a can be extracted from the spectroscopic data. The
radiative lifetime (7..q) is consistent with the luminescence
lifetime in the absence of non-radiative deactivation and it is
different for each compound, since it depends on the Eu®*
environment and on the refractive index of the medium in
which the emitting sample is found. The 7,4 value from the
D, emissive state can be calculated from the corrected emis-
sion spectrum of S-Eu-a by means of a simplified equation
(eqn (S1)1).>**” For the S-Eu-a polycrystalline sample, the 7,aq
values are 2.29 ms and 3.40 ms for the DCM solution. Then
the intrinsic quantum yields (¢f2) are 0.82 and 0.52 for the
solid and solution samples respectively (see section 3 of the
ESIt). Moreover, the sensitization efficiency (i7sens) describes
the energy transferred from the absorbing ligands to the Ln**
and it assumes a significant role in the overall quantum yield
defined as ¢, = fsens'®. Hence, the #gens values of 0.86 in
polycrystalline powder and 0.60 in DCM solution demonstrate
a rather efficient sensitization effect from the ligand moieties
to the Eu®" emitting energy level, particularly when S-Eu-a is
found as a polycrystalline sample. Moreover, if the dinuclear
Eu** coordination compound S-Eu-a remains after dissolving

it in 1 mM DCM solution, the relation 7g.pcm =

3
Npolycryst.

~— Trad-polyeryst. should be obeyed and 7.,q.pcm Will yield

Npcm
2.80 ms. However, the calculated 7.,q.pcm from the corrected

emission spectra is 3.4 ms. The former fact suggests that the
system found in solution differs from the one in the polycrys-
talline sample.*’

Circular dichroism (CD) and circular polarized luminescence
(CPL) measurements

Circular Dichroism (CD) measurements were carried out in the
solid state preparing each polycrystalline sample dispersed
into a KBr matrix. The CD spectra of powder samples turned

13574 | Dalton Trans., 2024, 53, 13566-13582

out to be very weak and it was not possible to derive a signifi-
cant interpretation. Mirror images could be discerned only for
the S/R-Tb-b enantiomeric pair in the 210-400 nm range
assigned to ligand absorption, Fig. S8.1 Nevertheless, the spec-
trum shows rather weak cotton effects. For the presented
dinuclear complexes, Bphen ligands coordinated to the lantha-
nide ion are quasi-coplanar in the crystal lattice, defining an
overall low dissymmetry to the final compound, therefore
leading to the absence of significant exciton coupling. In
addition, the CD spectra were measured in 1 mM DCM solu-
tion. As already seen in the luminescence studies, the dinuc-
lear lanthanide entities undergo a structural change, perhaps
forming a mononuclear arrangement with both the enantio-
pure R/S-2-PhBut and Bphen ligands, coordinated to the
lanthanide ion. The new species formed in DCM solution
acquire higher dissymmetry, hence stronger CD spectra are
obtained (Fig. 5 and Fig. S9t). Mirror image spectra are
obtained for the enantiomeric pairs in the Bphen absorption
wavelength, indicating that the chirality of the R/S-2-PhBut
ligand is transferred to the chromophore Bphen. The band
found at 300 nm in the CD spectra of Tb®" and Dy*" complexes
is not found for the Eu*" analogues, Fig. S8.F

Circular Polarized Luminescence (CPL) spectra were
recorded in the solid state and 1 mM DCM for compounds
showing the highest luminescence emission intensity: R/S-Eu-
a, R/S-Th-a and R/S-Tb-b enantiomeric pairs at the excitation
wavelength of 365 nm in the solid state and 254 nm for the
1 mM DCM solution.

The solid samples were dispersed in a quartz plate, from a
suspension in n-pentane, considering that the compounds are
not soluble in this solvent. Solid deposition of compounds R/
S-Eu-a shows rather weak but measurable mirror image signals
for the °D, — ’F; and D, — ’F, transitions (Fig. S101). Due to
the weak and noisy spectra obtained for the R/S-Eu-a polycrys-
talline pair, the reliably dissymmetry factor, gj,m, could not be
extracted. Moreover, R/S-Th-b exhibited only the most intense
emission band corresponding to the D, — “F; transition. For
this transition, three components with opposite signs (+, —, +
for the S-enantiomer) can be distinguished (Fig. 6 and
Fig. S117) and the dissymmetry factor was gium = +2 X 107> (+
for S-Tb-b), Table 2. Meaningful CPL spectra could not be
obtained for compound R/S-Th-a.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Top: R/S-Tbh-b emission of the >D, — ’Fs transition. Bottom:
solid state CPL spectra of R/S-Tb-b complexes on a quartz plate
deposition.

Table 2 gum Vvalues of the R/S-Tb-a and R/S-Tb-b enantiomeric pair
measured for the polycrystalline sample and in 1 mM DCM solution

Slum 5D4 - 7F5

R/S-Tb-b polycrystalline
R/S-Th-a 1 mM DCM
R/S-Tb-b 1 mM DCM

+2 x107° (+ for S-Tb-b)
+0.03 (— for S-Th-a)
+0.03 (— for S-Tb-b)

The CPL spectra of Eu*" and Tb** 1 mM DCM solutions
were measured and under such conditions, the spectra signifi-
cantly differ from the ones measured in powder depositions.
Following the same trend as for CD, the CPL measurements of
S/R-Eu-a, S/R-Tb-a and S/R-Tb-b DCM solutions were more
intense and clearer. Well resolved mirror images were obtained
for the S/R-Eu-a enantiomeric pair, as shown in Fig. 7a. The
most intense band, as generally seen in the CPL of chiral Eu**
compounds, is due to the pure magnetic dipole *Do — “F; tran-
sition. It is split into two components with opposite signs (+, —
for the R-enantiomer) corresponding to the m; = =1 and 0
states generated by crystal field perturbation. The gy, factors
obtained for the R/S-Eu-a pair range from +0.03 (+ for R-Eu-a)
for the most intense component of °Dy — “F; to 8 x 10™* (+

This journal is © The Royal Society of Chemistry 2024

for R-Eu-a) for the electric dipole D, — ’F, transition,
Fig. S121 and Table 3.

The DCM solutions of Tb-based systems also presented well
resolved CPL (Fig. 7b). R/S-Tbh-b shows mirror image spectra
where the band arising from the °D, — “F; transition clearly
stands out among the others. It presents three components,
each with alternating different signs (-, +, — for the
S-enantiomer). Interestingly the sign of the crystal field com-
ponents of this band is the opposite in the solid state S/R-Th-b
pair CPL measurement. The gy, value for the most intense
component of the D, — “F5 transition is +0.03 (- for the
S-enantiomer), as presented in Fig. S131 and Table 3. The DCM
solution of R/S-Tb-a showed the same CPL properties evidencing
that the species obtained in the solution are the same for both
compounds regardless of the structure in the crystal phase
(structure a or structure b, Fig. 7 bottom). Similar CPL properties
are found for other reported Eu*" and Tb*" polynuclear com-
pounds measured in the solid state and in solution.”*'

Magnetic properties

Direct current (DC) magnetic susceptibility studies. Direct
current magnetic susceptibility (yy) and magnetization (M)
experiments were carried out primarily for the R-enantiomers
on the polycrystalline samples, as S- and R-enantiomers are
expected to exhibit identical magnetic properties. The yy
measurements were carried out under an external direct
current (dc) magnetic field of 0.3 T in the 2-300 K temperature
range. The yyuT dependence with T plots are presented in
Fig. 8(a) and (b). At room temperature (300 K) the y,T values
are 3.08, 2.18, 2.78, 23.17, 23.34, 28.48, 28.24, 14.45 and
4.78 cm® mol™" K for R-Nd-a, R-Sm-a, R-Eu-a, R-Tb-a, R-Tb-b,
R-Dy-a, R-Dy-b, R-Tm-b and R-Yb-b respectively. For two iso-
lated Ln®*" cations, the calculated yyT values are: 3.28 cm?®
mol ™" K for the Nd** ground state “Io/, and g; = 8/11; 0.18 cm®
mol ™" K for the Sm*" ground state °Hs, and g = 2/7; 0 cm’®
mol ™" K for the Eu** ground state "F,; 23.64 cm® mol™* K for
the Tb®" ground state "F¢ and g; = 3/2; 28.34 cm® mol ™" K for
the Dy’" ground state °H;5/, and g; = 4/3; 7.15 em® mol ™" K for
the Tm®* ground state *H, and g; = 7/6; and 5.14 cm® mol™' K
for the Yb*" ground state *F;, and g; = 8.7.%¢
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spectra of each luminescent compound.

Table 3 gum values of the R/S-Eu-a enantiomeric pair measured in
1 mM DCM solution

R/S-Eu-a
1 mM DCM *Dy = 'Fy "Dy = 'F, °Dy — 'F;
Zlum +0.03 +8x107* +0.02

(+ for R-Eu-a) (+ for R-Eu-a) (+ for R-Eu-a)

The experimental y,7 values at room temperature obtained
for R-Sm-a and R-Eu-a are noticeably larger than the calculated
ones, Fig. 8(a). The electronic ground states °H of a Sm>" ion
and F of an Eu®* ion split due to the spin-orbit coupling with
®H,_5/, 15,2 and "Fj_¢ J states, respectively. For these ions the
spin orbit coupling parameter (4) is rather small, around
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Fig. 8
(b) R-Nd-a, R-Sm-a, R-Eu-a and R-Yb-b.
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200 cm™* for Sm** and 300 cm™" for the Eu®" ion. Due to the
small 1 values, excited J states are closer in energy, and these
are found to be thermally populated at room temperature.
Thus, the y7T value at 300 K is higher than the calculated one
which only considers the population of the °Hs, and D,
ground states (for Sm*>* and Eu®* respectively). The decrease of
the ymT values on cooling the sample is due to the thermal
depopulation of the excited J states. At 2 K, the y\T value of R-
Eu-a is 0.01 cm® mol™ K confirming that at low temperature
the non-magnetic ground state (J = 0) is populated.*>

The ymT vs. T curves of compounds R-Nd-a, R-Yb-b, R-Tb-a,
R-Tb-b, R-Dy-a, R-Dy-b and R-Tm-a decrease on cooling the
samples down to 1.12, 2.69, 15.69, 11.34, 19.34, 21.39, and
12.13 cm® mol ™" K at 2 K, respectively. Fig. 8(a) and (b). The
decrease of y\T is attributed to the thermal depopulation of
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(@) ymT vs. T plot, measured under an external magnetic dc field of 0.3 T, of compounds R-Tb-a, R-Tb-b, R-Dy-a, R-Dy-b and R-Tm-b and
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the excited +m; states of the ground J state. At the lowest temp-
erature limit, R-Th-b drops to smaller y\T values compared to
R-Th-a while R-Dy-a decreases more compared to R-Dy-b. The
decrease of ymT(T'), on cooling the sample, could be attributed
to one phenomenon or a combination of different phenom-
ena: first, due to the thermal depopulation of the excited m;
doublets, from the ground J state; second, due to weak anti-
ferromagnetic coupling between the Ln** centers though the
contracted nature of 4f electrons in lanthanide(ur) ions making
magnetic exchange coupling interactions rather weak; and
third, due to dipolar interactions between the molecules of the
crystal lattice.>®32%%3

Magnetization dependence with applied magnetic field
curves monitored at 2 K for the former compounds are
depicted in Fig. S14.f Magnetization increases suddenly on
applying an external magnetic field from 0 to ~1 T. The com-
pounds do not show saturation of magnetization while the
magnetization of R-Eu-a is maintained at 0 Nug, as
expected.>*?

Alternating current (AC) magnetic susceptibility studies.
Furthermore, alternating current (AC) magnetic susceptibility
measurements, under an oscillating 4 x 10~* T magnetic field,
were carried out for compounds R-Nd-a, R-Sm-a, R-Tb-a, R-Tb-
b, R-Dy-a, R-Dy-b, R-Tm-b and R-Yb-b. The samples containing
Dy**, Nd** and Yb** showed slow relaxation of the
magnetization.

Concerning Dy-based compounds, the magnetic behavior is
quite different when varying from structure a (R-Dy-a) to struc-
ture b (R-Dy-b). At a 0 T direct current (Hy.) magnetic field, the

View Article Online
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AC response of R-Dy-a was absent, while R-Dy-b showed
maxima of the out-of-phase magnetic susceptibility com-
ponent (y"y) and therefore Single Molecule Magnet (SMM) be-
havior, as shown in Fig. S15.f However, compound R-Dy-a
showed a slow relaxation of magnetization at an Hy. value of
just under 0.1 T; at Hgq. = 0 T, R-Dy-b shows maxima in the y"y
vs. v curves above 6.5 K, Fig. 9a. The Cole-Cole plot (y'y vs.
x"m), Fig. 9b, shows non-symmetric semicircles that can be
fitted with the one component generalized Debye model
described by the Casimir-Dupré function eqn (S3).1%° The
fitting leads to a values that remain almost constant along all
the temperature range: 0.27 (1.8 K)-0.28 (6.5 K). The extracted
relaxation times with temperature (In(z) vs. 1/T) are depicted
in Fig. 9c. Interestingly, in the In(z) vs. "' curve no clear
linear trend is discerned in the high temperature range
suggesting that the spin relaxation of R-Dy-b does not take
place through the thermally activated, over-barrier Orbach
mechanism described with eqn (2).%°

T =1"texp <7AE> (2)

kgT

From the fit with eqn (2) in the higher temperature range of
the R-Dy-b curve, an activation energy of 2.85 cm™' was
obtained; therefore, we could propose the idea that the Orbach
mechanism is not prevailing.>” Nonetheless, it could be poss-
ible that for R-Dy-b, the magnetization relaxation takes place
in the low energy vibrational structure (by low energy acoustic

phonons) through the Raman mechanism as already experi-
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(@) ¥"m vs. frequency plot obtained at Hy. = O T for R-Dy-b. (b) The Cole—Cole plot for R-Dy-b from the ac data recorded at Hyc = O T. The

continuous black line corresponds to the best fit according to eqn (S3).1 (c) The y"m vs. frequency plot obtained at Hy. = 0.06 T for R-Dy-b. (d) The
Cole—Cole plot for R-Dy-b from the ac data recorded at Hy. = 0.06 T. The continuous black line corresponds to the best fit according to eqn (S3).1
(e) The xm vs. frequency plot obtained at Hy. = 0.1 T for R-Dy-a. (f) The Cole—Cole plot for R-Dy-a from the ac data recorded at Hyc = 0.1 T. The

continuous black line corresponds to the best fit according to eqn (S3).}
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enced in other Dy-based systems showing slow relaxation of
the magnetization.?®3%¢

1'71 = CT” + TQTM71 (3)

The best fit of the R-Dy-b In(z) vs. 7' curve is obtained
when Raman and quantum tunneling of magnetization (QTM)
mechanisms (eqn (3)) are considered, and the obtained para-
meters are C = 28.6 s> K" with # = 2.4 for Raman and TQr™ =
0.0097 s for QTM processes, as shown in Fig. 10. A compilation
of the fitted parameters from the equations of the presented
compounds is found in Table 4.

The y"\ field dependence of S-Dy-b measured at 3.5 K
shows that relaxation of the magnetization times (r = 1/2mw)
reach the highest value at the optimal field of 0.06 T, as shown
in Fig. S16.1 At Hg. = 0.06 T, y"\(v) maxima appear at lower fre-
quencies and at a higher temperature range (2.5-9 K) com-
pared to that obtained from the Hyq. = 0 T measurement,
Fig. 9(c). The y"\ peaks move progressively to higher oscillat-
ing frequencies on increasing the temperature suggesting that
the spin relaxation of $-Dy-b, at Hyq. = 0.06 T, takes place
through a thermal dependent mechanism. The Cole-Cole
plots were fitted with eqn (S3)f and Fig. 9(d). The a parameter
remains near 0 throughout the temperature range: 0.011
(2.5 K)-0.014 (9 K), indicating that the width distribution of
the relaxation times diminishes on applying Hy. # 0 T for the

—4
_6_
Q) i ‘n"';...
[
E—IO- ; -
=12 /" =+ RDyb006T
- RDy-b0T
—14- = RDy-a01T
0.1 02 03 04 05
T1/K!

Fig. 10 The In(z) vs. 1/T plot of R-Dy-b obtained at Hy. = O T, that for
R-Dy-b obtained at Hy. = 0.06 T and that for R-Dy-a obtained at Hy. =
0.1 T. Continuous lines represent the best fit according to Raman + QTM
equations for R-Dy-b at Hy. = O T, the Raman plot for R-Dy-b at Hy. =
0.06 T and Orbach + direct equations for R-Dy-a at Hgc = 0.1 T.
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SMM Dy*" compound. As the In(z) vs T~ plot shows, a lack of
a clear linear trend in the higher temperature range is also
identified for this experiment, as shown in Fig. 10. The best fit
of the curve is obtained when only the equation corresponding
to the Raman relaxation mechanism (first term of eqn (3)) is
considered and the obtained parameters are C = 1.2 s7' K"
with n = 4. The fast QTM is removed by applying an external
magnetic field.

For $-Dy-a, magnetic field-dependent -measurements at 2 K
show that 7 is the greatest when the Hy. is 0.1 T, as shown in
Fig. S17.1 Therefore, y'\; and »"y, measurements were moni-
tored at an Hy. value of 0.1 T. R-Dy-a showed maxima of the
x'm component in a small temperature range (2-3.1 K),
Fig. 9(e). Cole-Cole plots, presented in Fig. 9(f), show non-
symmetric semicircles that become incomplete on increasing
the temperature. They were successfully fitted with eqn (S3),T
leading to a values in the range of 0.008 (2 K)-0.2 (at 3.1 K).
The In(z) vs. 7" plot shows that at a higher temperature range,
few points follow a linear trend, as shown in Fig. 10. The In(z)
vs. T~* curve of S-Dy-a was fitted considering only the Orbach
mechanism in the higher temperature range thus leading to
an effective energy barrier of 18.89 em™" (27.19 K) and a pre-
exponential factor (o) of 2.59 x 107° s. However, the linear
trend is not followed in the entire temperature range. The
equations that fit best the magnetic data of S-Dy-a are the ones
that describe the Orbach (followed in the high temperature
range) and Direct (appears on cooling the sample) mecha-
nisms. The best values of the fitting are AE = 23.5 cm™"
(33.7 K) and 7, of 3.2 x 107'% s for Orbach and 4 = 1425.0 s™*
K™ for Direct. Although the AE of S-Dy-a is larger compared to
the value calculated for $-Dy-b, it is still quite low. To verify if
the S-Dy-b magnetization is relaxing through the Orbach
mechanism, ab initio calculations should be performed to
determine the energy difference between +m; ground and
excited states. With such a low energy barrier, the Raman
relaxation could be prevailing in the magnetization relaxation
although, in this case, no successful fit could be obtained
using the equation describing such a mechanism.
Nevertheless, the temperature range in which S-Dy-a shows the
AC response is very small (there is a 1 K temperature differ-
ence); therefore it is difficult to interpret the = tendency with
temperature since quite empirical data are obtained.

At Hg. = 0 T, compounds R-Nd-a and R-Yb-b do not show a
x"m response under the ac magnetic field indicating that the

Table 4 Compilation of the fitted parameters of the equations that describe the best relaxation of the magnetization mechanism of compounds

presenting slow relaxation of the magnetization

Orbach Raman
Direct QT™M

AE/cm™ (K) TolS ClsT' K™ n AlsTHK! TomM
R-Nd-a 0.8 6.4 435.9
R-Dy-a 23.5 (33.7) 3.2x107"° 1425.0
R-Dy-bHy=0G 28.6 2.4 0.0097
R-Dy-b Hy. = 500 G 1.2 4.1
R-Yb-b 1.26 5.7 126.5

13578 | Dalton Trans., 2024, 53, 13566-13582

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt01295j

Open Access Article. Published on 23 July 2024. Downloaded on 11/11/2025 3:45:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Dalton Transactions Paper
a) 05°) R-Yb-b
- H, =0.15T B ) _ H,=02T
2015 ik E 0.4/ 21K 7?}
g 0.1 \4.8K ME s 6K///7§
~ 5] / / / R
/ /)
005 2 <01l N
01 10 (}1 10 100 1000
v/ v/ Hz

Fig. 11

* R-Nd-aH,=0.15T
~-R-Yb-b H, =0.2 T
0.3 0.4 0.5
T!'/K!

(a) The y"m vs. frequency plot obtained at Hyq. = 0.15 T for R-Nd-a. (b) The Cole—Cole plot for R-Nd-a obtained from the ac data recorded at

Hgc = 0.15 T. The continuous black line corresponds to the best fit according to eqgn (S3).7 (c) The y”m vs. frequency plot obtained at Hyc = 0.2 T for
R-Yb-b. (d) The Cole—Cole plot for R-Yb-b obtained from the ac data recorded at Hyc = 0.2 T. The continuous black line corresponds to the best fit
according to eqgn (S3).7 (e) The In(z) vs. 1/T plot of R-Nd-a obtained at Hy. = 0.15 T and that for R-Yb-b obtained at Hy. = 0.2 T. Continuous lines rep-
resent the best fit according to Raman + direct equations for both compounds.

relaxation of the magnetization goes through a relaxation
mechanism of a quantum nature, the so-called QTM. Field-
dependent measurements were performed at constant temp-
eratures of 2 and 2.5 K, showing the highest 7 values at the
optimal fields of 0.15 T and of 0.2 T for R-Nd-a and R-Yb-b,
respectively, as shown in Fig. S15.f Then, AC measurements at
the optimal DC fields were taken for each compound. R-Nd-a
showed maxima of imaginary susceptibility in the 2.1-4.8 K
temperature range while the ac signal appeared in a wider
temperature range of 2.1-6 K for R-Yb-b, as shown in Fig. 11(a)
and (d). The Cole-Cole plot representation shows semicircles
that can be well fitted with eqn (S3).f The collected a para-
meters stay close to 0 for both compounds: 0.0035-0.0103 for
R-Nd-a and 0.094-0.01 for R-Yb-b. Moreover, the In(z) vs. 77"
plot successfully fits to the sum of both contributions, Raman
and Direct mechanisms (eqn (4)), Fig. 11(e). The values of the
parameters obtained from the fitting yielded C = 0.8 s™" K™
with n = 6.4 for Raman and 4 = 435.9 s™* K" for Direct for R-
Nd-a and C = 1.26 s™' K" with n = 5.74 for Raman and A =
126.3 s~' K™* for Direct for R-Yb-b. Other Yb*" and Nd** com-
pounds with slow relaxation of the magnetization under an
external DC field showed similar behavior,>*%%¢37:3

' =CT" +AH*T (4)
Finally, R-Sm-a, R-Tb-a, R-Tb-b, R-Tm-b samples do not

show y"\; dependence with either temperature or frequency
under the oscillating magnetic field.

This journal is © The Royal Society of Chemistry 2024

Conclusions

In the presented work, nine enantiomerically pure pairs have
been successfully isolated. The new compounds consist of
chiral dinuclear coordination complexes with the formula
[Ln,(p-R/S-2-PhBut),(R/S-2-PhBut),(Bphen),] where R/S-2-PhBut
is R/S-2-phenylbutirate, Bphen refers to 4,7-diphenyl-1,10-phe-
nanthroline and Ln = Nd** (R/S-Nd-a), Sm*" (R/S-Sm-a), Eu’*
(R/S-Eu-a), Tb*" (R/S-Tb-a and R/S-Tb-b), Dy’ (R/S-Dy-a and R/
S-Dy-b), Tm*" (R/S-Tm-b) and Yb*>* (R/S-Yb-b). Single crystal
X-ray diffraction reveals that two different structural motifs
(structure a and structure b) are obtained along the lanthanide
series, and the isolation of one or the other structural motif
depends on the ionic radius of the Ln’".

Moreover, luminescence studies were carried out in the
solid state and in 1 mM DCM solution. Excitation at the ligand
absorption wavelengths resulted in the expected luminescence
from the lanthanides Eu®", Tb**, Nd** and Yb?*", both in the
solid state and in DCM solutions. Circular dichroism and cir-
cular polarized luminescence measurements reveal weak
spectra for the solid state Eu and Tb samples, although for the
DCM solutions a clearer mirror image and more intense
spectra were obtained. Correlation of luminescence, CD, CPL
and 'H-NMR studies reveals that the dinuclear structure
undergoes a deep structural change on dissolving each poly-
crystalline sample in 1 mM DCM solution.

Magnetic measurements revealed Single Molecular Magnet
(SMM) behaviour for compound R-Dy-b while slow relaxation
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of the magnetization under an external magnetic field was
observed in R-Dy-a, R-Nd-a and R-Yb-b. Magnetization relax-
ation of R-Dy-b, R-Nd-a and R-Yb-b is described by the Raman
mechanism. The dominance of the Raman rather than the
Orbach relaxation may originate from a lack of axiality in the
Ln*" coordination sphere provided by the selected ligands.
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