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Abstract

The reaction of Ln(NO3)2:6H20 (Ln = Eu, Tb, Dy and Sm) with (R)-(-)-o-
methoxyphenylacetic acid (R-HMPA) and 1,10-phenanthroline (phen) in EtOH/H20 allows
the isolation of 1D chiral compounds of formula [Ln(u-R-MPA)(R-MPA)2(phen)]n in which
Ln = Eu (R-Eu), Tb (R-Th), Dy (R-Dy) and Sm (R-Sm). The same synthesis by using (S)-
(+)-a-methoxyphenylacetic acid (S-HMPA) instead of (R)-(—)-a-methoxyphenylacetic acid
allows the isolation of the enantiomeric compounds with formula [Ln(pu-S-MPA)(S-
MPA)2(phen)]n where Ln = Eu (S-Eu), Th (S-Tb), Dy (S-Dy) and Sm (S-Sm). Single crystal
X-Ray diffraction measurements were performed for compounds R/S-Eu, R/S-Th, S-Dy and
S-Sm. The luminescence and the circular dichroism measured in the solid state are reported.

All compounds show sensitized luminescence, notably the Eud* and Tb3* ones, whose
emission color can be perceived by the naked eye. For the Eu®* and Tb®" derivatives the
quantum yield and the circular polarized luminescence have been measured. For the
magnetic allowed transition D0 — 7F1 of the Eu3* compound, the anisotropy factor gjum
Is £0.013 (+for S-Eu). Also, magnetic properties of all compounds were studied with the
Dy3+ analogue showing slow relaxation of the magnetization under a direct current magnetic
field of 1000 Oe.
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1. Introduction

Lanthanide(l11) compounds are currently mainly studied for their peculiar magnetic
and luminescent properties derived from their partially filled 4f valence shell. Regarding

magnetic properties, since the discovery of the first mononuclear lanthanide complexes of
formula [PcoLn] -TBA™ (Ln = Th, Dy; Pc = dianion of phthalocyanine; TBA® =
tetrabutylammonium) showing slow magnetization relaxation and acting as single molecule
magnets (SMMs),1 a plethora of mono and polynuclear SMMs complexes derived from
lanthanide ions with large orbital momentum and strong magnetic anisotropy have been

reported.2 On the other hand, lanthanide(l11) complexes with luminescence properties are of

interest due to their applications in materials and biosciences.® The preparation of chiral
lanthanide(l11) coordination compounds is of high current interest to achieve circularly
polarized luminescence (CPL)4 for applications in circularly polarized organic lightemitting
diodes (CP-OLEDS),5 biological sensing6 and anticounterfeiting devices.” Moreover, CPL
active lanthanide complexes are studied in the context of molecular magnetism.8 The chiral

ligands naturally induce a dissymmetric environment around the Ln* ion, which determines

the onset of chiroptical properties allied to the f—f transitions of the ion. In emission this is

sensitively monitored through CPL, which can be conveniently quantified by means of the

dissymmetry factor gium, eqn (1):

Lok, o ®

= 2 ——
Slum = & 1 1

where I and IR are the left and right circularly polarized components of the emission of the
compound.

Usually, non-aggregated organic molecules or d-metal complexes display glum
factors of the order of 10_4—10_3,9 while lanthanide complexes may show much higher

values (10_1— 1.4).10 Usually, CPL is measured for mononuclear Eud? complexes, while it
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Is more rarely investigated for complexes with higher nuclearity, such as binuclear

helicates? or trinuclear!? and heptanuclear13 systems.

Recently14 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 formula [Ln2(SL) g(phen)2] or [Ln2(R-L)s(phen)2] (HL = chiral carboxylic
acid) by adding simultaneously neutral chelating 1,10-phenanthroline (phen) ligands which
block two coordination sites per Ln3* ion and terminate further aggregation. The 1,10-

phenanthroline ligands have also the role to sensitize the luminescence of the lanthanide ion,
through the so-called antenna effect. In fact, because of the weak f—f absorption of trivalent

lanthanide ions, a suitable chromophoric organic ligand should be employed to populate the

lanthanide emitting states through an energy transfer process.15

For the published R and S complexes of formula [Eu2(2-phenylpropionate) g(phen)2]
and [Eu2([2-(6-methoxy-2-naphthyl) propionate])s(phen)2], the analysis of the data yielded
values of gjym factors for 5Do — 7F1/7F2 transitions around glym = *1 x 102 and glum =

+1 % 1072 respectively.14

With the aim to obtain new lanthanide compounds in which luminescent, chiroptical
and magnetic properties could coexist, and therefore, obtain multifunctional materials, we
present herein the structural, magnetic and optical studies of eight new chiral lanthanide
coordination complexes derived from the use of the pure enantiomeric R- or S-species of the
a-methoxyphenylacetic acid (R- and S-HMPA respectively, (Scheme 1)) and the auxiliary
ligand 1,10-phenanthroline. The reaction of the above ligands with the respective nitrate

lanthanide salts lead to new 1D complexes with the formula [Ln(p-R-MPA)(R-
MPA)2(phen)]n or [Ln(u-S-MPA)(SMPA) 2(phen)]n for R- or S-HMPA respectively (Ln =

Eu, Th, Dy and Sm). The presence of the methoxy group in the a-methoxyphenylacetate

ligand induces the formation of a 1D polymeric chain along the a axis instead of the dinuclear
compounds of formula [Ln2(R/S-L)s(phen)2] found for the previous chiral compounds
published by our group where R/S-L = R/S-2-phenylpropionic acid and R/S-2-(6-methoxy-

2-naphthyl)propionic acid.*
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2. Experimental section

Starting materials

Ln(NO3)3-6H20 salts, (S)-(+)- or (R)-(—)-a-methoxyphenylacetic acid and 1,10-

phenantroline (Aldrich) were used as received.

Synthesis of 1D complexes [Ln(n-R/S-MPA)(R/S-MPA)2(phen)]n.

Into 20 mL of an ethanol/water solution in the 1 : 1 ratio, the respective R/S-a-
methoxyphenilacetic acid (1.5 mmol, 249 mg) and KOH (1.5 mmol, 84.2 mg) were dissolved. Then,
1,10-phenantroline (0.3 mmol, 54 mg) dissolved in 5 mL of ethanol/water (1 : 1) was added.

Afterward, a solution (5 mL) in the same ethanol/water ratio with the Ln(NO3)3-nH20 salt (0.22

mmol) was added dropwise into the reaction mixture. The colorless solution was magnetically stirred
for 1 h and then left to stand at room temperature. After 1 week, needle shaped white single crystals
suitable for monocrystal X-Ray diffraction appeared. Anal. Calc. (%) for R-Eu C, 56.6; H, 4.3; N,
3.4, found: C, 57,0; H, 4.4; N, 3.4. Calc(%) for S-Eu C, 56.6; H, 4.3; N, 3.4, found: C, 56.6; H, 4.6;
N, 3.4. Calc. (%) for R-Tb C, 56.1; H, 4.2; N, 3.4, found: C, 56.5; H, 4.4; N, 3.4. Calc(%) for S-Tb
C,56.1; H, 4.2; N, 3.4, found: C, 56.2; H, 4.3; N, 3.4. Calc. (%) for R-Sm C, 56.7; H, 4.3; N, 3.4,
found: C, 57,0; H, 4.3; N, 3.4. Calc(%) for S-Sm C, 56.7; H, 4.3; N, 3.4, found: C, 56.5; H, 4.4; N,
3.4. Calc. (%) for R-Dy C, 55.9; H, 4.2; N, 3.3, found: C, 56.2; H, 4.2; N, 3.3. Calc(%) for S-Dy C,
55.9; H, 4.2; N, 3.3, found: C, 56.2; H, 4.2; N, 3.3. Selected IR bands (KBr pellet, cm—1, Fig. S17)
3083-2817 (w), 1608 (m), 1552 (s), 1509 (m), 1400 (s), 1326 (w), 1196 (m), 1100 (m), 1065 (m),
987 (m), 839 (m), 713 (s, split), 635(m) for R-Eu, 3086-2817 (w), 1613 (m), 1557 (s), 1509 (m),
1404 (s), 1317 (w), 1200 (m), 1096 (m), 1065 (m), 983 (m), 839 (m), 713 (s, split), 635 (m) for S-
Eu, 3091-2817 (w), 1613 (m), 1561 (s), 1509 (m), 1404 (s), 1330 (w), 1200 (m), 1096 (m), 1070
(m), 983 (m), 839 (m), 717 (s, split), 635 (m) for R-Tb, 3091-2817 (w), 1613 (m), 1557 (s), 1509
(m), 1404 (s), 1330 (w), 1200 (m), 114 (m), 1065 (m), 991 (m), 839 (m), 717 (s, split), 635 (m) for
S-Th, 3091-2817 (w), 1609 (m), 1552 (s), 1509 (m), 1396 (s), 1326 (w), 1200 (m), 1100 (m), 165
(m), 983 (m), 843 (m), 713 (s, split), 635 (m) for R-Sm, 3091-2813 (w), 1609 (m), 1574 (s), 1509
(m), 1396 (s), 1322 (w), 1196 (m), 1104 (m), 1065 (m), 991 (m), 839 (m), 713 (s, split), 635 (m) for
S-Sm, 3087-2817 (w), 1617 (m), 1569 (s), 1513 (m), 1396 (s), 1326 (w), 1204 (m), 1096 (m), 1065
(m), 983 (m), 839 (m), 717 (s, split), 635 (m) for R-Dy and 3087-2817 (w), 1617 (m), 1569 (s), 1513
(m), 1396 (s), 1326 (w), 1204 (m), 1096 (m), 1065 (m), 983 (m), 839 (m), 717 (s, split), 635 (m) for
S-Dy.
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IR and magnetic measurements

Infrared spectra (4000-400 cm_l) were recorded from KBr pellets on a PerkinElmer 380-B

spectrophotometer.

Magnetic measurements were performed on solid polycrystalline samples with a Quantum
Design MPMS-XL SQUID magnetometer at the Magnetic Measurements Unit of the University of
Barcelona. Pascal’s constants were used to estimate the diamagnetic corrections, which were
subtracted from the experimental susceptibilities to give the corrected molar magnetic

susceptibilities.

Luminescence properties

Solid state fluorescence spectra of 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 excitation and emission monochromator with dispersions

of 2.1 nm mm * (1200 grooves per mm) at room temperature. The steady-state luminescence was

excited by unpolarized light from a 450 W xenon CW lamp and detected at an angle of 22.5° for
solid state measurement by a red-sensitive Hamamatsu R928 photomultiplier tube. The equipment
was adjusted to obtain the highest background-to-noise ratio. Spectra were corrected for both the
excitation source light intensity variation (lamp and grating) and the emission spectral response

(detector and grating).

The excited state decay curves were measured in the same instrument in the phosphorescence
mode using a 450 W xenon pulsed lamp (A = 371 nm, 1.5 ns pulse). The measured decays were

analyzed using the Origin software package. Both decay curves fitted monoexponentially:

I(t) = I ( ) The fit quality was determined by the XZ method of Pearson. Absolute quantum

_t
Tobs.
yield (®T1oT) measurements were acquired in the G8 Quantum Integrating Sphere from GMP with

an interior reflective coating made of Spectralon®. Then the ®ToT was calculated following egn

(2):

o = E. — E. (blank) 2)
La - Lc

L4 is the calculated area of the outgoing amount of light
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without interaction with a sample (blank) at the used Aexc and L after interaction with the

sample. E refers to the calculated area from the emission spectrum of the sample and E. (blank)
from the emission spectrum of the blank. Band pass of 0.3 nm for the QY measurements and of 0.5
nm for lifetime measurements were employed in order to not surpass the 108 CPS to make sure that

we are not measuring in the non-linear optic zone, otherwise the results would not be correct.

Chiroptical spectroscopy measurements

ECD spectra. ECD spectra were recorded with a Jasco J-1500 spectropolarimeter on the
polycrystalline samples dispersed in a KBr matrix. In order to check for and minimize contributions
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 averaged.

CPL spectra. The circularly polarized luminescence experiments for compounds S/R-Eu

and S/R-Th were carried out with a home-built CPL spectrofluoropolarimeter16 that acquires

simultaneously the luminescence and CPL data, under UV irradiation (Amax = 254 nm) on quartz

plate depositions. The depositions of the complexes were 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. Several spectra were acquired rotating
the sample by +45° around the optical axis and by flipping the sample by 180° around the axis

perpendicular to the collection beam.

X-ray crystallography. Good quality crystals of R/S-Eu, R/S-Tb, S-Dy and S-Sm were
selected and mounted on a D8VENTURE (Bruker) diffractometer with CMOS detector. The
crystallographic data, conditions retained for the intensity data collection, and some features of the
structure refinements are listed in Table S1. All the structures were refined by the least-squares
method. Intensities were collected with a multilayer monochromated Mo-Ka radiation. Lorentz
polarization and absorption corrections were made for the R/S-Eu, R/S-Tb, S-Dy and S-Sm crystal

measurements. The structures were solved by direct methods, using the SHELXS-97 computer

program17 and refined by full-matrix least-squares method, using the SHELXL-2014 computer
program.18 The non-hydrogen atoms were located in successive difference Fourier syntheses and

refined with anisotropic thermal parameters on F2. For hydrogen atoms isotropic temperature factors

have been assigned as 1.2 respective of the C atom in which the H is attached.
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3. Results and discussion

General syntheses

A straightforward room temperature synthetic route using the R/S-a-methoxyphenylacetic
acid (HMPA), 1,10-phenantroline (phen) and Ln(NO3)3-H20 (Ln = Eu R/S-Eu, Tb R/S-Th, Dy R/S-
Dy and Sm R/S-Sm) with further slow evaporation of the solvent, lead to enantiopure chiral R/S-
[Ln(u-MPA) (MPA)2(phen)]n 1D chain compounds. Several trials were carried out before

concluding that the best conditions for obtaining single crystals suitable for monocrystal X-Ray
diffraction were by using an excess of the R/S-HMPA ligand with H2O/EtOH ina 1 : 1 (v/V)

proportion as the solvent.

Molecular structures of the R/S-[Ln(p-MPA)(MPA)2(phen)]n compounds. Single
crystal X-Ray diffraction measurements were performed for compounds R/S-Eu, R/S-Th, S-Dy and

S-Sm. All the compounds crystallize in the monoclinic P21 space group. The asymmetric unit of R/S-

Ln consists of a unit formed by one Ln®* ion, two chelating R/S-a-methoxyphenylacetate (R/S-MPA)

ligands, one R/S-MPA bridging ligand and one phen molecule. The asymmetric unit is expanded in

space forming a 1D polymeric chain along the crystallographic a axis.

All the Ln®* compounds are isostructural as it is seen in the powder X-Ray diffraction spectra

(Fig. S2+), also, affirming the pure phase and crystallinity of the compounds. Therefore, only the

new compound R-Eu will be discussed.

A partially labelled plot of the structure of compound R-Eu is shown in Fig. 1 and the mirror
image of R/S-Eu compounds is depicted in Fig. 2. Selected bond distances of R/S-Eu, R/S-Th, S-Dy

and S-Sm and crystallographic information are listed in Table 1 and Table S1+ respectively.

The structure consists of a polymeric 1D chain of formula [Eu(p-R-MPA)(R-MPA)2(phen)]n
where each Eu®* is nonacoordinated. The polymeric chain extends along the [1 0 0] direction. The
EuO7N> coordination sphere encompasses two R-MPA ligands that are coordinated in the bidentate
carboxylate chelating coordination mode (Scheme 2a) to Eul by the O1, O2 and O7, O8 atoms, with

Eu—O distances in the range of 2.450-2.500 A. Another R-MPA ligand is bridging two Eudt through

the O7 and O8 atoms from the carboxylate group in the syn-anti conformation (Scheme 2b). The O9
oxygen atom from the methoxy group of this R-MPA ligand coordinates also to the neighbouring
europium atom. The Eu—07, Eu—08 and Eu—09 distances are 2.396, 2.388 and 2.539 A respectively.

Finally, the coordination sphere of the lanthanide ion is completed by two N atoms (N1 and N2) from

the 1,10-phenantroline molecule in the chelating coordination mode with Eu-N distances of 2.569

8
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and 2.558 A for Eu-N1 and Eu-N2 respectively. The Eul---Eul_a intrachain distance is 6.048 A and
the shortest interchain distance is 12.298 A. The crystal structure of S-Eu is very similar to R-Eu but
its configuration is mirror symmetrical with R-Eu. Symmetry operators for generating equivalent

positions are: (a) -1 +x, y, z.

The SHAPE software, *® was used to determine the degree of distortion of the coordination
polyhedron in compound R-Eu. It consists of a distorted polyhedron between the spherical tricapped
trigonal prism (Dap), spherical capped square antiprism (Cay) and muffing (Cs) geometries with

Continuous Shape measurements (CShM) of 1.821, 2.084 and 2.075 respectively (Fig. 1, right). The
degree of distortion of the coordination geometry of the other compounds is shown in Table S2.¥

The Ln-O and Ln-N bond lengths diminish following Sm®* > Eu®* > Tb®" > Dy*",

confirming the lanthanide(l11) contraction tendency along the 6th period.20

Luminescence properties

Luminescence properties of all compounds were studied and measured in the solid state at
room temperature. Since each enantiomer pair shows the same luminescence properties, only the R-
enantiomer of each lanthanide is discussed in this section. The excitation and absorbance spectra

measured in the solid state of the enantiomers of each compound are displayed in Fig. S3 and S4.F

Excitation spectra were recorded at the emission wavelength (Aem) of 614 nm (5Do — 7F2)
for R-Eu, at 546 nm (5D4 — 7F5) for R-Th, at 572 nm (4F9/2 — 6H13,/2) for R-Dy and at 644 nm

(4G5/2 — 6H9/2) for R-Sm. The four spectra show an intense and broad band around 300 to 360 nm

corresponding to the 1 — n* and n — =* ligand centred excitation transitions from the R-MPA and

phen ligands. Only for compound R-Eu, excitation arising from Eu f—f transitions could be discerned
at 375, 395 and 464 nm corresponding to °Ds — Fo, °Le — 'Fo and °D2 — 'Fg respectively. Room
temperature emission spectra of R-Eu, Th, Dy and Sm, were obtained by employing an excitation

wavelength (Aexc) of 330 nm.

In the emission spectra of R-Eu, (Fig. 3a) different bands can be observed at 580, 595, 614,
650 and 691 nm corresponding to the 5Do — 7FJ = 0_4 transitions. 5Do — 7Fo corresponds to a
forbidden transition (AJ = 0), therefore its intensity is very low and in this case is almost
imperceptible. The magnetically allowed 5Do — "F4 transition, with intensity independent of the

environment, is split due to the crystal field. For a coordination geometry with symmetry lower than
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cubic, hexagonal, trigonal and tetragonal (meaning D2n, D2, Coy, Con, C2, Cs, S2 or Cy), the
degeneracy is lifted up to 2J + 1 mj components due to crystal field splitting. For the "Fy state, m;

values are 2J + 1 = 3 and for the presented Eud* compound, all the three components can be discerned

in the emission spectra. This result is consistent with the structural characterization of R-Eu since the

calculated ideal coordination polyhedron with less distortion with respect to the experimental,

presents a distortion between the Dsp, Cs4y but also with the low symmetry Cs point group.

Furthermore, 5Do — 7F2 is the most intense band located in the red range and responsible for the

red-orange emission colour that could be seen by the naked eye for S-Eu, Fig. S5.1 This band is a

hypersensitive transition, and in the case of S-Eu, its splitting indicates that the lanthanide ion is not

occupying an inversion symmetry site inside the structure.?:

The R-Th compound shows green emission that could be seen by the naked eye (Fig. S57).
The bands arising from the f—f Th3" transitions can be differentiated at 491, 546, 585 and 623 nm

corresponding to the D4 — 7FJ = g3 transitions (Fig. 3b).

In the visible range, the bands arising from the R-Dy compounds can be observed at 481 nm,

corresponding to the magnetically allowed 4F9/2 — 6H15/2 transition, at 572 nm, corresponding to

the 4F9/2 — 6H13/2 transition and at 659 nm (weak band) corresponding to the 4Fg/2 — 6H11/2
transition. Furthermore, in the near infrared (NIR) range, two bands can be observed at 996 and 1144
nm (Fig. S61), which are assigned to the transitions from the Fo energy level to O,/ and Fsp

respectively.

For the R-Sm compound, four bands are identified at 563, 600, 644 and 705 nm in the visible

range and assigned to the 4G5/2 — 6H5/2_11/2 transitions (Fig. 3b), furthermore, in the NIR range, the
4Gs/o — OHys/2 transition can be seen as a shoulder at 896 nm. The f—f emission transitions arising

from the 4G5/2 emitting level to the 6F5/2,g/2 energy states are found at 940, 1016 and 1166 nm

respectively (Fig. S7T).3a‘20

The excitation at the ligand absorption wavelengths for all compounds induced the expected
emission bands corresponding to the characteristic f—f transitions from each lanthanide ion. Also,
below 450 nm, no emission from the ligands is detected, indicating that energy transfer from the
excited states of the organic moieties to the emitting energy level of the respective lanthanide (the

antenna effect) takes place for these compounds.20 Nonetheless, the overall quantum yield (¢%,),

that is the ratio of the photons emitted by the lanthanide to the photons absorbed by the ligand, was

measured with an integrating sphere with the intention to better understand the luminescent

10
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efficiency of the presented compounds. For S-Eu the absolute quantum yield resulted to be 0.14. The

photoluminescence time decay was recorded at the Aex 0f 330 nm and collecting the measurement at

614 nm, corresponding to the Dy — ’F» transition. The curve of the intensity against time (ms),
showed in Fig. 3c, was fitted using a mono-exponential equation (see Experimental section) with a
decay time (tons) of 1.77 ms for the Eu®t compound, confirming that the red emission of S-Eu comes

from a single emitting centre and a single radiative deactivation process. In addition, more

information about the sensitization mechanism that takes place for this system can be determined for
the Eu®* compound. The sensitization efficiency (nsens) accounts to the percentage of energy
absorbed by the chromophore ligands transferred to the excited state of the lanthanide ion and it is
an important factor in the overall quantum yield that can be defined as: &%, = nsens -c|>f;;. The
other step that elucidates the ¢¥,, is the intrinsic quantum yield (¢fg) that refers to the quantum yield
once the emitting level of the Ln®* ion is populated. The intrinsic quantum yield is described as the

Krad

ratio between the measured time decay and the radiative lifetime ¢p%, = ——ad = Zbs Dye

Kradt Knon-rad Trad

to the pure magnetic dipole character of the 5Do — 7F1 transition, a simplified equation can be used
to calculate the trag from Eud* 5Do excited state, corresponding to the lifetime in absence of non-

radiative deactivations (eqn (Sl)}“).21 For S-Eu, traq is 3.05 ms. Therefore, the ¢pi? is 0.58. As

expected, it is higher than the measured ¢¥,,, because the intrinsic quantum yield do not depend on
the efficiency of the ligand to Ln energy transfer, however, it takes into account deactivation
mechanisms such as back-transfer energy or other quenching effects. Finally, the calculated nsens
results of 0.24 evidencing a sensitization effect that is rather low, nevertheless it is enough for S-Eu

to present the desired optical properties.21'22

On the other hand, the measured ¢*,, for the S-Th sample was higher than the Eudt analogue,
yielding 0.33. Moreover, the luminescence lifetime was measured by monitoring the emission decay
at 546 nm, corresponding to the more intense emission band 5D4 — 7F5, Fig. 3c. The tops calculated

from the monoexponential fitting is 1.50 ms, confirming also the presence of one type of emitting

specie and emission mechanism.

For R-Dy and R-Sm, the QY and the luminescent time decay were not measured due to the

low emission intensity of the compounds.

Circular dichroism (CD) and circular polarized luminescence
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(CPL) measurements. The Circular Dichroism (CD) measurements were carried out in solid
state on pellets containing the sample dispersed in a KBr matrix. The complexes show rather weak
Cotton effects (Fig. 4). The bands around 200-460 nm are assigned mainly to the absorption of the
phen ligand, with contributions from the = — 7* transition of MPA. Spectra of the free ligand are
found in Fig. S8.1 For these 1D lanthanide chains the ligand arrangement formed by the MPA and
phen ligands are organized in the space around the metal ion conferring low dissymmetry to the

complex and leading to the weak CD associated to the ligand-centered electronic transitions.

Circular Polarized Luminescence (CPL) measurements were performed for R/S-Eu and R/S-
Th. The samples were deposited in a quartz plate, from a suspension in n-pentane, which acts only
as a dispersing agent, considering that the compounds are not soluble in this solvent. The emission
spectra recorded simultaneously with CPL spectra were not significantly different from those
measured on the polycrystalline samples (see above). This suggests that n-pentane does not induce

any change to the complexes (Fig. S91). The CPL spectra of compounds R/S-Eu recorded at the

excitation wavelength of 254 nm are depicted in Fig. 3a, bottom. The Eu®* enantiomeric pairs show
low intensity CPL signal, nevertheless, the mirror image bands corresponding to 5Do — 'Fq, "Fo and

7F4 Eu(lll) f—f transitions can be clearly discerned. The magnetic dipole transition, 5Do — 7F1, at
595 nm is the most intense one. Two well resolved components due to crystal field can be observed.

The mj component located in the higher energy region of the transition shows a splitting that appears
as a bifid structure revealing the three crystal field splitting components. Next, at 614 nm the Do —
’F, transition shows lower intensity and only one component is well differentiated. Finally, at 691
nm, the °Do — "F4 transition appears with very low intensity, though at least two mj components can
be differentiated. The dissymmetry factor could be quantified (Eq.1) for the Dy — F1 and °Dy —

'F, transitions leading to a glum = AI/I of +£0.013 (+for S-Eu) for the Dy — 'F; transition and +0.003
(+for the R-Eu enantiomer) for the hypersensitive transition (Table 2). The presented gim values are

similar to other reported Eu®* coordination compounds with carboxylate ligands and to other Eudt

polymeric chain complexes measured in the solid state.1*22 CPL measurements were performed for

the S/R-Th compounds as well, but the intensity of the obtained spectra is too low to extract

meaningful information (Fig. S101). CPL studies in polymeric Lanthanide chains and measured in
the solid state remains rare.?* Y. Hasegawa et al.® presented a polymeric chain complex with gjum

values for the magnetic dipole transition up to 0.17 measured in the solid state.

Due to low luminescence, the CPL of R/S-Dy and R/S-Sm could not be measured.
Magnetic properties
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DC magnetic susceptibility studies. Since S- and R-enantiomers are expected to show the
same magnetic properties, direct current (dc) magnetic susceptibility (ym) and magnetization (M)
measurements were performed for the S-enantiomers on the polycrystalline samples. The ym
measurements were carried out under a dc field of 0.3 T in the 2-300 K temperature range. The ymT

dependence with T plots are presented in Fig. 5. At room temperature (300 K) the ymT values are

1.43, 11.41, 13.82 and 0.40 cm® mol* K for S-Eu, S-Th, S-Dy and S-Sm respectively. For one
isolated Ln®* cation, the calculated ymr values are: 0 cm® mol ! K for Eu®* ground state "Fp; 11.82
cm® mol L K for Th®* ground state "Fgand g =3/2; 14.17 cm® mol L K for Dy3+ ground state ®H1s12

and g; = 4/3, 0.09 cm® mol * K for sm®* ground state ®Hs2 and gji= 2/7.32

The experimental ymT value at room temperature for compound S-Eu is higher than 0. Due
to the rather small spin—orbit coupling parameter (A) between the 7F(o,1) states, at room temperature
the higher energy 7FJ states closer to the ground state are thermally populated (mainly the 7F1 state).
Then the ymT values decrease gradually on cooling the sample due to the thermal depopulation of

the 7FJ excited states. At 2 K, ymT is 0.017 cm® mol 1 K confirming that at low temperature the non-
magnetic ground state ( J = 0) is stabilized. The yM vs. T plot for compound S-Eu (Fig. S117) shows

an increase of the ywm values when approaching to 2 K due to remnant paramagnetic rare earth
impurities. If we consider the presented polymeric chain formed by non-magnetically coupled Eud?
ions, the A value can be calculated from ymT vs. T data considering Eu®* as a free ion by using egn
(S2)T26‘27 (the plot of the ymT vs. T data only for S-Eu is shown in Fig. S127). From the best fitting

the A value is 335 cm ~. From the spectroscopic data, the energy gap between the 7Fo and "F1 should
correspond to the A parameter. The A value has been calculated from the emission spectra of S-Eu

measured at 77 K, Fig. S13 and Table S3.1 This value is 377 cm * for S-Eu. This result is similar to

other Europium compounds.28'29

On cooling the samples, for S-Th and S-Dy, the ymT values remain almost constant till ~50
K and below this temperature, the susceptibility values decrease up to 7.80 cm® mol ! K for S-Th
and to 8.49 cm® mol ! K for S-Dy due to thermal depopulation of the mj states. The possibility of
magnetic coupling between the Ln3* ions has not been considered for these compounds due to: (i)

the well shielded nature of electrons in the 4f " orbitals (ii) the Ln—Ln intra and inter-molecular

shortest distances are too long (6.04 + 0.01 and 12.32 + 0.02 A respectively).
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For the S-Sm compound, the ymT value at room temperature is also higher than the one
calculated for a free ion. For a Sm>* ion, the b4 ground state is split due to spin—orbit coupling by
6HJ = 5/2-15/2 with a A parameter around 200 em L, Therefore, at room temperature, the excited 6HJ
states are thermally populated. The diminution of ymT on cooling the sample is due to the thermal

depopulation of the J states. 2627 s-sm magnetic data could not be fitted successfully under the free

ion approximation.

Magnetization dependence with an applied magnetic field at 2 K for all compounds are
depicted in Fig. S14.F None of the presented compounds show saturation of the magnetization.

AC magnetic susceptibility studies

In order to study the dynamic magnetic properties of the R/S-[Ln(u-MPA)(MPA)2(phen)]n

compounds, ac magnetic susceptibility measurements in a 4 x 10741 oscillating field were recorded

for compounds S-Th, S-Dy and S-Sm.

At a 0 Oe dc external magnetic field, the in-face (y'm) and out-of-face (y"m) magnetic
susceptibility components were measured in an oscillating field at 10 and 1000 Hz and in the 2 to 12
K temperature range. Only for compound S-Dy, a temperature dependence for the %'\ component
was observed, where it increases on decreasing the temperature without reaching a maximum point
above 2 K. Nevertheless, no y”m dependence with temperature and frequency was observed at all,
Fig. S15.1 This fact suggests that the relaxation of the magnetization goes through a shortcut path
between the two bistable +m; states, the so called quantum tunneling of the magnetization (QTM).
In order to suppress the fast QTM, two different dc fields (10 and 1000 Oe) at different temperatures
where applied to the samples. Then, maxima in the y'm and x”m components were discerned below
8 K only for the S-Dy compound. In order to establish the optimum dc magnetic field, measurements
of the y'm and "M with frequency, at a constant temperature of 3 K, and applying dc fields from 0

to 3000 Oe, were performed for S-Dy. A plot of t (1/2nw) with the dc field shows that the relaxation
time is the greatest when the applied external magnetic field is 1000 Oe. Then this dc field is chosen
as the optimal one (Fig. S167).

On performing the measurements with a 1000 Oe dc field, a dependence of the ¥"m with
temperature and frequencies is clearly observed and maximum points are discerned for the magnetic

susceptibility components below 8 K (Fig. 6, left). Nevertheless, at 2 K in the y"m(T) plot, a second
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maximum is perceived suggesting a faster relaxation process differentiated from the one occurring

at higher temperatures (Fig. S177). This faster mechanism probably accounts for the QTM, which is

not totally removed on applying the external dc field.>°

The representation of the ac data in the Cole—Cole plots, Fig. 6, middle, shows semicircles

that are not perfectly symmetric. Furthermore, a shoulder can be discerned corresponding to the y'm
vs. "M points obtained at lower temperatures and lower frequencies accounting to the faster

mechanism differentiated in the ¢"m(T) plot. The fit was not successful using a two component

generalized Debye model because of the lack of a sufficient number of experimental data points

corresponding to the faster mechanism. Nevertheless, a good fit was obtained for the slower process

using the one-component generalized Debye model (eqn (S3) and Table S4T).31 The fitting of the

Cole—Cole curves were obtained using the CCFit software.3? The representation of In(t) vs. 1/T is

depicted in Fig. 6, right. The linear trend in the slope in the low temperature region was fitted by an

Arrhenius law. This model describes the relaxation of the magnetization by the thermally assisted

Orbach mechanism that occurs between the +mj degenerate states in the ground state via the highest
energy excited mj state of the Dy3+ ion. The calculated energy barrier (A) is 31.6 cm *and the pre-

exponential factor (to) of the Arrhenius law is 4.9 x 1079 s. But linearity is followed only for few

points, suggesting that at higher temperature more than one relaxation mechanism is active. Also the
distribution of the coefficient values (a) obtained in the fitting by using the generalized Debye model
in the Cole—Cole plots, that are in the 0.150-0.002 range, suggest the presence of other relaxation
mechanisms such as the QTM, Direct and Raman other than just the Orbach. Thus, the In(t) vs. 1/T
curve was adjusted taking into account all of the above mechanisms. The best fit was obtained when

the spin-Ilattice relaxation mechanism, Raman and Direct equations are considered, eqn (3).

~1 _ n 4
7= CT"+ AH*T (3)

The obtained parameters from the best fit where C = 0.011 sTK¥ n=907and A=
183.29 ' T™# K. For a Kramer ion such as DY**" the dependence of t with T should follow the

power law T &« T% when the relaxation of the magnetization goes through the two phonon relaxation

Raman process. Nevertheless, n with values in the interval 1-6 has been claimed to be reasonable
when the acoustic phonons are also considered in the spin-lattice relaxation of Raman. Important

care has to be taken when fitting the ac data with the different relaxation of the magnetization

mechanisms due to over parametrization when using such equations.33‘37
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448 Similar behaviour has been reported for other carboxylate bridged DY3* complexes and

38-40

449  polymeric chains and nine coordinate Dy3+ compounds with similar coordination geometry as

450  the presented compound. 304143

451 For compounds S-Th and S-Sm, no dependence of either magnetic susceptibility components

452  (y'm and y¢"m) was observed neither at a 0 dc field nor at higher dc applied fields.
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4. Conclusion

In this work, eight enantiomerically pure lanthanide coordination compounds have been
successfully isolated. The lanthanide compounds consist of a chiral coordination 1D polymer that

expands along the a crystallographic axis. The compounds have the [Ln(u-R/S-MPA)(R/S-
MPA)2(phen)]n formula where R/S-HMPA stands for (R/S)-(z)-a-methoxyphenylacetic acid and Ln

= Eu®*, Tb%, Dy®* and Sm®*" Single crystal X-Ray diffraction measurements were performed for

compounds R/S-Eu, R/S-Tb, S-Dy and S-Sm. R/S-Eu, R/S-Th, R/S-Dy and R/S-Sm coordination
compounds have been characterized by means of Powder X-Ray Diffraction and Infrared
spectroscopy. Moreover, luminescence studies have been carried out, as all the compounds presented
sensitized luminescence associated to the expected f—f transitions. The S-Eu and S-Th compounds
showed rather good luminescence properties with measured Quantum Yields of 0.14 and 0.33

respectively. Also, the luminescence lifetime was measured and from the monoexponential curves,
a Tops Of 1.77 ms for R-Eu and of 1.50 ms for R-Th analogue were extracted. Furthermore, a

chiroptical study was performed on these coordination polymers in the solid state. Circular dichroism
spectra were recorded and CPL measurements were performed for the most luminescent analogues

(R/S-Eu and R/S-Th). For the europium compounds, mirror image spectra could be obtained where
the different f—f transitions can be discerned. On the other hand, for the Th%* analogue the intensity

in the CPL spectra was too low and no reliable conclusions could be extracted from it. Finally,
magnetic studies were performed for all the S-enantiomers. Only the S-Dy compound shows slow
relaxation of the magnetization under an external magnetic field. Thus, the S-Dy compound displays
luminescent, chiral and field-induced SMM properties and can be considered as a multifunctional
complex. All luminescence, chirooptical and magnetic measurements were carried out in the solid
state since the compounds presented here consist of chiral polymeric chains, which would be

disrupted by dissolution into any solvent.
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615  Table 1. Selected bond distances (&) for R/S-Eu, R/S-Tb, S-Dy and S-Sm

616
Bond distance (A) R-Eu S-Eu R-Tb S-Th S-Dy S-Sm
Ln-01 2.500(5) 2.478(3) 2.417(2) 2.461(3) 2.456(6) 2.461(2)
LnO2 2.489(5) 2.445(4) 2.4601(18) 2.416(3) 2.464(5) 2.4891(19)
Ln-04 2.450(6) 2.489(3) 2.4740(18) 2.470(3) 2.395(6) 2.510(2)
Ln-05 2.476(5) 2.498(3) 2.4674(19) 2.475(3) 2.453(5) 2.4988(18)
Ln-07 2.396(5) 2.394(3) 2.3688(18) 2.371(2) 2.364(4) 2.4050(19)
Ln-08 2.388(4) 2.395(2) 2.3639(13) 2.363(2) 2.356(5) 2.4039(19)
Ln-09 2.539(5) 2.540(3) 2.525(19) 2.521(3) 2.513(5) 2.557(2)
Ln-N1 2.569(5) 2.564(4) 2.545(2) 2.537(3) 2.527(7) 2.583(2)
Ln-N2 2.558(6) 2.567(4) 2.538(2) 2.545(4) 2.523(6) 2.582(2)
Ln---Ln (intrachain) 6.048(5) 6.047(4) 6.054(8) 6.036(4) 6.025(4) 6.052(3)

617 Ln---Ln shortest interchain distance 12.298 12.310 12.312 12.326 12.353 12.297

618
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619  Table 2. gium values of the R/S-Eu enantiomeric pair for the >Do = "F1and the °Do > ’F transitions
620

R/S-Eu Dy = 'Fy Dy = 'F,
oy Slum +0.013 (+for S-Eu) +0.003 (+for R-Eu)
622
623
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Figure Captions

Scheme 1 R/S-a-Methoxyphenylacetic acid (R/S-HMPA).

Figure. 1. Left, partially labeled plot of compound R-Eu. Phenyl groups and H atoms have been
omitted for a better view of the 1D structure. Right, idealized coordination polyhedron (spherical
tricapped trigonal prism) compared with the real positions of the coordinating atoms of compound
R-Eu.

Scheme 2. Coordination modes of R/S-a-methoxyphenylacetate.
Figure. 2. Compounds R- and S-Eu presented as the mirror image of each other.

Figure. 3. (a) Emission spectra of compound R-Eu (Aexc = 330 nm). Bottom, CPL spectra of S- and R-

Eu enantiomers. (b) Emission spectra for complexes R-Th, R-Dy and R-Sm recorded at Aexc = 330
nm. (c) Lifetimes curves for compounds R-Tb and R-Eu. Solid lines represents mono-exponential
fittings.

Figure. 4. Circular dichroism spectra of compounds R/S-Eu, R/S-Th, R/S-Dy and R/S-Sm measured in
the solid state.

Figure. 5. ymT temperature dependence measured at an external static field of 0.3 T. Continuous

black line corresponds to the fitting of the xmT versus T data using eqgn (S2)t for compound S-Eu.

Figure. 6. Left, x’’m vs. frequency plot for compound S-Dy and middle, Cole—Cole plot. Black lines
correspond to the fitting with the one component Debye model for both graphics. Right, In(t) vs.
1/T plot, dashed line represents the fitting with the Arrhenius law and orange line with eqgn (3).
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695 Figure 5
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