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44 ABSTRACT: Seven-coordinate, pentagonal-bipyramidal (PBP) complexes [Ln(bbpen)Cl] and [Ln(bbppn)Cl], in
22 which Ln = Tb* (products I and 11), Eu** (Il and 1V), and Gd*>* (V and V1), bbpen®™ = N,N’-bis(2-oxidobenzyl)-N,N’-
47 bis(pyridin-2-ylmethyl)ethylenediamine, and bbppn> = N,N’-bis(2-oxidobenzyl)-N,N’-bis(pyridin-2-ylmethyl)-1,2-
jg propanediamine, were synthesized and characterized by single-crystal X-ray diffraction analysis, alternating current
50 magnetic susceptibility measurements, and photoluminescence (steady-state and time-resolved) spectroscopy.
51 Under a static magnetic field of 0.1 T, the Tb** complexes | and Il revealed single-ion magnet (SIM) behavior. Also,
52
53 upon excitation at 320 nm at 300 K, | and Il presented very high absolute emission quantum yields (0.90 * 0.09 and
54 0.92 * 0.09 respectively), while the corresponding Eu® complexes Il and IV showed no photoluminescence.
55
56 Detailed theoretical calculations on the intramolecular energy transfer (IET) rates for the To** products indicated
57 that both excited singlet and triplet ligand states contribute efficiently to the overall emission performance. The
58
59
1
60
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expressive quantum yields, QF,, measured for I and Il in the solid-state and dichloromethane solution depend on
the excitation wavelength, being higher at 272 and 320 nm. Such dependence was rationalized by computing ISC
rates (W,sc) and singlet fluorescence lifetimes (7s) related to the population dynamics of the S; and T, levels. Thin
films of product Il showed high air- and photo-stability upon continuous UV illumination, which allowed their use as
downshifting layers in a green light-emitting (LED) device. The prototypes presented a luminous efficacy
comparable to those found in commercial LED coatings, without requiring encapsulation or dispersion of Il in host
matrices. The results indicate that the PBP environment determined by the ethylenediamine-based ligands

investigated in this work favors outstanding optical properties in To** complexes.

Keywords: emission quantum yield ¢ lanthanide e light-emitting device ¢ luminescence ¢ pentagonal-

bipyramidal e seven-coordination

INTRODUCTION

Multifunctional lanthanide (Ln)-based materials have been reported in several fields, such as the
development of light-emitting and magnetic technologies,” smart windows,>® and nano-thermometry,”

° among others. Luminescent Ln-based complexes have also been used in the selective monitoring of

10-13 14-16

cations in aqueous and biological media and cell labeling, while complexes with macrocyclic (and

other polydentate) ligands have been employed as contrast agents for magnetic resonance imaging

21-22

(MRI),?° near-infrared probes for bio-imaging and biosensing, and study of metabolic reactions at

the cellular level.

There is huge international demand for such a wide range of applications. Although
the total market value of rare-earth raw materials is difficult to estimate because of economic and
geopolitical turbulence,® industrial end-products containing f-block elements share a global commercial
value of several trillion U.S. dollars.* Particularly, lanthanide-based phosphors respond for about one-

third of this market worldwide.*?’

For optical applications, intense efforts have been directed to produce highly luminescent and
photostable rare-earth complexes. Magnetic studies, in turn, have focused on the design of molecular
Ln-containing systems in which the high magnetic anisotropy leads to record energy barriers to the

28-30

reversal of magnetization. The quest for the strongly desirable combination of magnetic and optical

properties in discrete molecules has also motivated synthetic and theoretical studies reviewed

recently.>

The sensitization of trivalent lanthanide (Ln*") ions via “antenna effect” is usually described through

the following steps:*’ 1) UV radiation absorption by the ligand, 2) intersystem crossing (ISC) from excited

2
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singlet to triplet states, 3) energy transfer from the ligand triplet state to the Ln** emitting level and,
finally, 4) radiative decay in the visible range. Despite the vast number of publications that establish this
singlet->triplet->Ln*" pathway as the main energy transfer mechanism in highly luminescent Ln**
complexes, the importance of alternative singlet->Ln** routes have also been recognized,”” * after being
considered less important for many years. The frequency of reports on more than one relevant donor
state, or a dominant singlet energy transfer, has increased significantly, and several systems are now

well-characterized.>**

Improvement of the absorption/energy transfer processes to give luminescent materials with long
decay times and high absolute emission quantum yields (the ratio between the number of emitted
photons by the lanthanide and the absorbed photons by the ligands, Q%,)* is an extensively sought task,
to which the design of ligands with specific coordination geometries and the use of different counterions

have contributed significantly.*®*°

In this context, we recently reported the preparation of two eight-
coordinate Tb* nitrates with the polydentate ligands N,N’-bis(2-oxidobenzyl)-N,N’-bis(pyridin-2-
ylmethyl)-ethylenediamine  (bbpen®) and N,N’-bis(2-oxidobenzyl)-N,N"-bis(pyridin-2-ylmethyl)-1,2-
propane-diamine (bbppn®’), which present significantly different QF, values of ca. 0.21 and 0.67
respectively.® In these compounds, thermally active non-radiative pathways are available for
[Tb(bbpen)(NOs)], and respond for excited-state deactivation processes, but, on the contrary, are
minimized in the bbppn®  analog. The differences in the optical properties of the two compounds relate

to the conformation of the ethylenediamine (en) bridge in the ligand, the distorted dodecahedral

coordination geometry about the chelated Tb* ion, and differing packing pressures in the solid state.*

Structural changes in the ligand backbone and their effect on the quantum yield of Tb*" complexes, in
this case with 2,2’-bipyridine (bipy) derivatives, were theoretically assessed by M. Hatanaka et al..* By
comparing ligands with different bridging groups connecting the bipy rings, they found that the barrier
for the deactivating ISC from triplet to (fundamental) singlet increases when the motions that induce the
ISC are restrained. This situation favors energy transfer to the °D, emitting level of Th>*. The substitution
of counter ions, in turn, impacts the emission quantum yields and monochromaticity because it modifies
coordination number and geometry, organic ligand conformation, crystal packing, and molecular/crystal
symmetry. This behavior has been reported, for instance, for Tb* complexes with N-substituted
tris(benzimidazol-2-ylmethyl)amine (ntb) and several different anions (NO; , CI°, ClO,, CF3;SO;7, and
picrate).® The distinct coordination abilities of these counterions led to clearly distinguishable

photophysical properties by affecting site symmetry and tuning the triplet energies of the ligands."
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In the present work, we report luminescence measurements for [Ln(bbpen)Cl] and [Ln(bbppn)CI]
complexes I to IV (Ln = Tb** and Eu®"), comparing the results with those obtained for the corresponding
Th*" compounds with chelating NO;~ ligands.*® The deceptively simple replacement of bidentate NO;
with monodentate Cl™ results in drastic geometry change from distorted dodecahedral to pentagonal-
bipyramidal (PBP), and a remarkable increase in Q%, for both Th>* complexes. Interestingly, a very recent
review on the low symmetry of seven-coordinate Ln*' environments, and its possible effect on
photophysical properties, has been published.? It focuses mostly on B-diketonate-based complexes, but
its findings reinforce the importance of a thorough investigation of the possible generality of such
structure-luminescence correlations. In the present work, we also carried out Density Functional Theory
(DFT) and Intramolecular Energy Transfer (IET) calculations to rationalize the relationship between
energy levels and transfer rates in complexes | and Il, and subsequently clarify which factors, related to
the pentagonal-bipyramidal coordination of Ln*" ions, contribute more to the observed enhancement of

the optical properties.

The PBP geometry is also distinctive in favoring very high magnetic anisotropy in Dy** complexes such
as [Dy(bbpen)X]** and its methylated derivative [Dy(bbpen-Me)X],>* X = chloride or bromide. For these
compounds, effective barriers to magnetic relaxation equal to or higher than 1000 K were reported as
record values, being still among the highest ones described to date. To the best of our knowledge, on the
other hand, the dynamics of the magnetic susceptibility of Th®* complexes with distorted pentagonal-
bipyramidal geometry has not been investigated. For these reasons, we also measured the alternating
current (AC) magnetic susceptibility of products I and II, which contain Tb*" ion instead of Dy*",**** to add
information on electronic factors that influence magnetic relaxation in mononuclear lanthanide

complexes with PBP geometry.

The results reported hereafter reinforce the sensitivity of the luminescence and magnetic properties
of Ln*" complexes to the geometric constraints imposed by the chelating ligands, and provide a high-
performance example of combined excited-singlet- and excited-triplet-to-Ln** IET mechanisms. They
also, and importantly, highlight the striking suitableness of ethylenediamine-based mixed-donor ligands
as optical sensitizers for Tb®* as compared to Eu®* ions. Moreover, the air- and photo-stability of
complexes | and Il, combined with the remarkably significant quantum vyields, allow the fabrication of
pure molecule-based LEDs comparable to high-performance mixed-oxides reported in the literature. The
precise synthetic control, reproducible preparation, and fine structural tuning open a promising way to

using this class of chelating compounds in the development of new and efficient optical devices.
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EXPERIMENTAL SECTION

General

Chemicals were purchased from Sigma-Aldrich and used as received. Solvents (Honeywell/Riedel-de
Haén, Vetec, Aldrich) were dried by standard methods™ and distilled under N, before use. The
proligands H,bbpen and H,bbppn were prepared according to previous reports.”®>’ The solvent (CH,Cl,)
employed in LED fabrication and electronic spectroscopy was dried over activated 3 A molecular sieves
for 48 h before use. Carbon, hydrogen, and nitrogen (combustion) analyses were run by MEDAC
Laboratories Ltd. (Chobham, Surrey, U.K.) or by the Analytical Center of the University of Sdo Paulo (USP,
Brazil), on a Thermal Scientific Flash ES 1112 series Elemental Analyzer or a Perkin Elmer 2400 Series Il
equipment respectively. FTIR spectra were registered in KBr pellets on BIORAD FTS 3500GX or BOMEN
Michelson MB100 spectrophotometers. UV/Vis reflectance spectra and absorption spectra in
dichloromethane solution were acquired on a PerkinElmer LAMBDA 1050 UV/Vis/NIR

spectrophotometer equipped with a PMT/InGaAs/PbS three-detector setup.

Syntheses of Complexes I-VI

The LnCl3-6H,0 starting materials (Ln = Tb*, Eu** or Gd**) were dissolved in methanol and allowed to
react under N, with H,bbpen or H,bbppn in the presence of stoichiometric amount of trimethylamine;
the procedure was adapted from that described by Yamada and co-workers for other Ln*" ions.?® Single
crystals suitable for X-ray diffraction analysis were grown from the mother liquor or from
dichloromethane solutions upon slow liquid or vapor diffusion with diethyl ether, tetrahydrofuran or
glyme. Crystals were light pink for Tb*, colorless for Gd**, and yellow or gold-yellow for Eu*. Yields
ranged from 40 to 85% and were typically higher for bbpen® than for bbppn®  complexes, due to
solubility differences. Crystalline I-VI are air-stable and were therefore manipulated and characterized in

air.

Anal. calcd for CygH,CIN,O,Th (1): C, 51.98; H, 4.36; N, 8.66. Found: C, 51.75; H, 4.43; N, 8.62.
Anal. calcd for C,gH3,CIN,O,Tb (Il): C, 52.70; H, 4.57; N, 8.48. Found: C, 52.52; H, 4.35; N, 8.41.
Anal. calcd for C,gH»sCIEUN,O, (Ill): C, 52.55; H, 4.41; N, 8.75. Found: C, 52.57; H, 4.44; N, 9.46.
Anal. calcd for CyH3oCIEUN,O, (IV): C, 53.26; H, 4.62; N, 8.57. Found: C, 52.89; H, 5.02; N, 8.63.
Anal. calcd for C,gH,3sCIGAN,0, (V): C, 52.12; H, 4.37; N, 8.68. Found: C, 52.00; H, 4.41; N, 8.57.
Anal. calcd for CyH3oCIGAN,O, (VI): C, 52.83; H, 4.59; N, 8.50. Found: C, 52.63; H, 4.29; N, 8.32.
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Single-Crystal X-Ray Structural Analysis

Diffraction data for complexes I-VI were collected on a Bruker D8 Venture diffractometer equipped
with a Photon 100 CMOS detector, a Mo—Ka radiation source, and a graphite monochromator. Crystals
were mounted on MiTeGen® micromeshes. Intensity data were measured by thin-slice w- and ¢-scans at
a fixed temperature, for each compound, between 274(2) and 302(2) K (see Table S1). Data were
processed using the Bruker APEX3 software.®® Structures were determined by the intrinsic phasing
routines in the SHELXT program® and refined by full-matrix least-squares methods, on F*'s, in SHELXL.®*
All non-hydrogen atoms were refined with anisotropic thermal parameters; hydrogen atoms were
included in idealized positions, and their Ui, values were set to ride on the U, values of the parent
carbon atoms. Scattering factors for neutral atoms were taken from the literature.®® All computer

6364 3t the Universidade Federal do Parana and

programs used in these analyses were run through WinGX
the University of East Anglia. Crystal data, data collection, and general structure refinement data are
presented in Table S1. Crystal and molecular drawings in the main text and Supplementary Information

were made with the Diamond software.®

Photoluminescence and Photostability Measurements

Emission and excitation spectra were recorded with the front face acquisition mode at both 11 and
300 K on a Fluorolog®-3 (Model FL3-2T, Horiba Scientific) with modular double grating excitation (1200
grooves/mm, blazed at 330 nm), fitted with a TRIAX 320 single-emission monochromator (1200
grooves/mm, blazed at 500 nm, reciprocal linear density of 2.6 nm mm™) coupled to an R928
Hamamatsu photomultiplier. The excitation source was a 450W Xe arc lamp. The emission spectra were
corrected for detection and optical spectral response of the spectrofluorimeter, while the excitation
spectra were corrected for the spectral distribution of the lamp intensity using a photodiode reference
detector. Time-resolved measurements were carried out with the setup described for the luminescence
spectra using a pulsed Xe-Hg lamp (6x10° sec pulse at half-width and 20-30x10° sec tail). For

photoluminescence measurements, all samples were processed in pellets with 0.5 mm thickness.

Photo-stability measurements were performed by using UV LEDs (325 or 365 nm) as excitation
sources. The UV light was guided by an optical fiber near the surface of the Tb®" pellets; the green
emission was then collected by another optical fiber and directed to a Maya portable spectrometer
(Ocean Optics). These measurements were performed in air at room temperature. The stability of the

fabricated LED was evaluated in the Fluorolog®-3.
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Absolute Emission Quantum Yields

The absolute emission quantum yields were measured at room temperature using the Quantaurus-
QY Plus UV-NIR absolute PL quantum yield spectrometer (C13534-31, Hamamatsu) with a 150 W Xenon
lamp as the excitation source and two detectors (BT-CCD, 300-950 nm, and InGaAs, 900-1650 nm, see
Table S16). Three measurements were made for each sample so that the average value is reported. The

method is accurate within 10% of the measured values.

Production of a Downshifting Layer for Light-Emitting Devices (LED)

The prototypes consisted of commercial near-UV-emitting LED chips (365210 nm, surface mounted
diode (SMD) type, Shenzhen Chang Long Technology Co.) covered with complex Il previously stirred in
dichloromethane (5.0 mg mL™"; 7.6 mmol L™) for 10 min at room temperature. The resulting clear and
colorless solution was drop-cast (10 pL) on the commercial UV-LED chip forming a coating layer. The
solvent was removed by drying in air at room temperature. This deposition and drying procedure was
repeated several times to afford the homogeneous thin films. The reproducibility was confirmed by
fabricating two different LED prototypes. The deposition of the luminescent layer was performed by the
remote method, meaning that the film was coated on the cap of the LEDs, not on the PN junction. This
procedure avoids the exposition of the luminescent coating to the temperature of the PN junction,® and

the break of the junction by the solvents.

The luminous flux of the LED prototypes was measured using an integrating sphere (BaSO, coating;
internal diameter 150 mm, ISP 150L-131, Instrument Systems) coupled to a MAS 40 array spectrometer.
According to the manufacturer, the measurements are accurate to within 5%. The voltage and current
on the LED prototipes were measured using a SourceMeter (2400 SMU Instruments, Keithley) and the

the luminous efficacy (n) values were calculated (n = luminous flux/ electric power).

The emission stability of the prototypes was monitored for 10.5 h of operation at 3.2 V, Figure S19b,

using the Fluorolog®-3.

Alternating Current (AC) Magnetic Susceptibility Measurements

Samples employed for AC magnetic susceptibility measurements consisted of microcrystalline
powders of products | and Il pressed into pellets and wrapped in Teflon tape. AC magnetic susceptibility
analyses were performed on a Quantum Design PPMS (Physical Properties Measurement System)
platform, with oscillating field frequencies ranging from 10 to 10000 Hz, and using a static magnetic field
of 0.1 T. The resulting magnetic data were corrected for the diamagnetic contributions of the samples,

calculated from Pascal constants,®’” together with those measured for the sample holder, and wrapping
7
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|68—69

Teflon tape. Susceptibility data were analyzed with the extended Debye mode as described in the

Supporting Information (Eg. S1 and figures therein).

THEORETICAL SECTION

In Silico Experiments

The geometry optimization calculations were performed at the B3LYP®”* level using the 6-
311++G(d,p)’*”* basis set for hydrogen, carbon, nitrogen, and oxygen atoms, while the core potential
MWB52 was used, with its associated valence basis set, for the lanthanide ions.”” The overlap integrals

7577 The excitation

(p) were calculated using the BP86/STO-TZ2P method within the ADF program.
energies of the complexes were calculated using time-dependent density functional theory (TD-DFT) at
the same level of theory (B3LYP/MWB52(Eu)/6-311++G(d,p)) employed in the geometry optimization

procedure.

Energy Transfer Rates

Intramolecular energy transfer (IET) rates were calculated taking into account the dipole-dipole
(W4_4), dipole-multipole (W,;_,,), and exchange (W,,) mechanisms operating in coordination

compounds, according to Eqgs. 3-5.7%%!

These calculations, aside from allowing quantitative estimates of
energy transfer rates, also lead to selection rules of paramount importance in interpreting experimental

results.

Estimates of the energy transfer rates were obtained from the following expressions for dipole-
multipole contributions, in which K = 2,4, and 6:

L 2me? (rK)2 .
Wam = Gre D6 R Z(KH) ey SICONN* A = oW Ul F (1)

The dipole-dipole contribution can be estimated using:

SL(l - 0'1)2 4 e

Wa-a = (2 +1)G h R®

Zm@“’«p JIU )2 F (2)

where the intensity parameters .QFED are calculated by Eq. S4 using only the Forced Electric Dipole (FED,

|82—83

Eq. S5) contribution (with Simple Overlap Mode or other ligand field models).

The exchange mechanism, which is very sensitive to short-range interactions, is calculated as:®
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In Egs. 1-3, the F parameter is the spectral overlap factor, which contains the energy mismatch

78, 82

condition between donor and acceptor states. In the case of energy transfer involving lanthanide

complexes, the F value can be obtained by:

A 2
_ 1 |In®) e_(m) In(2) .
hyL T ( )
Eq. 4 can be assumed only when the bandwidth at half-height for the donor state of the ligand (y,) is
much larger than the acceptor state of the lanthanide (y.,) ion, ¥, > ¥1n.> The energy difference

between the donor-acceptor states is given by 4 = E; — E; .5

RESULTS AND DISCUSSION

Synthesis and Structural Characterization by Single-Crystal X-Ray Diffraction Analysis

Products I-VI crystallize in good yields without coordinating or solvating water molecules, despite
being produced from hydrated Ln** chlorides. A comparison of their FTIR spectra is presented in Figure
S1. Their air-stability proved to be a very convenient feature as far as the magnetic and

photoluminescence studies described in this work are concerned.

The three complexes obtained with bbpen®, namely products I (Tb), Il (Eu), and V (Gd), are
isostructural in the crystalline state (orthorhombic €222, space group). Compounds that contain bbppn®
(11, IV, and V1), in turn, are also isostructural and crystallize in the C2/c (monoclinic) space group. Figure 1
represents the molecular structures of | and Il, with corresponding drawings for compounds IlI-VI given
in Figures S2 and S3. Experimental details on data collection and refinement for all products are
presented in Table S1, while selected bond lengths and angles discussed in the text appear in Table 1. A
complete list of molecular dimensions is available in the Supporting Information (Tables S2-S7),

together with representative packing diagrams in Figure S4.
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C12i Cc13j

C3 oa C15i c15

Figure 1. Representations of the molecular structures of complexes I (a), [Tb(bbpen)Cl], and Il (b), [Tb(bbppn)Cl],
with the atom numbering scheme. In the diagram of Il, the two disordered orientations of the C(15) atom are
distinguished by solid and dashed bonds.

Table 1. Selected bond lengths (A) and angles (°) for complexes I-VI, [Ln(bbpYn)Cl] (Y = e, p), with estimated
standard deviations in parentheses. The symmetry operations #1, #2 and #3 are -x, y, 1/2-z; 2-x,y, 3/2-z; and 1-x, y,
3/2-z respectively

[Ln(bbpen)Cl]
Complex| Complex Il Complex V
Th-0(1) 2.176(2) Eu-0(1) 2.1994(17) Gd-0(1) 2.1963(17)
Th-N(1) 2.575(3) Eu-N(1) 2.595(2) Gd-N(1) 2.585(2)
Th-N(2) 2.597(2) Eu-N(2) 2.6230(19) Gd-N(2) 2.609(2)
Tb-Cl 2.6805(9) Eu-Cl 2.7083(7) Gd-Cl 2.6934(7)
O(1)#1-Tb-0(1) 153.68(11) 0(1)-Eu-0O(1)#2 152.27(9) 0(1)#1-Gd-0(1) 152.72(9)
[Ln(bbppn)CI]
Complex Il Complex IV Complex VI
Th-0O(1) 2.187(2) Eu-0(1) 2.196(4) Gd-0(1) 2.206(2)
Th-N(1) 2.560(3) Eu-N(1) 2.597(5) Gd-N(1) 2.572(3)
Th-N(2) 2.596(3) Eu-N(2) 2.626(5) Gd-N(2) 2.605(3)
Tb-Cl 2.5971(15) Eu-Cl 2.633(2) Gd-Cl 2.6086(13)
O(1)-Tb-O(1)#3 165.83(13) O(1)-Eu-0O(1)#3 165.8(2) 0O(1)-Gd-0(1)#3 165.66(12)

Molecules of I-VI adopt distorted PBP geometry as exemplified in Figure 2 for complex V. A similar
arrangement of the donor atoms has also been reported by Yamada et al.*® for [Ln(bbppn)X], with Ln =
Lu**, Yb*> and X = CI, SCN7; by Liu et al.>® for [Ln(bbpen)X], Ln = Dy*, Y**; and by Jiang et al.>* for
[Dy(bbpen-Me)X]. In the last two cases, X = CI” and Br". Based on the available literature data and the
results described in this work, we find that, in this class of seven-coordinate species, the departure from
the ideal PBP dimensions can be measured by (i) Alequatimax), OF the maximum bond length difference in
the equatorial plane; (ii) the maximum distance between the equatorial atoms and the mean (calculated)
pentagonal plane, ADgpane(max; @and (iii) the deviation from 180° of the bond angle involving the axial
(oxygen) atoms, AA... These values are presented in Table 2 and evidence how structurally disturbing is

the insertion of C(15) upon the planarity of the equatorial donor atoms in the bbppn®  complexes (high

10
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ADyiane(max), but, on the other hand, how this same insertion decreases the disparity in bond lengths in
the pentagonal plane (low ALequatimax) @and also leads to a more axial structure, as far as the 0(1)-Ln-0(1))
angle is concerned (small AA.,.1). Such close-to-axial symmetry involving the strongly donating phenoxide
groups may contribute to increased magnetic anisotropy depending on the prolate or oblate nature of

the central lanthanide ion.”***

ci1

Figure 2. Distorted pentagonal-bipyramidal coordination sphere of the metal ion in [Gd(bbpen)Cl] (complex V).

Table 2. Structural deviation from ideal PBP geometry in complexes I-VI (%)

Complex Ligand AI_-equat (max) (A) AQplane (max) (A) © AAaxial (o)

1 (Tb) 0.106 0.221 26.3
1l (Eu) bbpen®” 0.113 0.228 27.7
V (Gd) 0.108 0.225 27.3

1 (Tb) 0.037 0.568 14.2
IV (Eu) bbppn® 0.037 0.568 14.2
VI (Gd) 0.037 0.586 14.4

(°) Parameters determined with the Mercury software.”’ For the meaning of AL, AD and AA, see text. (°) The distance from the
mean plane was measured from N(2) or N(2)".

The two types of crystal structure, represented by the non-centrosymmetric €222, and the
centrosymmetric C2/c space groups, also differ in crystal chirality. Accordingly, although the individual
molecules of II, IV, and VI present N-, C- (R or S), and metal-centered chirality (A versus A),>* *® the
inversion centers in the C2/c unit cell prevent the existence of enantiomeric crystals. On the other hand,
the Sohncke space group®®® €222, displays only rotations, translations, and rototranslations in the unit
cell, opening the possibility of chiral crystal structures for the bbpen® complexes I, Ill, and V (Flack
parameter® of -0.005(5) for I, for example). However, such structural distinction does not seem to

differentiate the magnetic or light-emitting properties of the Tb** and Eu** compounds I-IV (see below).

Despite the different temperatures of data collection, the comparison of selected crystallographic
data obtained for [Th(bbpen)X] and [Tb(bbppn)X], X = CI” or NO5",°> *° indicates a few consistent general

trends (Tables S8 and S9). Firstly, when X is changed, the resulting bond lengths around the lanthanide

11
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ion (Tb=Opnenoxider TO=Namines Tb=N,,, and Tb-X) change more with bbpen®” (Table S8) than with bbppn*”
(Table S9). This may suggest that bbpen® generates a more flexible coordination geometry that is
especially sensitive to steric demands of the anionic coligand. This observation is in line with the fact that
when confronting the two nitrate complexes, the one with bbpen® presents a much lower quantum
yield (21 + 2 %) than its bbppn® analog (67 + 7%), a result attributed to a more rigid environment
created by bbppn®".*° Accordingly, the disparity in bond lengths in the coordination polygon of the Tb**

chlorides is again larger with bbpen®’, as already shown in Table 2 by the ALequatimax) Parameter.

The two most striking structural observations for the Tbh*' halide complexes here described
(complexes I and Il) are the decrease in the Ln-Cl bond length, from 2.6805(9) to 2.5971(15) A, and the
dramatic increase in the Ophenoxide=TO=Ophenoxide @angle from 153.68(11)° to 165.83(13)° when replacing
bbpen®" with bbppn® (Table 1). These specific differences do not significantly affect the optical
properties of complexes | and Il, shown in the next sections to be excellent in both cases. This suggests
that the PBP geometry, differently from the distorted dodecahedron of the nitrate complexes,®® *° may
be a compact environment that enhances the antenna effect of these ethylenediamine-based ligands
and prevents the deactivation of the emitting levels. Thus, the considerably better photophysical
performance of the chloride-containing [Tbh(bbpY¥n)CI] (Y = e, p) products as compared to their NO3
analogs™ appears to be determined by the PBP environment of the Ln* ions in the individual molecules
and by their electronic structure, rather than by the presence or absence of crystal chirality. This
proposition on the suitability of the PBP geometry is supported by a recent work by Ayers and co-
workers in which the related tpen ligand (tetrakis(2-pyridylmethyl)ethylenediamine) generates an eight-
coordinate square-antiprismatic coordination sphere for the Th*" ion; the complex presents a quantum
yield of 55.3 % in the solid-state.” This value is significantly lower than those for PBP [Tb(bbp¥Yn)Cl] (Y =

e, p; this work) and close to the result given by eight-coordinate [Tb(bbppn)(NO3)].>% *°

From the magnetic point of view, the structural differences reported above between complexes with
bbpen®” or bbppn® also do not significantly affect the relaxation dynamics of I and Il, which are very
similar. In fact, both our sets of data (magnetic and optical) suggest the adoption of the PBP geometry to
override subtle structural differences in the ligands and be itself a determining factor in Tb*" properties.
These findings differ from the photophysical results for Th®* complexes with the same ligands in a

distorted dodecahedral coordination environment.*

Magnetization Dynamics

The magnetization dynamics of complexes | and Il was investigated by AC susceptometry on

polycrystalline samples. The isothermal field dependences of magnetic susceptibility of both samples,
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Z

measured at 2.0 K, are reported in Figure S5, and show no out-of-phase xu” in zero field, in striking

contrast with what was observed for Dy** analogs.”*>*

Upon application of a static field of 1 kQOe, in turn,
both I and Il display frequency- and temperature-dependent magnetic behavior typical of single-ion
magnets (SIM). Accordingly, Figure 3(a) shows peaks in the xu”(w) curves whose maxima shift to higher
temperatures upon increasing oscillation frequency of the field. Products | and Il present strikingly
similar temperature yu”(w) dependences (Figure S6). Such a finding suggests that, for these Tb*" chloride
complexes in the PBP coordination environment, the effect of inserting one additional methyl group in
the bbppn®" complex Il versus its absence in | is not as determining of molecular properties (apart from

structural) as it was for the eight-coordinate analogs with coordinated NO;™.*° This result parallels most

of the optical properties of the two chloride-containing complexes described in the next sections.

3.5+ 7 7
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Figure 3. (a) Temperature dependence of x\' and xy” for complex Il, measured with a static field of 1.0 kOe for
eleven logarithmically-spaced frequencies of the oscillating field, spanning the range between 10 Hz (red data) and
10 kHz (blue data). (b) Temperature dependence of the magnetic relaxation times, Ty, extracted from AC
susceptibility data measured for I and Il, reported as an Arrhenius plot.

Fitting of the isothermal yu"(w) curves allowed to extrapolate the magnetic relaxation times (ty) of |
and Il at different temperatures. These parameters are reported in the Arrhenius plot of Figure 3(b). To
fit the plots for both compounds, a relaxation model involving three different processes has been used,

as described by:
1
—=CT"+ AT + 5
z VQTM ( )

In this model, the first term describes the relaxation of the molecular magnetization through a Raman
process, the second a direct relaxation between two magnetic states, and the third term, the quantum

tunneling of the magnetization between degenerate +m; states.”” The parameters obtained from the fit
13
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are reported in Table S10. It must be stressed that, even though our measurements were performed in
the presence of a static field, the last term (vqrm) Was necessary to reproduce satisfactorily the low-
temperature range of the plots. We attribute this behavior to the non-Kramers nature of the Tbh*" ion,
similarly to what was observed for other Tb*" SIMs, which activates efficient mixing between states

12> The values obtained for the n

belonging to different sides of the double potential energy wel
exponent of the Raman process are 6.9(2) for I and 6.06(7) for Il, in line with the value of 7 expected for
a non-Kramers ion,” and differing, as expected, from the lower values encountered in a recent study
with the Gd*>* complex V, [Gd(bbpen)Cl].”” The a parameter in Eq. S1, whose maximum values are 0.29
and 0.26 for I and Il respectively at 2.0 K (Figure S7), indicates a narrow distribution of relaxation times.
Attempts to fit the plots using a mixed approach involving an Orbach relaxation mechanism yielded
poorer results and were discarded.”® For comparison with previous reports from the literature, an
evaluation of the effective barrier to the thermally-activated magnetic relaxation has been carried out by
fitting the T > 5.8 K data with an Arrhenius function, yielding the values of 23(1) and 24(1) cm™ for I and
Il, respectively. Even if the unambiguous determination of the magnetic relaxation pathway in the Tb**
complexes I and Il would require a more thorough spectroscopic and theoretical analysis that is beyond
the scope of the present manuscript, our results here indicate that a mixed Raman/direct/QTM
mechanism is likely to be active for both compounds. This proposal is reinforced by the fact that the
energy differences involving the m, states of the ground 'F¢ multiplet in complexes I and Il (as extracted
from the emission spectra in Figure $12b), being in the 60-100 cm™ range, are not compatible with the

relaxation barriers determined from Figure 3b for an Orbach relaxation mechanism.

The non-Kramers nature of the Th>* ion seems to be decisive to give fast relaxation in zero field and
provide SIM behavior only upon applying a low-intensity static field, differently from the observed for

the Dy** analogs,**>*

and overruling the structural differences between | and Il. This trend has been
associated to spin-parity effects.”® On the other hand, several examples of eight-coordinate Tb**
compounds with capped- or pseudo-square antiprism coordination reported in the literature failed to
display slow relaxation of the magnetization even in the presence of an applied magnetic field,”>®> while
the PBP systems investigated herein clearly display slow magnetization dynamics in such conditions
(static field 1 kOe). These results indicate that the distorted pentagonal-bipyramidal geometry of the

crystal field in 1 and Il may hold promise to reduce the through-barrier mixing of the +m, sublevels of the

Th*" ground state, and effectively promote the desirable zero-field SIM behavior in this integer J system.
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Excited States for Complexes | and Il

The UV-visible diffuse reflectance spectra of the Th*>* complexes I (with bbpen®’) and Il (bbppn®) in
the solid-state present broad and intense, overlapping bands below 400 nm, together with a prominent
shoulder at 425-550 nm, Figure S8. This energy absorption profile is well compatible with a potential
antenna effect. The assighment of selected excitations and the possibility of ligand-to-metal charge
transfer (LMCT) bands close to the donor states were investigated by Time-Dependent Density
Functional Theory (TD-DFT) calculations (see In silico experiments). LMCT transitions were not observed
in the first 100 excitations (from 406 to 240 nm), indicating that, in complexes | and Il, LMCT states
probably have high energies with corresponding wavelengths shorter than 240 nm. More details are
given as Supplementary Information (Calculated MO Energy Diagrams and Composition of Selected

Excitations, and Figures S20-S22).

Diffuse reflectance and emission spectra were also acquired for the Gd** complexes V,
[Gd(bbpen)Cl)], and VI, [Gd(bbppn)Cl], to assess the ligand singlet and triplet energy levels. The lowest-
energy excited singlet state (S;) was observed at ca. 27000 cm™ (370 nm), Figures S9a and S10a. The
singlet energies were estimated from the reflectance spectra acquired from the Gd** complexes V and VI
(Figures S9a and S10a), which were deconvoluted in Gaussian bands with maxima at ca. 37050 cm™ (270
+ 25 nm), ca. 31650 cm™ (316 £ 25 nm), and ca. 27000 cm™ (370 + 20 nm). These values are in good

accordance with the results of theoretical calculations, as presented below and in Figures S21 and S22.

Time-resolved emission spectra registered at 11 K are shown in Figures S10b and S11. The emission in
the 440-600 nm region arises mainly from triplet manifolds, as confirmed by the long decay times of
0.710 £ 0.017 ms (monitored at 440 and 500 nm) and 0.925 + 0.016 ms (monitored at 540 nm) measured
upon wavelength excitation at 325 nm. Moreover, by increasing the excitation wavelength to 365 or 385
nm, similar bands were observed, but with variations in relative intensities, Figure S10b. This change in
excitation wavelength allowed us to search for different components of the triplet emission prior to the
determination of the band barycenter and zero-phonon line (Figure S11). The zero-phonon energy is
observed around 25100 cm™ (ca. 400 nm), in accordance with the theoretical TD-DFT result (Figures S21

and S22).

The triplet bands shown in Figure S10b occur in the same energy region of the time-resolved emission
spectra recorded for the H,bbppn pro-ligand, Figure S10d. In the case of the proligand, the triplet decay
times are much longer (ca. 120 ms for A.,= 440 nm and A= 310 nm at 11 K), as expected in the absence

of a heavy atom,” when compared with the values registered for products V and VL.
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For both Gd*" complexes, the experimentally observed S; state at ca. 27000 cm™ is approximately
6000 cm™ above the triplet band with barycenter at ca. 21000 cm™ (about 475 nm, Figure S11). Such
difference, smaller than 7000 cm™, favors intersystem crossing (ISC) to the triplet over competitive
relaxation back to the ground (So) state.'® On the other hand, the energy difference between the
barycenter of the triplet band and the °D, level of Tb*" (20400 cm™) is small (ca. 600 cm™), suggesting
the possibility of back-transfer between these states; this was considered in the theoretical modeling
discussed in the following section. Also, in complexes | and Il, the relative energies of the excited ligand
states and the Tb>* levels are compatible with the direct energy transfer from S, (n = 1-3). This agrees

27,40, 42-44

with the operation of additional singlet pathways, as discussed below.

Excitation and emission spectra measured at 11 K are presented in Figure S12. Complex Il presents
longer °D, decay times (t,), both at room temperature and 11 K, compared with I (Table 3 and Figure
S$13). This result is probably due to the effect of the methyl groups attached to C(14) (see Figure 1) in ll,
which apparently deactivates vibrational modes that lead to a shorter lifetime in I. Despite this
difference, both complexes present very high QZ, values, as also indicated in Table 3. To the best of our
knowledge, the absolute quantum vyields of ca. 0.9 measured for | and Il are among the highest values

reported for Tb>* complexes to date,®* %1%

nearing quantitative yields. These results, and the air-
stability of the compounds, prompted us to investigate their performance in optoelectronic devices that

require high luminescence in the ambient atmosphere, as described in the next sections.

Table 3. Room temperature and 11 K 5D4 lifetimes (7,), monitored at A, = 540.5 nm, and absolute emission
quantum yields*” '’ (QL,) determined upon variable wavelength excitation

Page 16 of 34

Complex @ % (ms) % (ms) Ao Qf." QLL." ©
300 K 11K nm Solid Solution
272 0.71 £ 0.07
1 0.814 +0.002 0.882 +0.002 320 0.90 £ 0.09 (not measured)
365 0.45 +0.05
272 0.88 +0.09 0.50 + 0.05
I 0.969 + 0.005 1.112 +0.001 320 0.92 +0.09 0.55 + 0.06
365 " 0.62 +0.06 0.41+0.04

fa) Tr (ligand) = ca. 0.9 ms for Ag,= 480 nm and A= 385 nm at 300 K. (b) Measurements at 365 nm are mainly due to the

"F¢=>°Gs transition of the Tb*" ion (Figure S12a). (c) Solution in dichloromethane 5 mg mL™ (7.6 mmol L’l).

Because of its better emitting performance in the solid-state, complex Il was also employed in
measurements of photoluminescence lifetime and absolute quantum yields in dichloromethane solution
(dem, 7.6 mmol L™?). The 1, value in dem was equal to 1.031 ms, and an was added to Table 3. Despite
the higher probability of non-radiating processes in solution, the results provided by Il are still excellent,

confirming the robustness of the structural and energy matchings between the Ln* ion and the organic
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ligand in the terbium system. The distinctive quantum yield values measured for different excitation
wavelengths are discussed below in the Estimation of IET Rates and Absolute Emission Quantum Yields,

and Dependence on Excitation Wavelengths section.

The Eu**-based complexes Ill and IV did not present photoemission at room temperature but only at
11 K, Figure S14. Considering the energy-level diagrams for complexes lll and IV (left-hand side of Figure
S14), it is probable that the °Dy levels of Eu*" are also populated via ligand singlet states, as it happens
with | and Il. However, low-lying charge-transfer (LMCT) states in the visible region, or a photoinduced
electron transfer (PeT) event, known to operate in europium(lll) compounds, may be responsible for

°2 108110 The crystals of both complexes

quenching the luminescence of lll and IV at room temperature.
are indeed intensely colored (bright- to gold-yellow, Figure S15), differently from the observed for the
Th*" (light pink) and Gd** (colorless) analogs. A very interesting description of a complete quenching of
Eu®" luminescence upon deprotonation of a hydroxyquinoline ligand has been made,™ and this might
relate to the phenolate groups in lll and IV. In the quinoline case, the quenching was attributed to an
increase in electron density on the antenna following deprotonation, facilitating transient oxidation and
consequent deactivation of the ligand excited state by a PeT or LMCT process.'*! Considering products Il

and IV, a comprehensive investigation of the nature of such efficient deactivation is yet to be carried out,

being outside the immediate reach of the present work.

To understand these findings and elucidate the preferential pathways for ligand-to-Tb*" energy
transfer, as well as quantify the transfer rates, a new theoretical approach was developed as described in

the following subsections.

In Silico Experiments

In this work, to address the problem of estimating photophysical properties such as intensity
parameters (£2;), radiative emission coefficients (4,44) and theoretical quantum yield (Q%,) for Tb*
compounds, we started from isostructural complexes of Eu** and Tb*" so that the Eu®* compound was
used as a reference. This approach was necessary because Tb*" luminescence transitions are
characterized by strong magnetic dipole contributions; these must be taken away before the values of
the intensity parameters (Q;xt’) are extracted from absorption spectra through the oscillator strength

fitting procedure.

Accordingly, DFT geometry optimization at the B3LYP/MWB52(Eu)/6-311++G(d,p) level of theory was
used to obtain a simulated structure for [Eu(bbp¥Yn)Cl] (Y = e, p) (complexes lll and IV), which was then

compared with the molecular dimensions (bond lengths and angles) determined by single-crystal X-ray
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diffraction analysis (Tables S4 and S5). The agreement between the sets of data is very good (Figure 516),
as confirmed by the root mean square deviation (r.m.s.d.) of atomic positions calculated for the whole
structure, which equals 0.147 A for complex Ill. This deviation parameter decreases significantly to 0.064

A when only the first coordination sphere of the Eu®" ion is considered.

The determination of photophysical properties of the luminescent Tb®* complexes I and Il from
isostructural Il and IV was based on the following steps: (i) extraction of intensity parameters,
particularly Q;x”, from the Eu®* emission spectra, followed by determination of the theoretical
counterpart, 25"¢%; (ii) from 24¢°, separation of the quantities (o, aop and g) that describe the chemical
environment around the Ln* ion; (iii) simulation of the Tb*" response to the same environment
experienced by Eu**, and (iv) estimation of Intramolecular Energy Transfer (IET) rates and QF, using an

appropriate system of rate equations. Details of this procedure are presented as Electronic

Supplementary Information (Theoretical calculations).

Estimation of IET Rates and Absolute Emission Quantum Yields, and Dependence on Excitation
Wavelengths

It has been reported, for a range of Eu**-based compounds'* and Tb*'/Ce* in doped layered

B that the lifetime of the emitting °D, level depends on the excitation energy provided to the

silicates,
system. To add to those findings, we carried out a detailed study on the intramolecular energy transfer
(IET) processes involving the Th*" complexes | and II, focusing on their relationship with the excitation

wavelengths and their effect on the overall quantum yield QZ,.

Data on Table 3 indicate different IET dynamics for [Tb(bbp¥Yn)ClI] (Y = e, p) excited at (i) 272 nm, (ii)
320 nm, and (iii) 365 nm, both in the solid-state and dichloromethane solution. The observed
dependence of the QF, values of I and Il on these wavelengths results from the principal processes

summarized in Figure 4. For the numerical rates, please refer to Tables S13 and S14.

i) Following excitation at 272 nm (36765 cm™), the energy is transferred mainly from the S; to the °F,,
°Fs, and °H, states (summed rates of ca. 5.09x10° s™'; see Table S13). From there, the energy can
bounce to the S, (320 nm) with a faster rate (1.36x10” s™).

ii) For excitation at 320 nm (31250 cm™), the forward energy transfer (S,->°Gg) is eight times faster than
the backward °G¢->S,.

iii) The excitation at 365 nm (27400 cm™), in turn, has the largest forward/backward ratio of up to 100.
However, at this point, the S;>T; intersystem crossing rate (W,s) becomes important due to the

energy proximity between the S; (27100 cm™) and T, (21000 cm™) states.
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Figure 4. a) Energy level diagram for the [Tb(bbp¥n)Cl] (Y = e, p) complexes. T, is the singlet decay time, W and W
refer to the energy transfer rates from the T, and singlet (S;, S,, and S;) states to the o> energy levels,
respectively. Their corresponding backward energy transfer rates are indicated with a subscript b. The decay
lifetimes of T, (t7) and the emitting level 5D4 (t4) are given in Table 3. The symbol ¢ refers to the pumping rate. The
labels |[P) (P =0, 1, 2, 3, 4, and 5) represent the set of states used for solving the system of rate equations
(Electronic Supplementary Information). b) Magnified picture illustrating the energy dynamics between the ligand
singlets (left) and Tb** states (right) with emphasis on the excitation wavelengths, as described in detail throughout
the text. Broken black arrows denote forward processes, while solid red ones correspond to backward steps. The
numbers on the arrows refer to the highest rates listed for each excitation wavelength in Table S13.

All processes described above include the lower energy dynamics when applicable, meaning that the
process i) includes ji) and iii); the process ii) involves iii), and the process iii) is considered alone.
Consequently, Wsc should be considered for all dynamic processes, as the S; state is populated

regardless of the excitation wavelength (272, 320, or 365 nm).

Table S13 shows the forward and backward IET rates for 46 pathways related to the 272, 320, and
365 nm excitation wavelengths. The IET rates involving the T, state are independent on the excitation
wavelength because the population of this state depends mainly on the ISC rate and the backward

energy transfer from the °Gg level (Table S14).

The quantum yield QF,, (Eq. 6) can be estimated by solving an appropriate system of rate equations in
the steady-state regime, as detailed in the Electronic Supplementary Information. The final expression
presented below indicates how QF, depends on the lifetimes (r) and IET rates (W). W,sc and g are the

variables gathered in Figure 5, which is discussed as follows.
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N, ( T4Ts ) [W3—>4WS + T W’ (VVISCWbS + C(Wsc + WS))]
$No [

L =~ (A =
Qin = (Araa) T, (1K) |[WS (1 + tsWise) + C(L + tsWise + TsWOTeWT + 1 + 1,W] ] (6)

In Eq. 6, the emitted photons are given by the product A,,,;N,4, being A,.,qs the spontaneous emission
coefficient of the emitting level (14), °D, for Tb**) with a population of N,. The absorbed photons are
given by the product ¢N,, being ¢ the pumping rate and N, the population in the ligand ground state S,.
The indexes T and S represent the ligand state involved in the quantity, the subscript b indicates the
backward energy transfer rate (energy from Ln*" to the ligand), and the constant C = Wi+ Wi =
3.1 x 10% + 10 x 10° s~ is the sum of the energy transfers from state |3) (levels above °D,) to states
14) (°D,) and [1) (T,). Wsc is the intersystem crossing rate, which is very sensitive to the energy gap AEs r

between the S; and T, state.™

The W5 can vary by orders of magnitude even in molecules with similar
structures and AE;s_;, as studied by El-Sayed in the cases of naphthalene (W = 10° s™) and quinoline

(Wisc = 10% s™"),™ depending also on the strength of the spin-orbit interaction.™*®

Figure 5 shows the calculated behavior of an versus Wisc and tg (singlet state lifetime) for each
excitation wavelength. The data were statistically treated by weighted least squares and a total of 9800
points (values of QF,) for each surface were used. In all cases, QF, increases when both Wi and 7

grow, confirming the importance of both triplet and singlet states in the IET process, as emphasized

below.
272 nm 320 nm 365 nm
WS =5.51x10%s"1 WS =1.03x10%s"1 WS =1.48x10"s1
W5 =1.67x107s71 W5 =3.43x105s7! W5 =131x10%s""!

(wugee) 7O

Figure 5. Quantum yields (Q%,) as a function of the ISC rates (W,sc) and fluorescence lifetimes (7). Both rates are in
log scale, log(Wisc) and -log(Ts). The highlighted regions indicate the matchings with the experimental data.
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Complexes | and Il constitute an interesting case in which both the singlet and triplet states of the
ligands are relevant for the photophysical properties of the system. On one hand, the population of the
T, state grows when W increases; on the other, the population of the S; state grows when the 7g
lifetime increases, and both populations contribute to the rise in an. Considering that the oscillator
strengths (f, Figure S8b) follow the trend f(272 nm) > f{320 nm) > f(365 nm), the higher the f value, the
more allowed is the absorption and also the opposite process (the fluorescence). Thus, a shorter singlet
lifetime is expected for the excitation at 272 nm. Accordingly, the observation of the 272 and 320 nm
surfaces of Figure 5 evidences that the values of an(gzo nm) lie close to the maximum of 90% while those
of an(zn nm) are located around 80% (see highlighted regions), in agreement with the experimental

values in Table 3.

Lastly, both the bbpen® and bbppn® ligands, Figure S10a for [Gd(bbppn)Cl], absorb poorly at 365
nm. In fact, the absorption in this region is mostly attributed to the "Fe->°Gs transition of the Tb* ion (as
shows Figure S12a). This implies longer values of 7 (in the order of us), leading to QF,(365 nm) around

60% and corroborating the calculated (Figure 5) and measured (Table 3) results.

Photostability and Preparation of a Downshifting Layer for a UV-LED Device

Photostability is an important requisite for the development of optoelectronic devices. Recent studies
have shown that Ln** complexes generally suffer photodegradation upon continuous illumination,**’***
which is attributed to possible molecular interactions in the solid-state or intense vibrations of the
complex after absorbing light. The first phenomenon leads to dissipation of the energy absorbed by the
ligand,"® while vibrations may result in fast molecular decomposition."” For instance, J. Kai et al.
showed that [Tb(acac)s(H,0)s] loses 53% of its initial emission intensity after illumination at 340 nm
during 6 hours; this loss was reduced to 8% by dispersing in a poly(methylmethacrylate) (PMMA)

121 Recently, Lapaev et al. reported a Th*" B-diketonate complex denoted as [Tb(CPDK;.)s(phen)],

matrix.
where CPDK;; is 1-(4-(4-propylcyclohexyl)phenyl)decane-1,3-dione and phen=1,10-phenanthroline,
which was melted at 405 K and vitrified between two quartz plates to reduce the exposition to
oxygen.'”? Upon illumination at 337 nm, the vitrified film showed no degradation up to 4.5 hours; no
information was given on longer exposition times. In another approach, [Eu(tta);(ephen)], ephen = 5,6-
epoxy-5,6-dihydro-[1,10]phenanthroline, suffered a reduction of 70% on its emission intensity in the first

two hours of illumination at 365 nm; this photo-bleaching process was reduced to ca. 30% (10 hours of

exposition) by incorporation of the complex in an organic-inorganic tri-ureasil matrix.'*

In the present work, although both products I and Il are soluble in dichloromethane, only complex I

was investigated as a potential downshifting layer due to its superior luminescence properties. As shown
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in Table 3, a significant an value of 0.55 + 0.06 was measured for a 7.6 mmol L™ solution of Il in dcm,
and this solution produced homogeneous thin films by drop-casting on a substrate at room temperature.
Notably, the composition of I, and therefore the chemical environment of the Tb* ion, was preserved
after solubilization and preparation of the thin film, as indicated by the optical and XRD data presented
in Figures S17 and S18. These features, together with the photo-stability of the complex upon UV
illumination in air without dispersion into a hybrid host (maximum 10% loss of emission intensity after 10
h of continuous excitation at 325 nm, Figure S19c), allowed the direct application of the film as a green-
emitting layer onto a UV-LED chip (365 nm). Figure 6 shows the results concerning the [Th(bbppn)Cl]-
coated UV-LED. The green emission is characterized by (x,y) CIE color coordinates in the yellowish-green
spectral range of (0.33,0.58). Since we are quantifying the emission color of the phosphor, the emission
spectra are governed by the typical intra-4f° °D,—F¢_5 transitions. The higher relative intensity and low
FWHM (full width at half-maximum, <10 nm) of the °D,~>’F¢ transition in the green spectral range
(peaking around 545 nm) is responsible for the color purity, when compared with other green-emitting
phosphors based on Eu** (*Fs °D;>"F;) or Ce3+ (*F¢ °D1=>"F1)."** The emission was further quantified by
the photometric luminous flux (0.587 Im) and luminous efficacy of radiation (n=6.1 Im/W) when
submitted to a current of 30 mA. Comparatively (Table S15), this value of n is 7.6 times higher than the
response achieved with [Tb(3Cl-acac)s;(H,0),] at the same excitation wavelength,’* and is similar to the
luminance efficiency (7.12 Im/W) of the commercial Ce3+/Tb3+—co-doped CasSc,Si;04, coating layer on

InGaN-blue emitting LEDs (460 nm)."*®

To the best of our knowledge, the highest n values (Table S15) reported for molecular Tb*" complexes
in LED prototypes refer to [Th(p-BBA);(UA)]** and [Tb(p-BBA)s(MAA)]**® after excitation at 365 nm, with
p-BBA = 4-benzoylbenzoic acid, UA = undecylenic acid and MAA = methacrylic acid. These compounds
presented n = 17.3 and 18.6 Im/W under 350 mA (respectively) after mixing with silicone and curing at
150 °C;****® however, none of them was characterized by single-crystal X-ray diffraction analysis or mass
spectrometry or had quantum yields determined in the solid state. If, on the other hand, the mixed-
metal Th3Als04,:Ce® oxide (TAG:Ce) coating on InGaN (for the fabrication of white LEDs) gives 34.1 Im/W
at 20 mA," its preparation requires firing high purity Ln oxides at 1500 °C in a reducing atmosphere.**°
Such a solid-state route is dramatically different from the mild synthetic conditions employed in this

work for preparing complexes I and Il
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Figure 6. a) Room-temperature emission spectra of the LED phosphor produced with complex II; b) color
coordinates in CIE 1931 chromaticity map; c) and d) commercial 365 LED chip coated with a film of complex Il, with
30 mA of driving current upon 3.2 V.

The emission stability of the LED prototypes made with complex Il was monitored for 11 hours. The
intensities remained constant with no color shift, Figure S19a, confirming that Il may be used as a UV-
downshifting phosphor for green-emitting LEDs. Moreover, the intensity of the fabricated LED (operated
with 3.2 V) displays less than 10% degradation after more than 10 hours of continuous working, Figure
S19b. This photo-bleaching resistance of pure Il in a thin film, even without incorporation in any organic
or inorganic matrix and without thermal treatment, is much higher than that reported for other Tb** and
Eu®" complexes with ligands such as B-diketonates.’” *** '2* Considering that many possible structural
changes can be made to these ethylenediamine-based ligands before preparing the derived Ln**
compounds, such chemical versatility and robustness are advantages of these chemical species in

potential optical applications such as integration in UV-LEDs or photovoltaics.
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CONCLUSIONS

Despite their wide use in several fields of coordination and analytical chemistry due to easy and
versatile synthesis, ethylenediamine-based polydentate ligands have not been widely explored in
photoluminescence studies. Here we show that the simple combination of phenolate and pyridine rings
as substituents on the ethylenediamine backbone produces robust and efficient antennas for Th*" ions.
Emission quantum yields as high as 92% in the solid-state, convenient excited-state lifetimes of ca. 1.0
ms, and remarkable stability (in air, under irradiation, and in thin films) are positive features of the
products here described. Synthetic tailoring of these ligands and the coordination sphere, together with
possible insertion in organic/inorganic polymeric matrices, are wide-open possibilities for this promising

system.

A comprehensive structural, chemical, and spectroscopic characterization of six lanthanide complexes
of en-based ligands was described in the present study. The two Tbh*" complexes | and Il display slow
magnetic relaxation with an applied static field, in striking contrast with the behavior of the Dy*" analogs,
suggesting their non-Kramers nature to be a ruling factor in determining the magnetization dynamics.
Comparison of the magnetic data and optical emission spectra at low temperature suggests a

Raman/direct mechanism to be active for both Tb** compounds.

Highly efficient energy transfer from the antenna ligands has been revealed for both products I and Il.
Such efficiency, combined with robustness, allowed the fabrication of bright green-emitting LED
prototypes. In this work, we also introduced a new theoretical model, based on the intramolecular
energy transfer dynamics, to rationalize the dependence of emission quantum vyields on the excitation
wavelengths. The results evidenced that the Tb(bbpYn)Cl complexes (Y = e, p) are good molecular
examples in which both triplet and singlet excited states provide energy to the Tb*" ion and lead to high

values of QF,,.

The relevance of the regular pentagonal-bipyramidal geometry around Tb** for the matching of
energy states or inhibition of excited-state deactivation processes is worth further investigation for the
establishment of new optical-structural correlations. Based on the findings here described, and in line
with recent reports about the enhancement of magnetic and optical properties in seven-coordinate

28, 52

environments, the combination of PBP geometry and suitable en-based ligands may provide

substantially improved magnetic, photo- and electro-luminescent Ln**-based materials.
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Synopsis

This work presents a comprehensive structural, chemical, and spectroscopic characterization of two Tb**
complexes of mixed-donor, ethylenediamine-based ligands, focusing on their outstanding optical
properties. They constitute good molecular examples in which both triplet and singlet excited states

provide energy to the Tb* ion and lead to high values of QEL,.
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