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ARTICLE INFO ABSTRACT

Keywords: A series of neutral Yb®>' and Gd®* complexes with isomeric 4,4,4-trifluoro-1-(naphthalenyl)butane-1,3-diones
Ytterbium and 1,10-phenanthroline as an ancillary ligand were synthesized and characterized by a full range of analyt-
1,3-Diketones ical methods, including elemental analysis, FTIR and NMR spectroscopy, single crystal X-ray analysis, cyclic
;cl’gll(’)lf;;s voltammetry (CVA) and thermal analysis (TG/DTA). Moreover, the unexpected formation of a mixed diketonate-
Luminescence carboxylate Yb3+ complex [Yb(2-Naph),(CF3COO)(phen)(H20)] from [Yb(2-Naph)s(phen)] in solution was

observed. The photoluminescence quantum yield (PLQY) for complex [Yb(2-Naph)s(phen)] in the near infra-red
region (one band with a peak at 980 nm) was about 3,2%. This value is close to the highest one reported for 1,3-
diketonate complexes of Yb3* ion to date. The energy transfer process is discussed in details, based on the results
of TD-DFT calculations and experimental photophysical measurements. These complexes were successfully used
as emitters in multilayer OLEDs. The electroluminescence quantum efficiency corresponding to the sole band at
980 nm reached 0.042% with a maximum irradiance of 11 ;4W/cm2 at 8.5 V for [Yb(2-Naph)s(phen)] based
device, which is unusually high for such type of emitters.

and organometallic compounds can be used as a ligands. In particular,
macrocyclic ligands [12,13]; heterometallic d-f ensembles [14,15];

Yb3* coordination compounds demonstrate luminescence in the carboxylates and phenolates were used as efficient sensibilizers for the
near-IR region of the spectrum (around 980 nm), and therefore they are Yb3* ion, but the largest number of coordination compounds of ytter-
widely used for biomedical applications [1-3]; to create UV to NIR ra- bium were obtained with 1,3-diketones [16-19] as the ligands.

1. Introduction

diation converters and intensifiers for silicon photoreceivers [4]; in
luminescent thermometry [5,6]; optoelectronics [7]; lasers [8] and for
defense applications [9,10]. Trivalent ytterbium is a special ion in the
lanthanide series since it has only two 4f levels. Although the Yb®* ion
can be directly excited by absorbing radiation at 980 nm, this process is
not very efficient. Since f-f electronic transitions are forbidden according
to Laporte rule [11]; much more efficient excitation of Yb3* lumines-
cence can potentially be achieved through the use of organic ligands
bound to the lanthanide ion. These ligands act as an “antenna” that
absorbs light much more efficiently than lanthanide ions and transfers
this energy to the excited states of the central Yb®* ion. Various organic
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Unfortunately, the difference in energies between the triplet level
(T1) of the most common organic ligands and the emission level 2F5 /2 of
the Yb®* ion is too large for efficient energy transfer; therefore, high
photoluminescent quantum yields are usually not achieved. In addition,
there is no simple empirical rule such as the Latva’s rule [20] that was
formulated only for the Eu>* or Tb®* ions. Latva’s empirical rule states
that the difference between an energy of the T; level of a molecular
sensitizer and a lanthanide ion’s excited state should be within the range
2000-4000 cm ™! for optimal energy transfer. For the most common li-
gands, this gap is much wider in Yb3>* complexes, since the energy of
2F5/2 level is as small as 10400 cm™! [21,22].
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Therefore it becomes very important to experimentally select a
ligand that would provide the most efficient transfer of the electronic
excitation energy to the Yb®" ion. In particular, the multiphonon
relaxation should be suppressed to the maximum extent because it leads
to nonradiative energy losses [16]. Diketones bearing aromatic and
perfluorinated moieties were studied for this purpose before. The aro-
matic moiety provides a high extinction value of the ligand, while a
perfluorinated group makes it possible to reduce multiphonon relaxa-
tion, since the phonon energy of the C-F bond is significantly lower than
the phonon energy of the C-H bond [23].

Naphthalene 1,3-diketones bearing perfluorinated groups are
promising candidates for the synthesis of luminescent ytterbium com-
plexes. The 2-NaphH ligand (4,4,4-trifluoro-1-(naphthalen-2-yl)butane-
1,3-dione) was previously used for the synthesis of luminescent com-
plexes of Eu* [24,25]; Nd>* [26]; Er>* [27] and some other lanthanides
[28-30] or actinides [31] with different ancillary ligands. Surprisingly,
an isomeric 1,3-diketone — 4,4,4-trifluoro-1-(naphthalen-1-yl)butane-1,
3-dione (1-NaphH) was never previously used as a ligand for the syn-
thesis of any metal complexes. However, up to now, Yb®" ternary
complexes with naphthalene diketones were not studied systematically.

The aim of this work is to study the structure and luminescent
properties of the tris-p-diketonates of the Yb>™ and Gd>* ions with
isomeric 4,4,4-trifluoro-1-(naphthalenyl)butane-1,3-diones and some
ancillary ligands (1,10-phenanthroline, H,0). Furthermore, purely NIR-
emitting OLEDs based on the Yb3" complexes were fabricated and
tested.

2. Experimental
2.1. Materials and methods

The 1-NaphH and 2-NaphH ligands were obtained by Claisen
condensation of 1- or 2-acetyl naphthalene, respectively, with ethyl
trifluoroacetate in the presence of NaH in THF solution, as described
earlier [24,32-34]. A representative example of the synthetic procedure
is given below. THF was distilled over Na/benzophenone in Ar atmo-

sphere and stored over 3A molecular sieves. MeOH was distilled over Mg

turnings and stored over 3A molecular sieves.

Pure salts YbCl3 - 6H20 (99.998% trace metals basis) and GdCls -
6H20 (99.99% trace metals basis) were purchased from Aldrich. All the
other reagents were purchased from Aldrich or Acros Organics and used
without further purification.

Elemental analysis was performed on Elementar CHNO(S) analyzer.
The fluorine content was determined at the Laboratory of Microanalysis
of the Nesmeyanov Institute of Organoelement Compounds of the RAS.
The europium or gadolinium content was determined by com-
plexometric titration with a standard Trilon B solution in the presence of
Xylenol Orange as the indicator. Sample was decomposed by heating
with 70% HNO3 before titration [35].

Single crystal X-ray diffraction data were collected using a Bruker

APEX II diffractometer (CCD detector, MoK/a radiation, A = 0.71073A)
for [Yb(1-Naph)z(phen)], [Yb(2-Naph)s(phen)], [Yb(2-Naph).(-
CF3C0O0)(phen)(H20)]1, and [Gd(1-Naph)s(phen)], and a Bruker D8

Venture diffractometer (CCD detector, MoK/« radiation, A = 0.71073A)
for [Gd(2-Naph)s(phen)] [36]. A semiempirical absorption correction
was applied for all the compounds [37].

The structures were solved with a ShelXS structure solution program
(Olex2 package [38] using direct methods, and refined using a ShelXL
[39] refinement package with the least squares minimization in aniso-
tropic approximation for nonhydrogen atoms. Restraints (DFIX, SADI,
RIGU, ISOR) were applied during structure refinement. Reflections
outside the resolution range (SHEL 30 0.86) were ignored in the
refinement for [Yb(2-Naph)s(phen)] due to the poor quality of the
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crystal. The H-atoms were added in the calculated positions and refined
using the riding model in isotropic approximation. The crystallographic
data for all compounds and the structure refinement statistics are given
in Table S1. Atomic coordinates, thermal parameters and bond lengths
and angles have been deposited at the Cambridge Crystallographic Data
Center (CCDC). Any request to the CCDC for these materials should
quote the full literature citation and the reference number CCDC
2041279 ([Yb(1-Naph)s(phen)]), 2041278 ([Yb(2-Naph)s;(phen)]),
2041280 ([Yb(2-Naph),(CF3COO)(phen)(H20)]), 2041281 ([Gd
(1-Naph)s(phen)] ) and 2041277 ([Gd(2-Naph)z(phen)] ). These data
can be obtained free of charge from The Cambridge Crystallographic
Data Center via http://www.ccdc.cam.ac.uk.

Quantum-chemical calculations were performed with the Gaussian
16 Rev A.03 program [40]. DFT (or TD-DFT for exited states)
B3PW91/6-311+G(d) level of theory [41,42] was employed for all
atoms except lanthanides. Large-core energy-adjusted RECPs for Gd and
Yb, developed by the Stuttgart and Dresden teams, along with the
accompanying basis set ECP53MWB and ECP59MWB [43]; respectively,
were used. In the development of the theoretical models for all the
compounds X-ray single crystal structures were used as starting points
for geometrical parameters. All calculations were performed for the gas
phase. Cartesian coordinates are given in angstroms; absolute energies
for all compounds are given in Hartrees. Analysis of vibrational fre-
quencies was performed for all optimized structures. All compounds
were characterized only by real vibrational frequencies. The wave
function stability was also checked for the ground state of each complex
using a stable keyword.

IR absorption spectra of the Y complexes in KBr pellets were
recorded with an Infraspec FSM2201 Fourier-transform infrared (FTIR)
spectrometer (Infraspec, Russia).

Optical absorption spectra of the b3+ complexes and the neat li-
gands were recorded on a Jasco V-770 spectrophotometer in 5 x 1076 M
acetonitrile solutions. HPLC Super Gradient acetonitrile (Panreac,
Spain) was used as the solvent. The measurements were performed using
quartz cells with 1 cm path length.

NIR photoluminescence and excitation spectra of Yb>* complexes
were measured at room temperature by a Horiba Jobin-Yvon Fluorolog
FL3-22 spectrofluorimeter using a 450 W xenon arc lamp.

Time-resolved experiments in the NIR region were done with the use
of a LeCroy WR62xi digital oscilloscope coupled to a Hamamatsu
H10330B-75 InP/InGaAsP photocathode photomultiplier operating in
the photon counting mode. A pulsed Nd:YAG laser emitting at 355 nm
with a 5 ns pulse duration was used for luminescence excitation.

Triplet level energies of the ligands were determined from the
analysis of phosphorescence spectra of the corresponding Gd>* com-
plexes (0-0 transition) recorded at 77 K.

Photoluminescence quantum yields (PLQY) were measured for solid
samples by a home-made setup based on a MgO-covered integrating
sphere with a diameter of 180 mm and FD-10G calibrated germanium
photodiode detector; an CW emitting LED (365 nm) was used as an
excitation source. Each sample was measured a few times under slightly
different experimental conditions and the results were averaged. The
estimated error for the quantum yields was +10%.

The 'H NMR spectra and 2D COSY spectra of complexes were
recorded with a Bruker Avance 300 FT-NMR spectrometer (*H frequency
of 300.13 MHz). 'H, 3C NMR spectra and 2D COSY, HMQC and HMBC
spectra of ligands were recorded with a Bruker Avance 600 FT-NMR
spectrometer (‘H frequency of 600.22 MHz). The NMR chemical shifts
(6, ppm) in 'H and '3C spectra were determined relative to the residual
signals of the CD,Cl, deuterated solvent (*H 5.32 ppm, *3C 54.00 ppm);
the '°F NMR chemical shifts were determined with respect to CFCls as
the external reference (0.00 ppm).

Cyclic voltammograms (CVs) were recorded with an IPC-Pro poten-
tiostat (Econix, Russia) using a 0.1 M solution of tetrabutylammonium
tetrafluoroborate in CH3CN as the supporting electrolyte. The mea-
surements were done with a glassy carbon working electrode,a platinum

b3+
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grid auxiliary electrode, and a saturated calomel reference electrode
connected to the solution in the cell via a ceramic membrane bridge
filled with the supporting electrolyte. The peak potentials were deter-
mined relative to the redox potential of Fc/Fc'. Ferrocene as an internal
standard was added to the solution after recording the curves of the
compounds studied. The solution was purged with high purity argon to
remove dissolved oxygen. The curves were recorded at a potential sweep
rate of 0.1 V1.

DTA measurements were performed on Shimadzu DTG-60 instru-
ment in air (flow rate 50 mL/min).

NIR electroluminescence spectra were measured at room tempera-
ture with an Ocean Optics Maya 2000 Pro CCD spectrometer. The
current-voltage characteristics were obtained using two DT 838 Digital
multimeters. The luminance of the OLED samples was measured with a
TKA-PKM luminance meter produced by TKA Scientific Instruments.
The deposition rate was measured in situ by a Leybold Inficon IC-6000
deposition controller calibrated using a NT-MDT atomic force micro-
scope of Integra family.

For all optical measurements, the corresponding instrument response
functions were taken into account. The experiments were performed in
air under ambient conditions. Degradation of the optical properties was
not observed during the experiments.

2.2. Synthesis of ligands and complexes

2.2.1. 4,4,4-Trifluoro-1-(naphthalen-1-y)butane-1,3-dione (1-NaphH)

Sodium hydride (60% dispersion in mineral oil, 8.0 g, 200 mmol, 4
eqv.) was placed in a three-necked round bottom flask equipped with a
magnetic stirring bar, a reflux condenser, a dropping funnel and an
argon inlet, and washed with three 50 mL portions of dry hexane to
remove the mineral oil. This operation was conducted under argon
blanket. Then 100 mL of THF was added and the suspension was stirred
for 5 min. A solution of 1-acetylnaphthalene (8.52 g, 50 mmol) and ethyl
trifluoroacetate (9.2 g, 7.4 mL, 66 mmol) in 40 mL of dry THF was
prepared separately. Approximately 1/15 by volume of this solution was
added to the NaH suspension in one portion, followed by addition of 0.5
mL of dry MeOH as the catalyst. The rest of the solution was then added
dropwise to maintain a moderate evolution of hydrogen. The resulting
dark mixture was stirred for 3 h and left overnight. Next day, 10 mL of
dry MeOH was added to the reaction mixture with external cooling by an
ice-water bath, followed by addition of 11.5 mL (12 g, 200 mmol) of
glacial AcOH. The mixture was evaporated to dryness under diminished
pressure, 100 mL of 5% aqueous HCI solution was added, and the
diketone was extracted three times with 50 mL portions of EtOAc. The
organic phase was washed with water until a neutral pH was obtained,
then with 50 mL of brin, and then washed over MgSO4. Evaporation of
the solvent gave a solid yellow product. An analytical sample was
recrystallized from heptane. M.p. 43-45 °C (lit. 45-48 °C [44].

Light-yellow powder.

Yield - 10.15 g (76%).

For C14H9F302 (FW 26622)

Calcd. C, 63.16; H, 3.41;

Found C, 63.29; H, 3.37.

'H NMR (600 MHz, CD,Cly), § (ppm): 15.22 (br.s., 1H), 8.53 (d, 1H,
Ju_u=8.3Hz),8.12 (d, 1H, *Jy_n = 8.2 Hz), 7.99 (d, 1H, *Jy_i = 8.0
Hz), 7.91 (dd, 1H, 3Jy_ g = 6.9 Hz, “Jy_y = 1.4 Hz), 7.68 (ddd, 1H,
3Ju_n = 8.3 Hz, *Jy_n = 6.8 Hz, *Jy_y = 1.4 Hz), 7.64 (td, 1H, 3Jy_p =
7.7 Hz, *Jg_u = 8.0 Hz), 7.61 (ddd, 1H, *Jy_u = 6.9 Hz, *Jy_p = 8.2 Hz),
6.60 (s, 1H);

13C NMR (151 MHz, CD,Cly), 6: 191.5, 174.3 (q, 2Jc_r = 36.6 Hz),
133.9, 133.7, 132.0, 129.9, 128.8, 128.7, 128.0, 126.8, 125.1, 124.7,
118.4 (q, We_r = 282.5 Hz), 97.6 (q, >Jo_r = 2.2 Hz).

19F NMR(282 MHz, CD,Cly), &: —76.53 (s, 3F);

2.2.2. General method for the preparation of [Ln(L)s(phen)] complexes
To a stirred solution of the corresponding ligand 1-NaphH or 2-

Dyes and Pigments 195 (2021) 109701

NaphH (1.5 mmol, 0.4 g) and 1,10-phenanthroline (0.5 mmol, 0.09 g) in
10 mL of an EtOH, a solution of YbClz - 6H20 (0.5 mmol, 0.194 g) or
GdCl3 - 6H20 (0.5 mmol, 0.186 g) in 2 mL of hot EtOH was added,
followed by dropwise addition of 1 M NaOH solution in EtOH (1.5 mL,
1.5 mmol). A white precipitate formed immediately. The reaction
mixture was kept in a closed vial at 45 °C for 3 h with continuous stir-
ring, then cooled to a room temperature. The solid complex was filtered
off, washed successively with 5 mL of 50% aqueous EtOH, 10 mL of
deionized water, 2 mL of 50% aqueous EtOH, and 5 mL of pentane, and
then dried in air. The complexes were purified by recrystallization from
hot EtOH and finally dried at 45 °C and 0.1 torr to a constant weight.

Tris-(4,4,4-trifluoro-1-(naphthalen-1-yl)butane-1,3-dionato)
(1,10-phenanthroline)ytterbium(III)

[Yb(1-Naph)s(phen)]

Light-yellow powder.

Yield - 0.342 g (59%).

For C54H32F9N206Yb (FW1148.86)

Calcd. C, 56.45; H, 2.81; N, 2.44; Yb, 15.06;

Found C, 56.54; H, 2.75; N, 2.49; Yb, 15.17.

Tris-(4,4,4-trifluoro-2-(naphthalen-1-yl)butane-1,3-dionato)
(1,10-phenanthroline)ytterbium(III)

[Yb(2-Naph)s(phen)]

Light-yellow powder.

Yield - 0.243 g (42%).

For C54H32F9N206Yb (FW1148.86)

Calcd. C, 56.45; H, 2.81; N, 2.44; Yb, 15.06;

Found C, 56.50; H, 2.87; N, 2.53; Yb, 14.96.

Tris-(4,4,4-trifluoro-1-(naphthalen-1-yl)butane-1,3-dionato)
(1,10-phenanthroline)gadolinium(III)

[Gd(1-Naph)s(phen)]

White powder.

Yield — 0.447 g (79%).

For C54H32F9GdN206 (FW113307)

Calcd. C, 57.24; H, 2.85; N, 2.47; Gd, 13.88;

Found C, 57.36; H, 2.91; N, 2.40; Gd, 14.09.

Tris-(4,4,4-trifluoro-2-(naphthalen-1-yl)butane-1,3-dionato)
(1,10-phenanthroline)gadolinium(III)

[Gd(2-Naph)s(phen)]

White powder.

Yield - 0.414 g (73%).

For C54H32F9GdN206 (FW1133.07)

Calcd. C, 57.24; H, 2.85; N, 2.47; Gd, 13.88;

Found C, 57.16; H, 2.89; N, 2.52; Gd, 13.97.

2.2.3. General method for the preparation of [Gd(L)s(H20)2] complexes

To a stirred solution of the corresponding ligand 1-NaphH or 2-
NaphH (1.5 mmol, 0.4 g) in 10 mL of EtOH, a solution of GdCls - 6H0
(0.5 mmol, 0.186 g) in 2 mL of hot EtOH was added, followed by
dropwise addition of 1 M NaOH solution in EtOH (1.5 mL, 1.5 mmol).
The reaction mixture was kept in a closed vial at 45 °C for 6 h with
continuous stirring and left at a room temperature overnight. Water (15
mL) was added dropwise with vigorous stirring to the clear mixture, and
the resulting emulsion was stirred until a solid precipitate formed
(usually 6-10 h). The precipitate was left in the mother liquor overnight,
filtered off, washed successively by 5 mL of 50% aqueous EtOH, 10 mL of
deionized water, 2 mL of 50% aqueous EtOH and 5 mL of pentane and
dried in air. Complexes were purified by recrystallization from hot 50%
aqueous EtOH and were finally dried at 45 °C and 0.1 torr to a constant
weight. Seeding crystals should be used at this stage to facilitate crys-
tallization of complexes.

Tris-(4,4,4-trifluoro-1-(naphthalen-1-yl)butane-1,3-dionato)
(diaqua)gadolinium(III)

[Gd(1-Naph)3(H20):]

White powder.

Yield - 0.282 g (57%).

For C42H28F9Gd08 (FW 988.90)



M.T. Metlin et al.

Calcd. C, 57.24; H, 2.85; N, 2.47; F, 17.29; Gd, 13.88;

Found C, 57.16; H, 2.89; N, 2.52; F,17.36; Gd, 14.09.

Tris-(4,4,4-trifluoro-2-(naphthalen-1-yl)butane-1,3-dionato)
(diaqua)gadolinium(III)

[Gd(2-Naph)3(H20)1]

White powder.

Yield - 0.326 g (66%).

For C42H28F9Gd03 (FW 988.90)

Caled. C, 57.24; H, 2.85; N, 2.47; F, 17.29; Gd, 13.88;

Found C, 57.34; H, 2.91; N, 2.39; F,17.12; Gd, 14.17.

2.3. OLED device fabrication

2.3.1. Substrate preparation

ITO-coated glass substrates with 12 Ohm/sq resistance were pur-
chased from Lumtec (Taiwan). The substrates were successively cleaned
by ultrasonication in 15% KOH alcoholic solution, double distilled
water, and isopropanol for 15 min each, followed by drying with a dust-
free nitrogen flow. The substrates were additionally treated by UV/
ozone in a UV-cleaning chamber (Ossila, UK) just before use.

2.3.2. Deposition of layers

First, 200 pL of an aqueous solution of PEDOT-PSS film (Lumtec LT-
PS001) was spin-coated at 2000 rpm for 1 min onto a freshly cleaned
ITO-substrate, and the resulting layer was annealed at 130 °C for 20 min
in Ar atmosphere (in a glovebox) to form a 40 nm PEDOT-PSS film. The
PVK (Sigma-Aldrich, a hole transport and hole injection layer) was spin-
coated from a chlorobenzene solution (5 g/1) directly onto the PEDOT:
PSS coated substrate at 2000 rpm followed by drying at 130 °C for 8 min.
An active layer of Yb>* complex was thermally evaporated in a vacuum
of 102 Pa from a resistive heated quartz crucible.

An TPBi (Lumtec LT-E302, electron transport layer) was thermally
deposited in a vacuum of 10™3 Pa. The layer thickness was 18 nm.
Finally, a composite cathode consisting of LiF (Lumtec LT-E001, 1 nm)
and aluminium (40 nm) was thermally deposited at a rate of 0.2 nm/s

through a shadow mask to form four active pixels 12 mm?,

Phen
o o LnCl3 NaOH, EtOH
e S
a

R= 1-NaphH — = .
: oot L

LLQ/
2-NaphH

LnCls, NaOH, EtOH
H,0

[Gd(1-Naph)s(H;0)2]
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3. Results and discussion
3.1. Synthesis of ligands and complexes

Both ligands were obtained by a modified method previously
designed for the preparation of 1,3-diketones, bearing a 2-thienyl or 4-
pyrazolyl moieties [45-47]. An excess of NaH (up to 4 molar equiva-
lents with respect to the quantity of the methyl ketone) is important for
achieving high yields of 1,3-diketones. Besides, complete evaporation of
THF before the extraction of the target diketones increased the yields
significantly (up to two times in comparison with the published method
for the preparation of the 1-NaphH ligand [44]. Both diketones obtained
were pure enough for the synthesis of complexes.

The heteroleptic complexes (see Fig. 1) were synthesized by the
general method described earlier for the corresponding Eu* [24]; Er®*
[29] or Nd3* [26] compounds with the 2-NaphH ligand and various
ancillary ligands, with minor modifications. Surprisingly, no complexes
with the 1-NaphH ligand were described to date. Fortunately, the
chemical properties of both isomeric diketones are similar, and the same
method is suitable for the preparation of complexes with the 1-NaphH
ligand.

The synthesis of solid hydrated Gd>" complexes is somewhat tricky
because they often fail to form crystals. We have tested a few approaches
described in literature for the corresponding Eu®t [28] or Er¥t com-
pounds [27]; but the results were unsatisfactory. Much better results
were obtained by a modified method developed by Carlos et al. [48] for
the preparation of hydrated Eu®* complexes with 2-thenoyltrifluoroace-
tone. Unfortunately, the experimental details are missing in this publi-
cation. It was found that solid Gd*' complexes could be readily
solidified by precipitation with water from ethanolic solutions and
prolonged vigorous stirring of the resulting emulsion at room temper-
ature. The optimal final ratio of EtOH and H»O in the reaction mixture
was around 2:3 v/v. The crystallization takes a few hours. The solid
complexes obtained in this way can be purified from hot 50% aqueous
EtOH solution.

According to the known literature data, lanthanide complexes with
2-NaphH ligand and 1,10-phenanthroline are considered to be stable in
solutions. However, some fine crystalline matter was precipitated from
mother liquor after separation of the main portion of [Yb(2-Naph)s(-
phen)] on keeping for 6 months in a closed vial. These crystals were
identified by X-ray diffraction experiment as an unusual mixed

P P
N N
or
N A
FaC L FsC L
13 L 3
1-Naph)s(phen)] [Yb(2-Naph)z(phen)]
[Gd(1-Naph)s(phen)] [Gd(2-Naph)z(phen)]
A s
/O‘H /O‘H
Ln3+\ i or Ln3+\ i
o o
FoC H H
13 13

[Gd(2-Naph)s(H,0)z]

Fig. 1. Synthesis of complexes.
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carboxylate-diketonate complex [Yb(2-Naph),(CF3COO)(phen)
(H20)]. The CF3COO™ anion is coordinated with Yb®* asak! -0 ligand,
so the coordination number of Yb®* equals to 8 and the complex is
monomeric (see Fig. 2). Apparently, retro-Claisen degradation of the
diketone was the source of the trifluoroacetate anion, but the exact
mechanism of its formation is unclear. This anion can be formed during
initial deprotonation of the diketone by NaOH or by slow hydrolysis of
the neutral [Yb(2-Naph)z(phen)] complex in solution. In any case, the
yield of this side product was very low, less than 2% (see Fig. 3).

3.2. X-ray crystal structures

The crystals of all the compound are triclinic (space group P-1). [Yb
(2-Naph)s(phen)] crystalizes as solvate with dichloromethane ([Yb
(L)s(phen)] -CHyCly), and [Gd(2-Naph)s(phen)] as a solvate with 0.4
molecule of trichloromethane ([Gd(L)s(phen)] - 0.4CHClg).

In [Yb(2-Naph)s(phen)], [Gd(2-Naph)3(phen)], [Yb(1-
Naph)s(phen)], and [Gd(1-Naph)z(phen)], the lanthanide atom co-
ordinates three chelate 1,3-diketone ligands and one chelate 1,10-phe-
nanthroline molecule (selected bond lengths and angles are listed in
Table S2). The main difference between the [Ln(L)s(phen)] complexes
with 1-NaphH and 2-NaphH substituted ligands is the angle between
the planes of the naphthyl and 1,3-diketone moieties; in the former, this
angle varies from 39° up to 134°, while the latter is almost planar (10 —
23°). The geometry of LnOgN> coordination polyhedra corresponds to a
distorted square antiprism for [Yb(2-Naph)s(phen)], [Yb(1-
Naph)s(phen)], and [Gd(1-Naph)s(phen)], and a distorted triangular
dodecahedron in [Gd(2-Naph)s(phen)].

Compounds [Yb(2-Naph)s(phen)] and [Gd(2-Naph)s(phen)] are
isostructural to the [Eu(NTA)s(phen)] -CHCl; complex reported pre-
viously [49].

In molecule of [Yb(2-Naph);(CF3COO)(phen)(H20)]1, the ytter-
bium atom is coordinated by two chelate 1,3-diketone ligands, one
chelate 1,10-phenanthroline molecule, one monodentate tri-
fluoroacetate ligand, and one water molecule (selected bond lengths and
angles are listed in Table S2). Two molecules of the complex dimerize
due to H-bonding between the hydrogen atoms of the water molecule,
the oxygen atoms of 1,3-diketone fragment, and the carboxylate anion

(O7-H7A/H7B---02/06(1-x,1-y,1-z): D-H0.87 A,H ... A2.23/1.83A,D

... A 2.963(3)/2.692(3) A, D-H-A 142°/167°).

In the crystals of all the compounds studied, the aromatic fragments
of the ligands in the adjacent molecules interact to form discrete or
infinite supramolecular ensembles (more details are provided in
Table S3).

3.3. UV-vis absorption spectra
The UV absorption spectra for [Yb(1-Naph)s(phen)] and [Yb(2-

Naph)s(phen)] complexes were recorded in MeCN solution at a
ambient temperature (see Fig. 4). They all exhibits the spin-allowed

Phen
CFg ——M8 —  »
YbCl; NaOH, EtOH

or

NaOH FsC_ O
+ \[r
retro-Claisen (0]
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broad bands corresponding to the 7 — z* transitions in the ligands.

The observed maxima at 215 and 263 nm can be assigned to the
absorption of naphthalene and 1,10-phenanthroline aromatic systems,
respectively. The band peaked at 325 nm corresponds to the absorption
of the 1,3-diketonate fragment (see Fig. S3 and Table 1). Based on the
spectral data, one can conclude that the chemical bonding of ligands
with Yb3" ion lead to a dramatic enhancement of the molar extinction.
In contrast to the weakly absorbing hydrated Yb®* ion (¢ ~ 10 M~!
cm 1), the molar absorption coefficients for the complexes are 10° times
higher and reach 2 — 5 - 10* M~ ecm™.

3.4. FTIR spectra

The FTIR spectra of the Yb®" complexes were recorded within
400-4000 cm ! spectral range (see Fig. 4). The positions of absorption
bands are almost the same for all the investigated complexes. Intense
absorption of the complexes within 1400-1700 cm ™! is associated with
the carbonyl groups of the diketone ligand. The absorption bands with
maxima at 1134 cm’l, 1200 cm’l, and 1310 cm™! are related to the C-F
vibrational transitions. Several bands at 500-900 cm ! are most likely
associated with the C-H stretching vibrations in the 1,10-phenanthro-
line and naphthalene ring. A low-intensity broad band in the
3200-3600 cm region indicates presence of water traces in KBr. Sig-
nificant overlapping of the absorption bands observed within
1100-1700 c¢cm™! range indicates that the complexes have low
symmetry.

3.5. Photoluminescence and optical excitation

The emission spectra of the [Yb(1-Naph)s(phen)] and [Yb(2-
Naph)s(phen)] complexes were recorded in MeCN solution at ambient
temperature with an excitation in the absorption band (z — #* transi-
tion) of 1,3-diketone (Fig. 5). The emission band is splited into three
components, the strongest of which is centered at 976 nm, and two
weaker components can be observed, one at 1005 nm and another one at
1034 nm. They were assigned to the %Fs,, — 2F;,, transition in the Yb*
ion. A similar splitting pattern for Yb compounds was reported previ-
ously in the literature [50] and attributed to the ligand-field induced
splitting of Yb®* ion energy levels.

The fine structure of the line corresponding to ?Fs,; — 2Fy,5 transi-
tion observed for solid samples (see Fig. S4) differs from that in solu-
tions. It can be attributed to the difference of the geometry of the ligand
environment of ytterbium in MeCN solution and in solid state. These
geometry changes may be attributed to complex-solvent interactions in
solution [51].

Ligand-centered phosphorescence was not observed for the Yb*
complexes at room temperature or at 77 K; this indicates an efficient
energy transfer from the excited ligand states to the Yb>" excited level.

The excitation spectra for the solid complexes were recorded at the
980 nm emission band corresponding to the 2F5/2 - 2F7/2 transition in
Yb3*, see Fig. 5. Intense luminescence was observed only at excitation

EtOH

6 months

[Yb(2-Naph)2(CF3COO)(phen)(H20)]

Fig. 2. Formation of Yb®>* mixed complex.
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Fig. 3. Crystal structures of complexes [Yb(1-Naph)s;(phen)](a) and [Yb(2-Naph)s(phen)] (b).

by
g 18 Yb(2—Naph
S = ~Naph);(phen) I
T 16t ———  Yb(1-Naph);(phen) ——  Yb(2-Naph)3(phen)
g 4l 120 ——  Yb(1-Naph) 3(phen)
— o
< 12 : y00)
Q

= 10 g

A = 804
g 8 Z
&=
g 6 & 604
S 47
S
g 2| 404
a 0200 250 300 350 400 20 '

500 1000 1500 3500 4000
Wavelength, nm Wavenumber, cm’!
a)
b)

Fig. 4. (a) Optical absorption spectra of the [Yb(1-Naph)s(phen)] and [Yb(2-Naph)s;(phen)] complexes in MeCN solutions at ambient temperature; (b) FTIR
spectra of the investigated Yb>" complexes in KBr pellets.

crystals, which would affect the optical properties of the complexes.
Based on the absorption and luminescence excitation data for the
complexes studied, one may conclude that ligand-to-metal energy

Table 1
Absorption maxima and S, level energies of the ligands in the Yb®* complexes.

Complex Extinction, x 10°M ™" em ™! 18y, em ™! transfer occurs rather efficiently (see Fig. 7). Replacement of water
215 nm 263 nm 325 nm molecules with ancillary ligands (1,10-phenanthroline) provides a well

. . 3+ . PR
Yb(1-Naph)s(phen) 18.4 49 47 25100 shielded environment ground the Yb fon tha.t redl{c.es non-radiative
Yb(2-Naph)s(phen) 16.6 7.1 5.4 25800 processes, and hence increase the emission intensities of the com-

plexes considerably.

wavelengths shorter than 400 nm. The excitation spectra qualitatively
resemble the absorption spectra in solution. This indicates the absence
of strong supramolecular interactions (e.g. z-r stacking, etc.) in the

e Yb(2-Naph);(phen) _ Yb(2-Naph);(phen)-1010 nm
Ll R Yb(1-Naph);(phen) 1 _ Yb(1-Naph);(phen)-1010 nm
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Fig. 5. NIR emission spectra (left panel (a), lex = 365 nm) of complexes [Yb(1-Naph)s(phen)] and [Yb(2-Naph)s(phen)] and excitation spectra (right panel (b),
1010 nm registration) for the same complexes in MeCN solutions at ambient temperature.
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3.6. Photoluminescence decays

The photoluminescence decay curves of the Yb>* complexes were
recorded at the emission band corresponding to the 2Fs/; — 2F7/3
(980-1040 nm) transition. The photoluminescence decays obtained for
the [Yb(1-Naph)s(phen)] and [Yb(2-Naph)s(phen)] complexes in
solid phase under 355 nm excitation show a similar behaviour. Kinetic
measurements were performed for all three subcomponents of the broad
band associated with the 2F5 o = 2F7 s2 transition. The photo-
luminescence decay curves measured for the subcomponent at 1010 nm
are presented in Fig. 6. For other subcomponents, the luminescence
decays are virtually the same. These decays can be fitted with a biex-
ponential model

Lyp(t) = ZAieXP( —t/7), 1)
i=0

where A; are the amplitudes, and 7; are the characteristic times of the
exponential decay components. The decay lifetimes for the solid Yb>*
complexes were calculated from the experimental data by means of the
Levenberg-Marquardt deconvolution technique [52,53]. The experi-
mental decays can be presented as

leXP (t) = / Iirf(t/)lexp (t - t,)dt‘ (2)

0

Here I;;¢(t) is the instrument response function (IRF). The measured IRF
appears to be single-exponential with the corresponding decay time of
1-1.5 ns. The calculated decay times 7; are listed in Table 2.

Experimental decays in the NIR region were also measured for MeCN
solutions of the ytterbium complexes. The results are presented in
Fig. S7. For both complexes, the experimental decay curves measured
for different emission subcomponents are almost similar and reveal
single-exponential behaviour. The long-time components of the biex-
ponential kinetics observed for the solid samples and for the solution are
very close to each other (see Table 2 and S4). The nature of short-time
components in the biexponential kinetics of solid complexes is un-
clear. The biexponential model is usually associated with the existence
of two independent emission centers in a molecule or crystal, but this
hypothesis is not supported by crystallographic data. On the other hand,
the kinetics is monoexponential in the solutions. One may conclude that
a second emission center probably originates from the defects of crystal
packing and they are obviously collapsing upon dissolution of the
complex.

Lr — Yb(2—Naph),(phen)—1037 nm
- Yb(1-Naph);(phen)-1037 nm
g 107!
<
<
=
Z 1072t
Q
k|
|
[aW
1073 M
0 20 40 60 80 100
Time, us

Fig. 6. Luminescence decays of complexes [Yb(1-Naph)s;(phen)] and [Yb(2-
Naph)z(phen)] in solid state measured within the band corresponding to the
2F5 2 — 2F7/2 transition; lexy = 355 nm.
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Fig. 7. Energy level diagram for Yb>* complexes; ISC — intersystem crossing,
ET - energy transfer.

Table 2
Luminescence decay times 7 of Y
different spectral bands.

b3 complexes in solid state obtained for

Complex ANM Tehore, HS Ashort, arb. Tlongs HS Along, arb.
units units
Yb(1- 981 - - 8.83 + 0.97 +
Naph)s(phen) 0.01 0.01
1010 - - 8.41 + 0.97 +
0.01 0.01
1037 - - 8.02 + 0.97 +
0.01 0.01
Yb(2- 981 - - 10.93 + 0.95 +
Naph)s(phen) 0.01 0.01
1010 0.81 + 0.33+0.01 9.16 + 0.67 +
0.02 0.02 0.01
1037 0.79 = 0.17+0.01  9.62 + 0.83 +
0.02 0.02 0.01

3.7. Energy transfer

A simplified energy diagram of the levels involved in the energy
transfer and radiative relaxation processes is presented in Fig. 7.
After absorption of a photon, an electron transition from the ground

singlet state 'Sy to the excited vibrational state 1Si in the organic
environment occurs with subsequent relaxation to the lowest excited
vibrational state 151. The energy of the 151 (25800 cm’l) level for each
complex was determined from the edges of their optical absorption
spectra (see Fig. S5).

Then, there are two possible ways of the 181 —>1$0 relaxation, the first
one by fluorescence with a transition rate of 108 s71, or the second one
by a nonradiative process. Additionally, intersystem crossing (ISC) can
give rise to transitions from the !S; singlet level to the Ty triplet level.
Generally, the relaxation from IT; to 1Sy is forbidden by the selection
rules since it requires a spin flip. However, in lanthanide complexes,
these selection rules are partially lifted due to the spin—orbit coupling.
Therefore, nonradiative and radiative relaxation can take place in the
ligand environment; the latter occurs at a rate lower than 10% s™1.

The energy of the triplet level of the 1,10-phenanthroline ligand is
about 22100 cm ! [54]. The energies of the triplet levels for the
1-NaphH and 2-NaphH ligands (~19100 cm ') were determined from
the low-temperature phosphorescence spectra of the corresponding
Gd®* complexes. The results of experiments at 77 K are presented in
Fig. S6. According to Lewis and Kasha [55]; the position of the triplet
level was taken as the maximum of the zero-phonon line. This line
corresponds to the highest-energy component in the Gaussian fitting of
the spectrum. The calculated data are presented in Table 3. It can be seen
that the energy gap between the triplet level of the 1-NaphH and
2-NaphH ligands and the resonant level of the Yb>* ions decreases from
8950 to 8700 cm ', depending on the structure of the naphthalene
diketone.

Luminescence of Yb®™ is associated with the transition 2F5 /o — 2F7 /2
see Fig. 7.
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Table 3
Triplet level (T;) energies of the ligands and photoluminescent quantum yields
(PLQY) for the Yb®* complexes.

Complex Ty, cm ™ AE, cm ™! PLQY
Gd(1-Naph);3(H;0)2 19030 - -
Yb(1-Naph)s(phen) 19220 8950 2.2%
Gd(2-Naph)3(H20)» 19260 - -
Yb(2-Naph)s(phen) 19000 8700 3.2%

AE is a gap between the T; triplet level and the resonant 2Fs ; level of the Yb%*
ion.

The low efficiency of the energy transfer to the Yb®" ion in com-
parision with for example highly luminescent Eu or Tb ions is explained
by the difference in energy gap between the triplet level of the NaphH
ligand and the %Fs,5 excited state of Yb>* that is about 10300 cm ™. This
value is too high to provide efficient energy transfer without non-
radiative energy losses. Unfortunately, this is a fundamental restriction.
Furthermore, the relatively low emission intensity of the Yb®* ion in this
complex is also due to the presence of C=0 oscillators in the first co-
ordination sphere that quench the luminescence to some extent by a
nonradiative energy transfer pathway.

Nevertheless, the experimental quantum yield (PLQY) measured for
the [Yb(1-Naph)z(phen)] and [Yb(2-Naph)s-(phen)] complexes in
solid state were 2.2% and 3.2%, respectively. These values are among
the highest ones reported in the literature to date for diketonates. The
quantum yield for [Yb(2-Naph)s-(phen)] notably exceeds the values
reported for benchmark bright ytterbium emitters [Yb(tta)sdbso] H,O
(PLQY 1.4%) [56] and [Yb(tta)3(H20)2] (PLQY 0.38%) [57] (see
Table 4).

3.8. DFT calculations

In order to make an insight into nature of T; levels of the Yb>* and
Gd3* complexes TD-DFT calculations were performed. The geometries
of all complexes were optimized started from the X-ray data. It was
found that the lowest energy transition Sp — T; in all investigated
complexes is associated with the transition between HOMO and LUMO,
namely from HOMO-2 to LUMO+2 (see Fig. 8 and S8). Both HOMO and
LUMO orbitals in complexes [Gd(1-Naph)s(H20)21, [Gd(1-Naph)s(-
phen)] and [Yb(1-Naph)s(phen)] are localized exclusively on dike-
tone ligand, but on different parts of the same molecule. HOMO is
located mainly on naphthalene moiety and partially — on diketone
fragment, while LUMO is spread along all the molecule, involving CF3
group. One can note that as far as LUMO is including fluorine atom, CF3
group has a significant impact on the T; state of the 1-NaphH ligand.
The same calculated value of T; energy of 19800 cm ™! for gadolinium
and ytterbium complexes is in a good agreement with the experimental
one of 19100 cm ™! (see Table 5) measured for the same compounds.

It is worth to mention, that for complex [Yb(1-Naph)s(phen)] TD-
DFT calculations also revealed an existence of second triplet state T;.
This state is probably associated with the 7 — z*transition (from HOMO-

Table 4
Compations of PLQYs measured for different Yb3+ complexes.
Complex PLQY  Source
Yb(1- 2.2% current paper
Naph)z(phen)
Yb(2- 3.2% current paper
Naph);(phen)

Ahmed, Aderne, Kai, Chavarria and Cremona (2016a)
Ahmed et al. (2016a)

Meshkova, Topilova, Bolshoy, Beltyukova, Tsvirko
and Venchikov (1999)

Yb(tta)sdpso]H2O 2.4%
Yb(tta)3zdbso]H20 1.4%
Yb(tta)3(H20)2 3.2%

Htta - 2-thenoyltrifluoroacetone, dpso - phenyl sulfoxide, dbso - benzyl
sulfoxide.
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12 to LUMO+2) in the molecule of 1,10-phenanthroline. The estimated
energy of 22763 cm ™! for this transition is comparable with the value of
22100 cm ™}, reported previously by Biju at al [58]. for T; level energy of
pure 1,10-phenanthroline. Unfortunately, direct experimental observa-
tion of this transition in phosphorescence spectrum of [Yb(1-Naph)s(-
phen)] is quite challenging.

The same calculations were also performed for series of complexes
with the isomeric ligand 2-NaphH. The calculated orbital distribution,
orbital contributions into transition Sy — T; and theoretical values of T
and T'1 values were essentially the same (within the calculation error) as
for complexes with the ligand 1-NaphH. For this reason the calculation
results for ligand 2-NaphH are not closely discussed here.

3.9. Thermogravimetric analysis

The thermograms (TGA and DTA) of the [Yb(1-Naph)s(phen)] and
[Yb(2-Naph)s(phen)] complexes are shown in Fig. 9. The TG curves of
the YB3+ complexes show almost horizontal plots up to 320 °C indicating
no weight loss. It proves the thermal stability of the complexes and the
absence of occluded solvents. The melting points of the [Yb(1-
Naph)z(phen)] and [Yb(2-Naph)s(phen)] complexes are 214 and
193 °C, respectively. The TG curves of the complexes indicated two
successive endothermic processes. The first step of decomposition of
[Yb(1-Naph)s(phen)] and [Yb(2-Naph)s(phen)] occurs at 320 °C
with weight loss around 55% and 65%, respectively. The second step
was observed at 500 °C for both complexes with 15% and 20% weight
loss, respectively. This step is associated with a carbon burning. The
combustion finished at 700 °C and YbF3 is formed as a result of
decomposition of both compounds. The superior thermal stability of the
novel complexes even in air is extremely important for the preparation
of durable OLEDs.

3.10. NMR spectroscopy

The lH, 13C{1H}, 19F{1H} NMR spectra and the 2D COSY, HMQC
and HMBC spectra of the ligands (see Fig. S13-524) were used to assign
the NMR signals to the chemical structure. Both diketones are fully
enolized in CD,Cly, as it was revealed by NMR spectroscopy. In partic-
ular, the signals with an integral intensity of 1H and chemical shifts of §
= 6.60 ppm and 6.81 ppm for 1-NaphH and 2-NaphH, respectively, can
be attributed to the signals of protons in the CH = C(OH)CF3 moiety. The
broad signals at 5§ = 15.22 ppm in the spectra of the 1-NaphH ligand and
at § = 15.30 ppm in the spectra of the 2-NaphH ligand are corre-
sponding to the signals of the OH group in enols.

A significant paramagnetic shift and broadening of signals charac-
teristic for paramagnetic compounds are observed in the 'H NMR
spectra and 2D COSY spectra of the b3+ complexes, see Fig. S25-S30.
The broadening of the signals of the protons located closer to the
paramagnetic nucleus allows one to distinguish all signals of the 1,10-
phenanthroline with the widest signal of the a-proton in the spectra of
the complexes. The same regularities hold true for the broadening of the
H(6) and H(8) proton signals in the naphthalene moiety. The H(6)
proton is sterically closer to the Yb®>* ion, which leads to a more intense
broadening of its signal. 2D 'H-'H COSY spectra were recorded to
confirm the signal assignments. On the whole, the complete sets of NMR
data fully confirm the suggested chemical structures of the ligands and
Yb complexes in solutions. The integral intensities of signals in '"H NMR
spectra match the calculated molecular formulas of the compounds
studied.

Unfortunately, the NMR spectra of the Gd>* complexes could not be
uninterpreted due to the rapid nuclear relaxation. Only very broad
signals without a fine structure were observed.
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LUMO+-2

Fig. 8. Calculated frontier molecular orbitals HOMO-2 and LUMO+2 for [Gd(1-Naph)3;(H20)2] complex.

Table 5
The energies of the first excited triplet state (T;) and first excited singlet state (S;) calculated with 6-311+G(d) basis set. CT corresponds to charge transfer nature of
transition.
Complex Localization Ty, cm ™! Major contribution Sy, em ™! f Major contribution
[Gd(1-Naph)s(phen)] 1-NaphH 19821 HOMO-2 - LUMO+2 (65.5%) 24679 0.001 HOMO — LUMO CT(96.5%)
[Gd(1-Naph)s(phen)] Phen 22763 HOMO-12 — LUMO+2 (51.0%) - - -
[Gd(1-Naph)3(H20),] 1-NaphH 19818 HOMO-1 — LUMO+1 (66.4%) 26483 0.015 HOMO — LUMO CT(80.0%)
[Yb(1-Naph)s(phen)] 1-NaphH 19821 HOMO-2 - LUMO+2 (65.2%) 24975 0.001 HOMO — LUMO CT(86.0%)
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Fig. 9. TGA and DTA plots for complexes [Yb(1-Naph)s;(phen)] and [Yb
(2-Naph)z(phen)].
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3.11. Electrochemical properties

The energies of the frontier orbitals were determined using the
values of the electrooxidation and electroreduction potentials from the
CVs of the [Yb(1-Naph)s(phen)] and [Yb(2-Naph)s(phen)] com-
plexes. Both compounds evince similar electrochemical properties. The
first stages of electroreduction and electrooxidation of the complexes are
irreversible at a potential scan rate of 0.1 V1, see Fig. 10.

The energies of the lowest unoccupied (LUMO) and the highest

occupied (HOMO) orbitals were calculated from the magnitude of the
red

‘onset

electroreduction (E, and electrooxidation (EJf.) peak onset,

respectively. The EX¢, and E%,,, values were evaluated relative to the
ferrocene/ferrocenium (Fc/Fc™) reversible oxidation potential with an
absolute value of —5.1 eV [59]. The HOMO and LUMO values were

determined according to Ref. [59] (see, Egs. (3) and (4)).

Enomo(eV) = — (on

‘onset

+4.4eV), 3

ELUMO (CV) = — (Ered

‘onset

+5.1eV). 4

The results of electrochemical studies are presented in Table 6. The

120

Yb(1-Naph);(phen)

100 | R Yb(2—-Naph);(phen)

Current, UA

500 1000 1500 2000 2500
Potential, mV
b)

-500 0

Fig. 10. Electroreduction (a) and electrooxidation (b) CV plots for complexes [Yb(1-Naph)s(phen)] and [Yb(2-Naph)s(phen)].
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Table 6

Electrochemical properties of Yb®>" complexes in CH5CN solutions.
Complex E°.,V  EgesV  Ewmo, eV Enowmo, eV Eg, eV
[Yb(1-Naph)s(phen)] -1.76 1.08 -3.34 —6.18 2.84
[Yb(2-Naph)s(phen)] —-1.76 1.12 —-3.34 —6.22 2.88

experimentally estimated HOMO for [Yb(1-Naph)s(phen)] slightly
differ from the theoretically estimated one by 0.48 eV (E%, = —5.60),
whereas the calculated LUMO is higher by 1.17 eV than that obtained
from CV data. Both calculated frontier molecular orbitals energies are
higher than the experimental ones, and the calculated energy gap is
3.43 eV, in a good accordance with the experimental one of 2.84 eV.

3.12. NIR-OLEDs based on Yb** complexes

Multilayer OLEDs with the ITO/PEDOT:PSS/PVK/Yb-complex/
TPBi/LiF/Al structure were developed based on the [Yb(1-Naph)s(-
phen)] and [Yb(2-Naph)s(phen)] complexes as the emitting layer in
order to study their electeroluminescence properties. As transport
layers, we employed materials suitable for enhancing the efficiency of
energy transfer to the luminescent compounds. PEDOT:PSS was used as
the hole injection layer, while PVK was used as the hole transport layer.
The TPBi electron transport layer also blocked the hole tunneling to the
cathode (see Fig. 11).

The switch-on voltage is a crucial characteristic for optimization of
the OLED structure. For devices based on the [Yb(1-Naph)s(phen)]
and [Yb(2-Naph)s(phen)] complexes, the switch-on voltage was 8 and
5V, respectively; these values are rather low and comparable with the
lowest operation voltage values reported in the literature for benchmark
OLEDs based on Yb®" 1,3-diketonates [60].

Both devices demonstrated electroluminescence solely in the spec-
tral range of 920-1070 nm that is characteristic for the emission of the
Yb* jon. The photoluminescence spectra of the complexes in solid state
(see Fig. S4) and the electroluminescence spectra of the developed
OLEDs (see Fig. 13 and S12) are essentially the same. This indicates that
no change in the chemical composition between the bulk material and
the active layer film in the OLED device occurs. It is worth to mentioning
that no noticeable electroluminescence in the visible range was observed
for OLEDs (see Fig. 13). That means a complete energy transfer from the
intermediate layers to the emission layer, with no formation of exci-
plexes or other unstable emissive species in the interfaces between the
layers.

The current-voltage and irradiance-voltage rates are typical of
OLEDs (see Fig. 12). The radiant power of 30 4W/cm? was measured at a
current density of 84 mA/cm? for the OLED with the [Yb(1-Naph)s(-
phen)] complex as the emitting layer, while for the [Yb(2-Naph)s(-
phen)] based OLED a radiant power of 11 gW/cm? was measured at a
current density of 8.5 mA/cm?. These results are close to the data pre-
sented in Ref. [61] with a radiant power of 22 ,uW/cmz for their
record-breaking sample. The maximum external quantum efficiency
(EQE) of 0.032% was obtained for an OLED based on the [Yb
(1-Naph)s(phen)] complex and 0.042% for a diode based on the [Yb

10 nm
I 2.2eV I
2 23ev  22€eV 27 8y
>3 3.3 eV )
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Fig. 11. Energy level diagram of OLED devices. Active layer: complex [Yb(1-
Naph)s(phen)] (a), [Yb(2-Naph)s(phen)] (b).
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Fig. 12. Irradiance (I) — current density (J) — voltage (V) curves for OLEDs
based on complexes [Yb(1-Naph)z(phen)] and [Yb(2-Naph)s(phen)].
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Fig. 13. Electroluminescence spectra of OLED based on complex [Yb
(2-Naph)3z(phen)].

(2-Naph)s(phen)] complex. It is worth mentioning that the EQE values
rarely rich the maximum values of 0.15-0.17% [62,63] for the majority
of bright Yb®* diketonate based NIR OLEDs.

4. Conclusions

Two novel Yb3+ complexes, namely tris-(4,4,4-trifluoro-1-(naph-
thalen-1-yl)butane-1,3-dionato)(1,10-phenanthroline)ytterbium(III)
([Yb(1-Naph)s(phen)]) and tris-(4,4,4-trifluoro-2-(naphthalen-1-yl)
butane-1,3-dionato)(1,10-phenanthroline)ytterbium(III) ([Yb(2-
Naph)s(phen)]) were synthesized and fully characterized. Unusual
formation of the mixed carboxylate-diketonate [Yb(2-Naph)a(-
CF3COO0)(phen)(H20)] complex as a side product in the synthesis of
neutral tris-complexes was observed and the possible reaction pathways
of its formation were discussed.

The photophysical properties of naphthalene based ligands and the
corresponding Gd®* and Yb®* complexes were thoroughly studied. The
energy of the lowest triplet state T; of naphthalene ligands was
measured by low temperature (77 K) phosphorescence spectroscopy of
the corresponding Gd3* complexes. The intramolecular energy-transfer
processes leading to the photoluminescence of the Yb** compounds
were discussed using the experimentally determined HOMO/LUMO
energy values and DFT calculations. It was revealed that replacing an 1-
NaphH ligand by an 2-NaphH ligand resulted in a decrease in the en-
ergy gap between the T; triplet level and the %Fs» excited state of the
Yb3* ion. A rational choice of the main and ancillary ligands lead to in
an increase in the PLQY of the complexes up to 3,2% (for the [Yb(2-
Naph)s(phen)] complex). It is worthy of note that the new complexes
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have higher PLQYs values compared to the majority of the previously
reported Yb®>* complexes with a similar type of the ligand environment.

The Yb®' complexes were successfully used as the near-infrared
emitting layer in multi-layer OLEDs. The designed OLED structures are
demonstrating characteristic Yb" electroluminescence with a single
emission band in the spectral range of 920-1070 nm with measured
maximum EQE values up to 0.04%. Devices based on the [Yb(2-
Naph)s(phen)] complex have a maximum irradiance of 11 yW/cm2 at
9V, which indicates an improvement in the electroluminescence prop-
erties over the previously reported devices based on Yb3* complexes
with 1,3-diketones.
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