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Introduction

Nowadays, there is a growing interest in emitters in
the near-infrared region. According to ISO 20473
scheme, the infrared region is divided into three
bands  of  near-infrared (NIR)  radiation
(780-3000 nm), mid-infrared radiation (3-50 mm),
and far-infrared radiation (50 mm-1 mm) [1].

The capabilities of organic light-emitting diodes in
their configuration and efficiency leave them far
ahead of inorganic competitors. It is already known
about the use of NIR-OLED in wireless data trans-
mission devices [2], medicine (e.g., pulse oximeters
[3]), night vision and data storage devices [4], and
other applications [5, 6]. However, there are not so
many emitters of this spectral range and OLEDs
based on them; therefore, research in this area is
increasing along with the growing popularity of
OLEDs themselves.

The most popular in the production of organic
light-emitting diodes are derivatives of d-metals,
primarily of the platinum group (iridium [7], plat-
inum, osmium), and some compounds of light ele-
ments, for example, aluminum. Although platinum
and especially iridium complexes exhibit excellent
luminescent properties, they are not without signifi-
cant disadvantages. First of all, it is the price and
availability of platinum group metals. To date, it has
become obvious that at the same rate of consumption
in the near future, the reserves of iridium will be
exhausted [8]. The second problem is that, due to the
electroluminescence mechanism, which is mainly
due to emission from charge transfer triplet states
(BMLCT), it is practically impossible to obtain emit-
ters that are efficient for the near-infrared region. The
few examples of compounds which demonstrated
electroluminescence in the near-infrared range, as a
rule, have comparatively low efficiency in the wave-
length region of 750-850 nm, with further efficiency
decrease at longer wavelength [9]. One of the solu-
tions to the described disadvantages is the use of
coordination compounds of rare earth elements—
lanthanides.

Lanthanide coordination compounds are of a great
importance for modern technology and science. For
example, they are extensively used in advanced
photonics, optoelectronics, and spectroscopy [10-12].

Among all emitting lanthanide ions, Nd>*, Er**,
and Yb®>" are of special interest due to NIR emission
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in the range of 880-1600 nm. The Yb’' ion has a
single emission peaked around 980 nm originated
from the *Fs /2 = ’F, /2 transition. The NIR emission
from the Yb(IID) ion is used in biomedical imaging,
because it is long-lived and because it has higher
efficiency compared to the other NIR-emitting Ln(III)
ions [10, 13].

Pyrazole-substituted 1,3-diketones and especially
4-acylpyrazolenes are unique class of chelating
ligands, which were used previously for preparation
of highly-luminescent lanthanide complexes [14-19].
A drawback of many of the reported conventional
diketone-based lanthanide complexes is that their
visible, and in particular, NIR emission is often effi-
ciently quenched by the vibrational overtones of CH
bonds within the sensitizing ligands. This process can
be suppressed by the preparation of fully fluorinated
or deuterated organic ligands [20], or by excluding
high-energy vibrating bonds in close proximity to the
emitting Ln ** center [13, 21]. The pyrazolone core is
containing small number of such bonds, and in
addition, an introduction of perfluorinated sub-
stituents in side chain can additionally reduce
quenching. With all that said, 5-methyl-2-phenyl-4-
(2,2,2-trifluoroacetyl)-2,4-dihydro-3H-pyrazol-3-one
(HL) seems to be a good candidate for preparation of
bright luminescent complexes with Ln*" ions and
different ancillary ligands.

Some complexes of 5-methyl-2-phenyl-4-(2,2,2-tri-
fluoroacetyl)-2,4-dihydro-3H-pyrazol-3-one (HL)
with selected lanthanides [22-24], VO** [25], Cu?**
[26, 271, Ag™[26], PhsSn[28, 29], Sr**[23], and other
metals [30-32] were reported previously. To date,
none of the obtained lanthanide complexes of the
ligand HL were tested in OLED devices, although
some of them were found to be string luminescent in
solid phase or in the polymer films [22, 24].

In the present research, we report on synthesis and
systematic investigation of electroluminescent prop-
erties for a series of Yb®>" with 5-methyl-2-phenyl-4-
(2,2,2-trifluoroacetyl)-2,4-dihydro-3H-pyrazol-3-one
(HL) and different diimine ancillary ligands (1,10-
phenanthroline, 2,2-bipyridine and 4,7-diphenyl-1,10-
phenanthroline).
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Experimental section
General remarks

Ytterbium (III) chloride hexahydrate (99.99%),
gadolinium (III) chloride hexahydrate (99.99%), and
other reagents were purchased from Aldrich and
used without additional purification. 5-Methyl-2-
phenyl-2,4-dihydro-3H-pyrazol-3-one was obtained
from phenylhydrazine and ethyl 3-oxobutanoate
according known synthetic procedure [33].

Elemental analysis and NMR spectroscopy

Elemental analyses were performed on an Elemental
Vario MicroCube CHNO(S) analyzer. Metal content
was determined by complexometric titration with
Trilon B solution in the presence of xylenol orange as
an indicator. Complexes were decomposed before
analysis by heating with concentrated HNOs. 'H and
"F NMR spectra were recorded at 300 K on a Bruker
AM-300 instrument operating at 300.12 and
282.4 MHz for 'H and ' F nucleus, respectively.
Chemical shifts were reported in ppm with respect to
internal standard TMS (6 = 0.00 ppm) or external
standard CFCl; (6 = 0.00 ppm).

Optical adsorption

Optical absorption spectra for the complexes and free
ligand were measured in solutions in 1-cm-path-
length quartz cells. The samples were dissolved in
acetonitrile (SuperGradient grade, Panreac, Spain)
with a concentration of about 1 x 10~ mol/L. Opti-
cal absorption spectrum was registered at room
temperature with the use of a Jasco V-770 spec-
trophotometer with a 200-900-nm operational range.

Luminescent measurements

Photoluminescent steady-state spectra at an ambient
temperature were measured by an Ocean Optics
Maya Pro CCD spectrometer operating within
200-1100 nm spectral range. Powdered samples were
placed in 4-mm O.D. quartz tubes for measurements.
CW laser diode (370 nm) with appropriate band-pass
filter was used as an excitation source. Optical fibers
with appropriate quartz optics were used for illumi-
nation of the sample and collection of emitting light.
Low-temperature phosphorescent spectrum  of
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complex 4 was recorded on a Varian Cary Eclipse
spectrofluorimeter operated at 250-900 nm spectral
range. Xe-flash lamp was used as an excitation
source, and powdered sample (in a sealed 4-mm O.D.
quartz-glass tube) was placed in custom-made
quartz-glass cryostat, filled with liquid N,. An
appropriate delay (80-100 us) between flash of the
lamp and data collection was used in order to
exclude any residual fluorescence. All data were
corrected on instrument response function.

X-ray analysis

Single X-ray diffraction analysis was carried out on a
Bruker D8 Quest diffractometer (MoKa radiation, -
and ¢-scan mode). The structures were solved with
direct methods and refined by least-squares method
in the full-matrix anisotropic approximation on F.
Crystal of [Yb(L);(phen)] (1) is a racemic twin with
fractions 0.89/0.11. All hydrogen atoms were located
in calculated positions and refined within riding
model. All calculations were performed using the
SHELXTL [34, 35] and Olex2 [36] software packages.
Atomic coordinates, bond lengths, angles, and ther-
mal parameters have been deposited at the Cam-
bridge Crystallographic Data Centre with deposition
numbers—CCDC 2,098,196, 2,098,197, and 2,098,198,
which are available free of charge at www.ccdc.ca
m.ac.uk.

Synthesis of ligand and complexes

Preparation of 5-methyl-2-phenyl-4-(2,2,2-trifluoroacetyl)-
2 4-dihydro-3H-pyrazol-3-one (HL).

The ligand HL was obtained by a modification of
procedure, described earlier by Jensen [37]
(Scheme 1). Briefly, to a solution of 12.8 g (73 mmol)
of 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one
in 80 mL of dry pyridine 10 mL (72 mmol, 15 g) of
trifluoroacetic anhydride was added dropwise with

o
N\'}l (0] pyridine N‘N O
Ph Ph

HL, 81%

Scheme 1 Preparation of the ligand HL.
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magnetic stirring in such a rate to maintain temper-
ature below 40 °C (cold water bath). After addition,
dark red-brown solution was stirred at a room tem-
perature for 2 h and poured into 300 mL of cold
water with stirring. The solution was made acidic by
carefully addition of conc. HCl until precipitation of
the diketone was completed. The resulted precipitate
was filtered off, washed by water until neutral pH of
filtrate was reached and dried in air to a constant
weight. It was further purified by recrystallization of
hot EtOH-water mixture. Yield was 15.7 g (81%) of
light greenish powder. M.p. 142-143 °C (lit. 144 °C
for keto form [37]).

Calc. for C1o,HoF;N>0, (270.20): C, 53.34; H, 3.36; N,
10.37%; found: C, 53.29; H, 3.48; N, 10.30%.

"H-NMR (300 MHz, CDCly): § (ppm): 7.80 (d, 2H,
Ph), 7.50 (t, 2H, Ph), 7.37 (¢, 1H, Ph), 2.48 (d, 3H, CH,).
YE-NMR (300 MHz, CDCl3): 6 (ppm): —75.55.

7 N
N\ /
=N N
7\ . )
—N N
2 LnClI
n
/ NaOH e
N0 EtOH =) )
|
Ph —N N
no ancillary ligand

Scheme 2 Preparation of complexes.
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Preparation of Yb complexes 1-3 and Gd complex 4.

A solution of 0.405 g (1.5 mmol) of ligand HL in
10 mL of ethanol was placed in a borosilicate glass
vial with a screw cap (PTFE septa) and heated to
40 °C with magnetic stirring (Scheme 2). Corre-
sponding diimine ligand (0.5 mmol, 0.078 g of 2,2-
bipyridyl, 0.090 g of 1,10-phenanthroline or 0.166 g of
bathophenanthroline) was added, and stirring was
continued until clear solution was formed. Hot
solution of 0.194 g (0.5 mmol) YbCl;-6H,0 in 2 mL of
EtOH was then added followed by dropwise addi-
tion of 1.5 mL 1 M solution of NaOH in EtOH. The
resulted mixture was kept in a closed vial for 2 h at
40 °C and left overnight at a room temperature. The
resulted precipitates were filtered off, washed suc-
cessively with 2 mL of 50% aqueous EtOH, 5 mL of
deionized water and 5 mL of pentane and dried at
40 °C and 0.1 torr to a constant weight.

[Yb(L)3(phen)] (1).

White powder. Yield was 0.447 g (77%).

F3C.
& ol A
; ¢ /ng’»:r [Yb(L)3(phen)], 1
N \_o/ ‘N
\N I
\ Pz
Ph 3
FsC “ ]
,--O\\ ’,N\
G 3+ s
e [Yb(L)3(bipy)], 2
N\N 0 |
V Pz
Ph 3
_ - Ph
FsC a
,"O\\ N
—_ o [Yb(L)s(bath)], 3
N. /O N
\N | P
i 3 Ph
FaC X
r-o\ ,’/O\H
l < >Gd%+ [Gd(L)IS(HZO)]: 4
;_o/ b8 _H
N\,\\l 0
Ph 3 H
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Calc. for C48H32F9N806Yb (116084) C, 4966, H,
2.78; N, 9.65; Yb, 14.91%; found: C, 49.73;
H, 2.82; N, 9.69; YDb, 15.01%.

[Yb(L)s(bipy)] (2).

White powder. Yield was 0.392 g (69%).

Calc. for C46H32F9N306Yb (113682) C, 4860, H,
2.84; N, 9.86; Yb, 15.22%; found: C, 48.66;

H, 2.89; N, 9.80; Yb, 15.32%.

[Yb(L)s(bath)] (3).

White powder. Yield was 0.551 g (84%).

Calc. for CgoHyoFoNgOgYb (1313.03): C, 54.88; H,
3.07; N, 8.53; Yb, 13.18%; found: C, 54.91;

H, 3.12; N, 8.60; Yb, 13.35%.

Complex [Gd(L);(H;O),] (4) was obtained in the
similar way, stating from 0.405 g (1.5 mmol) of
ligand HL and 0.186 g (0.5 mmol) GdCl;*6H,0.
Yield was 0.265g (53 %) of Greenish powder. Yield
was 0.265 g (53%).

Calc. for C36H23F9GdN603 (100088) C, 4320, H,
2.82; N, 8.40; Gd, 15.71%; found: C, 43.27; H, 2.89;
N, 8.38; Gd, 15.90%.

OLED fabrication and testing

Multilayers OLED devices were fabricated by layer-
by-layer vacuum thermal deposition (< 107 torr) on
glass substrates (20 x 30 x 1.1 mm, RMS = 2.3 nm,
LT-G001 ITO Glass 15Q, from Lumtec Corp.) with
ITO (indium tin oxide) conducting layer as anode.
Extra pure MoOj; (99.9995 wt% free of W impurity)
was used as a hole blocking material [38]. NPB (N,N/'-
di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4'-di-
amine) was used as one of the most efficient hole-
transport materials to provide the necessary hole
mobility  [38, 39]. Bebq, (bis(10-hydroxy-
benzo[h]quinolinato)beryllium) was used as host
matrix and as electron transport material for phos-
phorescent dopants. Aluminum was used as cathode
material. The deposition rates of each organic layer
did not exceed 0.03 nm x s~' to obtain the most
homogeneous films. To measure the electrolumines-
cence (EL) parameters of the fabricated OLED struc-
tures, they were encapsulated in a special cell filled
with argon. A GPD-73303D (Good Will Instrument
Co., Taiwan) was used as a power source for OLED
structures.
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The electroluminescence (EL) of OLED structures
was activated by a direct current, which is deter-
mined by an applied voltage and structure resistivity.

OLED structures were tested using a LumiCam
1300 photometer—colorimeter (Instrument Systems
Optische Messtechnik, GmbH, Germany) to study the
uniformity of radiation distribution. Spectral mea-
surements were carried out using an Ocean Optics
NIRQuest-512 spectrophotometer in the wavelength
range of 900-1700 nm with an integration time of
1000 ms. An Optical Power Meter model 1830-R with
an 818-1G silicon detector with an operating wave-
length range of 800 to 1650 nm (Newport Corpora-
tion, USA) was used as an optical power meter.
Current-voltage characteristics were measured using
a GDM-78261 universal digital voltmeter (Good Will
Instrument Co., Taiwan).

Results and discussion
X-ray structures of complexes

Pale yellow crystals of complexes 1-3, suitable for
X-ray diffraction experiments, were obtained by slow
evaporation of solutions in EtOH at room tempera-
ture. Selected crystallographic data and refinement
details for complexes 1-3 are listed in Table 1.

All three structures were monomolecular com-
plexes (Fig. 1). The ytterbium ion is coordinated by
three diketonate ligands, and the coordination envi-
ronment is saturated by two nitrogen atoms of the
diimine ligands. Coordination number of Yb>' is
equal to eight in all cases, and coordination polyhe-
dron {YbOgN,} can be best described as distorted
square antiprism. Ytterbium bond lengths with the
atoms forming its coordination polyhedron are listed
in Table 2.

The crystal packing analysis revealed an existence
of weak intermolecular interactions of the C-H...F
type. Average H...F distances are 2.56, 2.58, and
2.49 A for complexes 1-3, respectively. Further anal-
ysis of the [Yb(L)s(bipy)] packing revealed the pres-
ence of a series of n-stacking interactions of bipyridyl
ligands with each other, as well as stacking interac-
tions of the phenyl substituent and the pyrazole ring
of the diketonate ligands (Fig. 2). For complexes 1
and 3, weak interactions of the C-H... n type between
the diimine ligand and the pyrazole ring of the
diketonate ligand were observed.

@ Springer
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Table 1 Crystallographic data
and refinement details for

complexes 1-3

Parameter Value

[Yb(L)3(bipy)] [Yb(L)3(phen)] [Yb(L)3(bath)]
Molecular formula C46H3FoNgOsYb  CygH3oFoNgOsYb  CgoHuoF9NgOsYDb
M 1136.83 1160.85 1313.04
Temperature, K 100(2) 110(2) 110(2)
System Triclinic Orthorhombic Triclinic
Space group P-1 P2,2,2, P-1
a, A 11.8681(3) 10.5581(8) 12.4824(16)
b, A 13.5862(4) 18.6780(16) 14.4887(16)
c, A 14.8048(4) 22.6536(19) 15.5174(18)
o, deg 91.9160(10) 90 82.905(2)
B, deg 111.5110(10) 90 82.012(2)
7, deg 95.1250(10) 90 77.5150(10)
v, A3 2206.36(11) 4467.4(6) 2700.7(6)
Z 2 4 2
Peale, glem’ 1.711 1.726 1.615
(MoK,), mm™" 2.218 2.193 1.824
F(000) 1126 2300 1310
Omin—Omax, deg 1.51-30.00 2.103-29.00 1.98-25.00
Number of measured reflections 35,371 17,578 15,515

Number of unique reflections (Rj,)
Number of reflections with I > 2o(I)
Number of refined parameters
R-factors (I > 2a5(1))

R-factors (all reflections)

GOOF
Apmax / Apmina €/A3

12,838 (0.0292)
12,051

17,578 (0.0681)
15,944

9359 (0.0246)
8705

634 653 760

R, =0.0238, R, =0.0548, R, =0.0356,
®R, = 0.0536 wR, = 0.1225 wR, = 0.0825
Ry =0.0265, R; = 0.0633, R, =0.0391,
®R; = 0.0545 oR;, =0.1273 wR, = 0.0843
1.065 1.049 1.055

1.717 / — 0.687 2.022 / - 1.120 2.576 / — 1.590

Comparison of XRD patterns of powder prepara-
tions with those simulated on the basis of single-
crystal crystallographic data (Figs. 54-S6) showed the
satisfactory coincidence, which indicated the pre-
pared powders were well crystallized and their phase
purities were close to those of single crystals. The
chemical purity of the synthesized complexes was
determined by ICP-MS analysis (Table S1). The cor-
responding values of chemical purity of 99.996 wt%
for Yb(L);(bipy), 99.990 wt% for Yb(L);(phen), and
99.988 wt% for Yb(L);(bath) were determined.

Photophysical properties and energy
transfer diagram for 1-3

The photophysical properties of the free ligand HL
and its complexes 1-3 have been examined in dilute
MeCN solution at room temperature and are sum-
marized in Table 3 and Fig. 4. As shown in Fig. 3,
similar ligands-centered solution absorption spectra

@ Springer

were observed in the UV region. These bands were
associated with '7-7* and 'n-n transitions in the
organic ligands. One can see that additional bands in
spectra of complexes 1-3 are redshifted with respect
to absorption maxima in spectra of free ligand HL.
They can be attributed to the absorption of diimine
ligands.

All three complexes 1-3 were demonstrated
specific NIR luminescence of Yb** upon UV (370 nm)
excitation. The organic ligands acted as antennas [40],
which absorbed light and transferred the energy to
the Yb>" ion. The only one transition (%Fs /2 = ’F, /2)
in Yb>* was observed, corresponding to a relatively
broad emission band peaked around 1006 nm. Due to
relatively unsymmetrical ligand environment, the
band was split into three subcomponents as a result
of ligand field interaction of Yb>* ion (Fig. 4).

To analyze energy transfer pathways in details,
low-temperature phosphorescence (77 K) spectrum
of gadolinium complex 4 was recorded. Since the
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Figure 1 General view of
complexes 1 a, 2 b, and 3
c. Atoms are represented as
thermal ellipsoids at 50%
probability. Hydrogen atoms
are omitted for clarity.

Table 2 Bond lengths in the coordination polyhedra of ytterbium

in complexes 1-3

Yb—X Bond length, A
[Yb(L)s(bipy)]  [Yb(L)s(phen)]  [Yb(L)s(bath)]

Ybl-O1  2.3131(14) 2.300(7) 233503)
Ybl-02  2.2381(14) 2275(7) 2233(3)
Ybl-03  2.3348(13) 2361(7) 2352(3)
Yb1-04 2.2289(13) 2.243(8) 2.238(3)
Ybl-05  2.3554(14) 2.376(7) 2326(3)
Ybl-06  2.2779(14) 2217(7) 22173)
Yb1-N7 2.4769(16) 2.51909) 2.479(3)
YbI-N§  2.5012(16) 2.490(9) 2.503(3)

Gd®" ion has no energy levels below 32,000 cm ™' and
therefore cannot accept any energy from the excited
state of the ligand [41] at low temperature, complex 4
exhibits the typical phosphorescence (Aepy = 532 nm),
from which the triplet Cr-7*) energy level
(18,832 cm™') was calculated. For ancillary ligands
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Figure 2 n-—n interactions in the

stacking
[Yb(L);(bipy)](2). Hydrogen atoms are omitted for clarity.

crystal of

bipy (23,148 cm™Y), phen (21,645 cm™Y) [42] and bath
(22,000 cm™") [43] triplet Cn-n*) energy level had

@ Springer
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Table 3 Photophysical properties of HL and complexes 1-3 in
MeCN solutions

Compound Amax., M ( cm_]) Extinction, M~ x em™!
HL 234 (42,735) 153,000
278 (35,971) 134,452
[Yb(L);(bipy)]  244(40,983) 592,970
283(35,335) 583,915
[Yb(L)s(phen)]  229(43,668) 546,445
250(40,000) 444,025
271(36,900) 461,820
292(34,246) 346,900
[Yb(L)s(bath)]  220(45,454) 668,210
243(41,152) 634,190
281(35,587) 760,050
1.2x10°
— [Yb(L),(phen)]
= 1.0x10°4 —[Yb(l-)3(b§th)]
g — [Yb(L),(bipy)]
X il
S 8.0x10°
=
Qo
G 6.0x10°
£
=
o 5
E 4.0x10°
o
=
2.0x10° 1
0.0 T T T - —T
200 250 300 350 400 450

Wavelength, nm

Figure 3 Absorption spectra of free ligand HL and complexes
1-3 in MeCN solutions.

2p  (M32F (1)
2F, /2(01_)2|:7 /Z(O) 5/2 7/2 2F, /2(0)_)2|:7 /Z(Z)

4000 - 10054 l,au
3500 - 1.0
3000 -
2500 -
2000 -
1500 -
1000 -

500

0.8+

0.6

PL intensity, cps

0.4+

e nt
——Vb(L),Phen 950 1000 1050
—— Yb(L),bipy
5001 —— Yb(L),Bath

-1000

=

I I U I
950 1000 1050 1100

Wavelength, nm

Figure 4 Emission spectra of 1-3 complexes (A" = 370 nm)
with corresponding Stark splitting.
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been measured previously. The energies of singlet
levels (‘n-n*) of the ligands were estimated from
observed absorption spectra.

The simplified energy transfer diagram for com-
plexes 1-3 is presented in Fig. 5. Since the energy gap
between first triplet level (T7) of the ligand HL and
resonant level ?Fs,, of the Yb>" (10,400 cm™!, [44])
ion is the smallest (~ 8430 cm '), the energy transfer
from this T; level is much probable than from T;
levels of ancillary ligands. Nevertheless, the role of
ancillary ligands is not limited by saturation of inner
coordination sphere of Yb>". Less effective but yet
important pathways of the central ion sensibilization
may include an interligand energy transfer and other
less common processes. Unfortunately, since the
energy gap between T; and °Fs, levels is sufficiently
large, a noticeable quenching of luminescence by
multiphonon relaxation was observed. This process is
typical for the most of Yb>" diketonates and leads to
a significant decrease in total quantum yields of
photoluminescence [45]. The detailed energy transfer
mechanism for given complexes is currently under
investigation.

Yb3* bipy phen bath
81 S N
1
Sy
T1 T1
T4
. . ‘\’%\
s 22 \
12+ ‘g Fsa_\
S ig
o1 |5 i8:8
3 :1S:§ 5
< 3T 5% 9
6 o o
:i2 £
‘2 -
©O
3 T
P2
v vFrz Y

0

Figure 5 Simplified energy transfer diagram for complexes 1-3.
The possible energy transfer pathways from ancillary ligands are
not shown for clarity.
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OLED performance

OLED devices were fabricated and examined to test
the suitability of synthesized substances as emissive
materials for NIR-OLED application. The topology of
the manufactured OLEDs was as follows: ITO/ MoO;
(I nm)/ NPB (40 nm)/Bebgy,: X (20 nm)/Bebq,
(40 nm)/LiF (1.2 nm)/ Al, where X is:

Yb(L);(bipy) for 1 structure,

Yb(L)s(phen) for 2 structure,

Yb(L);(bath) for 3 structure.

All the devices obtained showed electrolumines-
cence in the near-infrared range (Fig. 6). The maxi-
mum of the luminescence spectra was specific for
ytterbium compounds and corresponded to the fol-
lowing values:

978 nm, 1006 nm, and 1034 nm for 1 structure;

978 nm, 1005 nm, and 1034 nm for 2 structure;

978 nm, 1005 nm, and 1031 nm for 3 structure.

The obtained EL spectra practically did not differ
from each other. However, the differences are more
noticeable when comparing the PL spectra with the
EL spectra of the corresponding complexes and
OLED structures on their basis (Fig. 7). For all OLED

structures, we observed the strong reduction in EL
intensity of zFé% — 21:;2/)2 subcomponent transition
compared to the PL of crystalline complexes. This
could be explained by different stacking of crystalline
structures and complexes materials in the thin-film
OLED structures as well as the AC electric field

action.
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Figure 6 Normalized PL spectra of OLEDs based on 1-3
complexes.
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The usage of the well-known phosphorus Bebq;, as
a matrix material and an electron transport layer
material, as expected, led to electroluminescence in
the visible region of the spectrum. Despite this, the
EL  brightness  was  insignificant  (about
2-4 cd x m™?), but this allowed us to use the Lumi-
Cam photometer—colorimeter to obtain 3D visual-
ization of the brightness intensity distribution
(Fig. 8). As can be seen from the image, the OLED
structures turned out to be homogeneous.

All the fabricated devices based on the studied
compounds revealed a characteristic nonlinear
behavior of the J-V curves (Fig.9). The turn-on
voltages of NIR-OLEDs were ~ 5.5 V.

In order to obtain the most reliable values of the
optical power, an IKS-1 light filter (Acutofs = 750 nm)
was added to the measuring benchmark, which was
installed directly on the OLED structure. The
obtained OLED characteristics, including optical
power, are presented in Table 4.

Analysis of NIR-OLED power density of the
structures based on various Yb-based emitting
materials (Fig. 10) showed that the difference in
power density at 978 and 1005 nm was not more than
20%. The maximal power density was observed for
OLED based on Yb(L);(bath). This resulted from the
better ~ charge-transfer =~ properties  of  the
bathophenanthroline in comparison with 2,2-bipyr-
idine and phenanthroline [46].

The obtained values are several times higher than
those described earlier by Li and co-workers for
ytterbium complexes based on simple diketones of
the pyrazolone series. (At 977 nm, maximal irradi-
ance of 0.14, 042, 0.8, and 1.47 pW x cm™? is
described for various OLED topologies [47].) This
became possible due to the optimization of the ligand
structure; however, the OLED topology was not
optimized in this case. It should be noted that more
efficient platinum complexes, for example, do not
allow reaching such long waves as lanthanides and
do not have such narrow spectral lines. If we talk
about the synthesis of more efficient quinolate emit-
ters, then their synthesis requires isolation from air,
since these adducts are unstable to water and oxygen,
and requires special conditions for synthesis. At the
moment, organic light-emitting diodes with ytter-
bium complexes are poorly studied, but our results
are already a good contribution to their study, albeit
without optimization of OLEDs.
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Figure 8 3D brightness mapping of the OLED structure based on
complex 1.

No direct correlation between Yb content in the
active layer of OLED and its power density can be
established, because the energy transfer to Yb ion is
not straightforward. The efficiency of OLED is
depending upon a superposition of various factors,
including efficiency of excitons (triplet and singlet
excitons are possible) formation, the position of
recombination zone in the OLED structure, efficiency
of energy transfer between triplet level of the ligands
and Yb ion, various non-radiative processes, and
many other factors. That is why it is hard to predict
which complex will be a better emitter in OLED
before carefully experimental evaluation of real
structures [48].
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Figure 9 Current density vs voltage dependence for the
fabricated OLEDs.

Conclusions

In conclusion, the pure complexes based on ytter-
bium and 5-methyl-2-phenyl-4-(2,2,2-trifluoroacetyl)-
2,4-dihydro-3H-pyrazol-3-one (HL) ligand and vari-
ous diimine ligands (2,2-bipyridine, bathophenan-
throline, 1,10-phenanthroline) generating the antenna
effect have been synthesized. The produced com-
plexes were crystallized, and X-ray analysis showed
that [Yb(L);(bipy)] and [Yb(L)s;(bath)] complexes
were triclinic (P-1), while [Yb(L)s(phen)] complex has
orthorhombic structure (P2;2;2;). The photolumi-
nescence of the complexes demonstrated only bands
resulted from 2Fs;; — 2F;), transition and corre-
sponding three Stark subcomponents observing due
to the crystal field action. NIR-OLED structures with
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Table 4 Characteristics of the
fabricated NIR-OLED OLED Structure 1 Structure 2 Structure 3 Structure
1! s . .
structures Emitting material Yb(L)s(bipy)  Yb(L)s(phen)  Yb(L)3(bath)
Turn-on voltage, V 5.5 5.5 5
Max. voltage, V 15 16 14
Max. power density at 14 V (at wavelength, nm),  1.83 (978) 2.04 (978) 2.17 (978)
uW x cm™> 1.63 (1005) 1.84 (1005) 1.92 (1005)
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Figure 10 Power density of 1-3 OLED structures at various voltages: at emission wavelength 978 nm a and 1005 nm b.

emitting layers based on the [Yb(L);(bipy)l,
[Yb(L)s(bath)], and [Yb(L);(phen)] complexes
demonstrated electroluminescence with maxima of
978 and 1005 nm. The maximal power densities of
2.17 (978 nm) and 1.92 (1005 nm) uW x cm ™2 were
determined for the OLED based on [Yb(L);(bath)].
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