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ABSTRACT: To improve our understanding of the chemistry of
actinide complexes and to spur their development in the ﬁeld of
actinide markers, two new uranium complexes were synthesized
using 8-hydroxyquinoline and 5,7-dichloro-8-hydroxyquinoline. The
prepared complexes were characterized by Fourier transform
infrared spectroscopy, thermogravimetric analysis, ultraviolet−
visible spectroscopy, elemental analysis, and single-crystal X-ray
diﬀraction. The impact of the electron-withdrawing group of the
ligand on the photoluminescence spectra of the complexes in
solution and in the solid state was scrutinized. The bandgap of the
complexes was calculated using the density functional theory (DFT)
method to investigate the eﬀects of the electron-withdrawing groups
on energy levels. The synthesized uranium complexes demonstrated
appropriate levels of the lowest unoccupied molecular orbital energy, leading to favorable dye stability. The prepared uranium
complexes showed blue ﬂuorescent emission, and the sample with the most intense ﬂuorescence was used to construct bluish-green
organic light-emitting diodes using simple solution processing fabrication methods. Absorbance spectra, emission spectra, DFTcalculated energy levels, and comparisons of the fabricated organic light-emitting diodes indicated that the electron-withdrawing
group was a key factor in photoluminescence behavior.

■

INTRODUCTION
Despite long-lasting developments in the chemistry of actinides
(Ann+) and actinyls (AnO2n+), this ﬁeld is currently undergoing
a renaissance of exploration because their various chemical and
physical properties, as well as their electronic structure and
bonding, yield new insights and applications. The need for
comprehensive investigations of actinides, even their known
optical properties, has been well acknowledged, especially
when compared with their lanthanide counterparts as well as
with transition elements. All actinides have optical luminescence properties. The characteristic luminescence of uranium,
mainly uranium(VI), has been examined more extensively than
those of the other actinides. The photochemical and
photophysical properties of uranium-containing compounds
are highly signiﬁcant in diagnostic tests as well as in the
manufacture of blue-green glassware and ceramics, internal
radiation biochemistry, and optical sensors.1
The photoluminescence spectrum of uranium complexes
appears as a broad peak in the range of 400−650 nm, and it
can be detected with a microsecond lifetime.2−6 The broad
peak, which originates mainly within the uranyl ion, is a result
© 2020 American Chemical Society

of the transfer of an electron from the oxygen orbital to a
vacant uranium 5f orbital.7,8 The ultraviolet−visible (UV−vis)
spectra of uranium complexes have been found to be more
complicated when their equatorially coordinated ligands have a
π-conjugation system, which then provokes other electronic
transitions, including ligand-centered charge transfer. The
conjugation system acts as an antenna and facilitates energy
transfer; consequently, it inﬂuences the ﬂuorescence wavelength by shifting its position.9,10
Uranium complexes have diﬀerent geometrical arrangements. The best-known geometrical structure of uranium is
uranyl, which has a linear structure but in the presence of
various connectors can form square-bipyramidal, pentagonalbipyramidal, cubic, hexagonal-bipyramidal, and tricapped
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trigonal prismatic structures in uranium complexes.11 The
uranyl ion has a linear structure, UO22+. It is a dioxido cation of
uranium in the VI oxidation state. Uranyl is ubiquitously found
in the form of salts, including acetate, phosphate, nitrate,
perchlorate, sulfate, selenite, iodate, and oxide.12 The uranyl
moiety is also the central part of most uranium complexes,
where the organic ligands are then equatorially coordinated in
an overall square-, pentagonal-, or hexagonal-bipyramidal
fashion.13,14 Uranium complexes can adopt structures such as
monomers, one-, two-, and three-dimensional coordination
polymers,15−23 and metal−organic frameworks (MOFs).24−30
Despite the vast number of studies of uranium complexes,
there are only a few 8-hydroxyquinoline complexes, and their
photoluminescence has not been examined;31−35 however, this
ligand is interesting for the optical properties of most transition
metals and lanthanide complexes. The use of depleted uranium
(238U) complexes in the lighting industry is highly advantageous over main group metal, transition metal, or lanthanide
complexes. On one hand, main group metal complexes usually
do not have a high radiation eﬃciency in commercial
applications. On the other hand, iridium and other rare
transition metals and lanthanides are trace elements in the
Earth’s crust. One reason that organic light-emitting diodes
(OLEDs) are so expensive at present is the need to use iridium
and other rare metals in their manufacture. Because the
abundance of uranium is approximately 4000−5000 times
higher than that of iridium and other rare metals, its
application can have a signiﬁcant eﬀect on reducing the cost
of commercial OLEDs. Moreover, actinides have a much
stronger emission intensity than lanthanides.36 It is expected
that the introduction of new compounds of uranium will
revolutionize the future lighting market.
Because of the fascinating photoluminescence behavior of 8hydroxyquinoline complexes of various metals, the syntheses,
characterization, and investigation of the optical properties of
diverse derivatives of 8-hydroxyquinoline complexes of
uranium should prove to be beneﬁcial. In this context, in
this study, we used 8-hydroxyquinoline and 5,7-dichloro-8hydroxyquinoline to synthesize two uranium complexes,
UO 2 (C 9 H 6 NO) 2 (CH 3 OH) (1) and UO 2 (C 9 H 4 NOCl 2 ) 2
(CH3OH) (2), and examined the eﬀect of electron-withdrawing chloro substituents of 8-hydroxyquinoline on its
photoluminescence behavior.
Because of its many challenges, a blue emitter continues to
be a major issue in OLED development.37 In this study, the
prepared complexes were used as pigments to fabricate blue
light-emitting diodes employing solution processing methods.38
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analyses (CHN) were performed with a Thermo Finnigan Flash1112EA CHNS elemental analyzer. Infrared spectra from 4000 to 250
cm−1 were recorded on a Bomem MB-series Fourier transform
infrared (FTIR) instrument with a spectral resolution of 4 cm−1 using
KBr pellets of the compounds. Thermogravimetric analysis (TGA) of
the complexes was performed using a Bahr STA-503 instrument at a
heating rate of 10 °C min−1 in air. The photoluminescence spectra
were recorded in THF at a concentration of 1.0 × 10−6 mol L−1 at
room temperature on a PerkinElmer LS-45 luminescence spectrometer by excitation with 350 nm and in the solid state at room
temperature by the same excitation wavelength using a JASCO FP6500 spectroﬂuorometer. UV−vis spectra were also recorded in a
quartz cell with a concentration of 1.0 × 10−4 mol L−1 on a Shimadzu
2100 spectrophotometer. The layer thickness was measured with a
Dektak8000 proﬁlometer and a Sigma Instrument SQM160 crystal
thickness monitor system. The current−voltage characteristics of the
fabricated devices were inspected with a Keithley 2400 source
measurement unit. A Mastech-MS6612 optical instrument was used
to record the emission intensity versus voltage relations of the
OLEDs. Finally, the electroluminescence and photoluminescence
spectra were recorded on a USB2000 and HR4000 Ocean Optics
instrument.
X-ray Crystallography. Single-crystal X-ray measurements were
conducted on a Bruker Kappa APEX2 CCD diﬀractometer with a
microfocus tube using Mo Kα radiation (λ = 0.71073 Å) and ω- and
φ-scans. Data collection was carried out with APEX2 software; cell
reﬁnement and data reduction were performed with SAINT,40 and
experimental absorption correction was performed with SADABS.41
The structures were determined by direct methods using
SHELXT2014/7 and reﬁned by full-matrix least squares of F2 with
SHELXL2014/7.42 Non-hydrogen atom positions were reﬁned with
anisotropic displacement parameters. Hydrogen atoms were positioned geometrically (with C−H bond lengths of 0.95 Å for aromatic
and aliphatic CH, 0.99 Å for CH2, and 0.98 Å for CH3) and riding
models (AFIX 43, 23, and 137, respectively), with Uiso(H) = 1.2Ueq
(CH and CH2) and 1.5Ueq (CH3). The hydrogen atoms for the
methanol molecules were found from the electron density map.
Graphics were drawn with DIAMOND.43 Crystallographic data and
the reﬁnement parameters for UO2(C9H6NO)2(CH3OH) (1) and
UO2(C9H4NOCl2)2(CH3OH) (2) are listed in Table S1.
Density Functional Theory (DFT). Density functional theory
(DFT) was carried out using the hybrid Perdew−Burke−Ernzerhof
(PBE0)44 exchange-correlation density functional. The accuracy of
the PBE0 functional has been recently checked for spectroscopic
properties of the uranium compound in comparison to the
experiment.45 The all-electron SARC-ZORA-TZVP,46 segmented
all-electron relativistically contracted (SARC) basis sets with zeroorder regular approximation (ZORA)47 Hamiltonian that consider the
scalar-relativistic term, has been used for uranium. For the other
elements, the Def2-TZVP (triple-ζ valence basis sets with polarized
function)48 basis set was applied. All calculations were performed
using the ORCA4.0 package.49
Synthesis of UO2(C9H6NO)2(CH3OH) (1). Uranyl acetate
dihydrate (0.2 mmol, 0.085 g) [Caution! 238UO2(acetate)2·2H2O
is toxic and somewhat radioactive] and 8-hydroxyquinoline (0.4
mmol, 0.058 g) were mixed and sonicated in methanol for 10 min.
The mixture was then sealed in a 25 mL glass tube and heated at 85
°C. After 6 days, the tube was cooled to room temperature naturally,
and the light-brown crystals were collected, washed with deionized
water, dried at room temperature, and used for characterizations
(yield of 84.7%, mp >270 °C). Anal. Calcd (found) for
C19H16N2O5U: C, 38.65 (38.80); H, 2.73 (2.46); N, 4.75 (4.98).
IR (KBr pellet): 3518, 3431, 3083, 2924, 1623, 1565, 1465, 1383,
1306, 1265, 1101, 1003, 901, 830, 737, 594, 481 cm−1.
Synthesis of UO2(C9H4NOCl2)2(CH3OH) (2). Uranyl acetate
dihydrate (0.2 mmol, 0.085 g) and 5,7-dichloro-8-hydroxyquinoline
(0.4 mmol, 0.086 g) were mixed and sonicated in methanol. After
being mixed for 10 min, the mixture was then sealed in a 25 mL glass
tube and heated at 85 °C. After 6 days, the tube was cooled to room
temperature naturally, and the dark-brown crystals were collected,

EXPERIMENTAL SECTION

Materials and Instrumentation. Depleted uranyl acetate
dihydrate [238UO2(acetate)2·2H2O], 8-hydroxyquinoline, and 5,7dichloro-8-hydroxyquinoline were purchased from Merck and Aldrich
and used without further puriﬁcation. All materials for fabrication of
the OLEDs, 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP),
poly(vinylcarbazole) (PVK), 4-(dicyanomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran (DCM), N,N′-bis(3-methylphenyl)N,N′-diphenylbenzidine (TPD), 2-phenyl-5-(4-biphenylyl)-1,3,4-oxadiazole (PBD), poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), and indium tin oxide (ITO) (see
Scheme S1 for structures), were obtained from Aldrich. All solvents
were dried and distilled under nitrogen before use according to
standard procedures.39 Melting points were obtained with an
Electrothermal 9200 melting point apparatus. Elemental micro17029

https://dx.doi.org/10.1021/acs.inorgchem.0c02242
Inorg. Chem. 2020, 59, 17028−17037

Inorganic Chemistry

pubs.acs.org/IC

washed with ultrapure water, dried at room temperature, and used for
characterizations (yield of 89.3%, mp >270 °C). Anal. Calcd (found)
for C19H12N2Cl4O5U: C, 31.34 (30.82); H, 1.66 (1.71); N, 3.85
(3.33). IR (KBr pellet): 3446, 2878, 2576, 1629, 1562, 1454, 1367,
1311, 1101, 917, 891, 814, 753, 604, 507 cm−1.
Fabrication of the Bluish-Green OLED. The ﬁrst step of the
fabrication process was the cleaning of the ITO substrate with a
detergent, acetone, isopropanol, ethanol, and deionized water
successively for 10 min each in an ultrasonic bath. PEDOT:PSS as
a hole-injection layer was spin-coated on a clean ITO substrate at a
thickness of 60 nm and baked in an oven for 30 min at 120 °C.
Following this step, a PVK:TPD:PBD:complex with a mass ratio of
100:10:40:5 (3.22 mg:0.32 mg:1.29 mg:0.16 mg) as a light-emitting
layer was spin-coated on PEDOT:PSS at a thickness of 65 nm and
baked in an oven for 30 min at 110 °C. Eventually, a thin layer of Ca/
Al at a deposition rate of 2−3 Å at 8 × 10−8 mbar was placed on top
of the organic ﬁlm by thermal evaporation to fabricate devices with an
emission area of 2 mm × 2 mm. All measurements were performed
without encapsulation in air at ambient temperature.
Fabrication of the White OLED. The cleaning of the ITO
substrate, preparation of the hole-injection layer, and baking were
similar to the fabrication of the blue OLED. Following cleaning, holeinjection layering, and baking, a PVK:TPD:PBD:DCM:complex with
a mass ratio of 100:10:40:5:0.25 (3.22 mg:0.32 mg:1.29 mg:0.16
mg:0.008 mg) as a light-emitting layer was spin-coated on
PEDOT:PSS at a thickness of 65 nm and baked in an oven for 30
min at 110 °C. Similar to the fabrication of the bluish OLED, a thin
layer of Ca/Al at a deposition rate of 2−3 Å at 8 × 10−8 mbar was
placed on top of the organic ﬁlm by thermal evaporation to fabricate
devices with an emission area of 2 mm × 2 mm.

Article

were associated with the stretching vibrations of the CC and
CN bonds in the 8-hydroxyquinoline components of the
complexes.50−52 The infrared spectra of complexes are shown
in Figure S1.
Crystal Structures of UO2(C9H6NO)2(CH3OH) (1) and
UO2(C9H4NOCl2)2(CH3OH) (2). Complexes 1 and 2 crystallized in monoclinic space group P21/n. The asymmetric units
consisted of complete metal−ligand complex molecules, which
included one uranyl unit, one coordinated methanol, and two
8-oxyquinolinate or 5,7-dichloro-8-oxyquinolinate ligands. The
latter were coordinated to uranium through the N and O
atoms, giving ﬁve-membered metallacycles. The structure is
best described as a pentagonal bipyramid with methanol as the
ﬁfth equatorial ligand (Figure 1). The oxido O atoms of the

■

RESULTS AND DISCUSSION
Synthesis and Characterization. The reaction of 8hydroxyquinoline and 5,7-dichloro-8-hydroxyquinoline with
uranium acetate dihydrate in a solvothermal chamber in
methanol resulted in the formation of
UO2(C9H6NO)2(CH3OH) (1) and UO 2(C9H4NOCl2) 2
(CH3OH) (2), respectively. Notably, altering the 8-hydroxyquinoline derivative did not aﬀect the structure of the
complexes (Scheme 1). The prepared complexes were
characterized by FTIR, UV−vis spectroscopy, and elemental
analysis.

Figure 1. Molecular structures of complexes (a) 1 and (b) 2 (50%
thermal ellipsoids).

quinolate ligands were located at a trans position to each other.
The uranyl oxido ligands have an approximately linear
orientation at an angle of 176.30(16)° in 1 and 176.42(8)°
in 2. The UO bond lengths are between 1.76 and 1.79 Å.
The crystallography data and selected bond lengths are listed
in Tables S1−S3.
Thermal Properties. During TGA (Figure S2), the ﬁrst
mass loss of 5.5% at around 210 °C of complex 1 was
associated with the release of coordinated methanol. This mass
loss was in excellent agreement with the calculated value of
5.42%. The second mass loss of 47% between ∼370 and ∼650
°C was due to the decomposition and combustion of the
quinolate ligands. The result was in fair agreement with the
calculated value of 49%. The thermal behavior of complex 2
was similar to that of complex 1. However, the coordinated
methanol of complex 2 was released at around 220 °C with a
mass loss of ∼4%. This temperature was somewhat higher than
that in complex 1. The release of coordinated methanol at the
higher temperature in complex 2 probably was due to the
presence of two electronegative substituents on the 8oxyquinolinate ligands. The second mass loss of 42% between
390 and 650 °C in the thermogram of complex 2 (similar to
that of complex 1) was also associated with the decomposition
and combustion of the ligands in the complex. This mass loss

Scheme 1. Structural Drawings of the Prepared Complexes

In the infrared spectra, the symmetric and asymmetric
stretching vibration bands of U−O were in the range of 800−
900 cm−1.50,51 Speciﬁcally, the stretching vibration bands of
U−O in complexes 1 and 2 appeared at 830 and 901 cm−1 and
at 891 and 917 cm−1, respectively. The distinct broad -OH
group stretching vibration band of 8-hydroxyquinoline and 3,5dichloro-8-hydroxyquinoline in the range of 3000−3200 cm−1
was absent after reaction with uranium acetate and
unambiguously showed deprotonation and coordination of
the oxy group to uranium. The band around 1100 cm−1, which
was observed in the FTIR spectra of both complexes, was
assigned to the stretching vibration of C−O of the C−O−M
bond. The bands at around 1300 and 1400 cm−1 in the spectra
17030

https://dx.doi.org/10.1021/acs.inorgchem.0c02242
Inorg. Chem. 2020, 59, 17028−17037

Inorganic Chemistry

pubs.acs.org/IC

Article

The results also revealed that the bandgap is 3.26 eV for
complex 1, while that for complex 2 decreases to 3.02 eV,
suggesting bluish-green emission.53,54 This decrease may be a
consequence of the chlorine electron-withdrawing eﬀect, which
in turn increases the ﬂuorescence intensity of this complex.
The decrease in energy levels in the presence of chlorine
veriﬁes that the ILCT transitions of 8-oxyquinolinate ligands
are critical in the absorption and ﬂuorescence spectra of these
complexes.55 Furthermore, to conﬁrm this level of theory and
their alignment with the experiment absorption, the theoretical
absorption spectra by time-dependent density functional
theory (TD-DFT)56 were recorded for the low-lying excited
states (>300 nm). As one can see in Figure S3, the theoretical
absorption spectra exhibited the same trend as the experiment
and conﬁrmed the trend of the decreasing HOMO/LUMO
gap from 1 to 2.
UV−Vis Absorption Spectra. The UV−vis spectra of the
uranium complexes and the free 8-hydroxyquinoline and 5,7dichloro-8-hydroxyquinoline ligands were measured to obtain
their photoresponsive regions. The absorption spectra of 8hydroxyquinoline and 5,7-chloro-8-hydroxyquinoline, as
shown in Figure S4, exhibited absorption at 225−375 nm.7,57
The electronic absorption spectra of the complexes were
studied in THF. The results are illustrated in Figure 3.

was close to the calculated value of 41%. On the basis of the
results of thermal analysis of complexes, we concluded that the
prepared complexes were stable up to 210−220 °C, which
makes them suitable for the fabrication of devices using hightemperature processing techniques.
Theoretical Calculations. Density functional theory
(DFT) at the PBE0/Def-TZVP&SARC-ZORA-TZVP level
of theory was carried out to obtain the orbital energies of
UO2(C9H6NO)2(CH3OH) (1) and UO 2(C9H4NOCl2) 2
(CH3OH) (2). On the basis of the calculations for complex
1, the highest occupied molecular orbital (HOMO) is located
on the p orbitals of the uranyl oxido oxygen atoms and one of
the 8-oxyquinolinate ligands. The corresponding contributions
are ∼14.6% and ∼85.4%, respectively. It was also found that
the corresponding lowest unoccupied molecular orbital
(LUMO) is located on the f orbitals of uranium and the p
orbitals of 8-oxyquinolinate, which have 11.5% and 88.5%
contributions, respectively. Similar data were found for
complex 2; the HOMO is located on the p orbitals of uranyl
oxygen and one of the 5,7-dichloro-8-hydroxyquinoline
ligands. The oxygen and 5,7-dichloro-8-oxyquinolinate contributions are ∼7.5% and ∼92.5%, respectively. The LUMO
for complex 2 is located on the f orbitals of uranium and the p
orbital of the 8-hydroxyquinoline ligand, and they contribute
∼24.5% and ∼75.5%, respectively. As is obvious from the data,
the HOMO in both complexes is located entirely on ligands
and mainly on quinolinate ligands. On the contrary, the
LUMO is situated mainly on quinolinate ligands and, to some
extent, on the uranium metal atom. Therefore, these complexes
are ideal substrates for ligand-to-metal charge-transfer
(LMCT) transitions and speciﬁcally for intraligand chargetransfer (ILCT) transitions. The HOMO and LUMO orbitals
and the bandgap energy are shown in Figure 2 and Table 1.

Figure 3. UV−vis spectra of UO2(C9H6NO)2(CH3OH) (1) and
UO2(C9H4NOCl2)2(CH3OH) (2) in THF (1.0 × 10−6 mol L−1).

Complexes 1 and 2 showed three absorptions at 252, 334,
and 383 nm and 261, 342, and 393 nm, respectively. The
electronic transitions of UO2(C9H4NOCl2)2(CH3OH) (2)
emerged at higher wavelengths compared with those of
UO2(C9H6NO)2(CH3OH) (1), which is due to the chlorinewithdrawing eﬀect and stabilization of the π* state. These data
are in accordance with DFT studies.
Photoluminescence Studies. The photoluminescence
spectra of the complexes were recorded in solution and solid
state at ambient temperature under excitation at 350 nm
(Figure 4a,b). Both complexes showed similar photoluminescence spectra, but their intensities and positions were
inﬂuenced by the electron-withdrawing groups.58 The equation
reported by Parker and Rees (eq 1) was employed to estimate
the quantum yields of complexes 1 and 2.59,60

Figure 2. HOMO and LUMO orbitals of complexes 1 and 2.

Table 1. HOMO and LUMO Energies and Bandgaps of
Complexes 1 and 2
1
2

HOMO (eV)

LUMO (eV)

bandgap (eV)

−5.46
−5.60

−2.21
−2.58

3.26
3.02

The DFT calculations for both complexes indicate that the
large orbital molecular coeﬃcients in both the HOMO and the
LUMO are located on uranyl and one of the quinoline ligands.

φ ε2d 2c 2
F2
= 2
F1
φ1ε1d1c1
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was aluminum, was coated on Ca at a thickness of 120 nm.
The active area of the prepared devices was 3 mm × 1.5 mm.
The fundamental structures of the OLEDs were glass/ITO/
PEDOT:PSS (60 nm)/PVK:TPD:PBD:complex (65 nm)/
BCP (8 nm)/Ca (20 nm)/Al (120 nm). The addition of DCM
to the active layer resulted in a white light-emitting diode. It
was observed that if the proportion was adjusted to
100:10:40:5:0.125, the fabricated OLED functioned as a
bluish-white light-emitting device. In the latter case, the
fundamental structures of the OLED were glass/ITO/
PEDOT:PSS (60 nm)/PVK:TPD:PBD:complex:DCM (65
nm)/BCP (8 nm)/Ca (20 nm)/Al (120 nm). Furthermore,
a 0.5:5 proportion of the DCM:complex could be used in the
fabrication of a yellow OLED. The structures of the
compounds that were used to fabricate the OLEDs are
shown in Scheme S1, and the structures of the blue and white
OLEDs are illustrated in Figures 5 and 6, respectively.63−66

Figure 4. Photoluminescence spectra of complexes in (a) solution
(THF, 1.0 × 10−6 mol L−1) and (b) the solid state, at an excitation
wavelength of 350 nm at 273 K.

where F is the ﬂuorescence area, φ is the relative quantum
yield, c and ε are the sample’s concentration and extinction
coeﬃcient, respectively, and d is the solution thickness.
Relative PL quantum yield values of 0.68 and 0.72 were
attained for complexes 1 and 2, respectively.
The ﬂuorescence quantum yield increased from 1 to 2. A
decline in energy levels was observed by increasing the electron
aﬃnity or electron-withdrawing eﬀect of the aromatic ring;
consequently, the ﬂuorescence quantum yield increased.55 It is
worth noting that, because the metal-centered PL emission of
the uranyl ion is expected as a broad band in the range of 480−
570 nm with a λmax of 508 nm,61,62 the dominant ligand
emissions obscured the PL emissions of complexes. For
veriﬁcation, the PL spectra of 8-hydroxyquinoline, 5,7dichloro-8-hydroxyquinoline (Figure S5), and the ﬁnal
complexes were recorded in THF at ambient temperature
with an excitation wavelength of 350 nm. This result conﬁrmed
that the emission of the ligand obscured the metal-centered
emission band. Apparently, ligand-centered (LC) transitions in
the conjugated system facilitated the emission.
Bluish-Green and White Organic Light-Emitting
Devices. Compound 1, with no electron-withdrawing groups,
and compound 2, with electron-withdrawing groups, were used
to conﬁrm the inﬂuence of the electron-withdrawing groups on
the ﬂuorescence in the OLED structure. The complexes
functioned as eﬀective blue ﬂuorescent materials in which the
HOMO, LUMO, and bandgap energy in complex
UO2(C9H6NO)2(CH3OH) (1) were −5.46, −2.21, and 3.26
eV, respectively. In complex UO2(C9H4NOCl2)2(CH3OH)
(2), these values were −5.60, −2.58, and 3.02 eV, respectively.
Next, BCP was used as a hole blocker, and it was coated on a
PVK:TPD:PBD complex using the vapor-deposition method at
1 A/s at a thickness of 8 nm. Ca was then coated on BCP by
vapor deposition at a thickness of 20 nm. The ﬁnal layer, which

Figure 5. Device structures of (a) the bluish-green OLED and (b) the
white OLED.

Electroluminescence Studies. The electroluminescence
spectra of the fabricated devices were investigated at 14 V. The
results are shown in Figure 7. The chlorine-containing complex
had a higher emission intensity and quantum yield compared
with those of the hydrogen-containing complex; thus, it
showed superior performance.
The current−voltage characteristics of the prepared OLEDs
are shown in Figure 8. When a bias voltage was applied,
electrons and holes were injected into the active layer,
and the current density increased. Notably, complex
UO2(C9H6NO)2(CH3OH) (1) required a driving voltage
higher than that of the other complex because of its higher
LUMO level and thus its energy barrier. The increase in the
energy barrier prevented an eﬀective transfer of charge into the
dye molecules, therefore increasing the turn-on voltage. The
highest current density was ascribed to the white OLED
because of its eﬃcient transfer of charge into the ﬂuorescent
molecules. It was observed that the net device current density
of the complex containing the 5,7-dichloro-8-hydroxyquinoline
ligand was higher than that of the complex containing 8hydroxyquinoline, which was correlated to its molecular energy
levels. The UO2(C9H4NOCl2)2(CH3OH) (2) complex possessed a LUMO level much lower than that of
UO2(C9H6NO)2(CH3OH) (1) with the PBD energy level,
leading to the ease of electron transfer, exciton formation, and
light emission. Therefore, complex 2 was used to fabricate
high-performance white OLEDs.
Figure 9 presents a schematic energy diagram of the white
light-emitting diodes. In the beginning, electrons from
17032
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Figure 6. (a) Bluish-green (DCM:complex, 0:5), (b) yellow (DCM:complex, 0.5:5), (c) bluish-white (DCM:complex, 0.125:5), and (d) white
(DCM:complex, 0.25:5) OLEDs [DCM = 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (Scheme S1)].

Figure 7. Electroluminescence spectra of the prepared devices at 14
eV.

Figure 9. HOMO and LUMO energy levels of the uranium complex
and materials used to fabricate white OLEDs.

injector layer, and subsequently to PVK and TPD as the hole
transport layer. Finally, holes move to 2:DCM as the lightemitting layer; eventually, the recombination of the electron−
hole occurs, and a white electroluminescence band appears.
Because there is coulombic interaction between holes in the
HOMO level and electrons in LUMO levels, this results in the
generation of excitons in this layer. The demolition of excitons
emits photons that have the same energy as the bandgap or
higher than it. Therefore, for the transfer of excitons to
HOMO and LUMO levels, an energy transfer between the
host material and emissive dopants must exist. As one can
derive from Figure 9, HOMO and LUMO levels of DCM with
values of −3.5 and −5.6 eV, respectively, lie between the
HOMO and LUMO levels of the uranium complex used to
fabricate the OLED (Table 1). This caused electrons and holes
to accumulate at DCM molecules and achieve electron/hole
recombination. Two recombinations occurred, including
radiative recombination and trap recombination. The former
recombination leads to the observation of electroluminescence

Figure 8. J−V curves of the fabricated OLEDs at various
ﬂuorescence:dye ratios.

aluminum and calcium are injected into the LUMO level of
BCP as the hole blocker layer and PBD as the electron
transport layer. Then, the electrons from PBD are transported
to 2:DCM as a light-emitting layer. Next, holes from ITO are
injected into the HOMO level of PEDOT:PSS as a hole
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Figure 11 presents a chromaticity diagram of the fabricated
devices. The electroluminescence spectral data were used in

from DCM, but later recombination in contrast to the former
did not result in electroluminescence under this condition. It
should be mentioned that trap levels can shorten the device
lifetime due to the thermal aging and impurity diﬀusion at
various applied voltages. Figure 10 shows the luminescence−

Figure 10. Luminance−voltage characteristics of the fabricated
devices.

Figure 11. Variations in the CIE 1931 chromaticity coordinates of the
prepared OLEDs.

voltage characteristics of the fabricated devices. The maximum
luminescence was assigned to the white OLED. The
luminescence intensity changed as follows: 2:DCM (5:0.25)
> 2:DCM (5:0.125) > 2 > 1. This trend indicated that the
performance of the OLEDs was causally related to the
chemical structures of the moieties. The 5,7-dichloro-8hydroxyquinoline ligand was employed to prepare complex 2
and subsequently to fabricate the OLEDs, which provided a
superior ﬂuorescence compared to that prepared without
chlorine. The external quantum eﬃciency (EQE) was obtained
from luminance, current density, and EL spectral data.
Maximum quantum eﬃciencies of 12.34% and 10.12% were
achieved for the white device with dopants ratio of 5:0.25 and
5:0.125 (2:DCM), respectively (Table 2). The more balanced
hole and electron injections in the device are the prime reason
for the higher eﬃciency and improvement of the device with a
dopant concentration of 5:0.25 (2:DCM) with respect to other
devices.

the MATLAB software to derive at the CIE coordinates.
Obviously, the emission obtained from the 2:DCM (5:0.25)
and 2:DCM (5:0.125) layer overlaps between the emission of
uranium complexes at around 500 nm and the emission of
DCM at 580 nm. This can be elucidated by considering the
exciton diﬀusion length of ∼8 nm in organic thin ﬁlms.67,68
Because in 2:DCM (5:0.125) the number of DCM molecules
is lower in the uranium complex, excitons formed at uranium
molecules have to diﬀuse before energy is transferred to DCM.
Therefore, they can recombine on uranium molecules and
contribute to the uranium spectral signature. However, with an
increase in the ratio to 5:0.25 (2:DCM), the number of DCM
molecules in the uranium complex increased, and concomitantly, the energy-transfer radius decreased. Consequently, the
emission of the uranium complex in the EL spectrum
decreased, and recombination of excitons at DCM molecules
materialized. In addition, as Figure 7 shows, with an increase in
the amount of DCM molecules, the full width at half-maximum
(fwhm) changed, which has a direct relationship with CIE
coordinates. The Commission International de 1’Eclairage
(CIE) coordinates of the devices containing complex 1 and
complex 2 were far from cx = 0.33 and cy = 0.33, which are the
ideal white point coordinates. When the DCM dye molecule
was incorporated into the active layer, the chromaticity
coordinates moved toward the white point, and with an
increase in its concentration, the CIE coordinates were made
to approach the reference white coordinates. The characterizations of the prepared devices are listed in Table 2.
According to the results, the chlorine-containing sample
possessed a lower turn-on voltage and a higher current density.
However, the diﬀerence in current eﬃciency was negligible. It
is well-known that the equal-energy white correlated color
temperature (CCT) was 6456, which can be approached by
introducing the appropriate concentration of an orange dye
molecule. Figure 11 shows that the complex’s optical
properties, such as emission color, were directly associated
with the ligand and thus could be controlled by the careful
engineering of the chemical structure. As observed in the EL
spectra and conﬁrmed by the CIE chromaticity diagram, the
synthesized uranium complexes provided a broad emission

Table 2. Device Characteristics of Bluish and White OLEDs
Based on the Uranium Complexesa
1
peak emission (nm)
CIE (x, y)
fwhm (nm)
CRI
CCT
turn-on voltage (V)
current density
(mA cm−1), at 10 V
luminance (cd m−2), at
10 V
current eﬃciency
(cd A−1)
power eﬃciency
(lm W−1)
maximum EQE (%)

2

500
(0.26,
0.43)
140

500
(0.28,
0.45)
130

10
4.8

2:DCM
(5:0.125)
494, 540
(0.29, 0.43)

2:DCM
(5:0.25)

9
8.7

130
56
6801
6
65.7

490, 550
(0.30,
0.42)
120
55
6456
5
141.9

60

110

900

1700

1.25

1.26

1.37

1.20

0.39

0.44

0.72

0.75

7.02

8.23

10.12

12.34

Article

a

Abbreviations: CRI, color rending index; EQE, external quantum
eﬃciency.
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spectrum, which could be used to fabricate high-quality white
light sources.57,69,70

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.0c02242

CONCLUSIONS
In this study, two uranium complexes were synthesized
through solvothermal and ultrasonic methods using 8hydroxyquinoline and 5,7-dichloro-8-hydroxyquinoline ligands.
The prepared complexes were characterized by various
techniques and utilized as a ﬂuorescent dye in the fabrication
of white and blue OLEDs. The photophysical investigation of
the prepared complexes and fabricated OLEDs showed that
their optical properties strongly corresponded with the
properties of the ligands that were employed to synthesize
the complexes. Therefore, by the complexation of appropriate
ligands with actinide-series elements, it is possible to prepare
coordination complexes, tune their optical properties, and
subsequently fabricate highly eﬃcient light sources.
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