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Abstract: A zinc complex bearing a pyrazolone-based azomethine ligand has been syn-
thesized for blue-emitting organic light-emitting diodes (OLEDs). The azomethine ligand
H2L and the complex [ZnL·H2O] were characterized by IR, 1H NMR, XRD, and TGA/DSC
techniques. According to a single-crystal X-ray diffraction analysis, the complex [ZnL·H2O]
has a molecular structure. Its solid-state PL maxima appear to be at 416 nm and emit
moderate blue emission with a quantum yield (QY) of 2%, with a dehydrated form of the
complex showing greater efficiency with a QY of 55.5%. ZnL-based electroluminescent
devices for OLED applications were fabricated. The devices exhibit blue emission with
brightness up to 5300 Cd/A.

Keywords: Zn(II) complex Schiff base; pyrazolone; photoluminescence; OLEDs

1. Introduction
Since the beginning of the 21st century, organic light-emitting diodes (OLEDs) have

been actively researched not only from a fundamental point of view but also in the di-
rection of commercialization in applications for smartphone displays and large-screen
high-definition televisions. OLED displays are also expected to become the next gener-
ation of lighting technology due to their advantages of surface emitting, lightness, and
flexibility [1–5]. The high efficiency of OLED devices has been achieved through the
development of phosphorescent and thermally activated fluorescence-delayed emitters,
which can use triplet excited states for emission, which are usually dark due to charge
injection [6–8]. Until recently, the most effective OLEDs were obtained on the basis of
rare and expensive metals (iridium, platinum, gold) [9–13] or on the basis of rather com-
plex organic molecules [4] that degrade quite quickly during the operation of devices.
Thus, the high cost and/or short lifespan of the devices hinder the commercialization of
electroluminescent devices. Thus, there is an urgent necessity to develop a strategy for
designing luminescent compounds to create stable OLED emitters that can replace the use
of organic phosphors as well as a platinum group of metals and still provide efficient blue
luminescence [14,15].

Recently, our group described relatively simple zinc coordination compounds incor-
porating pyrazolone-based azomethine ligands, which demonstrate record brightness and
blue electroluminescence efficiency [16–19]. Using this approach to continue the search for
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effective emitters, in this article, we present the results of comprehensive investigations
of the structure, photo- and electro-luminescent properties of zinc Schiff base complex,
derived from propane-1,3-diamine with 3-methyl-1-phenyl-4-formylpyrazol-5-one ligand
H2L used in this study (Scheme 1).

Scheme 1. Structure of azomethine ligand.

2. Results
2.1. Structure of Ligand and Zinc Complex

We have previously described the fluorescent properties of the ZnL complex in
solutions [20]. Since high luminescence efficiency in the solid state is required to eval-
uate the possibility of using zinc complexes as emitters in OLED devices, the present paper
presents the results of the study structure and properties in the solid state.

An analysis of the literature data shows that azomethine derivatives of 4-acyl-3-methyl-
1-phenylpyrazol-5-ones can exist in four tautomeric forms [21], of which the imino-ol (B)
and the amine-one forms (A) are the most stable Scheme 2. A comparative analysis of
NMR spectroscopy of the ligand and the complex testifies to the transition of the A form
to the B form during complexation with zinc cation in alkaline medium (Figure 1). The
most indicative is the disappearance of the “acidic” proton of the NH group registered
in the azomethine spectrum at 9.59 ppm and the appearance of the singlet signal of the
aldehyde proton in the complex spectrum at 8.10 ppm. The number of peaks observed
in the 1H NMR spectrum of the complex is consistent with the total number of hydrogen
atoms present in the structure, which indicates stability of the complex in solution.

Scheme 2. Tautomeric equilibria and the synthetic route for the synthesis of the zinc complex.
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Figure 1. The 1H NMR spectrum of complex (below) and azomethine ligand (above).

The spectral data are in high agreement with the data of X-ray analysis of single
crystals of azomethine and the complex (Table S1). Needle-like crystals of the ligand were
obtained by recrystallization from methanol. The compound crystallizes in the monoclinic
space group P21/n. The molecular structure of H2L with the atom numbering scheme
is shown in Figure 2. The presence of the ligand in the amine-one form is confirmed by
the analysis of the bond length. In particular, the bond lengths of O=C (1.236(3) Ǻ) and
1.244(3) Ǻ) demonstrate that the oxygen atoms of the carbonyl are in the keto form. The
bond length values of C10–C12/C18–C21 (1.386(4) and 1.376(4) Ǻ) and C12–N3/C18–N6
(1.305(4) and 1.312(3) Ǻ) distances are intermediate between those for single and double
C=C (C=N) bonds, which is explained by their incorporation into the conjugated system.
The hydrogen atoms of the NH group are involved in bifurcate hydrogen bonds with
the oxygen atoms of their own and neighboring molecules (see Table S2), leading to the
formation of a 1D helical supramolecular structure. The crystal structure is stabilized by
C–H. . .O/N/π and π. . .π intermolecular interactions (see Tables S2–S4).

The molecular complex ZnL·H2O crystallizes in a triclinic system with space group
P-1 (Figure 3, Table S5). The coordination environment of the Zn atom is formed by O2, O3,
N3, and N4 atoms from one double-deprotonated azomethine ligand L2- and one oxygen
atom (O5) of the water molecule, forming a distorted trigonal bipyramidal geometry
(τ5 = 0.72) [22]. The atoms O1, O3, and N4 form the equatorial plane, and the Zn atom
deviates from the equatorial plane by 0.028 Å. The axial positions are occupied by the atoms
O2 and N3 from the ligand. In addition, the bond lengths of O1–C3 (1.2761(16) Å) and
O2–C19 (1.2691(16) Å) indicate that the oxygens of the carbonyls take part in coordination
through the enolic form, and their active hydrogen is replaced by the Zn(II) ion. Parameters
of chemical bonds of the coordination polyhedron are given in Table S2. In the crystal
structure, there are significant intermolecular bonding interactions between the molecules.
Intermolecular hydrogen bonds between the coordinated water molecules and the nitrogen
atoms of the pyrazolone ring of the ligand anion (Table S2) are formed between every
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two molecules, linking the neighboring molecules to a supramolecular chain, as shown
in Figure 3b. Furthermore, each molecule is held together by π...π stacking interactions
between neighboring pyrazole rings (Table S4).

 
(a) 

(b) 

Figure 2. (a) Molecular structure of H2L; (b) intermolecular H-bonding between H2L.

 
(a) 

(b) 

Figure 3. (a) Molecular structure of ZnL·H2O; (b) intermolecular hydrogen bonding between neigh-
boring complex molecules.
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Since thermal stability is one of the most important characteristics of photoactive
compounds, thermal studies of the complex by TGA and DSC methods were performed
(Figure 4). The complex is stable up to a temperature of 192 ◦C. Then, in the interval
192–258 ◦C, there is a loss of 3.51% of mass due to the removal of the coordinated water
molecule (calc. 3.44%). Dehydration of the sample is accompanied by an endothermic
effect with a minimum of the DSC curve at 241 ◦C. The desolvated complex is stable
up to a temperature of 425 ◦C, above which partial sublimation starts (accompanied by
an endothermic effect with a minimum of the DSC curve at 455 ◦C), transforming into
decomposition of the sample.

Figure 4. TG and DSC curves of zinc complex.

2.2. Photophysical Properties of Zinc Complex

Previously, we presented the results of a study of the photophysical properties of the
complex in solution [20]. However, for the use of luminescent complexes as emitting layers
in OLEDs, data on the optical properties in the solid state are needed. Thus, in the present
work, we focused on the study of photophysical characteristics for the zinc complex in
crystal and powder states. Figure 5 shows the absorption spectra of the title Schiff base and
zinc complex.

It is found that H2L exhibits two distinct absorption bands at 240 and 282 nm. These
absorption bands can be assigned to the π–π* and n–π* transitions of C=C/C=N and
C=O chromophores, respectively. The addition of zinc cation and the transition of the ligand
to the deprotonated form in the complex ZnL·H2O are accompanied by a bathochromic
shift in the corresponding bands to 265 (shoulder) and 292 nm, respectively. In addition, in
the region of 330–400 nm, a broad band is registered, which we assigned to the metal–ligand
charge transfer [23–25].

Under UV lamp exposure, the crystals of the ZnL·H2O show weak blue photolumines-
cence with CIE coordinates of 0.16, 0.16. The optimal excitation wavelength was selected
from the excitation spectrum and is 345 nm. The emission spectrum has a broad asymmetric
band form with a main maximum at 416 nm and a shoulder at 470 nm (Figure 6). The
appearance of additional bands in the red region of the spectrum was previously observed
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for the complex with a dimethylene spacer, and their appearance was attributed to excimer
emission [17].

Figure 5. The absorption profiles of solid-state H2L and ZnL·H2O.

Figure 6. The excitation and emission of the zinc complex in different states.

Taking into account the close structure of the title complex and the previously de-
scribed one, the appearance of the shoulder at 470 nm is also obviously related to ex-
cimer luminescence. Compared to the previously described spectrum of the complex in
solution [20], the maximum in the solid is hypsochromically shifted. Moreover, only one
maximum was registered at low concentrations in solution, which is additional evidence
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of the excimeric nature of the signal at 470 nm registered in the study of crystals. Further
studies showed that careful grinding of the complex leads to the disappearance of the ex-
cimer signal, indicating the role of intermolecular interactions in the realization of excimer
luminescence. The molecular and crystalline structure is preserved during grinding, which
is confirmed by the data of an X-ray diffraction analysis of the powder (Figure S1). It is
noteworthy that the quantum yield of luminescence for both the crystalline sample and the
ground sample is only 2% and 4.1%, respectively. Considering the presence of a coordinated
water molecule in the structure of the complex, we believed that the low emission efficiency
of the crystalline sample is associated with non-radiative losses of excitation energy, which
leads to the quenching of luminescence [26]. Based on the data of thermal analysis of the
complex, we prepared an anhydrous sample of the complex by heating and keeping it for
one hour at 250 ◦C followed by recrystallization from benzene. Complete removal of the
coordinated water molecule was confirmed by elemental and thermal analyses and IR spec-
troscopy (Figures S2 and S3). The dehydrated complex exhibits brilliant blue luminescence
with CIE1931 (Commission Internationale de l’Éclairage) coordinates of 0.16, 0.12 under
excitation at 350 nm. The luminescence spectrum has the shape of a broad band with one
maximum. The emission maximum of the dehydrated complex is shifted to 427 nm, and
the quantum yield increases to 55.5%. This fact confirms the quenching effect of the water
molecule. Additionally, dehydration of the complex affects the decay lifetime as well. The
decay curve of the hydrated complex is approximated by a biexponential function

y = A1exp(−x/τ1) + A2exp(−x/τ2)

with the best-fit parameters of τ1 = 6.8 ns, A1 = 0.32; τ2 = 12.0 ns, A2 = 0.68, while the decay
of the dehydrated compound is well fitted by a monoexponential function with the τ value
of 10.1 ns. The biexponential character of crystal emission attenuation is consistent with
the luminescence spectrum of a crystal sample, which is a superposition of monomeric
and excimeric signals; therefore, it is more correct to use a biexponential curve reflecting
two pathways of deactivation of the excited state.

According to the literature, zinc Schiff base complexes with azomethine ligands have
shown tremendous interest as emissive materials in OLEDs [27]. Our studies have shown
that the dehydrated synthesized complex, due to its high thermal stability and high effi-
ciency of blue luminescence, is an ideal candidate for the creation of blue electroluminescent
devices, so the electroluminescence properties of the complex as emissive layers were tested
in the following fabricated OLED structures.

2.3. Electroluminescence Performance

To verify the hypothesis about the possibility of using a zinc complex as emitters
in electroluminescent devices, we have constructed and characterized three devices of
the following structure: ITO/MoO3/NPB/(complex + host matrix)/TSPO1/TPBi/LiF/Al.
Here, we used the combination of ITO/MoO3/NBP as the hole-injection layer. TSPO1,
TPBi, and LiF were used as hole blocking, electron-transport layers, and electron-injection
material, respectively, for providing an optimal balance of the charge carriers in the emissive
layer. The non-doped device demonstrated poor electroluminescent brightness, which
might be attributed to uneven charge carrier injection and transportation in the emissive
layer [28], so we used the obtained complex as emitting dopants with 5% weight doping
concentrations to the relevant host matrix [29]. The choice of host matrixes (mCp –1,3-
Bis(carbazol-9-yl)benzene (Device A); PYD-2Cz–2,6-di(9H-carbazol-9-yl)pyridine) (Device
B); and CBP–4,4′-bis(carbazol-9-yl)biphenyl (Device C) was determined by the ratio of
HOMO-LUMO energies of neighboring layers and the complex matching HOMO-LUMO
energy level to that of emitter molecules providing carrier transporting characteristics, good



Inorganics 2025, 13, 173 8 of 13

film-forming properties, and high thermal stability. The energy of HOMO/LUMO orbitals
was determined yearly by the measurements of optical spectra and cyclic voltammetry [20].

The schematic energy-level diagram in the eV of OLED devices fabricated in this
work is shown in Figure 7. The electroluminescence spectra of the devices A-C and the
characteristics of the devices are shown in Figure 8 and also provided in Table 1.

 
(a) (b) 

Figure 7. (a) Device structures of OLEDs A–C; (b) schematic energy-level diagram of device A.

 
(a) 

 
(b) 

Figure 8. Cont.
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(c) 

(d) 

Figure 8. (a) Normalized electroluminescence spectra of devices A–C at 7 V. (b) Current density-
voltage-brightness characteristics of devices A–C. (c) Current efficiency of devices A–C. (d) CIE
coordinates of emission for devices A–C. Inset—photo of working devices A and B.

Table 1. Electroluminescence characteristics of devices A–C.

Compounds Turn-On Voltage
(V)

Luminance
(cd/m2)

CIE
Coordinates CE (cd/A) EQE (%)

A 4.2 5430 0.1552, 0.1405 12.4 4
B 4.4 4320 0.1578, 0.1540 8.9 3.1
C 5.2 1020 0.1532, 0.2306 3.8 1.5

As can be seen from Figure 8a, the EL emission band for devices A and B remains
similar to the PL spectrum of the crystalline sample. There is no luminescence from
the electroplexes implying that these devices are effective. EL spectra show a single
peak located at 425 nm and 426 nm, demonstrating deep-blue electroluminescence with
CIE 1931 (0.1552, 0.1405) and (0.1578, 0.1540), which is very close to the NTSC standard
blue value (0.14, 0.08). In the case device C, in addition to the main signal of the complex
at 425 nm, the electroluminescence spectrum shows an additional peak at 478 nm due
to excimer emission, indicating an efficient Förster energy transfer from the host CBP
molecules to the molecules of the complex. CIE coordinates for device C are 0.1532, 0.2306.
Among the three devices, device A achieved the best electroluminescent performances
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with a maximum brightness of 5400 Cd/m2, a CE (current efficiency) of 12.4 cd/A, and an
EQE (external quantum efficiency) of 4.02%. This result could be the reason for the more
efficient exciton recombination process and host–guest energy transfer. For zinc-complex
blue emitters, this performance is quite high but non-recorded [16,30], probably due to the
device’s constructive imperfection, an unsuitable thickness of layers, and the mismatching
energy level of materials. Anyway, the present investigation demonstrates the utilization
of the zinc complex as an emissive material to construct efficient high high-luminance
blue OLEDs.

3. Materials and Methods
All the reagents and solvents were commercially available (Khimmed (Moscow, Rus-

sia), analytical grade) and used as received without further purification. Title azomethine
and Zinc complex were prepared according to the method used in the study of [20].

Diffuse reflectance spectra were recorded with a Cintra-3000 spectrophotometer for
the solid-state samples. 1H NMR spectra were recorded on a Bruker VXR-400 spectrometer
at 400 MHz using the DMSO-d6 solutions. Photoluminescence and excitation spectra
were recorded on the Fluorolog FL3-22 spectrometer for the complex in solid state. Lu-
minescence decays were measured using the same spectrometer equipped with a xenon
flash lamp. The luminescence quantum yields of the solid samples were determined by
the absolute method using an integrating sphere. The thermal behavior of complex was
studied using the simultaneous thermal analysis (STA) technique for parallel recording of
TG (thermogravimetry) and DSC (differential scanning calorimetry) curves.

The single crystal X–ray diffraction data were collected using the SuperNova diffrac-
tometer equipped with an Atlas detector and a micro-focus CuKα radiation source
(λ = 1.54184 Å) for H2L and the Bruker D8 Venture diffractometer equipped with a CCD
detector and a micro-focus MoKα radiation source (λ = 0.71073 Å) for ZnL·H2O. Semi-
empirical absorption correction was applied for both samples [31]. The structures were
solved by the direct methods and refined in the full-matrix anisotropic approximation for
all non–hydrogen atoms. The hydrogen atoms of oxygen and nitrogen atoms were found
in differential Fourier maps, and their parameters were refined using the riding model. The
hydrogen atoms of the carbon-containing ligand were positioned geometrically and refined
by using a riding model. All the calculations were performed by direct methods and using
the SHELX–2018 and OLEX-2 program package [32,33]. The crystallographic parameters
and the structure refinement statistics are shown in Table S1. CCDC numbers 2,434,148
(for H2L) and 2,434,149 (for ZnL·H2O) contain the supplementary crystallographic data for
the reported compounds. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif (accessed
on 25 March 2025).

OLED Preparation

Fabrication of the OLED performed according to the methodology described ear-
lier [18]: using “AUTO 306” equipment by “BOC EDWARDS” (Crawley, UK) for thermal
deposition of layers sand quartz detector SQM 160 (INFICON GmbH, New York, NY, USA)
for control of evaporation speed and thickness of the deposited layers.

The voltage–current and luminance measurements of the obtained OLED structures
were studied on a measuring complex consisting of a voltage analyzer source (Keithley
237, KEITHLEY, Cleveland, OH, USA) and a fiber spectrometer (AvaSpec-ULS-2048 × 64,
Avantes BV, Apeldoorn, The Netherlands).

http://www.ccdc.cam.ac.uk/data_request/cif
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4. Conclusions
The structure of the new Salen-type tetradentate N2O2 azomethine chelate ligand 5-

methyl-4-[[3-[[[[(3-methyl-5-oxo-1-phenyl-pyrazol-4-ylidene)methyl]amino]propylamino]
methylene]-2-phenyl-pyrazol-3-one and zinc complex on its basis was investigated. Spec-
tral and diffraction methods revealed that, during the reaction, the tautomeric form of the
ligand changes from amino to deprotonated iminol form. The complex has a mononuclear
structure with a pentacoordinated zinc cation. Moreover, the solid-state photoluminescent
properties reveal that the Zn(II) complex in crystalline form exhibited a weak blue lumines-
cence (QY about 2%), while the dehydrated complex demonstrates strong emission with
QY 55%. The electroluminescence characteristics of the zinc complex-based OLED devices
were studied. The maximum current efficiency of 12.4% and maximum luminance of
5430 cd/m2 were achieved.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/inorganics13050173/s1. Table S1: Crystal data and structure
refinements for H2L and ZnL·H2O; Table S2: D-H···A interactions in crystals of H2L and ZnL·H2O;
Table S3: C–X···π interactions in H2L and ZnL·H2O; Table S4: Selected parameters of π. . .π inter-
molecular interactions in H2L and ZnL·H2O; Table S5: Selected geometric parameters for ZnL·H2O;
Figure S1: PXRD diffractograms of grounded crystals of zinc complex; Figure S2: IR spectra of hy-
drated (black line) and unhydrated (red line) zinc complex and elemental analysis data for unhydrated
sample; Figure S3: TGA curve of unhydrated zinc complex.
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