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ABSTRACT
A new hybrid monomer ligand, termed B8HQOXD 5, is successfully synthesized. This ligand is composed of 5,5 0-((((1,3,4-oxa-
diazole-2,5-diyl)bis(1,4-phenylene))bis(azanediyl))bis(methylene))bis(quinolin-8-ol). The corresponding oligomer metal complex,

B8HQOXD–Zn(II) 6, is also designed and synthesized. Through meticulous spectroscopic analyses, we have explored the lumi-

nescent behavior of our oligomer 6 as a function of temperature and time. This exploration has revealed three distinct luminance

emissions, each mirroring a distinct structural aspect of oligomer 6. These emissions have been meticulously correlated with

various origin groups, offering a comprehensive understanding of the oligomeric structure. When compound 6 is utilized at

low concentrations, it demonstrates promising electron-transport properties in solution-processed organic light-emitting diodes

with a specific device structure: glass/indium tin oxide/PEDOT:PSS/PVK+ 10% [6]+ 4% Ir(ppy)3/LiF/Al.

1 | Introduction

Organic light-emitting diodes (OLEDs) have garnered consider-
able interest for their potential as flat-panel displays [1] and effi-
cient lighting sources [2]. The efficiency of OLED devices hinges
upon several crucial physical parameters, encompassing elec-
trode design, active layer thickness and structure, doping concen-
tration and type, as well as carrier transport and balance [3].
Understanding the intricate processes of carrier injection, trans-
portation, and exciton formation within mixed systems is para-
mount in optimizing OLED performance [4]. To achieve efficient
OLEDs with a single-layer configuration, the organic emitting
layer (EL) material should possess high luminescence yield
and enable efficient injection and transport of both electrons
and holes. Most highly fluorescent or phosphorescent organic
materials suitable for OLEDs tend to function as either hole-
transport (p-type) or electron-transport (n-type) components.
This necessitates the incorporation of additional materials—
either electron injection/transport (EIT) or hole injection/trans-
port (HIT) materials—to establish a balanced electron–hole
injection and transport environment. Although, bipolar
(donor–acceptor), thermally activated delayed fluorescence

materials have demonstrated potential in fulfilling both hole
and electron-transport functions in the emissive layer [5].
Nevertheless, additional layers are still required for electron
injection and hole blockage to confine the generated excitons
in the emissive layer [6]. In single-layer configuration solution-
processable OLED devices with a p-type host material, the EIT
material must be mixed with the host material in a relatively high
concentration (40%–50% ww) to achieve a suitable balance with
hole transport [7]. The utilization of oxadiazoles, notably the
molecule 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole
(PBD), has been widespread as electron-transport materials
[8–13]. However, the crystallization of vacuum-evaporated
PBD thin films due to joule heating during device operation leads
to decreased device longevity. To address the need for efficient
EIT materials at lower concentrations, particularly for single-layer
solution-processable OLEDs, researchers have proposed oligo-
meric oxadiazole as a promising alternative [14]. Furthermore,
metal chelates based on substituted 8-hydroxyquinoline (8-HQ)
and Group II metal ions, such as Be(II) and Zn(II), have also found
applications in OLEDs. Notably, 8-hydroxyquinoline chelates,
exemplified by tris(8-hydroxyquinolinato) aluminum (8HQ-Al)
have played a seminal role in early organic light-emitting devices
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due to their favorable properties, including high fluorescence, ther-
mal stability, and excellent electron-transport mobility [15, 16].
These metal–quinoline complexes continue to be of great interest
as high-performance light-emitting materials [17, 18]. Despite pre-
vious attempts at synthesizing oligomericmetal complexes contain-
ing 8-hydroxyquinoline in the oligomer backbone [19, 20], none
have explored the integration of the 1,3,4-oxadiazole motif and
8-hydroxyquinoline in a single compound.

In this study, a new electron-transport material has been suc-
cessfully synthesized by combining two distinct monomers
(hybrid monomer), resulting in B8HQOXD 5 and the corre-
sponding oligomeric metal complex B8HQOXD–Zn(II) 6. The
photophysical properties of the synthesized materials have been
extensively characterized using UV–vis absorption and fluores-
cence emission spectrum analysis in a diluting solution.
Additionally, time-resolved analysis of the oligomeric metal
complex 6 in a PMMA film was conducted, yielding valuable
insights into the material’s spectral emissions. Of particular
note is the successful application of compound 6, used at low
concentration, as an electron-transport material in solution-
processed OLED devices. The specific device structure employed
was glass/indium tin oxide (ITO)/PVK (40mg/ml)+ 10% [6]+
4% Ir(ppy)3/LiF(1 nm)/Al(100 nm). Moreover, the demonstrated
bioactive potential of both electron-transport groups in this olig-
omeric structure against various bio targets, including microor-
ganisms, tumor cells, and receptors [21], further highlights the
compound’s versatility and potential applications in the realm
of bioactive oligomers.

2 | Experimental Section

2.1 | Materials and Methods

P-Aminobenzoic acid, hydrazine hydrate, phosphorus pentoxide,
ortho-phosphoric acid, zinc chloride, sodiummethoxide, potassium
hydroxide, 8-hydroxy quinoline, formalin, hydrochloric acid, N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethyl, and
methyl alcohol were procured from reputable suppliers such as
Aldrich, Merck, and Fluka. For material analysis, an FTIR spec-
trum was recorded using a Shimadzu spectrophotometer with
KBr pellets as the sample holder. 1H NMR spectra were recorded
on a Bruker NMR 400 spectrometer operating at 400MHz and at
room temperature in DMSO-d6. Tetramethylsilane (TMS) served as
the internal reference. Molecular weight determination was carried
out using gel permeation chromatography (GPC) methodology.

2.2 | Photophysical Instrumentation

UV–vis spectra and photoluminescence (PL) spectra were
acquired for all samples using a Shimadzu UV-3600 spectrometer
(spectrometer range 185–3300 nm) and a Jobin Yvon (FluoroMax-3)
luminescence spectrometer (Xenon arc-lamp excitation), respec-
tively. Time-resolved spectra were obtained by exciting the sam-
ples with a pulsed YAG laser operating at 150 ps, 10Hz, and
355 nm ND. The emission was directed at a spectrograph and syn-
chronized ICCD (Stanford Computer Optics) camera. For obtain-
ing PL decay transients, time delay steps and integration times
were systematically increased, following the procedure described
in the Supporting Information.

2.3 | OLED Devices Preparation

OLED devices were fabricated on ITO-coated glass substrates
with a thickness of 125 nm and a sheet resistance of 20Ω/□.
A poly(3,4-ethylenedioxy-thiophene) doped with a high work
function hole-injection layer (HIL) poly(styrenesulfonic acid)
(PEDOT:PSS) was spin-coated at 2500 rpm for 60 s to form a
60 nm thick HIL. These HIL-coated substrates were annealed
at 200°C for 5 min on a hot plate to remove residual water.
The oligomeric complex B8HQOXD–Zn(II) exhibits excellent sol-
ubility in DMSO; however, DMSO cannot be used to form high-
quality thin films for OLED devices. This limitation arises
because DMSO is a nonvolatile solvent and other components
in the device structure, such as PVK, are not soluble in DMSO.
Therefore, a suitable volatile solvent was required for OLED
device fabrication. To identify an appropriate solvent, we exam-
ined the solubility and PL behavior of B8HQOXD–Zn(II) in vari-
ous solvents, including chlorobenzene, toluene, and anhydrous
benzonitrile. The PL spectra (Figure S5) clearly show that incom-
plete dissolution leads to aggregation, evident from the appear-
ance of a red-shifted excimer emission and a broader, less
structured PL profile. Among the solvents tested, chlorobenzene
provided the best solubility and stable PL emission, confirming it
as the most suitable volatile solvent for OLED device preparation.
A solution of poly(9-vinylcarbazole) (PVK) with a concentration
of 30 mg/mL in chlorobenzene, acting as the high triplet host
oligomer and hole-transport material, was employed. The PVK
solution was doped with varying weight percentages (5%, 10%,
15%, 20%, 30%, and 40%w/w) of the electron-transport oligomer
6 to achieve charge-carrier balance. Additionally, the PVK: 6,
solution was further mixed with 4%w/w of the Ir complex
fac-Ir(ppy)3 to form blended devices. The prepared mixtures were
filtered with a 0.45 μm pore filter and dynamically spin-coated at
2500 rpm for 1 min on top of the PEDOT:PSS layer, after which
they were baked for 10 min at 120°C. Each sample was shadow
masked to produce four identical devices of area 4 × 5mm; the
samples were then introduced into a nitrogen glove box, where
1 nm LiF interlayer were evaporated onto the device at a rate of
0.1 Å s−1 under vacuum at a pressure of ca. 1 × 10−6 Torr. This
was followed by the deposit of a 100 nm aluminum cathode layer
under the same evaporative conditions. All samples were encap-
sulated inside the glove box using a DELO UV-cured epoxy
(KATIOBOND), capped with a 1.2 × 1.2 cm microscope glass
slide, and then they were exposed to UV light for 3 min.

The current–voltage (I–V ) characteristics and emission intensi-
ties were measured in a calibrated integrating sphere. Data acqui-
sition was managed through a custom NI LabView program,
which controlled an Agilent Technologies 6632B power supply.
Electroluminescence (EL) spectra were recorded using an Ocean
Optics USB 4000 CCD spectrometer, coupled with a 400 μm fiber
optic.

2.4 | Monomers Synthesis

2.4.1 | Synthesis of 2,5-Bis(p-aminophenyl)-1,3,
4-oxadiazole 2

2,5-Bis(p-aminophenyl)-1,3,4-oxadiazole 2 was prepared by treat-
ing para-aminobenzoic acid 1 with a mixture of hydrazine hydrate
and polyphosphoric acid (PPA), following a previously reported
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method. The resulting compound exhibited a melting point (Mp)
of 259–261°C and was obtained with a yield of 86% [22].

2.4.2 | Synthesis of 5-Chloromethyl-8-hydroxyquinoline
hydrochloride 4

5-Chloromethyl-8-hydroxyquinoline hydrochloride (4) was synthe-
sized according to a previously reported procedure [23]. A mixture
of 8-hydroxyquinoline 3 (7.3 g, 50mmol), concentrated hydro-
chloric acid (10mL), and 37% formaldehyde (8mL, 50mmol)
was treated with gaseous hydrogen chloride for 90min. The result-
ing yellow solid was collected via filtration and dried to yield 8.9 g
(77.5% yield), with a Mp of 281°C.

2.4.3 | Synthesis of 5,5 0-((((1,3,4-oxadiazole-2,5-diyl)
bis(1,4-phenylene))bis(azanediyl))bis(methylene))
bis(quinolin-8-ol) (B8HQOXD) 5

A mixture of 2,5-bis(p-aminophenyl)-1,3,4-oxadiazole 2 (2.52 g,
10 mmol), CH3ONa (0.54 g, 10mmol), DMSO (15 ml), and
KOH (0.56 g, 10mmol) was stirred at room temperature for
2 h. Subsequently, 5-chloromethyl-8-hydroxyquinoline 4 (4.6 g,
24.3 mmol) dissolved in DMSO (20 ml) was slowly added to
the above solution. The mixture was further stirred at room tem-
perature for 10 h and then heated to 70°C for an additional 2 h.
After adding water (100ml) and neutralizing the reaction solution
with a 10% hydrochloric acid solution, the precipitate was recrys-
tallized by dissolved in ethanol and the ethanol solution was added
to ice water (50ml) to yield the purified product 5. The yield for
this synthesis was 51%. See Supporting Information for further
details.

2.5 | Oligomer Synthesis

2.5.1 | Synthesis of Oligomeric Complex
B8HQOXD–Zn(II) 6

The oligomeric complex B8HQOXD–Zn(II) 6 was synthesized
and purified as shown in Scheme 1. A methanol solution
(10 mL) of ZnCl2 (0.817 g, 6 mmol) was added to a DMF solution
(25 mL) of B8HQOXD 5 (2.40 g, 4 mmol). The resulting reagent
mixture was stirred for 24 h at 80°C. Subsequently, the reaction
mixture was subjected to filtration, and the obtained precipitate
was washed with absolute methanol and dried in a vacuum oven
at 50°C, resulting in the formation of a pale yellow solid. The
yield of the synthesized oligomeric complex was 2.33 g, repre-
senting 87% of the expected product.

The new ligand underwent comprehensive characterization
using 1H NMR spectroscopy (see Figure S1). On the other hand,
characterization of the new oligomeric metal complex was solely
achieved through FTIR analysis, as the complex exhibited poor
solubility in most common solvents. Additionally, the molecular
weight of the oligomeric metal complex was determined using
GPC, analysis was carried out on waters 515–2410 system using
polystyrene standards as molecular weight references and DMSO
containing 0.1 M LiBr as eluent.

3 | Results and Discussion

3.1 | Synthesis Method and Characterization

The synthesis routes for all compounds are depicted in
Scheme 1. 5-(Chloromethyl)-8-hydroxyquinoline hydrochloride

SCHEME 1 | Synthesis of oligomeric complexes B8HQOXD–Zn(II) 6.
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was successfully synthesized through the chloromethylation of
8-hydroxyquinoline using paraformaldehyde and hydrochloric acid.
Subsequently, the ligand B8HQOXD 5 was synthesized by means
of a condensation reaction involving 2,5-bis(p-aminophenyl)-1,3,4-
oxadiazole 2 and 5-(chloromethyl)-8-hydroxyquinoline chloride 4.
To form the oligomericmetal complexes, ligand 5was reacted with
ZnCl2 in a stoichiometric ratio. The new ligand exhibited excellent
solubility in DMSO but showed limited solubility in several other
commonly used organic solvents. Likewise, the oligomeric metal
complex was highly soluble in DMSO while displaying reduced
solubility in most standard organic media. It is worth noting, how-
ever, that the oligomer demonstrates good solubility in volatile
aromatic solvents such as chlorobenzene. This is particularly
important for OLED fabrication, where solvents like chloroben-
zene are required to produce uniform and high-quality thin films,
as discussed in the device preparation section. Notably, the oligo-
merization process was conducted under mild conditions. The
FTIR spectra of the newly synthesized oligomeric complex 6
are depicted in Figure S2, further corroborating the successful syn-
thesis of both the ligand and the oligomeric metal complex. The
molecular weight analysis revealed the formation of four replicate
units in the oligomer, attesting to its oligomeric nature. Overall,
these results provide strong evidence of the successful synthesis
of the ligand and the associated metal complex.

3.2 | Chemical Properties

The 1H NMR spectrum of B8HQOXD 5, recorded in DMSO-d6
solvent, is presented in Figure S1. The distinct proton signals
observed at δ 9.75, 8.91, 8.50, 7.75, 7.6, 7.50, 7.10, 6.90, 6.75,
and 4.65 ppm can be readily assigned to their respective protons,
indicating the presence of the hydroxyquinoline and oxadiazole
motifs. Specifically, the proton signal at δ 9.75 ppm corresponds
to the H–O proton of the quinoline, while the signal at δ 4.65 ppm
corresponds to the aliphatic CH2. The peak at 2.5 ppm assigned
to the solvent DMSO-d6 and the peak at 3.33 ppm normally
assigned to the water content in the DMSO-d6.

Characterization of the new oligomeric metal complex was con-
ducted through FTIR analysis. The FTIR spectra of the oligo-
meric complex (Figure S2) revealed several notable absorption
signals. An absorption signal at 3386 cm−1 indicated the presence
of a NH band stretching frequency. The absorption signals at
3100 cm−1 were attributed to the─CH stretching frequency of the
benzene ring. Additionally, the new complex exhibited C═N and
C═C band stretching frequencies at 1660 and 1608 cm−1, respec-
tively. Furthermore, new sharp bands at 520 cm−1 were observed,
corresponding to the υ(M─O) stretching vibration, and at 480 cm−1,
assigned to the υ(M─N) stretching vibration [19]. Overall, these
results provide strong evidence of the successful synthesis of the
oligomeric metal complex. The molecular weight analysis indicated
the formation of four repeating units in the oligomer, with a num-
ber average molecular weight (Mn) of 2274 g/mole.

3.3 | Photophysical Properties

Figure 1 displays the absorption and fluorescence spectrum of the
oligomeric metal complex 6 in a dilute DMSO solution. The
absorption spectrum exhibits a broad and featureless band cen-
tered at 287 nm, corresponding to the characteristic absorption

peak of the 1,3,4-oxadiazole group, in line with previous findings
within the range of 283–303 nm [24]. The absorption peak attrib-
uted to the 8-hydroxyquinoline metal complex [8HQ-Zn], typi-
cally observed at 300–400 nm, is concealed within this broad
absorbance profile.

A steady-state fluorescence emission was detected at 406 nm, and
it is proposed to originate from the 1,3,4-oxadiazole component
[25]. Interestingly, the emission associated with 3MLCT, possibly
related to the 8-hydroxyquinoline metal complex, was not prom-
inently displayed in the steady-state spectrum due to its relatively
low intensity. Nevertheless, employing pulse laser excitation at
355 nm with a 1 ns delay allowed for partial reduction of the
fluorescence emission intensity, facilitating the observation of
both fluorescence at 406 nm and 3MLCT emission at 520 nm, as
depicted in the inset of Figure 1.

To conduct a comprehensive analysis of the PL emission of the
oligomeric complex 6, time-resolved analysis was performed at
both room temperature and 14 K. The complex was blended with
a PMMA film at a 1:100 weight ratio, and a casting film was
applied to a quartz disc. Subsequently, the sample was cooled
in a liquid helium cryostat and connected to a temperature con-
troller. Three distinct spectral emissions were detected under var-
ious experimental configurations, as depicted in Figure 2a. At
room temperature, a prominent prompt fluorescence originates
from 1,3,4-oxadiazole monomer was observed at 406 nm, featur-
ing an emission lifetime of 1.27 ns (Figure 3a). Under specific
low-temperature conditions, a distinct emission with lower
intensity was exclusively observed, peaking at 460 nm. This emis-
sion is attributed to the triple phosphorescence of the 1,3,4-
oxadiazole group within complex 6 and exhibited a measured
lifetime of 694ms, as illustrated in Figure 3b. Additionally, a
strong emission at 510 nm was evident, which could be ascribed
to 3MLCT originating from the 8HQ-Zn. This emission state
exhibited a relatively short lifetime of 21 ns (Figure 3c). Notably,
the short lifetime decay of this 3MLCT emission indicates weak
spin-orbital coupling, influenced by the Zn(II) metal with an
atomic number of 30, below the threshold value of 40 required
for strong singlet–triplet mixing [26]. The presence of these three
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spectral emissions within a single compound 6 can be attributed
to the hybrid monomer nature of the ligand, signifying a weak
coupling between the 1,3,4-oxadiazole monomer and the 8HQ-
Zn metal complex. These findings underscore the intriguing
photophysical behavior of the oligomeric complex, thereby under-
scoring its potential significance in diverse applications.

3.4 | Electroluminance Properties

3.4.1 | OLED Device Characterization

The device structure of ITO/PEDOT:PSS (45 nm)/PVK (40mg/mL):
x% [6]: Ir(ppy)3 (4% w/w)/LiF(1 nm)/Al(100 nm), where x varies
from 5% to 40%, was explored, and it was found that 6 at
10%w/w provided the best device efficiency T. In comparison to
similar devices utilizing PBD as an electron-transport material,
the present oligomeric metal complex required only a 10% concen-
tration to achieve best device performance [4]. Furthermore, since
the concentration of compound 6 in the device is only 10%, it is
hypothesized, that such a low loading does not adversely affect
the device’s operational stability through current-induced crystalli-
zation [14].

The device architecture is shown in Scheme 2a, while the energy
levels of the materials used are illustrated in Scheme 2b. It’s
important to note that our efforts to measure the (HOMO–
LUMO) highest occupied molecularorbitals - lowest unoccupied
molecular orbitals levels of compound 6were unsuccessful due to
its poor solubility in the cyclic voltammetry electrolyte, which is
attributed to its oligomeric nature. However, time-resolved anal-
ysis clearly indicates that the two electron-transport materials,
PBD and 8-HQ-Zn, are linked within the oligomer chain without
forming a new ground-state compound. Based on these time-
resolved results, we infer that the HOMO–LUMO levels of com-
pound 6 can be represented by two distinct HOMO–LUMO pairs,
each corresponding to one of the electron-transport monomers,
PBD and 8-HQ-Zn, as shown in Scheme 2b. The LUMO energy
levels of PBD and 8-HQ-Zn are very similar (−2.4 and −2.3 eV,
respectively) [27–29], suggesting that the new dual
electron-transport oligomeric complex has a broader effective
LUMO energy level. This broader LUMO facilitates efficient
electron injection from the LiF/Al cathode, enabling the device
to achieve peak efficiency at a lower electron-transport concen-
tration (10% w/w) compared to using a single electron-transport

FIGURE 2 | (a) Room temperature prompt fluorescence and 3MLCT and 14 K phosphorescence spectrum for 6 in PMMA 1:100 ww drop cast

film. (b) The energy diagram for compound 6 illustrates the potential emission of three wavelengths originating from its dual electron-transport

groups.
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material of (40% w/w). In Scheme 2b the HOMO energy levels of
PBD and 8-HQ-Zn at (−6.2 and −6 eV respectively) were omitted
for clarity.

Figure 4a illustrates the EL emission of the devices, predomi-
nantly originating from the dopant complex Ir(ppy)3, with
ν(0,0) transitions at 512 nm and a shoulder peak at 545 nm from
ν(0,1) transitions [30]. The 3MLCT emission of the metal oligo-
mer at 510–520 nm overlaps with the Ir(ppy)3 emission but has
minimal impact on the device EL emission. The electrical char-
acteristics of the device configuration, ITO/PEDOT:PSS (45 nm)/
PVK:[6]:Ir(ppy)3 (90 nm)/LiF (1 nm)/Al (100 nm), are shown in
Figure 4b,c. The current density–voltage (J–V ) and brightness–
voltage (Br–V) are illustrated in Figure 4b, with a turn-on voltage

at a brightness of 1 cd/m2 measured at 8.2 V. Additionally, the
device’s external efficiency EQE% and current efficiency cd/A
are shown in Figure 4c. The maximum EQE% and cd/A are
measured at 3.6% and 11.5 cd/A, respectively. The moderate effi-
ciency of the device and the relatively high turn-on voltage are
likely attributed to the moderate solubility of 6. Nevertheless,
device optimization remains to be accomplished in the future
stages of this study.

4 | Conclusion

In conclusion, a new EIT material in the form of a low-molecular-
weight oligomer–metal complex has been successfully synthesized.

SCHEME 2 | The device architecture and energy levels for materials used in the device. All materials energy levels are in electronvolt (eV).

(a)

(b) (c)

FIGURE 4 | (a) EL spectrum for devices with PVK as a host and 6 as EIT material, showing emission exclusively from Ir(ppy)3 dopant. (b) J–V and

J–brightness characteristics. (c) External quantum efficiency and device current efficiency.
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This metal electron-transport oligomer incorporates two electron-
transport groups within a single compound, resulting in a hybrid
ligand. The main advantages of this new hybrid oligomeric metal
complex are to achieve the following points: (1) Oligomeric struc-
ture can be easily processed from solution (e.g., via spin-coating),
offering a scalable and cost-effective alternative to vacuum deposi-
tion. (2) The oligomeric structure backbone serves as a scaffold that
enables the incorporation of multiple electron-transport function-
alities within a single material. (3) Covalent linkage of the two
electron-transport moieties prevents phase segregation and ensures
perfect stoichiometry.

Our research underscores the valuable insights that time-resolved
analysis can provide into the chemical structure, enhancing our
understanding alongside traditional chemical analyses. solubility
of this compound is currently limited and requires improvement.
Considering the two bioactive aspects of this oligomer, it holds
promise as a potential bioactive material against various biological
targets. The preliminary application of this oligomer as an electron-
transport material in OLEDs has demonstrated were stable
operation and moderate efficiency has been obtained at lower
concentration compared to other electron-transport materials.
Overall, this work represents a first attempt to the best of our
knowledge in the field of electron-transport materials for OLEDs
and offers potential applications in bioactive materials research.
Further optimization and exploration of functional groups to
improve solubility will be crucial for harnessing the full potential
of this new oligomeric–metal complex in various applications.
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