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Charge Carrier Transport and Trap Levels on Solution-Processed 
Zn(II) Schiff Bases OLEDs
José Carlos Germino,a* Rodrigo Araujo Mendes,b Luís Gustavo Teixeira Alves Duarte,c Fabiano 
Severo Rodembusch,d Roberto L. A. Haiduke,e and Luiz Pereiraa*

Organic light-emitting diodes (OLEDs) are a leading display technology, yet achieving high efficiency in first-class fluorescent 
OLEDs remains a challenge due to limited internal quantum efficiency (IQE). In this study, we report a comprehensive 
investigation of Zn(II) Schiff base coordination compounds as first-class fluorescent emitters embedded in solution-
processed active layers based on poly(9,9′-dioctylfluorene) (PFO). To enhance charge-carrier balance and device 
performance, two strategies were employed: (i) introduction of a TPBi electron-transport layer (ETL) and (ii) incorporation 
of the n-type material OXD-7 into the PFO matrix, forming an exciplex host. Devices fabricated from both room-temperature 
and hot solutions were characterized. Electroluminescence spectra revealed near-white emission due to efficient energy 
transfer between the host and guest materials. Charge-transport analysis using space-charge limited current (SCLC) models 
revealed that hot processing increases trap densities (NT), while OXD-7 incorporation reduces NT under cold processing. 
Among the emitters, Zn(BTS) and Zn(sal-3,4-ben) showed the highest device efficiencies in PFO and PFO:OXD-7 matrices, 
respectively, achieving current efficiencies up to 10.48 cd A⁻¹ and EQEs exceeding 6%. The results demonstrate improved 
charge balance and reduced roll-off behavior, linking electrical and optical properties through quantitative trap-state 
analysis and electronic mobility estimations. This study provides a route to high-performance, cost-effective near-white 
OLEDs based on Earth-abundant Zn(II) coordination complexes. 

Introduction
Since early studies by Tang and Van Slyke,1 organic light-emitting 

diodes (OLEDs) have attracted the attention of physicists, chemists, 
materials scientists, and engineers due to their wide range of 
possibilities for fundamental innovations (charge‒carrier transport 
and recombination mechanisms)2, easy colour and efficiency 
tunability via slight chemical modifications3, flexible4 and 
biodegradable5 substrates, and processing possibilities from classical 
thermal evaporation techniques to solution-processable protocols6 
(spin-coating7, blade-coating8, inkjet9, slot-die10, among others). 
Combining these characteristics, OLEDs have become efficient and 
competitive durable devices, ranging from cell phone display screens 
(RGB diodes)11 to ambient lighting (white OLEDs, WOLEDs)12 
applications. Despite this, the understanding of some fundamental 
issues was left out due to an efficiency race. This fact has changed 
with the establishment of OLED technology.

Classical emissive materials for OLED applications must be 
separated into first- and second-class fluorescent systems and room-
temperature phosphorescent molecular systems13,14. The main 
difference between these two photoluminescent compounds is 
directly related to the fermionic particle statistic: one-quarter of the 
injected charge carriers present singlet symmetry, whereas three-
quarters are triplets. Thus, the internal quantum efficiency (IQE) of 
OLEDs assembled with first-class fluorescent emitters as an active 
layer is limited to 25% owing to this particular feature. Moreover, 
room-temperature phosphorescent materials can present an IQE of 
approximately 100% if the intersystem crossing (ISC) and 
photoluminescence quantum yield (PLQY) of the material are 
100%15, due to the strong spin-orbit coupling between the 
coordinated transition metal ion and the organic coordination 
sphere.14 Nonetheless, owing to external outcoupling by subsequent 
layers (PEDOT:PSS, ITO, and glass, commonly), the maximum 
expected external quantum efficiency (EQE) of a first-class emitter 
for the OLED active layer is approximately 5%16. Compared with 
fluorescent materials, phosphorescent materials can produce highly 
efficient devices. However, to achieve room-temperature 
phosphorescence, organic molecules (ligands) must be bound to 
expensive and rare transition metal cations, such as iridium(III)17, 
gold(I/III)18, rhenium(I)19, osmium(II)20, and platinum(II)21, among 
others22, which are the major drawbacks of these kinds of 
materials23. These heavy metals confer to the molecule an efficient 
ISC process in the excited state, from the first singlet to the first 
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triplet (S1 → T1), which is emitted via a spin-forbidden pathway (T1 → 
S0).

In addition to purely organic donor-acceptor systems, thermally 
activated delayed fluorescence (TADF) has also been demonstrated 
high-performance electroluminescence.24 In special, metal-
containing TADF coordination, including Cu(I)25–27 and rationally 
engineered Pt(II)28,29 compounds, where small singlet-triplet energy 
gaps enable efficient reverse ISC (rISC) and near-unity internal 
quantum efficiencies. Recent studies have shown that such metal-
based TADF emitters can deliver high device efficiencies, in some 
cases approaching or exceeding the conventional outcoupling limit 
when combined with optimized optical architectures.30 While these 
systems represent a significant advance beyond conventional 
phosphorescent emitters, they often require precise excited-state 
engineering and, in the case of noble-metal systems, relatively scarce 
elements.

On the other hand, fluorescent emitters are mainly composed of 
pure organic molecules or organic ligands coordinated to low-cost 
closed-shell cations, such as Al(III)31 and Zn(II)32. The only role of 
these cations is to improve the molecular rigidity and stability of the 
system33, which improves its nonlinear electronic absorption 
capacity, radiative recombination pathways, and charge‒carrier 
transport characteristics. In particular, Zn(II) fluorescent materials 
have been intensively studied because Zn(II) is a nontoxic, Earth-
abundant, and electronic-structured “inert” cation34, enabling the 
use of its molecular organic coordinated materials for bioimaging 
confocal and epifluorescence microscopy, as well as emissive-
guests35 and charge-transport materials36 for optoelectronic 
purposes.

In our previous reports involving the electroluminescence of 
asymmetric Zn(II) Schiff base coordination compounds (a type of 
first-class green‒yellowish emitter), we were able to correlate the 
total charge‒carrier mobility (μ) and photoluminescence quantum 
yields (PLQYs) of Zn(salophen) and Zn(sal-3,4-ben) with the device 
current efficiency of poly-N(vinyl carbazole) (PVK)-based diodes, 
which suggests the intrinsic role of the benzoyl moiety in the 
salophen electronic structure and its OLED figures of merit37. Second, 
we changed the PVK host to poly(9,9’-dioctylfluorene) (PFO), a p-
type semiconducting polymer that simultaneously has a higher μ and 
PLQY and better spectral overlap with the Zn(II) compound 
absorption spectra than PVK. Later, we performed on another 
modification of the Zn(salophen) structure with the addition of the 
benzothiazole moiety, resulting in the Zn(BTS) complex38. This was a 
very successful strategy for improving the OLED figures of merit. In 
addition, we were able to achieve near-white OLEDs by combining 
the blue and green-yellow electroluminescence of PFO and the Zn(II) 
complexes, with high brightness values (3000 cd m-2), which are 22 
times greater than those of PVK-based diodes. In addition, a 
considerable improvement in the apparent charge‒carrier mobility 
was observed when PFO was used at the counterpoint of PVK. We 
observed that the insertion of the benzoyl and the benzothiazole 
moieties in the salophen structures did not significantly change the 
optical properties in terms of absorption and emission energies; 
however, Density Functional Theory (DFT) calculations and time-

resolved emission decays have shown that those chemical 
modifications completely change the frontier orbitals and their 
charge carrier dynamics in the excited state, creating a quasi-charge 
transfer state. These features were able to enhance the devices’ 
charge‒carrier mobility in comparison to PFO (neat) and 
PFO:Zn(salophen) OLEDs, according to the Mott‒Gurney 
space‒charge law in the trap‒charge limited‒current (TCLC) domain 
(J α Vn; n > 2). Nevertheless, the best OLED obtained in this work had 
inferior figures of merit in terms of current efficiency (ηC = 0.52 cd A-

1) and low roll-off, despite being the best result for Zn(II) Schiff base 
OLEDs.

With the development of OLED science and technology, new 
strategies have been adopted by materials and device developers for 
breaking diodes' theoretical limits39: i) aggregated-induced emission; 
ii) delayed fluorescence materials (third class); and iii) molecular 
exciplex and energy transfer-based hosts (fourth class). In the last 
case, a long-lived spin/symmetry forbidden excited state can be 
formed due to the presence of a charge-transfer state between the 
HOMO and LUMO levels of the acceptor and donor materials, 
respectively. Owing to these characteristics, the exciplex state can be 
quickly transferred to the emissive material inside the host matrix40. 
Nevertheless, there is still room for improvement on the OLED 
figures of the merits of first-, second-, and third-class emissive 
molecules.

Taking into account these considerations, herein, we present two 
strategies to enhance the optical-electronic properties of PFO-based 
solution-processable layers containing Zn(salophen), Zn(sal-3,4-ben), 
and Zn(BTS) (Figure 1a) first-class emitter coordination compounds: 
1) the addition of an electron transport layer (2,2',2''-(1,3,5-benzyl)-
tris(1-phenyl-1-H-benzimidazole) – TPBi) between the active layer 
and the cathode (LiF|Al) and 2) the addition of the 1,3-bis[2-(4-tert-
butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7 – electron 
transport material) in the PFO for assembling a fourth-class active 
matrix (PFO:OXD-7 – 3:2) as a host for Zn(II) Schiff base complexes, 
in addition to the use of TPBi as ETL. As a general trend, the insertion 
of the TPBi, a well-known electron transport and hole-blocking 
material41,42, in the PFO-based diodes drastically enhances their 
figures of merit compared with the previous results, maintaining 
PFO:Zn(BTS) as the most efficient active layer, increasing 
approximately 20 times its figures of merit. On the other hand, the 
PFO:OXD-7 host promotes Zn(sal-3,4-ben) as the most efficient Zn(II) 
coordination compound in contrast to the Zn(BTS) molecule. For 
Zn(sal-3,4-ben), the addition of OXD-7, an electron transport 
material able to form an exciplex host43 with PFO, increases the 
devices’ figure of merit 17 and 3 times in comparison to our previous 
work and its PFO device, respectively. In fact, the addition of the 
OXD-7 ETM into the PFO semiconductive polymer decreases the 
OLED maximum brightness; however, the number of injected charge 
carriers is lower, as can be observed in the current density curves, 
which leads to better final performance parameters for Zn(sal-3,4-
ben) in the PFO:OXD-7 matrix. The fundamental differences of each 
Zn(II) Schiff base compound were explored in terms of their singlet 
(S0 and S1) and first triplet (T1) electronic structure calculations under 
DFT and TD-DFT frameworks. The calculations revealed considerable 
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changes in the Zn(salophen) electronic structure due to the insertion 
of the benzoyl and benzothiazole moieties, resulting in charge 
separation between the ground and first excited states at singlet and 
triplet symmetries, as well, without any influence of the Zn(II) cation 
in the electronic structures of the molecules. We also correlated all 
devices' figures of merit with the electrical properties of single-
carrier devices, where charge‒carrier mobilities, the total density of 
trap states, and the average energy of traps could be estimated 
under space-charge conditions during shallow- and deep-trap filling 
processes, as well as trap-free transport behaviour. In fact, one of 
the reported critical issues in OLED devices, is the big difference 
between electrons (usually lower) and holes (higher) electrical 
mobility, regardless potential barriers at interfaces. Besides that, the 
different molecular conformation, during (and dependent on) layers 
deposition, can create a high density of intrinsic defects, that are 
prone to critically the electrical transport.44,45 Moreover, the device 
stability, due to those defects, under an applied electrical field, can 
leads to a considerable electrical transport change46,47, with further 
impacts on the OLEDs figures of merit. In this work, the correlation 
between molecular systems of the emissive materials and their 
influence (in simple OLED structure solution-deposited) in the figures 
of merit, is described, considering the intrinsic defects and their 
impact on the electrical mobility. With further OLED structure 
optimized we can achieve an important milestone in the Zn-based 
first-class organic emitters.

Experimental
Materials

Zn(II) Schiff bases were synthesized previously.2,3 
Poly(ethylenedioxythiophene):poly(4-styrenesulfonate) 
(PEDOT:PSS) and poly(9,9’-dioctylfluorene) (PFO; MW = 105.491 g 
mol-1; PDI = 2.33) polymers, 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-
oxadiazo-5-yl]benzene (OXD-7), and etched ITO-glass substrates 
were purchased from Ossila Company. 2,2',2"-(1,3,5-Benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole) (TPBi) was purchased from 
Lumtech Ltd. Poly(9-vinylcarbazole) (PVK; MW = 1,100,000 g mol-1), 
lithium fluoride (LiF; 99.999%), molybdenum(VI) oxide (MoO3; 
99.97%), Hellmanex® and tetrahydrofuran (THF; anhydrous and 
inhibitor-free grade) were purchased from Sigma‒Aldrich, Portugal.

Methods

Electroluminescent devices. Electroluminescent devices were 
assembled following the standard solution-processable protocol 
until active-matrix layer deposition, as reported previously48. ITO-
glass substrates were cleaned under sonication and heat using 2% 
Hellmanex® solution for 30 minutes. The substrates were 
subsequently washed with hot water, acetone, and IPA for 15 
minutes at each step in a heated ultrasonic bath. Then, the 
substrates were treated with NaOH (10 vol%) under sonication for 5 
minutes, rigorously washed with hot deionized water, and dried with 
a N2(g) jet. PEDOT:PSS (30 nm) was dynamically deposited via the 
spin-coating technique (4000 rpm; 30 s), and the films were annealed 
in a controlled oven at 120 °C for 10 minutes. Then, the PEDOT:PSS-

deposited films were transferred to a N2(g) controlled atmosphere 
MBraun Glovebox ([O2] < 10 ppm; [H2O] < 0.1 ppm), where a THF 
solution of PVK (2.591x10-2 mol L-1; 5.0 mg mL-1; ≈ 80 nm) was spin-
coated, and the active layer containing the Zn(II)salicylidenes (1% 
mol/mol; eq ≈ 0.05%wt) in PFO and PFO:OXD-7 (THF solution; 
2.591x10-2 mol L-1; 10.0 mg mL-1) host matrix was subsequently 
deposited at the same PVK conditions (2000 rpm; 2000 rpm s-1; 60 
s). Two set of samples were obtained: 1) without and 2) with thermal 
annealing at 80 oC for 10 min. Finally, TPBi (30 nm; ETL), LiF (0.5 nm; 
EIL) and Al (80 nm) electrical contacts were thermally evaporated 
under ultravacuum conditions (p < 5x10-6 mbar), resulting in OLEDs 
with the following configuration: ITO|PEDOT:PSS|PVK|Active 
Matrix|TPBi|LiF|Al.

Single-carrier devices. P- and n-type diodes were assembled with the 
following architecture: ITO|MoO3|Active layer|MoO3|Al and 
ITO|LiF|Active layer|LiF|Al for only hole and electron transport, 
respectively. MoO3 (5 nm) thin layers were thermally evaporated at 
same conditions of LiF and Al, and JxV measurements were the same 
as those for the full electroluminescent diodes.

OLEDs Optoelectronic characterization. The current and luminance 
versus voltage curves (J-LxV) of the electroluminescent diodes were 
measured via a Keithley 2425 source meter coupled with a Konica 
Minolta CS110 luminancimiter coupled to a close-up lens No. 110, 
ø=40.5 mm, 20--30 cm, in an Ossila OLED sample holder. EL spectra 
were acquired via a USB4000 Ocean Optics diode array 
spectrometer. Luminance and EL measurements were obtained from 
the normal angle concerning the samples. All OLED figures of merit 
(current efficiency – ηC, power efficiency – ηP, and external quantum 
efficiency – EQE) were calculated from homemade software, 

considering Lambertian emission from devices.

Computational Details. The electronic structure calculations were 
performed via DFT and its time-dependent counterpart (TDDFT). 
First, the equilibrium geometries of the metal complexes at their 
singlet ground states (S0) were optimized with the CAM-B3LYP 
exchange-correlation (XC) functional49 combined with the 6-
311++G(d,p) basis set,50–55 whereas the TD-CAM-B3LYP/6-
311++G(d,p) level of theory was used to obtain the equilibrium 
structures in the first singlet excited state (S1). Thus, vertical values 
of absorption and emission energies were obtained considering 
singlet and/or triplet excited states with the LC-QTP XC functional,56 
combined with the 6-311++G(d,p) basis set. LC-QTP proved to be one 
of the best XC functionals for describing vertical excitation energies 
of small molecules57 as well as of metal complexes.58 In addition, the 
natural transition orbitals (NTOs)59 were also obtained at the LC-
QTP/6-311++G(d,p) level. The solvent effects were included via the 
Polarizable Continuum Method (PCM)60 Corrected Linear-
Response,61 using the PFO refractive index n =1.725 and vacuum 
permittivity ε = 3. All calculations were carried out within the 
Gaussian 09 package62.

Results and discussion
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In this work, we adopted two successful strategies for enhancing 
the optoelectronic properties of asymmetric Zn(salophen)-like 
coordination compounds into PFO-based (Fig. 1a) active-matrix 
electroluminescent diodes: 1) introducing an electron transport/hole 
blocking layer (ETL/HBL) to obtain a better electrical balance of 
injected charge carriers and 2) adding an n-type material inside PFO 
films to achieve better electron transport in this p-type 
semiconducting polymer. For this purpose, TPBi and OXD-7 were 
chosen as ETL/HBL and n-type dopants, respectively. These materials 
have been widely used in OLEDs for these purposes, and we chose 
them owing to several specific considerations: TPBi is a good ETM 
(with an electron mobility of μe = 8.0x10--5 cm2 V-1 s-1)63 that perfectly 
matches the energy levels of the highest and lowest occupied 
molecular orbitals (HOMO and LUMO) of the devices’ components 
(Figures 1b and 1c). In addition, to exhibit the possibility of being an 
HBL at the same time, combined with the high-molecular-weight PVK 
HTL property (μh = 1.7x10--7 cm2 V-1 s-1)64 and EBL (ELUMO = -1.2 eV), 
our devices are well balanced electrically; OXD-7, in addition to being 
an excellent ETM (μe = 4.0x10-5 cm2 V-1 s-1)65, is able to enhance the 
active-matrix electron transport characteristics. Also, its frontiers 
orbitals and triplet energy levels combined with PFO energy levels 
must create a long-lived exciplex state that can be easily transferred 
to the Zn(II) compounds (Figure 2c). These particular details lead 
their OLEDs to both better charge-carrier transport and transfer from 
the host to the guest in the active layers, as discussed below.

Fig. 1 Molecular structures of the Zn(II) Schiff Base compounds (Zn(BTS), 
Zn(salophen), and Zn(sal-3,4-ben)) and the host matrices (PFO and OXD-7) (a); 
energy level diagrams relative to the vacuum level for OLED components 
using PFO (b) and PFO:OXD-7 (3:2) (c) as hosts matrices.

DFT and TD-DFT calculations were employed to rationalize the 
distinct optoelectronic behaviours of the Zn(II) Schiff base 
coordination compounds by examining their singlet and triplet 
excited-states. The calculated vertical excitation energies for the 
lowest singlet states reveal that ligand functionalization induces 
pronounced changes in the low-energy optical transitions (Table 1). 

Zn(salophen) and Zn(BTS) present their first singlet electronic 
transitions in a similar spectral region (≈ 3.1 and 3.3 eV, respectively), 
whereas Zn(sal-3,4-ben) exhibits a substantially lower-energy 
excitation at 2.72 eV. This red-shift originates from the benzoyl 
substituent, which extends -conjugation and stabilizes the LUMO 
level, resulting in a reduced HOMO-LUMO gap relative to the parent 
salophen structure.

Table 1. Vertical energy values for the first two absorptions (Eabs-vert) and the 
first emission (Eemi-vert) transitions with respect to singlet states of the Zn(II) 
Schiff base compounds, as calculated at the LC-QTP/6-311++G(d,p) level of 
theorya.

Eabs-vert (eV) Eemi-vert (eV)

Zn(salophen) 3.34 (f =0.254)

3.56 (f =0.71)
3.05 (f= 0.447)

Zn(sal-3,4-ben) 2.72 (f =0.691)

3.34 (f =0.684)
2.85 (f =0.603)

Zn(BTS) 3.12 (f =0.689)

3.39 (f =0.989)
2.86 (f =0.901)

a The letter f refers to the oscillator strength values.

Despite these differences in vertical excitation, the calculated 
singlet emission energies show that Zn(BTS) and Zn(sal-3,4-ben) 
converge toward comparable emissive states (≈ 2.85 and 2.86 eV, 
respectively), while Zn(salophen) remains blue-shifted (3.05 eV). This 
behaviour indicates that structural relaxation in the excited state 
partially compensates for the different electronic gaps present at the 
ground-state geometry. The relatively large oscillator strengths 
associated with the emissive singlet transitions confirm that radiative 
decay from S1 remains the dominant recombination pathway, 
consistent with the first-class fluorescent nature of these materials.

Analysis of the triplet-state vertical transitions (S0 → Tn) reveal 
the presence of several low-lying triplet states energetically close to 
the emissive singlet states for all compounds (Table 2). In particular, 
Zn(salophen) and Zn(sal-3,4-ben) exhibit T3 states within ~ 0.1 eV of 
the corresponding singlet emission energies, whereas Zn(BTS) shows 
a larger separation between these states. Such energetic proximity 
increases the probability of singlet-triplet interactions under 
electrical excitation, facilitating exciton trapping and non-radiative 
recombination processes. The comparatively larger singlet–triplet 
separation observed for Zn(BTS) suggests a reduced contribution of 
triplet-mediated quenching pathways, which is expected to be 
beneficial for electroluminescent performance under high current 
densities.

Table 2. Vertical energy values (in eV) for the first six triplet-states 
absorptions of the Zn(II) Schiff base compounds calculated at the LC-QTP/6-
311++G(d,p) level of theory, considering PFO as solvent media.

Triplet state Zn(salophen) Zn(sal-3,4-ben) Zn(BTS)
1 2.25 2.18 1.94
2 2.55 2.52 2.46
3 3.07 2.93 2.65
4 3.14 3.01 2.99
5 3.25 3.11 3.05
6 3.95 3.18 3.20
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Natural transition orbital (NTO) analysis of the lowest triplet 
excited state provides further insight into the electronic character of 
the excited states (Fig. 2). Zn(salophen) exhibits a more symmetrical 
excitation pattern, with hole and electron densities confined to the 
salophen ligand backbone and minimal spatial separation. In 
contrast, Zn(sal-3,4-ben) and Zn(BTS) display a marked redistribution 
of charge density upon excitation, with partial spatial separation of 
hole- and electron-like NTOs across the ligand framework. The 
benzoyl and benzothiazole moieties act as electron-accepting 
fragments, promoting intraligand charge redistribution and giving 
rise to a quasi-charge-transfer excited state. In all cases, the Zn(II) 
centre does not contribute directly to the frontier orbitals, 
confirming its structural role in rigidifying the ligand framework 
rather than participating in metal-centred electronic transitions, as 
previous reported33.

Fig. 2 NTOs associated with the lowest triplet excitation in the Zn(salophen), 
Zn(sal-3,4-ben), and Zn(BTS) coordination compounds, obtained from LC-
QTP/6-311++G(d,p) calculations.

The electroluminescence spectra of the two sets of PFO-based 
OLEDs are displayed in Fig. 3 (the insert contain their respective CIE 
1931 colour diagram), and Table 3 summarizes all the OLED figures 
of merit. PFO and PFO:OXD-7 diodes present quite similar EL 
behaviour, with zero-phonon (0-0), 0-1, and 0-2 vibronic bands 
centred at 437, 462, and 500 nm, respectively. A minimal 
contribution of emission due to aggregated species was observed at 
~526 nm. No evidence of OXD-7 EL emission bands could be observed 
for these devices (λPL = 347 nm in a THF solution) as a result of 
complete charge‒carrier transfer. The distribution of these EL bands 
with their intensity confers to PFO and PFO:OXD-7 OLEDs a blue 
emission colour with chromaticity coordinates at (0.22, 0.25) and 
(0.23, 0.25), respectively. These EL bands are redshifted compared 
with those in the studies previously published by our group38, where 
the amorphous α-phase of PFO was prevalent. This behaviour is due 
to differences in the polydispersity index (PDI), molecular weight of 
the PFO polymer, and polymer chain termination, which are direct 
consequences of the material supplier. In the present case, 
electroluminescence of the crystalline β-phase is dominant, which 
can result in better figures of merit because the active matrix has 
better crystallinity and, consequently, better charge-transport 
features66.

On the other hand, the EL spectra of the polyfluorene derivative 
with each Zn(II) coordination compound exhibit a combination of 
both PFO and Zn(II) Schiff’s base emission bands (Fig. 3a and 3b). This 
feature leads to an EL colour close to the white region of the CIE1931 
chromaticity diagram (insets of Fig. 3a and 3b), as Zn(II)salophen 
derivatives present a broad EL band among the green and orange 
parts of the electromagnetic spectrum (see detailed emission 
wavelengths in Table 3), which, combined with the blue emission 
colour of the PFO semiconducting polymer, can produce near-white 
light, according to CIE 1931 chromaticity scale. The addition of the 
coordination compounds did not considerably disturb the EL bands 
of the polyfluorene. Changes in the energy and relative intensity of 
the electroluminescence bands of the polyfluorene derivatives are 
directly linked to morphological and crystallization behaviour 
changes. This means that the amount of Zn(salophen), Zn(sal-3,4-
ben), and Zn(BTS) added (0.05 wt%) to the PFO and PFO:OXD-7 host 
matrices is sufficient to observe their EL emission bands because of 
the energy and charge‒carrier transfer from the host to the guests. 
Therefore, amounts small enough not to yield significant 
modifications in the morphology of the active layer is desirable for 
solution-processable OLED and WOLED applications.

Fig. 3 EL spectra of Zn(II)salicylidene OLEDs in PFO (a) and PFO:OXD-7 (b) host 
matrices. Insets their respective 2D (x, y) chromaticity colour diagram 
according to the CIE 1931: blue open squares are PFO and PFO:OXD-7; black 
open circles are PFO-fluorenone; black circles, red triangles, and green nabla 
symbols represent the Zn(salophen), Zn(sal-3,4-ben) and Zn(BTS) devices, 
respectively.

The optoelectronic properties of the PFO- and PFO:OXD-7-based 
OLEDs were evaluated in terms of current density and brightness 
versus voltage curves (Figures 4a and 4b, respectively), as were the 
complete aspects of their figures of merit (EQEs, current and power 
efficiencies (ηC and ηP, respectively) versus brightness curves (Figure 
5c and 5d, respectively). Table 3 summarizes the global device 
figures of merit. The devices did not exhibit considerable variation in 
their turn-on voltages (Von), with values between 4.5 V and 7.0 V (for 
the PFO:OXD-7 OLED). PFO-based devices exhibit higher brightness 
(L) values than those assembled with PFO:OXD-7. This behaviour is 
likely due to the better charge‒carrier balance and transport of the 
modified active layer with the n-type co-host molecule OXD-7. These 
findings can be clearly observed in the case of the control OLEDs, 
where the PFO:OXD-7 device presents better figures of merit than 
the neat PFO OLED: PFO:OXD7 – Von = 7.0 V @ Lmax = 245 cd m-2 @ 
EQEmax = 3.74% @ ηC = 3.38 cd A-1 @ ηP = 1.01 lm W-1; PFO – Von = 5.0 
V @ Lmax = 296 cd m-2 @ EQEmax = 1.59% @ ηC = 1.60 cd A-1 @ ηP = 
0.83 lm W-1 (Fig. S1; ESI†).
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When Zn(II) Schiff bases were added to the PFO matrix, we 
observed an enhancement in the OLED figures of merit in contrast to 
those of the neat PFO device, as well as those of our previous report, 
where we did not introduce an electron transport layer on the 
devices. In this series of OLEDs, better performance features were 
observed for the PFO:Zn(BTS) device (Von = 4.5 V @ Lmax = 1850 cd m-

2 @ EQEmax = 6.16% @ ηC = 10.48 cd A-1 @ ηP = 5.99 lm W-1). Although 
Zn(salophen)- and Zn(sal-3,4-ben)-based devices have lower figures 
of merit, they have shown high brightness values (Lmax = 2390 and 
3780 cd m-2, respectively) coupled with lower OLED roll-off (Roff) 
losses than Zn(BTS)-based devices: Zn(BTS) – EQE(100 cd m-2) = 
1.36% @ Roff = 78%, EQE(1000 cd m-2) = 0.56% @ Roff = 91%; Zn(sal-
3,4-ben) – EQE(100 cd m-2) = 2.09% @ Roff = 24%, EQE(1000 cd m-2) = 
 1.01% @ Roff = 63%; and Zn(Salophen) – EQE(100 cd m-2) = 2.12% @ 
Roff = 33%, EQE(1000 cd m-2) = 0.87% @ Roff = 73%.

In contrast, when the n-type co-host (OXD-7) was added to the 
active layer to improve the charge‒carrier transport and balance, 
better figures of merit can be observed for the Zn(sal-3,4-ben)-based 
OLED (Von = 5.0 V @ Lmax = 1770 cd m-2 @ EQEmax = 6.34% @ ηC = 9.06 
cd A-1 @ ηP = 4.07 lm W-1). The Roff values are the same as those 
observed for PFO-based devices, i.e., better maxima reflect high-
efficiency losses with increasing brightness values: Zn(BTS) – 
EQE(100 cd m-2) = 2.08% @ Roff = 42%, EQE(1000 cd m-2) = 0.75% @ 
Roff = 79%, Zn(sal-3,4-ben) – EQE(100 cd m-2) = 1.34% @ Roff = 79%, 
EQE(1000 cd m-2) = 1.01% @ Roff = 88%, and Zn(salophen) – EQE(100 
cd m-2) = 1.55% @ Roff = 32%, EQE(1000 cd m-2) = 0.82% @ Roff = 64%. 

Importantly, Zn(salophen)-based OLEDs, although presenting 
lower figures of merit on the PFO:OXD-7 matrix, exhibit similar roll-
off values in both types of devices, whereas Zn(BTS) and Zn(sal-3,4-
ben) compounds have better performance on PFO and PFO:OXD-7 
OLEDs, respectively. This behaviour can be closely related to the 
electronic structure dipole orientation and molecular orbital 
orientation in both types of devices, as Zn(BTS) and Zn(sal-3,4-ben) 
present a quasi-charge transfer electronic state. Therefore, the 
Zn(salophen) coordination compound is expected to be less 
susceptible to chemical environment effects, as reflected in its OLED 
Roff behaviour. On the other hand, adding benzophenone and 
benzothiazole moieties increases the susceptibility of the 
optoelectronic properties of Zn(II)Schiff-based coordination 
compounds to media into thin films: a partial overview of the 
observed behaviour of PFO- and PFO:OXD-7-based OLEDs, due to 
their quasi-charge-transfer behaviour.

Fig. 4 Current density (full symbols) and brightness (open symbols) versus 
voltage and operational figures of merit (EQE, ηC and ηP) versus brightness 
curves of the Zn(II) Schiff-based OLEDs in the PFO (a and c) and PFO:OXD-7 (b 
and d) matrices.

To better understand the optoelectronic features observed in 
both series of solution-processed OLEDs, we successfully employed 
space-charge limited-current models for electron- and hole-only 
devices, as Mott‒Gurney’s law describes,67 following equation 1:

𝐽𝑆𝐶𝐿𝐶 = 9
8𝜀𝜀0𝜇𝑖

𝑉2

𝐿3                                   (Equation 1)

where JSCLC is the current density in the SCLC domain, e is the active 
layer dielectric constant (~ 3 for most semiconducting organic 
materials), e0 is the free-space electrical permittivity, μi is the charge 
carrier mobility (i = e for electron-only devices; and i = h for hole-only 
devices) in the SCLC region, V is the applied bias, and L is the active 
layer thickness. Table 4 summarizes the electrical properties of 
OLEDs and only type devices.

The μi values were calculated during the shallow-trap filling 
processes, where JxV curves (Fig. S2 to S5; Tables S4 to S7; ESI†) 
respect the quadratic law (J α V2)68, and we can easily observe how 
each coordination compound, as well as the OXD-7 co-host, impact 
the trap-filling behaviour of the devices. As a general rule, the 
addition of the OXD-7 co-host into the PFO matrix causes devices to 
have a 

Table 3. All efficiency parameters of the Zn(II) Schiff-base PFO-based solution-processed OLEDs.

PFO:X Von 
(V)

λEL

(nm)
Lmax

(cd m-2)
EQE 
(%)

EQE
(100 cd m-2)

EQE
(1000 cd m-2)

ηC

(cd A-1)
ηP

(lm W-1)
CIE 1931 

(x,y)
PFO (neat) 5.0 437 296 1.59 0.65 - 1.60 0.83 0.22, 0.25

Zn(salophen) 5.0 436; 527 2390 3.18 2.12 0.87 5.16 2.32 0.28, 0.42
Zn(sal-3,4-ben) 4.5 436; 535 3780 2.77 2.09 1.01 4.32 1.94 0.29, 0.42

Zn(BTS) 4.5 437; 534 1850 6.16 1.36 0.56 10.48 5.99 0.30, 0.43
OXD-7 7.0 437 245 3.74 1.99 - 3.38 1.01 0.23, 0.25

OXD-7:Zn(salophen) 4.5 436; 528 1370 2.27 1.55 0.82 3.18 1.54 0.26, 0.43
OXD-7:Zn(sal-3,4-ben) 5.5 435; 536 1770 6.34 1.34 0.75 9.06 4.07 0.28, 0.40

OXD-7:Zn(BTS) 4.5 436; 533 912 3.58 2.08 0.75 4.01 1.80 0.28, 0.40
PFO:OXD-7 (3:2 wt); 0.05%wt of each Zn(II) coordination compound.
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poor electrical balance between the injected electrons and holes in 
the active layer, with a ratio between μe and μh (𝜇𝑒

𝜇ℎ
), in the case of 

PFO-based devices, just one order of magnitude (10-1) lower, and for 
PFO:OXD-7, at least two orders of magnitude (10-2) lower. The 
differences in the charge‒carrier transport balance between the PFO 
and PFO:OXD-7 devices can be directly attributed to the fact that 
OXD-7-based OLEDs exhibit lower brightness values than PFO 
devices. Additionally, higher roll-off losses have been reported for 
the devices that possess large charge‒carrier disbalances, as to the 
case of PFO:OXD-7:Zn (sal-3,4-ben) OLEDs. Although this device 
presents the highest EQE values in contrast to the others, which have 
higher roll-off rates. At the same time, PFO:OXD-7:Zn (sal-3,4-ben) 
device possess a 𝜇𝑒

𝜇ℎ
 ratio five orders of magnitude lower  of electrical 

balance (𝜇𝑒

𝜇ℎ
 ≈ 10-5). Additionally, we estimated the electrical mobility 

(𝜇𝑇𝐹
𝑆𝐶𝐿𝐶) in the trap-free region (Child’s law)68 of the OLEDs’ JxV curves 

and found more conclusive correlations between the OLEDs’ 
performance and the electronic mobility of the minority charge 
carrier, in our case, electrons. In Child’s domain, devices with better 
electron mobility led to high-performance OLEDs, such as PFO- and 
PFO:OXD-7-based devices Zn(BTS) and Zn(sal-3,4-ben), respectively 
(see detailed values in Tables 3 and 4).

In addition, we determine the total density of trap states (NT) at 
the point where Mott‒Gurney’s law meets Mark‒Helfrich’s deep-
trap filling relationship, also known as the trap-filled voltage (VTFL)69, 
which follows equation 2:

𝑉𝑇𝐹𝐿 = 𝑞𝑁𝑇𝐿2

2𝜀𝜀0
                                        (Equation 2)

where q is the elementary charge. Also, from the slope m of the JxV 
data in logarithmic scale, we can extract the trap energy from the 
Fermi level as m = Tt⁄T, being Tt the characteristic trap temperature 
(which will give the correspondent energy) and T the temperature.14

In the first case (PFO OLEDs), the insertion of Zn(II)Schiff bases on 
the active matrix enhances the density of trap states. In contrast, the 
very low amount of Zn(II) coordination compounds added to 
PFO:OXD-7 mixture diminishes the NT. The neat PFO device 
presented lower NT than PFO:OXD-7 OLED. Besides, the addition of 
Zn (salicylidenes) into the PFO:OXD-7 matrix leads to lower NT values 
than those of PFO devices (see Table 4). It is worth mentioning that 
devices with a lower density of trap states and average trap energy 
(ET) present high figures of merit, as expected for most OLEDs.

The electroluminescent performance achieved in this work 
represents a substantial advance relative to previously reported 
Zn(II) Schiff base based OLEDs. In earlier studies by Germino et al.37, 
devices employing PVK as the host matrix and lacking dedicated 
electron-transport engineering exhibited external quantum 
efficiencies below 0.5%, primarily due to limited charge-carrier 
mobility, low photoluminescence quantum yield of the emissive 
layer, and insufficient energetic overlap between host and guest 
materials. Subsequent work by Duarte et al.38 demonstrated that 
replacing PVK with PFO led to enhanced electroluminescence 
intensity and improved spectral overlap with the absorption of the 
Zn(II) complexes, owing to the higher hole mobility and 
photoluminescence efficiency of PFO. Nevertheless, in the absence 
of an electron-transport layer, the best-performing devices remained 
constrained by trap-assisted recombination and pronounced charge 
imbalance, yielding EQE values limited to approximately 0.52%.

In the present work, although the devices exhibit comparable 
turn-on voltages (Von = 4.5 ~ 7.0 V), their luminance and efficiency 
behaviour differ significantly depending on the host matrix. PFO-
based devices reach higher maximum luminance values (up to 3780 
cd m-2 for Zn(sal-3,4-ben)), which reflects larger injected current 
densities. However, SCLC analysis (Table 4) reveals that 
incorporation of Zn(II) Schiff bases into PFO increases the trap-state 
density (NT ≈ 3.1 ~ 3.2x1017 cm-3) and is associated with relatively 
deep trap energies (ET = 673 ~ 738 meV), which favour trap-assisted 
recombination and efficiency losses at higher current densities.

In contrast, when OXD-7 is incorporated as an n-type co-host, the 
electrical behaviour changes substantially. For the optimized 
PFO:OXD-7:Zn(sal-3,4-ben) device, the trap-state density decreases 
to 1.75x1017 cm-3 and the average trap energy is reduced to 191 meV. 
Additionally, the trap-filled limit voltage decreases to 3.38 V, 
indicating earlier trap filling and a more efficient transition toward 
trap-free transport. Although the absolute μe values remain lower 
than μh, the reduced trap density and shallower traps mitigate trap-
assisted recombination, leading to improved charge recombination 
efficiency.

Consequently, while PFO-based devices achieve higher 
luminance, the PFO:OXD-7 matrix provides superior external 
quantum efficiency (EQE = 6.34%) due to reduced trap-mediated 
losses and improved carrier recombination efficiency rather than 
increased current injection. This distinction highlights that luminance 

Table 4. Electric characteristics of Zn(II) Schiff base PFO-based solution-processed OLEDs.

PFO:X VTFL 
(V)

NT

(cm-3)
ET

(meV)
𝝁𝑻𝑭𝑺𝑪𝑳𝑪

(cm2 V-1 s-1)
𝝁𝒉

(cm2 V-1 s-1)
𝝁𝒆

(cm2 V-1 s-1)
PFO (neat) 4.75 2.46x1017 399 3.38x10-8 3.70x10-10 3.27x10-11

Zn(salophen) 6.26 3.24x1017 673 1.01x10-7 3.65x10-10 1.95x10-11

Zn(sal-3,4-ben) 6.07 3.14x1017 701 1.81x10-7 3.44x10-10 6.78x10-12

Zn(BTS) 4.96 2.57x1017 738 1.95x10-7 1.26x10-9 1.48x10-10

OXD-7 9.00 4.66x1017 662 2.03x10-9 8.00x10-10 2.23x10-12

OXD-7:Zn(salophen) 5.12 2.65x1017 522 4.79x10-8 3.17x10-10 3.19x10-12

OXD-7:Zn(sal-3,4-ben) 3.38 1.75x1017 191 8.55x10-8 9.04x10-7 4.91x10-12

OXD-7:Zn(BTS) 3.50 1.81x1017 218 4.44x10-8 3.11x10-10 5.42x10-12

PFO:OXD-7 (3:2 wt); 0.05%wt of each Zn(II) coordination compounds.  
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and recombination efficiency are not directly proportional and must 
be interpreted in conjunction with charge-transport parameters.

Finally, the present study implements two complementary 
strategies to overcome these limitations: the insertion of TPBi as an 
electron-transport and hole-blocking layer and the incorporation of 
OXD-7 as an n-type co-host to form an exciplex-capable PFO-based 
active matrix. These modifications result in a pronounced 
enhancement of charge-carrier balance and exciton confinement, 
enabling devices with external quantum efficiencies exceeding 6%, 
current efficiencies up to 10.48 cd A⁻¹, and turn-on voltages as low as 
4.5-5.0 V. The performance gains are quantitatively supported by 
SCLC analysis, which reveals reduced trap-state densities (down to 
~1017 cm-3), lower average trap energies (< 200 meV in optimized 
systems), and improved minority-carrier (electron) mobilities in the 
highest-efficiency devices. These electrical characteristics correlate 
directly with the DFT-derived excited-state properties: Zn(BTS) and 
Zn(sal-3,4-ben), which exhibit quasi-charge-transfer character and 
modified singlet-triplet energetic landscapes, show enhanced 
compatibility with the engineered host environments, resulting in 
reduced trap filling and more efficient charge recombination. The 
combined experimental and theoretical analysis thus establishes a 
clear structure/property/performance relationship, demonstrating 
that rational ligand design coupled with targeted transport-layer 
engineering enables first-class Zn(II) fluorescent emitters to  
approach or slightly surpass the conventional ~5% EQE benchmark 
commonly associated with first-class fluorescent emitters in 
standard architectures for near-white OLEDs, while maintaining 
moderate efficiency roll-off.

Conclusions
This study demonstrates that Zn(II) Schiff base coordination 

compounds can function as efficient emissive dopants in solution-
processed OLEDs when combined with rational host and interface 
engineering. The incorporation of TPBi as an electron-
transport/hole-blocking layer and the use of OXD-7 as an n-type co-
host in PFO-based matrices significantly improve charge-carrier 
balance and exciton confinement, leading to near-white 
electroluminescence with external quantum efficiencies exceeding 
6%, current efficiencies above 10 cd A⁻¹, and reduced turn-on 
voltages. Electronic structure calculations reveal that ligand 
functionalization strongly modifies the molecular excited-states, 
inducing quasi-charge-transfer character in Zn(BTS) and Zn(sal-3,4-
ben) while preserving ligand-centred fluorescence. These features 
govern singlet-triplet energetic proximity and host sensitivity 
without direct participation of the Zn(II) centre in frontier orbitals. 
SCLC analysis establishes a direct correlation between molecular 
design and device performance, showing that high-efficiency devices 
exhibit reduced trap-state densities, lower average trap energies, 
and enhanced minority-carrier mobilities. Overall, the results 
establish a relationship linking coordination chemistry, excited-state 
electronic structure, and charge-transport dynamics. This work 
demonstrates that first-class Zn(II) fluorescent emitters can 
approach or surpass conventional theoretical efficiency limits for 

near-white OLEDs, providing a viable pathway toward low-cost, 
solution-processable devices based on Earth abundant materials.
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