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1. Introduction

Zinc(n)-heteroligand compounds for wet
processing OLEDs: a study on balancing
charge carrier transport and energy transfers

Emmanuel Santos Moraes, (2 £2° Luis Gustavo Teixeira Alves Duarte, () £°
Fabiano Severo Rodembusch, () ¢ José Carlos Germino, (2 £*@
Luiz Fernando Ribeiro Pereira*® and Teresa Dib Zambon Atvars*°

Organic light-emitting diodes (OLEDs) are one of the most studied and utilized optoelectronic
components in display technology. However, their application in lighting remains limited due to
materials costs and a guaranteed feasible deposition technique. To address this challenge, we explored
the use of easily synthesized organic molecules capable of complexation with abundant transition
metals to enhance their optoelectronic properties, coupled with low-cost wet processing protocols.
Four zinc(i) coordination compounds were synthesized and the impact of incorporating two different
ligands into a metal center was evaluated in terms of their optoelectronic properties. A photophysical
investigation was made, encompassing emission and absorption analyses in both solid-state and thin
film configurations. Foérster resonance energy transfer (FRET) processes were performed using
polyfluorene (PFO) and zinc() compounds in a host—guest system, revealing FRET efficiencies ranging
from 10 to 68%, depending on the concentration of zinc(i) compounds in the PFO matrix. Subsequently,
solution-processed OLEDs were fabricated using PFO:zinc(i) homo (ZnL11 and ZnL22) and heteroligand
(ZnL13 and ZnlL23) compounds as the emissive layer at a concentration of 1%, following a
straightforward architecture, ITO|PEDOT:PSS|PVK|PFO:Zn(i)-compounds|TmPyPB|CalAl. The OLEDs
achieved external quantum efficiencies (EQE) close to the theoretical limit of these active layers, ranging
from 1.2% to 1.8%, with an applicable brightness value (L > 100 cd m~2), coupled with low roll-off in
EQE values. Notably, the heteroligand coordination compounds exhibited superior device performance,
attributed to their high electrical charge-carrier mobilities, trap-state profiles, and density of free carriers,
as elucidated by space-charge shallow- (SCLC) and deep-trap (TCLC) transport models.

methods, such as spin-coating,”> slot-die coating,® blade
coating,” and inkjet printing® methods, offering scalable and

Organic light-emitting diodes (OLEDs) synthesized by solution-
processing techniques have emerged as promising alternatives
to traditional thermally evaporated devices for producing low
energy-consuming large area emitters." For solution-processed
OLEDs, the active layers can be deposited by several wettable
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straightforward implementation. However, there are several
drawbacks to achieving a reasonable device performance. One
is specially related to the design of active molecules with
reasonable simple synthetic processes and with good emission
properties; others are related to their solubility in commercial
inexpensive solvents, which aids in achieving stable and uni-
form morphologies (without creation of intrinsic defects acting
as energetic traps for electrical carriers), chemical and photo-
chemical stabilities and reasonable charge mobility in the solid
state.® The best way to produce solution-deposited OLED active
layers is still based on the host:guest concept.”

To disperse an emissive molecule in such active layers, it is
critical to choose solubility-compatible host-guest materials,
ensuring proper charge-carrier injection, transport, and recom-
bination from the host matrix to the guest emissive target.®° To
improve the efficiency of host-guest systems, the energy levels

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the components must fulfill the requirements for Forster/
Dexter energy transfer, creating cascade channels for charge
mobility and energy transfer processes, alongside a good mole-
cular conformation.'®"!

In recent decades, the external quantum efficiency (EQE) has
increased substantially for solution-processed OLEDs.'> For
instance, for thermal-evaporated OLEDs, Wang et al. obtained
a red device based on the Pt(u) phosphorescent compound,
composed of five evaporated layers between the electrodes,
which resulted in a good EQE of 31.8%."* Additionally, Pt(n)
complex solution-processed OLEDs, which possess simpler
architectures (with three or two layers), achieved EQEs of
22.9% and 15.0%, respectively'®'® Therefore, the production
of stable materials for high-performance OLEDs must lead to
the development of strategies toward the use of low-
temperature protocols and simpler device architectures.

In this context, coordination compounds are a very wide
class of OLEDs’ active layers. They might be composed of two
categories: compounds with prevalent emission of the ligand
and those with inner transition metal emission, singlet emis-
sion, or triplet emission. Because these metal-ligand properties
define the emission process, there are several combinations
of the same metallic center with ligands to provide unique
materials and properties. Coordination compounds, encom-
passing ligand-based and metal-based emissions, offer a wide
range of possibilities for OLED active layers.'®™*° However,
although heavy metals, such as iridium(m),>® platinum(m),"’
osmium(m),>" ruthenium® and rhenium® complexes, can
exhibit good performance, their cost, toxicity, and availability
in nature are the main drawbacks leading to the choice of
abundant metals, such as zinc(u).>*

Zinc(un) complexes, which have versatile coordination geo-
metries, have been demonstrated to be a promising candidates
for active layer components, due to their desirable physical-
chemical properties such as solubility, thermal stability, and
fluorescence quantum yields.>**® Despite their limitations in
terms of internal quantum efficiency, zinc(iu) complexes have
already proven to achieve nearly 5% EQE values (the theoretical
maximum values expected for such 1°* generation emitters),
almost close to the limit for singlet emission.”” In general,
Zn(u) compounds are stable, with good solubilities, and can
be easily synthesized, and the emission originated from
the ligand. Improvement of the device performance can be
achieved by the optimization of the charge transport mobility."*

In this sense, and seeking for solution-processed materials,
we report the preparation and characterization of four zinc(u)
complexes with two ligands to determine the role of their
chemical structures in the figures of merit of OLEDs with active
layers containing such complexes as emitters. The ligands (L1
and L2) are based on a salicylidene derivative that differs in the
insertion of a bromine atom, forming ZnL11 and ZnL22 (homo-
ligand) compounds and ZnL13 and ZnL23 are compounds with
one ligand L1 or L2 and a 2-(2’-tosylaminophenyl) benzothia-
zole moiety (L3), forming structures L13 and L23 (heteroligand)
(Fig. 1). Due to the solubility issues in solution-processed
OLEDs, to improve optoelectronic properties without inserting
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Fig.1 Chemical structures of the ligands (L1, L2, and L3) and their
corresponding complexes (ZnL1l, ZnL22, ZnL13, and ZnL23).

another compound, two different ligands (L1-L3 and L2-L3)
were used to improve the optoelectronic properties without
changing the photophysical properties of the zinc(u) complex
(L1-L1 and L2-L2). The optical properties of all these com-
pounds were studied in polymethyl-methacrylate (PMMA),
poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) thin films, and solid
state. A theoretical approach based on density functional theory
(DFT) further enhances the understanding of the optical
properties.

By comparing both the photoluminescence (PL) and electro-
luminescence (EL) spectra of these four compounds, differ-
ences between the emissions in the inert PMMA and in the
optically active PFO are interpreted in terms of the fluorescence
resonance energy transfer (FRET) process by the Forster
mechanism."® For the PFO thin films, the molar ratios of the
zinc(u) compounds to PFO were 0.1%, 0.5%, 1.0%, and
2.5% mol mol " to assess the solubility limit and processability
of these host/guest systems, considering the FRET efficiency
threshold. We built solution-processed OLEDs following a
simple straightforward architecture. OLEDs based on PFO:
Zn(u)-heteroligand coordination compounds have achieved
better optoelectronic figures of merit and efficiency losses
(roll-off <20%), compared to their homoligand structures,
highlighting the ZnL23 compound: V., = 8.5 V@Lpax =
536.8 cd M *@EQEmax = 1.84% @ cmax = 211 c¢d A~ @#pmax =
0.49 Im W' The obtained performance parameters of each
Zn(u) coordination compound device exhibited EQE values
close to those theoretically estimated, considering active layer
internal quantum efficiencies (IQEs). The optoelectronic prop-
erties of OLEDs have been consistently correlated with photo-
physical and charge-carrier transport features, according to
space-charge shallow- and deep-trap models. This research
aimed to advance the development of stable materials for
high-performance OLEDs by adopting low-temperature proto-
cols and simpler device architectures, focusing on zinc
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complexes as versatile active layer components, which can
underscore their potential for achieving efficient OLEDs, con-
tributing to the broader field of solution-processed optoelec-
tronic devices. In summary, the achieved results show that
Zn(u)-based emitters can be particularly useful for OLEDs’
active layers despite the low EQE; however, the theoretical limit
was reached with an appropriate Zn(u)-heteroligand structure
(ZnL23), in a good trade-off between the simple device struc-
ture/efficiency and the good electrical charge balance.

2. Experimental

2.1. Synthesis of the ligands and zinc(u) complexes

All reagents were purchased from Sigma-Aldrich with >98%
purity and used without further purification. Salicylidene ligands
(L1-L3) were synthesized and characterized elsewhere.*®*°

For the complexation protocol, a mixture containing
1.0 mmol of the ligands (1:1) with 0.5 mmol of dihydrate zinc
acetate in 30 mL of methanol was stirred under reflux for 2
hours. The product was obtained as a green-yellow precipitate,
which was subsequently filtered, washed in cold methanol and
hexane, and dried for 12 hours at 60 °C to afford the respective
complexes ZnL11, ZnL22, ZnL13, and ZnL23 (Fig. 1). Single-
crystals of the ZnL11, ZnL22 and ZnL13 compounds were
obtained from the synthesis of crude products. The major
difference between compounds L1 and L2 is the bromine in
the para position.

2.2. Structural characterization

NMR spectra were recorded in DMSO-ds or CDCl; using a
Bruker 250 MHz '"H NMR spectrometer and *C NMR spectra
were recorded using a Bruker Advance 400 MHz spectrometer.
Chemical shifts (6) were given in parts per million from the
peak of tetramethylsilane (0 = 0.00 ppm) as the internal
standard in "H NMR or from the solvent peak of CDCl; (6 =
77.00 ppm) in *C NMR. The original NMR spectra for all
compounds are presented in the ESIt (Fig. S1-S8). Using an
ATR mode, the FTIR spectra were acquired using a Cary 630
FTIR spectrometer from Agilent Technologies (Fig. S9, ESIT).
High-resolution mass spectra in the positive mode were
obtained using a Xevo G2-XS QTOf spectrometer (Fig. S10-
S13, ESIt). Thermogravimetric analysis (TGA) was performed
from 25 to 700 °C using a TA Instruments model 2950 instru-
ment under a nitrogen atmosphere (100 mL min~ ') at a heating
rate of 20 °C min " (Fig. $14, ESIt). The crystal structures were
determined by single-crystal X-ray diffraction using a Bruker
APEX II DUO area detector diffractometer, equipped with a low-
temperature device (Oxford Cryosystems CRYOSTREAM 700).
The data were collected at a crystal temperature of 150 K, using
Cu Ko radiation (1 = 1.54184 A; Incoatec microfocus X-ray
source), based on a strategy of combining Q and ¢ scans, a
width of 0.5°, and an acquisition time of 30 s per frame. Cell
refinement and data reduction were performed using SAINT
and multiscan absorption correction was performed using
SADABS-2014/5. Structures were solved by direct methods using
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SHELXTL XT-2014/4 and refined by the least-squares method
against F2 using SHELXle,>***" with all nonhydrogen atoms
refined anisotropically and all hydrogen atoms added
geometrically.

ZnL11. Yield (66%). 'H NMR (250 MHz, DMSO-d¢, ppm):
9.31 (s, 2H), 7.53, 7.34, 7.29, 6.87 (Ar-H, 12H), 2.66 (s, 3H), and
1.97 (s, 3H). ">C NMR (125 MHz, DMSO-ds, ppm): 173.4, 167.5,
157.5, 150.5, 137.9, 123.7, 119.0, 112.8, 23.4, and 20.9. FTIR
(Vmaxw €M™ 1) 2024-1660 (va,), 1600 (Vc—), 1430 (v m), and
1143 (vc_o)- HRMS (ESIT): m/z, calculated for C,gH,;N,0,Zn
[M + H]' 515.1425; found 515.1414.

ZnL22. Yield (84%). '"H NMR (250 MHz, DMSO-ds, ppm):
9.46 (s, 2H), 7.81, 7.34, 7.03, 6.98 (Ar-H, 10H), 2.66 (s, 3H) and
2.28 (s, 3H). *C NMR (300 MHz, CDCl;, ppm): 164.7, 161.9,
156.8, 155.0, 149.7, 136.9, 128.5, 126.2, 119.9, 113.8, 29.7 and
25.6 FTIR (Vmax, cm ™ Y): 2015-1650 (1), 1600 (vo—n), 1437
(Vc-m), 1146 (Vc-o), and 565 (vc-py). HRMS (ESIT): m/z, calcu-
lated for C,gH,5Br,N,0,Zn [M + H]" 670.9636; found 670.9624.

ZnL13. Yield (61%). 'H NMR (250 MHz, DMSO-dg, ppm):
9.34 (s, 1H), 8.15, 7.65, 7.55, 7.40, 7.17, 6.87, 6.66 (Ar-H, 18H),
2.28 (s, 3H), 2.17 (s, 3H), and 1.97 (s, 3H). "*C NMR (125 MHz,
DMSO-dg, ppm): 173.5, 167.5, 157.4, 150.9, 137.9, 129.7, 127.5,
123.0, 120.3, 118.9, 114.7, 111.0, 23.4, 21.29, and 21.12. FTIR
(Vmax, €M Y): 2016-1640 (va), 1600 (vo—n), 1438 (vo.n), 1135
(vc-0), and 1083 (vcn). HRMS (ESIt): m/z, calculated for
C34H,6N,0,5,Zn [M + H]" 669.0973; found 669.0962.

ZnL23. Yield (77%). '"H NMR (250 MHz, DMSO-d,, ppm):
9.36 (s, 1H), 8.14, 7.68, 7.53, 7.40, 7.16, 6.93, 6.65 (Ar-H, 17H),
2.37 (s, 3H), 2.28 (s, 3H), and 1.93 (s, 3H). *C NMR (125 MHz.
DMSO-dg, ppm): 173.7, 168.2, 155.8, 150.6, 129.6, 127.1, 122.8,
120.5, 114.9, 23.6, and 21.3. FTIR (Vmax, cm ™~ *): 2016-1650 (1),
1600 (vc—n), 1437 (vco), 1134 (vo-o), 1083 (vc_n), and 563
(Vc-gr)- HRMS (ESIt): m/z, calculated for Cz,H,3BrN,05S,Zn
[M + H]" 747.0078; found 747.0064.

2.3. Optical properties

The electronic absorption spectra were acquired with a Hewlett-
Packard 8452A diode array spectrophotometer. Their steady-
state fluorescence spectra were recorded with a Cary Eclipse
Varian spectrofluorometer using the absorption maxima as the
excitation wavelength and Aey. = 375 nm to excite PFO in the
PFO:zinc(un) complex. Fluorescence decays of the PFO:Zn(u)
composites were recorded by time-correlated single-photon
counting (TCSPC) using an Edinburg Analytical Instruments
FL 900 spectrofluorometer with an MCP-PMT (Hamamatsu
R3809U-50) with a pulsed laser operating at Jey. = 370.8 nm
(EPL-375, FWHD 10 nm, and pulse width 77.0 ps), and ey =
404.2 nm (EPL-405, FWHD 10 nm, and pulse width 46.3 ps).
The instrument response function (IRF) was recorded using a
Ludox® scatter. At least 10 000 counts in the peak channel were
accumulated for the lifetime determination. The emission
decays were fitted as exponential functions using the software
FAST as expressed in eqn (1):

I(t) = Z B,-e”/“ (1)
i=1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Iy is the signal intensity sum of the electronically excited
species weighted by B, (preexponential factor) and with a life-
time constant ;.

The confocal fluorescence microscopy (fluorescence micro-
scopy) images of the PFO:Zn(u) films were obtained with a Leica
SP5 confocal laser scanning microscope, using an HCX PL APO
CS 10 x 0.4 DRY objective.

2.4. Solution-processed OLEDs

OLEDs were fabricated on a glass substrate with a patterned
indium tin oxide (ITO) (20 Q ") from Ossila B.V. company.
The ITO was cleaned with Hellmanex® 2% (30 min), hot
deionized water (15 min), acetone (5 min), and 2-propanol (5
min), via ultrasonic bath, followed by washing with hot deio-
nized water, drying with N,(g) jet, and treating with UV-ozone
cleaner (10 min). Poly(3,4-ethylene-dioxythiophene)-poly(styr-
ene sulfonate) (PEDOT:PSS) was purchased from Clevius, H. C.
Starck, and the thin film (30 nm) was deposited by dynamic
spin-coating at 5000 rpm for 30 s, followed by thermal anneal-
ing at 120 °C for 15 min. PVK (My, = 1100000 g mol ') was
purchased from Sigma-Aldrich. The solution was processed in
dry tetrahydrofuran at 5 mg ml~" and the thin film (80 nm) was
obtained by spin-coating at 3000 rpm for 30 s and annealing at
80 °C for 10 min. Poly(9,9-di-n-octylfluorenyl-2,7-diyl) was sup-
plied by American Dye Source, Inc. (ADS129BE, My = 25 000—
150000 g mol *). The solution was processed in dry tetrahy-
drofuran at a final concentration of 10 mg mL™' and spin-
coated at 2000 rpm for 30 s. Active layers’ thin films based on
PFO:Zn(u)-homo and heteroligand compounds were obtained
from the same PFO’s procedure, from the host-guest system
with 1% mol mol " of each Zn(u) coordination compound. All
THF solutions were filtered with a Ossila’s PTFE hydrophobic
0.10 pm. 1,3,5-Tris(3-pyridyl-3-phenyl)benzene (TmPyPB) was
purchased from Sigma-Aldrich and deposited by thermal eva-
poration (50 nm) at a ratio of 0.1 A s™* under a pressure of
~10"° mbar, and cathode calcium (10 nm) and aluminum
(90 nm) were evaporated at 0.1 and 1.0 A s~ respectively. The
final device structure was ITO|PEDOT:PSS|PVK|PFO:Zn(i)com-
pound (1% mol mol™ )| TmPyPB|Ca|Al.

The optoelectrical properties were analyzed by current-
voltage-brightness (I-V-L) measurements using a 2400 Keithley
Source Meter and a Konica Minolta LS-100 Luminance Meter,
coupled with a close-up lens no. 110, & = 40.5 mm, 10-20 cm.
The EL spectra were acquired using a USB2000+ Ocean Optics
diode array spectrometer. The CIE 1931 chromaticity coordi-
nates as we as all OLEDs’ efficiency calculations were done in a
home-made software, assuming devices Lambertian electro-
emission profile.

2.5. Computational details

Single-crystal X-ray structures of ZnL11, ZnL22 and ZnL23 were
used to calculate the excited state. The ZnL23 structure was
optimized in the ground state by density functional theory
(DFT) after which its final geometry was determined. The
predictions were performed using the PBE0*? functional and
aug-cc-PVDZ**** basis set. The vertical excitation was obtained

© 2024 The Author(s). Published by the Royal Society of Chemistry
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via the same level of calculation using the time-dependent DFT
(TD-DFT) method at the vacuum level. All calculations were
performed with ORCA version 5.0.3,°*® and visualized in
Gabedit 2.5.1%” and Avogadro 1.2%® software.

3. Results and discussion

3.1. Structural properties

Fig. 2 shows the ZnL11, ZnL22 and ZnL13 refined structures
obtained by single-crystal X-ray diffraction. The ZnL23 structure
was optimized by DFT. The relevant structural data are sum-
marized in Table 1. For all these compounds, dihedral torsion
occurs due to the interaction of zinc with oxygen and nitrogen,
which results in the formation of a pseudo five coordinate
complex. Some similar zinc(1) compounds present tetrahedral
structures with a pyridine moiety that interacts with the zinc
atom distorting the tetrahedral arrangement with a torsion
angle in the same range (between 70° and 77°).*°

3.2. Optical properties

This study aims to evaluate the effect of substitution between
two different ligands at a zinc(u) site. For this, the photophysics
characterization was performed, focusing on the main proper-
ties of the zinc compounds. First, UV-vis spectra were obtained
in the solid-state (drop-cast film deposition) and thin film
(dispersion produced by the spin-coating technique). Consider-
ing that PFO is active in the visible spectra, the zinc complexes
were dispersed in a spectroscopically inert “host” as PMMA,
and the results are shown in Table 2.

According to our theoretical results, the L3 ligand had a
greater bandgap energy than L1 and L2. In fact, the absorption
spectra of ZnL11 and ZnL22 showed a small redshift in relation
to those of ZnL13 and ZnL23 in the PMMA film (Fig. 3). Due to
the small intensity of absorption, at 410-420 nm, the excitation
spectra concerning the PL maxima were recorded. The maxima
band of excitation is close to the first weak band of the

Fig. 2 The structures obtained by X-ray diffraction of ZnL11 (a), ZnL22 (b),
Znl13 (c) and ZnL23 (omitted hydrogen atom). (d) Optimized structures
using PBEO/aug-cc-pVDZ at the vacuum level.

Mater. Adv,, 2024, 5, 7778-7788 | 7781
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Table 1 Relevant distances and dihedral torsion angles between the
ligands and zinc obtained via X-ray diffraction and DFT optimization using
PBEO/aug-cc-pVDZ at the vacuum level. The distances are presented in
angstroms (A) and the torsion is presented in degrees ()

Zinc(u) complex Zn-1 Zn-2 Zn-3 Zn-4 Zn-5 Dihedral (1-2-3-4)
ZnlL11 1.933 2.006 1.960 2.004 2.699 70.1
ZnL13 1.959 1.999 2.057 1.982 2.590 76.5
ZnlL22 1.937 1.991 1.937 1.991 2.809 76.4
ZnlL23" 1.971 2.016 1.989 2.060 2.559 72.6

“ Obtained by a theoretical approach.

Table 2 Summary of optical data of ZnL11, ZnL13, ZnL22 and ZnL23 in
PMMA films at 1% and in the solid state. A,ps and Aem (M) are the
absorption and emission maxima excited at 425 nm, respectively; SS is
the Stokes shift (cm™Y), and 7 is the lifetime (ns)

Zinc(n) complex Condition  Agps (NM)  Jey (nm)  SS (em™') 7 (ns)

ZnlL11 PMMA 412 483 3568 2.4
Solid-state 428 529 4461 4.1
ZnlL13 PMMA 409 473 3308 2.7
Solid-state 442 533 3863 5.9
ZnL22 PMMA 417 480 3147 2.1
Solid-state 443 530 3705 1.8
ZnL23 PMMA 413 477 3249 3.0
Solid-state 446 529 3518 2.8

absorption spectra. An explanation is that more excitation
energy promotes the transition of electrons to a higher state
than during emission and internal conversion occurs via a
nonradiative pathway. In terms of fluorescence, ZnL11 and
ZnL13 show a blue-shifted emission profile compared to the

ZnL11 ZnL22

—=— Absorption 2 —=— Absorption
> Excitation > \ Excitation
:%' —=— Emission ‘%‘ —e— Emission
c ZnL13 c \ ZnL23
L Absorption L —v— Absorption
= - Excitation £ Excitation
8 —e— Emission g X Emission
N N 1Y
© © \
£ € R
5 5 \

2 2 \
a) " b)
LS X . b W0
300 400 500 600 700 300 400 500 600 700
Wavelength (nm) Wavelength (nm)
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P, N ——znL11
> —e—2ZnL13
‘B —=—ZnL22 _I
o znL23 | @
E 3
o N
S g
g 5
£ 2
o
P4
300 400 500 600 700

Wavelength (nm)

Fig. 3 Normalized absorption, excitation, and emission spectra of ZnL11
and ZnL13 (a) and ZnL22 and ZnL23 (b) in the 1% PMMA film at room
temperature. The emission was excited by the maximum excitation wave-
length. (c) Absorption and emission spectra in the solid-state of all
complexes.
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ZnL22 and ZnL23 ones. The photophysical differences between
these molecules are linked to the presence of the bromine
atom, which is a heavy atom, and may cause an energy shift in
conjugated organic molecules.*

The theoretical predictions showed that the first transition
is a m-m* transition that occurs between the ligands. Due to the
tetrahedral angle compared to the other one, the oscillator
strength for the highest occupied molecular orbital (HOMO) —
lowest unoccupied molecular orbital (LUMO) for the first
transition is small. Although the transitions were calculated
at the vacuum level, the band positions were compared with
the PMMA film and presented a small difference in energy
(~0.1 eV). Additionally, the electronic density of the HOMO—1,
HOMO, LUMO, and LUMO+1 of all the complexes is shown in
Fig. S15 (ESIt). As mentioned, L3 has a greater bandgap energy
than L1 and L2 which contributes to the first orbital levels and
increases their energy gap regarding the ZnL11 and ZnL22
series (Table 3). In the electronic transitions, based on the
X-ray structure, ZnL11 has one of the N atoms directed to the
zinc metal and another out of the molecule. This fact decreases
the symmetry and causes a small energy splitting between both
ligands in the complex. However, the first strong transition
(H_1 —» Lf=0.29) occurs in the same ligand. In parallel, ZnL22
shows the same ligands position in the molecule, increasing
the symmetry, and causing an H — L transition distributed
throughout the molecule. For heteroligand Zn(u) complexes,
the first transition occurs between H — L and H_; — L for
ZnL13 and ZnL23, respectively. These transitions are mainly
from L1 to L3 in ZnL13 and from L3 to L2 in ZnL23. Along with
these transitions, the difference between the dipole moment in
the ground- and the excited state of the heteroligand is higher
than the homoligand Zn(u) complex. It is worth mentioning
that the difference between ZnL22 and ZnL23 is 16.3 Debye.
Thus, ZnL13 and ZnL23 complexes showed a charge transfer
character between the different ligands characterized by higher
dipole moments regarding ZnL11 and ZnL22.

In terms of solid-state absorption, all the complexes exhib-
ited a spectral redshift in terms of the absorption in the PMMA
film. The decrease in energy is partly due to aggregation in the
structures. Fig. 3(c) shows the emission spectra in the solid-
state of all the complexes. The emission spectra are similar,
with green emission at approximately 530 nm, and redshift
when compared to that of the PMMA film. Solid-state investiga-
tions are important for understanding OLED dynamics and

Table 3 Relevant data from the theoretical calculations of PBEO/aug-cc-
pVDZ at the vacuum level. A, c is the calculated electronic transition, fis
the oscillator strength and their assignment, Au is the difference of dipole
moments between excited- and ground states, the value of the energies of
the HOMO and LUMO, and the energy gap

zine(n) el |Ax|  HOMO LUMO Eg,,
complex (nm) f Assignment (Debye) (eV) (ev)  (eV)
Znl11 446 <0.001 H —» L 99% 14.1 —5.7 —-29 2.8
ZnL13 392 006 H->L 77% 15.4 —5.6 -24 3.2
Znl22 417 003 H->L 82% 3.3 —-5.7 —-2.7 3.0
ZnL23 393 0.01 H_, - L 89% 19.5 -5.9 -2.7 3.2
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further possible emission from aggregation sites. The fluores-
cence lifetimes were longer for ZnL11 and ZnL13 than those for
ZnL22 and ZnL23. The heavy-atom effect causes a decay path-
way by intersystem crossing and the lifetime is decreased.*’

3.3. Forster resonance energy transfer

The first approach characterized the photophysical properties
of zinc(i) complexes in the inert host and solid state allows us
to differentiate photophysical aspects in terms of steady-state
and time-resolved emission features. Nevertheless, for solution-
processed OLED devices, due to the low solubility of Zn(u)
coordination compounds, these small molecules cannot be
used alone to prepare good thin films. Therefore, it is necessary
to employ a host-guest system mentioned before. The host
must be a semiconducting material that can be easily wettable-
processed, with the complementary energy levels of the zinc(n)
complexes, i.e. the host must have large energy levels than the
guest molecules, at same time transport charge-carriers.

The HOMO and LUMO energy levels below the vacuum of
zine(u) compounds were determined by DFT/TDDFT calcula-
tions, considering a theoretical error of about 0.1 eV. Besides
this, their energy gaps are between the polyfluorene (PFO)
HOMO and LUMO energetic levels (band gap).® PFO is a
well-known host in the literature and has an emission band
at 430-440 nm. To investigate the efficiency of the energy
transfer between the paired host/guest complex, the Forster
resonance energy transfer (FRET) mechanism was used. The
FRET condition involves an overlap between the emission band
of the donor (host) and the absorption band of the acceptor
(guest) within a short distance (1-10 nm) of the chromophores
(Fig. S16, ESIT). Therefore, we prepared thin films by spin
coating onto a glass substrate with pure PFO and PFO/zinc(u)-
complexes at various solution ratios of 0.1, 0.5, 1.0, and 2.5% in
the mol zinc(ir) complex in PFO. Fig. 4(a) shows the emission of
PFO with different ratios of ZnL11, exciting in the PFO chro-
mophore (370 nm). The neat PFO thin film has a maximum
emission band centered at 438 nm, related to the pure electro-
nic emission (0-0) of the in-plane organized B-phase, with its
well-defined vibronic progression at 460 (0-1) and 485 (0-2) nm.
Besides this, a small contribution of the glassy PFO’s a-phase
pure electronic emission (0-0) around 425 nm was observed.*'
In general, these emission bands decrease the intensity with
the insertion of ZnL11 and generates a broadband at 500 nm
attributed to the zinc(nm) complex emission.'® The emission
shifts for the PMMA film are due to the chemical environment
changes. The efficiency of FRET was measured by monitoring
the lifetime of the PFO host. Fig. 4(b) and (c) show the emission
decay and the decrease in the short term with the addition of
ZnL11 and ZnL22 at ratios of 0.1, 0.5, 1.0, and 2.5%, respec-
tively. The FRET efficiency (Epgpr)*> was calculated using
eqn (2), which determines the host emission quenching of
the host in the presence of the guest.

Erger (%) = (1 —T—p‘> % 100 @)

Tdonor
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Fig. 4 (a) Fluorescence spectra of the thin films (lexe = 375 nm). (b) and
(c) Emission decays of ZnL11 and ZnL22 in different host—guest ratios
(Zexe = 370 NnM; Aem = 440 nm). (d) FRET efficiency (%) for all complexes.
Data from ZnL22, ZnL13 and ZnL23 are summarized in the ESI{ (see
Fig. S17 and S18).

where tgonor is the lifetime of the pure PFO decay, and tacceptor
is the lifetime of the mixture of PFO/Zn(u).

Fig. 4(d) shows the plot of the equation data concerning the
zinc(ir) complex ratio. The proportion of 1% between the zinc(u)
complexes in PFO is lower than that between the other
complex, with a good FRET efficiency of 30-45%. The max-
imum efficiency occurred at 2.5% at 58-68%; however, there
was a small difference in the efficiency at a 1.0% ratio. Table S1
(ESIt) summarizes the principal FRET data.

A critical factor in solution-processed OLEDs is the depos-
ited film morphology. Typically, a loss of ordered molecular
conformation leads to a high formation of intrinsic defects that
are responsible for unbalanced electrical charge densities (via
effect in electrical mobilities) and/or losses by recombination.
These effects are not only related to the emitter itself, but also
the host plays an important role.**** In this sense, an investi-
gation based on confocal microscopy has shown the solubility
of the zinc(u) complexes in the PFO host. The images were
obtained using an argon laser at 458 nm (Fig. 5), where Zn(u)
coordination compounds are preferentially excited. It is possi-
ble to observe the formation of aggregated structures, following
an increase in the concentration of Zn(u)-homo and hetero-
ligand compounds. As a general trend, Zn(u) coordination
compounds based on L1 (ZnL11 and ZnL13) are more soluble
than those based on L2 (ZnL22 and ZnL23), which form
aggregates even at low concentrations (0.5%), leading to great
changes in the morphology with increasing concentrations.
The FRET efficiency is intricately linked with this observation,
and, beyond a 1.0% ratio, all zinc(u) complexes saturate the
host, being unfavorable to make a good film for a solution-
processed OLED.
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ZnL11 0.1%

ZnL110.5% ZnL111.0% ZnL11 2.5%

ZnL130.1% ZnL130.5% ZnL131.0% ZnL13 2.5%

ZnL220.1% ZnL220.5% ZnlL221.0% ZnL22 2.5%

ZnL230.1% ZnlL230.5% ZnlL231.0% 2ZnL23 2.5%

Fig. 5 Confocal microscopy images of PFO:Zn(i) coordination com-
pounds (Jexc = at 458 nm).

3.4. Solution-processed OLEDs’ optoelectronic properties

Considering the photophysical and morphological character-
ization of PFO-based zinc-homo (ZnL11 and ZnL22) and
heteroligand (ZnL13 and ZnL23) complex composites,
including energy transfer studies, we successfully employed
them as emissive layers (EMLSs) in solution-processed OLEDs in
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a proof of concept. Considering the FRET (Fig. 4(d)) efficiency
and confocal microscopy images (Fig. 5), we chose a 1% (mol
mol ') concentration of each zinc(u) coordination compound
in the PFO semiconducting polymer matrix because 1%
concentration is the limit threshold for FRET efficiency and
does not strongly disturb the thin-film morphology of the
composite.

The solution-processed OLEDs were assembled following
the straightforward architecture previously described (scheme
in Fig. 6(d)). PEDOT:PSS is a well-known metal-like conducting
polymer blend that was used to optimize the ITO working
function to —5.2 eV, while simultaneously acting as a hole
injection layer.*® High-molecular weight PVK is a hole trans-
porting polymer (i, & 1 x 10~® em® V"' s7") that has an Eyomo
of —6.1 eV and an E; ymo of —1.2 eV,*® which enables PVK to be
a good buffer layer, coupled with hole transport and electron
blocking characteristics, confining the electrons on the inter-
face with the emissive layer. TmPyPB was used as both an
electron transport layer and a hole blocking layer (Erymo of
—2.7 eV and an Eyomo of —6.8 eV). The electron mobility of
TmPYPB (it ~ 1 x 1072 em® V™' s7')? has the same magnitude
as the PFO hole mobility,”” while the PFO electron mobility is
very small; therefore, the combination of PVK and TmPyPB
among the EML will guarantee the electrical balance of the
proposed device. Finally, CalAl was thermally evaporated to
optimize the cathode working function to —2.9 eV. Table 4
summarizes the optoelectronic characteristics of all the
solution-processed OLEDs.

Active Layer
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—e— PFO:ZnL13

Normalized EL
Normalized EL
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—=— PFO:ZnL22
—— PFO:ZnL23
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Fig. 6 Electroluminescence spectra of ZnL11 (blue curve) and ZnL13 (red curve) (a) and ZnL22 (green curve) and ZnL23 (orange curve) (b) in the PFO
matrix (1% mol mol™), and the OLED chromaticity coordinate diagram CIE 1931 (c). Diagram level energy of each layer of the device and their chemical

structures (d).
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Table 4 Summary of the optoelectronic properties of PFO-based solution-processed zinc(i)-complex OLEDs

Optoelectronic properties ZnL11 ZnL13 ZnL22 ZnlL23

Von (V) 12.5 9.5 9.0 8.5

Linax (cd m™2) 533.1 351.7 668.2 536.8

EQE (%) 1.40 1.38 1.21 1.84

EQE. (%) 1.66 1.91 1.64 1.50

EQE (100 cd m?) 1.25 1.30 1.06 1.55

Rogr (%) 11 6 12 16

e (ed A1) 2.08 1.58 1.81 2.11

7p (Im W1) 0.38 0.30 0.37 0.49

Jgr (nm)PFO; zine(n) complex 437; 501 437; 498 437; 502 437; 498

Vg (V) 9.60 10.96 9.91 10.67

Ny (em™) 3.18 x 107 3.63 x 10" 3.28 x 10" 3.54 x 10"

Er (meV 189 215 265 257

,1eff((cmz)v1 st 2.74 x 1071 8.46 x 10~ ° 5.86 x 10~ 2.82 x 1071

tscrc (em? vits™) 1.97 x 1077 1.63 x 10°° 3.76 x 107 2.97 x 1077
o 1.39 x 1073 5.21 x 1072 1.56 x 1073 9.51 x 10~

1o (cm?) 4.43 x 10™ 1.90 x 10" 5.13 x 10" 3.37 x 10™

prere (em®* vts™h 2.88 x 1077 2.57 x 1077 2.21 x 1077 7.92 x 1077

In general, the OLEDs’ electroluminescence (EL) spectra
exhibit a combination of zinc(u) complex compounds and
PFO matrix electroemission (Fig. 6(a) and (b)). A similar beha-
vior was observed in the steady-state PL measurements. How-
ever, ZnL11 and ZnL22 compounds (g, = 501 and 523 nm, and
Agr, = 502 and 525 nm, respectively) have shown more intense
EL bands in contrast to the zinc(u)-heteroligand compounds
(ZnL13 — Agy, = 496 nm and 524 nm; ZnL23 — g, = 498 nm and
525 nm), when compared to the PFO EL profile (A, = 437 nm
and A = 468 nm). These features lead to solution-processed
OLEDs based on the zinc(un)-homoligands exhibiting greenish-
blue emission, while zinc(u)-heteroligands to exhibit cyan-blue
emission, according to the CIE1931 color diagram (Fig. 6(c)).
Additionally, it is interesting to note that the OLED EL colors
are very close to the center of the CIE diagram, which can
enable the application of these devices in lighting technology
(some specific lighting/decorative and signage applications),
besides the usual display applications.

The observed behavior should be originated from several
different factors, including, for instance, different materials
solubility, energy level diagram compatibility, spectral overlap
between PFO emission and zinc(m) complex absorption,
complex PLQYs, device charge-carrier transport and recombina-
tion efficiency, electrical carrier injection balance and intrinsic
defects, in which some of them can alter the recombination
region in the organic layers of the device. From photophysical,
FRET and confocal microscopy studies, no direct correlation
could be observed when the EL features were contrasted, with
the exception of the energy level alignment of each zinc(n)
complex compound with the PFO matrix (Fig. 6(d)). To better
understand the solution-processed PFO-based composite frame-
work, we focused on the optoelectronic properties of the devices,
in terms of their figures of merit, as well as charge-carrier
transport characteristics under space-charge conditions (Fig. 7).

Fig. 7 presents the overall OLEDs’ figures of merit based on
the zinc(u)-homo and heteroligand complexes in the PFO-
matrix as EMLs, particularly current density and brightness
versus voltage curves (Fig. 7(a)), external quantum, current and

© 2024 The Author(s). Published by the Royal Society of Chemistry

power efficiencies (EQE, 7. and n,, respectively) versus bright-
ness curves (Fig. 7(b)), and DC charge-carrier transport char-
acteristics (Fig. 7(c)).

In general, the ZnL11 and ZnL22 compounds presented high
brightness and driving voltage values in contrast to those of the
ZnL13 and ZnL23 complexes, according to the sequence
ZnL11 > ZnL22 > ZnL13 > ZnL23. On the other hand, the
heteroligand compounds exhibited better performance parameters
in terms of all the figures of merit, with ZnL23 > ZnL13 ~ ZnL11 >
Znl22. From our data, zinc(n) complexes presents the following
figures of merit: ZnL23 - V,, = 8.5 V@Lax = 536.8 cd m @
EQEmax = 1.84%@%cmax = 2.11 cd A @#pmax = 0.49 Im W%

100
—=—ZnL11 710°
< —e—2ZnL13 "‘"‘é
§ 80F —u_znL22 " s
< —— 5 £
£ ZnL23 5 |102 =
= 60 A 8
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5 20t broi a)
&)
0 SR, L 10°
0 5 10 15 20 25 30
Voltage (V) Brightness (cd m)
10°
= ZnLit Mark-Helfrich
[ e ZnL13 Deep-trap
102} 4 ZnL22 Domain
ZnL23

K/Icrt-G_ur;ey_srTaIGw-_traT) _| 3
Domain

.35":‘7

Current density (A cm™)
=)
Child's Law

s §

N
Q >
£

c)

1 10
Voltage (V)

Fig. 7 Current density and brightness versus voltage curves (a), figures of
merit versus brightness (roll-off) curves (b), and DC charge-carrier trans-
port characteristics, according to J x V (log-log) curves, and current
density versus voltage curve and the shallow-trap and deep-trap domain,
and Child’s Law (c) of the PFO-based zinc(in)-homo and heteroligand
compound OLEDs.
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Znl13 — Vo, = 9.5 V@Lmax = 351.7 cd M 2@EQE pax = 1.38% @ cmax =
1.58 cd A™'"@Npmax = 0.30 Im W ZnL11 — V,, = 12.5 V@Lmax =
533.1 ¢d M *@EQEma = 1.40%@cmax = 2-08 c¢d A~ ' @hpmax =
0.38 Im W% and ZnL22 — V,, = 9.0 V@La = 668.2 cd m™@
EQEmax = 1.21%@Ncmax = 1.81 ¢d A @#pmax = 0.37 Im WL
Additionally, it is important to note that the obtained experimental
EQE values of these solution-processed OLEDs are very close to the
estimated ones, considering an approximation of the emissive layer
PLQY. As for we know, these are the best results that have been
achieved for zinc(u) salicylidene coordination compounds as emis-
sive layers in electroluminescent diodes."®****~"

Another important highlight that should be noted is that the
OLEDs have a very low roll-off (R.y) of the EQE (Fig. 6(b)) as
the brightness increases until L = 100 cd m™2, with ZnL13 —
Ryt = 6% < ZnL11@Rox = 11% < ZnL22@R.e¢ = 12% <
ZnL23@R,¢r = 16%. These behaviors could be directly linked
to the fact that the ZnL13 and ZnL23 complexes can easily
undergo charge transfer, as predicted by our DFT and TD-DFT
simulations, which can facilitate the charge carriers’ transport
toward the emissive layer; in contrast to zinc(u)-homoligand
compounds, although, as previously mentioned, the molecular
conformation in the active layer can induce intrinsic defects
acting as traps for the electrical carriers. Despite, and at least
for ZnL23, confocal microscopy images do not predict such a
hypothesis, and the nanodomains of defects can exist.

To support such interpretations, we employed space-charge
models in the DC current density versus voltages curves in
shallow- (Mott-Gurney’s law), deep- (Mark-Helfrich’s law) and
free-trap domains (Child’s law) (Fig. 7(c); fit details on the ESIT
Fig. S19-S22). It is well stated that space-charge models can be
applied to obtain the charge-carrier mobilities when only one
type of charge drifts along the device structure (electron- or
hole-only diode).”® Despite this, an estimate of the global
electrical mobility could be achieved by applying these models
in an OLED, although it has ambipolar electrical injection,
transport and recombination.'® At low driving voltages, during
the shallow-trap filling process, the current density depends on
a quadratic power with an applied voltage, also known as space-
charge limited current (SCLC) behavior, as described by the
Mott-Gurney equation®>°

2
JscLe = zss&ueff% )

where Jscic is the current density at the SCLC domain, ¢ is the
semiconducting layer dielectric constant, ¢, is the free-space
electrical permittivity, p¢ is the effective electrical mobility at
the SCLC shallow-trap region, V is the applied voltage, and d is
the semiconductive layer thickness. During this process, all
obtained OLEDs present very low effective electrical charge-
carrier in the magnitude of 107*° em® V"' s, which indicates
that the devices may have a considerable density of trap-states,
coupled with a small density of free-carriers, simultaneously
with a charge-carrier transport governed by the minor carrier
(in our case, electrons). SCLC effective electrical mobilities in
the descending order are: o™ > @22 > 11 (#0123 o
teet ™), Applying the SCLC model at the trap-free domain,
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Mott-Gurney’s law becomes Child’s law and trap-free electrical
mobility can be rewritten as follows:>

Mefr = Hscrclo (4)

where the trap-density parameter (0,) relates the density of free
carriers (n,) to the total density of trap states (Ny) and it is
described as follows:

no

0y =—"0
0 no + Nt

(5)

After the trap-filling process, the electrical mobilities of all
the OLEDs increase by approximately 10° orders of magnitude,
fsac@2) = 376 x 107 > pgac®™2 297 x 107 >
tsord®™ 1.97 x 1077 > pser @) =163 x 1077 em® Vs
Looking only for those values, in comparison with the shallow trap-
filling electrical mobility ones, no absolute conclusive correlation
with device figures of merit can be clearly observed. However,
correlating OLED figures of merit with the 0, parameter, it is clear
that the density of trap-states and free-carriers impact, in our case,
the electroemissive device efficiency loss (R.s), following the same
trend (see Table 4). To obtain more insights about this, we determine
the total density of trap-states (Nry) of each kind of OLED by applying
the trap-filled-limit voltage (Vg ) relationship:®

2
VreL = : (6)

where q represents the elementary charge. Vi, corresponds to the
point where Mott-Gurney’s law intersects the deep-trap filling
process behavior in J x V data (also known as trapped-charge limited
current - TCLC), during the device’s operation. This behavior can be
described by following the Mark-Helfrich equation:>>®

~ A+ T e\ V!
Jrce = ql /HTCLC’ZO(Z+ 1 ) ((l+ )Nt ) &%+ )

where [ is the temperature (7)-dependent trap-energy (Er) parameter,

which can be expressed as (1 ), and prcrc is the electrical

— ET
 ksT
mobility during the deep-trap filling. Considering these parameters
and combining eqn (5) and (6), we can also estimate 7,, and finally,
determine e values for each kind of device.

Taking into account the obtained values for ny and prcic
(Table 4), we can observe some correlations with the OLEDs’
figures of merit: (i) n, values follow the same trend with devices
roll-off, as observed for 0, values; and (ii) the electrical mobility
during the deep-trap filling process of each OLED has shown a
correlation with the devices figures of merit in terms of EQE, 7,
and #p. In other words, OLEDs with better optoelectronic
properties exhibit high prcic values, while those with lower
efficiency losses with brightness increments have high density
of free-carriers. Although expected, our data seem to follow a
well trend.

4. Conclusions

In summary, our study reports the synthesis and evaluation of
four zinc(n) complexes with two newly synthesized and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characterized ligands, aiming to modulate their photophysical
and optoelectronic properties for applications in solution-
processed OLEDs. Our approach involved the strategic combi-
nation of different ligands forming Zn(u) coordination com-
pounds in a composite with PFO in 1% minimizing the
morphological changes in the thin film. Theoretical predictions
indicated that the L3 ligand possessed a higher bandgap energy
compared to L1 and L2, resulting in a blue emission when
complexed with zinc(u), thereby creating a wider energy gap
relative to the green emission of ZnL11 and ZnL22. Conse-
quently, while there were no significant alterations observed in
the photophysical properties, slight modifications were noted
in the optoelectronic characteristics of the complexes. Notably,
our study revealed an increase in external quantum efficiency
(EQE) associated with enhancements in electrical mobility and
trap-density parameters. This underscores the effectiveness of
our novel approach in utilizing zinc(u) complexes with different
ligands to fine tune the optoelectronic properties, thus offering
a new perspective on their application in OLEDs. In essence,
our findings present a promising framework for the rational
design of zinc(un) complexes, wherein the insertion of distinct
ligands can effectively tailor optoelectronic properties while
maintaining morphological integrity. This approach opens
new possibilities for the development of solution-processed
OLEDs with improved performance and versatility, contribut-
ing to the advancement of lighting technologies and beyond.
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