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A single emitting layer white OLED based on exciplex interface
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A new triaryl molecule based on a benzene-benzothiadiazole-benzene core has been applied in a WOLED device. This very
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simple molecule emits from a combination of emissive states (exciton/electromer/exciplex/electroplex) to give white light

with CIE coordinates of (0.38, 0.45) and a colour temperature of 4500K.

Introduction

During the last two decades, the swift development of new
and high performing inorganic and organic emissive materials
has brought to the market competitive and efficient solid state
lighting (SSL) devices. They are predicted to become the next
generation of general illumination systems.! Inorganic white
light emitting diodes (LEDs) are commercially used nowadays
for general illumination purposes (e.g. automotive lighting,
indoor and outdoor lighting).2 White organic light emitting
diodes (WOLEDs) instead are principally used as low-cost
alternatives for back-lights in flat panel displays.3 They present
several advantages compared to their inorganic counterparts,
such as lower cost, ease of processability and facile tuning of
their properties by chemical modifications.3 4 Furthermore,
they can be fabricated as flexible panels with wide viewing
angles and a superior white colour balance.> White SSL can be
achieved using different approaches, but commercially
successful methods include: (I) combining a blue (ca. 460 nm)
LED and a yellow phosphor pumped from the blue light of the
LED;®8 (II) combining a single chip emitting UV light which is
absorbed in the LED package by three phosphors (red, green
and blue) and re-emitted as a broad spectrum of white light® 10
or (lll) three different LED chips, each emitting a different
wavelength [red, green and blue (RGB)] in order to simulate
the RGB colour model.?1> The design of these configurations is
not straightforward and to achieve competitive efficiencies
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and luminosity the use of hybrid (inorganic-organic) solutions
has been explored.11-13. 16 Furthermore, white light produced in
this fashion is difficult to fine-tune, in particular when a
mixture of several emitters is used.1” In order to simplify the
device architecture, several strategies have been used to
fabricate single molecular layer WOLEDs.> Heagy et al.
employed N-aryl-2,3-naphthalimides with low symmetry that
exhibited efficient panchromatic emission.'® 1° Liu et al.
observed white solid-state
electroluminescence from the controlled protonation of a
molecular blue fluorophore,?° while Chou et al. showed white-
light emission in a single excited-state-intramolecular-proton-
transfer (ESIPT) system by fine-tuning the energetics of the
excited state.2! White-light emission can also be achieved from
intermolecular from the formation of
complexes, e.g. excimers or exciplexes.l”> 2226 Excimers are
possible in single component organic materials due to the
resonance interaction of a molecular exciton with a neighbour

luminescence as well as

interactions or

non-excited molecule,?’-2° whereas exciplexes can be formed

in a bi- or multi-component molecular solid when the
formation of bimolecular excited states is facilitated by
electron transfer between the donor and acceptor

components.3% 31 |n 2002 Wang and co-workers reported a
highly efficient white device based on the exciplex between a
boron complex and N,N’-di(1-naphthyl)-N,N’'-
diphenylbenzidine (NPB).32 Qiu and co-workers observed
exciplex type white-light emission from the interface of a
bilayer electroluminescent device consisting of a new electron
transport material, anthracene-9,10-diylbis(diphenyl-
phosphine oxide) (DPPA) and N,N’-bis(naphthalen-1-yl)-N,N'-
bis(phenyl)benzidine (NPB)22 as the hole-transporting layer.
Recently, Cherpak et al. reported a new approach for the
fabrication of a WOLED that consists of the combination of the
blue phosphorescence emission from the iridium (1) bis[4,6-
difluorophenyl]-pyridinato-N,C2’]-picolinate (FIrpic) complex
and the highly efficient delayed fluorescent emission from the
exciplex formed at the interface between the star-shaped hole

transporting material  tri(9-hexylcarbazol-3-yl)Jamine and
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Flrpic.26 In this work, an OLED based on the new compound
dimethyl 4,4'-(benzo[1,2,5]thiadiazole-4,7-diyl)bis(3-
methoxybenzoate) (1) has been fabricated and its
performance studied.

Results and discussion

Synthesis and opto-electronic properties

Compound 1 was synthesised from commercially available 4,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxa-borolan-2-
yl)benzo[c][1,2,5]thiadiazole via Suzuki-Miyaura cross-coupling
with methyl 4-iodo-3-methoxybenzoate33 (2) (Fig. 1a). In the
UV-Vis absorption spectrum of 1 (10> M in dichloromethane)
(Fig. 1b) the typical absorption band of the benzothiadiazole
(BT) core34-36 s blue shifted to 295 nm (19300 M- cm™1) and its
vibronic fine structure is visible. In a similar fashion, the less
intense band, attributable to the interaction between the
peripheral benzene rings and the core (HOMO-LUMO
transition, Table S1, ESI) is blue shifted and centered at 366
nm (9500 M-1 cm~1). This is likely due to the non-planarity of 1,
contrary to some planar 4,7-di-substituted benzothiadiazole
analogous compounds.3%3% From the longest wavelength
absorption edge of the UV-Vis absorption spectrum (Fig. 1) it
was possible to calculate an optical HOMO-LUMO gap of 3.0
eV. Photoluminescence measurements were performed for
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Fig. 1 (a) Synthesis of compound 1 (58% yield). (b) UV-Vis absorption spectrum (black)
of a solution of 1 in dichloromethane (10~ M) and the emission spectrum of the
solution of 1 in dichloromethane (blue) and tetrahydrofuran (10-® M) at different
temperatures (300K, green; 77K, red). The solutions were excited at 366 nm
(dichloromethane) and at 330 nm (tetrahydrofuran).
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a dilute dichloromethane solution of 1 (106 M) at 300K
(excitation at 366 nm) and for a dilute THF solution of 1 (106
M) at 300 and 77K (excitation at 330 nm) showing emission
maxima at 472, 487 and 449 nm, respectively. Furthermore,
photoluminescence quantum yields (PLQYs) of ca. 50% and ca.
6 % were recorded at 300K using an excitation wavelength of
366 nm for the dilute dichloromethane solution of 1 (106 M)
and for the encapsulated powder of 1 (pressed against two
glass substrates), respectively. The red shift with decreasing
polarity of solvent is likely due to the donor-acceptor character
of 1. In the excited state one expects a large dipole moment
due to charge transfer and thus a high sensitivity to solvent
polarity. Instead, as the temperature of THF is decreased to
77K, the emission spectrum of 1 is observed from a less
relaxed excited state resulted in a shift of the fluorescence
maxima to shorter wavelengths.3%-41

Cyclic voltammograms were recorded for a dilute solution of 1
in dichloromethane using tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. They show
a reversible reduction (-1.99/-1.87 V) and three irreversible
oxidations (1.36, 1.50, 1.63 V) (Fig. S1, ESI). The reduction
process can be attributed to the semi-reversible reduction of
the BT unit, known to be an electron acceptor,*? whereas the
anodic waves can be attributed to the oxidation processes
likely localised on the methoxy groups as revealed in similar
4,7-bis-substituted BT compounds.*3 44 The electrochemical
HOMO and LUMO levels were calculated from the onset of the
first oxidation wave (-6.0 eV), and reduction wave (-2.9 eV),
respectively (the data were referenced to ferrocene, which has
a HOMO of -4.8 eV).%5 The electrochemical HOMO-LUMO gap
was therefore determined to be 3.1 eV. With respect to the
HOMO energy determined by CV (-6.0 eV), a very close value
of 5.9 eV was also calculated as the HOMO level from the
photoelectron emission spectrum of the solid state film
obtained by vacuum deposition onto an indium tin oxide (ITO)
coated glass substrate (Fig. S2, ESI). The electrochemical
HOMO and LUMO energies were used for the development of

the device conception and in the following energy diagrams.4%
46

Morphology and charge transport properties

AFM measurements were performed on vacuum deposited
layers of 1 at different deposition rates on glass substrates: (a)
<0.1A s, (b) 1.5 A st and (c) 10 A s* (Fig. S3, ESI). They show
random oriented pillar/needle-shaped surfaces with the mean
height of the peaks (18.41 nm, 20.07 nm and 25.53 nm) and
the root mean square roughness (9.38 nm, 10.62 nm and
15.99 nm) increasing with the deposition rate. The surfaces are
dominated by peaks with a skewness (RSk) of 2.25, 1.63 and
1.29, respectively, and they have a leptokurtic distribution of
the morphological features with a kurtosis (RKu) of 11.10, 7.58
and 5.20, respectively. The X-ray diffraction patterns recorded
on the samples deposited at (a) < 0.1A 572, (b) 1.5 A s~ and (c)
10 A s! (Fig. S4, ESI) show a completely amorphous structure
for 1, independent of the deposition rate.

The space-charge-limited current (SCLC) technique was used to
evaluate the charge-transporting properties of 1, as SCLC can
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be used to measure the charge carrier mobility in thin films of
low molar mass compounds.?’” Hole-only and electron-only
prepared using 4,4' 4" -tris[3-
methylphenyl(phenyl)amino]triphenylamine (m-MTDATA) as

devices were
the hole-injecting/electron-blocking layer and 1,3,5-tris(N-
phenylbenzimidazol-2-yl)benzene (TPBi) as the electron-
injecting/hole-blocking layer. The two devices were fabricated
by successive deposition onto a pre-cleaned indium tin oxide
(ITO) coated glass substrate under a vacuum of 10® Torr, with
architectures of: ITO/m-MTDATA(20 nm)/1(60 nm)/m-
MTDATA(20 nm)/Al(60 nm) (hole-only) and ITO/TPBi(20
nm)/1(60 nm)/TPBi (20 nm)/Ca(10 nm)/Al(60 nm) (electron
only). The hole mobility of 1 (7.6 x 1077 cm2V-1s1 at 9.6 x 10°
V cm™) has a higher value than the electron mobility (1.7 x
1077 cm?2 V-1 571 at 9.6 x 105> V cm™L; Fig. S5, ESI). The fitted
parameters o and y are 2.6 x 108 cm?V-1s1and 3.4 x 103 cm
V-1 and 2.8 x 10° cm2V-1s71 and 4.2 x 103 cm V-1 for holes
and electrons, respectively (Fig. S6, ESI). Despite the low
charge mobility, 1 can be used successfully for the preparation
of emitting layers, due to the nano-scale thicknesses required
for the OLED fabrication.48

Device fabrication and exciplex emission

An electroluminescent device based on 1 was fabricated. Due
to the morphology, the low mobility and the energetically
deep HOMO level of 1, N,N’-bis(3-methylphenyl)-N,N'-
diphenylbenzidine (TPD) was used as hole-transporting
material to promote a cross-interaction between the excess of
electrons from the LUMO of 1 and the excess of holes from the
HOMO of TPD with the aim of inducing the formation of a
dimeric excited state (e.g. exciplex). 2,9-Dimethyl-4,7-
diphenyl-1,10-phenanthroline (BCP) was used as an electron-
transporting/hole-blocking layer in order to increase the
injection of electrons from the calcium anode and to balance
the amount of electrons and holes that combine in the
emissive layer. Additionally, to promote hole and electron
mobility, Cul was used as a hole-injecting material.

The electroluminescent device (Fig. S7, ESI) was fabricated by
successive deposition onto a pre-cleaned indium tin oxide
(ITO) coated glass substrate under a vacuum of 10~° Torr using
specific deposition rates for the different layers: ITO/Cul (8
nm, 0.1 nm s1)/TPD (10 nm, 0.2 nm s71)/1 (100 nm, 1 nm
s71)/BCP (30 nm, 0.2 nm s~1)/Ca (7 nm, 0.1 nm s~1)/Al (100 nm,
0.1 nm s71). The active area of the obtained device was 6 mm?2
and additional passivation was not applied. The fast deposition
rate (10 A s-1) was adopted in the device fabrication process in
order to facilitate the creation of an interaction with the
adjacent layers. The electroluminescence (EL) spectrum of the
device recorded with an applied voltage of 15 V (Fig. 2a)
reveals four superimposed different emission bands. The
origins of these bands are shown in Fig. S8. The higher energy
(494 nm)
fluorescence emission of 1. This

is characteristic of the pure
is supported by the
luminescence decay time measurements of the spin coated
film of 1 (at 488 nm, ca. 102 M in THF) being on a nanosecond
scale (Fig. 2b) and from the single emission band centred at

emission band

490 nm in its photoluminescence spectrum (Fig. 2a).%° The
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main band at ca. 580 nm originates from the exciplex at the
interface between 1 and the hole-transporting material TPD. In
fact, the luminescence decay time measurements (at 580 nm)
of the composite layer prepared by spin coating a solution of 1
and TPD (ca. 0.01M in THF) onto a clean quartz substrate
shows a combination of 17 ns (41%) and 61 ns (59%) decay
times (Fig. 2b), due to the presence of both the exciton
fluorescence emission and the exciplex emission at the
interface between TPD and 1.26: 49, 50 When a direct bias is
applied, due to high energy barriers between TPD and 1
(HOMQTPP — HOMO! = 0.5 eV; LUMOQOTPP — LUMO? = 0.6 eV),
electrons and holes accumulate at the interface between the
layers and, due to non-planar conformations, the
electronic overlap of donor (TPD) and acceptor (1) molecules is
efficient for exciplex formation at the interface. In fact, the
twisted nature of 1 makes self-stacking less likely, increasing
the probability of a hetero-interaction with an adjoining
molecule. The long-wavelength shoulder at 635 nm in the EL
spectra can be assigned to the typical (classic) electroplex
interaction that is associated with the exciplex emission.*% 51
The band at ca. 520 nm can be attributed to an electromer
interaction, that appears upon the injection of electrons and
holes under an electric field effect in 1.5% 53 The formation of
an electromer is

two
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Fig. 2 (a) Electroluminescence spectra of the OLED at selected applied voltages and
photoluminescence spectra of the thin films of 1 and of the mixture of TPD with 1 (1:1
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w/w). (b) Decay fluorescence plots measured for the thin films of 1 (at 488 nm) and of
the mixture of TPD with 1 (at 580 nm).

observed when a pair of trapped carriers recombines under an
electronic interaction and its emission is red-shifted with
respect to fluorescence.>! Therefore, the white emission of the
device originates the combination of the
exciplex/electroplex emission at the interface between TPD
and 1 and from the exciton/electromer emission of 1. This is
possibly due to the thickness of the emissive layer (100 nm)
that permits from all the excited states
simultaneously. The EL spectra at different applied voltages
were recorded (Fig. 2a) and they reveal four different emission
bands, with relative intensities that depend on the applied
voltage. The maxima of the higher energy emission band (494
nm) and of the electromer emission (520 nm) stay constant
with increasing applied voltage, whilst the relative intensities
increase. The main emission maximum is blue-shifted from 588
to 570 nm when the applied voltage is increased from 8 to 17
V. Conversely, both the position and the intensity of the
shoulder at 635 nm remains effectively unchanged at the
different applied voltages. Despite these behaviours, the
colour quality of the device is maintained at all applied
voltages. The CIE coordinates change only slightly from (0.42,
0.44) when the EL is recorded at 8 V to (0.37, 0.44) at 17 V (Fig.
S9 and Table S2, ESI), due mainly to the increased relative
intensity of the EL and of the electromer transition of 1.
However, at applied voltages higher than 15 V, the device
tends to quickly degrade and the characteristics recorded are
not maintained. For this reason the following characteristics of
the device were recorded up to a maximum applied voltage of
15V.

The current density—-voltage characteristics and
luminance-voltage characteristics (Table S3-S4, ESI) indicate
an OLED turn on voltage of 5.8 V, which corresponds to an
electroluminescence of 1.4 cd m-2. The device exhibits a
maximum current efficiency of 6.5 cd A1 and a maximum
brightness of 5219 cd m~2 (at 15 V) (Fig. S10-S12, ESI). At
maximum brightness an external quantum efficiency of 2.39%
and power efficiency of 2.60 Lm W~ were recorded. The white
light emitted from the device at 15 V has Commission
Internationale d’Eclairage (CIE 1931) coordinates of (0.38,
0.45) (Fig. S9), with a colour temperature of 4500K; values
similar to those of commercial fluorescent tubes.13 5% 55 The
relatively low brightness and current efficiency of the single-
layer OLED can be explained by the presence of electroplex
emission that naturally results in the decrease of OLED
efficiency.’® On the other hand, the presence of the
electroplex-type excited states makes it possible to expand the
EL spectrum towards the red region and to obtain a white
OLED with a simplified structure.>®

from

emission

Computational results

To explain the PL and EL spectra observed experimentally,
quantum chemical calculations were performed for 1, TPD and
1:TPD complexes using density functional theory (DFT) and its
time resolved counterpart (TD-DFT).57- 58 |In order to choose the
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most suitable level of theory capable of simulating the vertical
transitions associated with the absorption spectra, a
benchmark was performed (Table S5, ESI) and, as a result, the
PBE0/6-311G(d,p) the
calculations. Initially eight different geometric isomers of the
TPD:1 complexes (a-h) were optimised (Fig. S13, ESI), with
isomer a showing the total energy minima and hence was

level of theory was used for all

chosen as the starting geometry for the following calculation
(Table S6, ESI). The ground state geometries for 1, TPD and the
complex TPD:1 were optimised (Fig. S13-14, ESI) and analysis
of the vibrational frequencies revealed the location of the
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Fig. 3 a) Kohn-Sham molecular orbital diagram and orbital graphical representations
(HOMO and LUMO) of TPD, 1 and of the complex TPD:1 calculated at the PBEO/6-
311G(d,p) level of theory (isosurface 0.02). b) First singlet excited state energies
calculated at the PBEO/6-311G(d,p) level of theory for TPD, 1 and for the complex
TPD:1; the figures in parentheses are the energy levels determined experimentally.

sought-for energy minimum. The HOMO and LUMO orbitals
are widely delocalised on the t backbone for 1 and TPD, with
their energy gaps agreeing qualitatively with the experimental
data (Fig. 3a). The TPD:1 complex shows a LUMO localised on
1 and a HOMO localised on the TPD molecule. The
reorganisation energies for electrons (4,) and holes (1;) were
calculated theoretically>® for 1. The values obtained for 4, =
0.425 eV and A, = 0.384 eV agree qualitatively with the
experimental observations, as the reorganisation energy for
the electrons is slightly higher than the corresponding value
for holes. Note that the lower the A value, the higher the
charge-transport rate.>® The first 20 singlet vertical transitions
were calculated in the vacuum (Table S1, S7, S8, ESI) using the
TD-DFT/PBEOQ/6-311G(d,p) level of theory. The energies of the
first singlet excited state (Si) of 1, TPD and of the TPD:1
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complex are reported in Fig. 3b. They agree qualitatively, by
the levels of relative disposition, with the experimental PL
emission maxima of thin films of the mixture of TPD:1 and
compound 1, and from the literature data for the film of TPD.%°
The recombination process of an electron—hole pair with the
electron located on the LUMO of 1 and the hole located on the
HOMO of TPD should then be responsible for the EL maximum
at ca. 580 nm for the device and explains the exciplex nature
of this transition. Here the exciplex is considered as an excited
state complex that is formed by an electronically excited state
donor molecule (or acceptor) with a complementary acceptor
molecule (or donor) in their ground state.6!

Conclusions

A WOLED containing the small and simple organic molecule 1
was fabricated. The resulting electroluminescence was shown
to be a combination of the exciton/electromer emission of 1
and of the exciplex/electroplex emission at the heterojunction
between 1 and TPD. The device has a maximum current
efficiency of 6.5 cd/A, a maximum brightness of 5219 cd/m?
and good colour quality with C.I.LE. 1931 coordinates (0.38,
0.45) at 15 V and a colour temperature of 4500K.
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A single emitting layer white OLED based on exciplex interface emission
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General Experimental

All reactions were performed using vacuum Schlenk lines, in an inert atmosphere of nitrogen.
Dry solvents were obtained from a solvent purification system (SPS 400 from Innovative
Technologies) using alumina as the drying agent. The compounds 4-iodo-3-hydroxybenzoic
acid,! methyl 4-iodo-3-hydroxybenzoate,! methyl 4-iodo-3-methoxybenzoate (2)! were
synthesised and analysed using literature procedures. All the other reagents were purchased
from Sigma Aldrich or Alfa Aesar and used without further purifications. 'H and *C NMR
spectra were recorded on a Bruker Avance DPX400 apparatus at 400.1 and 100.6 MHz.
Chemical shifts are given in ppm; all J values are in Hz. MS LDI-TOF spectra were run on a
Shimadzu Axima-CFR spectrometer (mass range 1-150000 Da). The high resolution mass
measurements were performed on the Thermo Scientific LTQ ORBITRAP XL instrument,
using the nano-electrospray ionisation (nano-ESI) technique. Thermogravimetric analysis
(TGA) was performed using a Perkin-Elmer Thermogravimetric Analyser TGA7 under a
constant flow of argon. Melting points were taken using a TA instruments DSC QC1000
Differential Scanning Calorimeter. Cyclic voltammetry (CV) measurements were performed
on a CH Instruments 660A electrochemical workstation with /R compensation using
anhydrous dichloromethane as the solvent. The electrodes were glassy carbon, platinum wire
and silver wire as the working, counter and reference electrodes, respectively. All solutions
were degassed (Ar) and contained the substrate in concentrations of ca. 10* M, together with
n-BusNPFs (0.1M) as the supporting electrolyte. All measurements are referenced against the
Ei of the F¢/F." redox couple. Absorption spectra were recorded on a Shimadzu UV 2700
instrument. Photoluminescence measurements were recorded using a Perkin-Elmer LS 50 B
fluorescence spectrometer in a quartz cuvette (path length 10 mm). Absolute
photoluminescence quantum yield measurements were measured according to the de Mello?
method by using a calibrated integrating sphere attached to an USB 2000 spectrometer and

Gooch & Housego spectrometer. Excitation light was chosen from a Quartz Tungsten



Halogen lamp by using a Gooch & Housego spectrometer and the emission light was
collected by Ocean optics USB 2000 spectrometer. Measurements were performed in air. The
ionisation potential of 1 was measured by the electron photoemission method in air.> The
samples were fabricated by means of vacuum deposition of 1 onto an indium tin oxide (ITO)
coated glass substrate. The experimental setup consists of the deep-UV deuterium light
source ASBN-D130-CM, the CMI110 1/8m monochromator, and the 6517B Keithley
electrometer. Characteristics of the current density—voltage and Iuminance—voltage
dependences were measured with a semiconductor parameter analyser (HP 4145A) using it in
air without passivation immediately after fabrication of the device. The measurement of
brightness was performed using a calibrated photodiode.* Calibration of the photodetector
was carried out using a radiometer RTN 20 (accuracy £2%). The photodiode was placed in
front of the OLED in a dark room and the calibration was performed according to the method
described earlier.’ The external quantum efficiency (EQE) values were determined using the
equations given in reference 6. The OLED electroluminescence and photoluminescence (PL)
spectra of the solid films were recorded with an Ocean Optics USB2000 spectrometer. For
the spectral studies the single layers of 1 as well as the 1: TPD composite layer were prepared
by thermovacuum deposition at 10" Torr onto clean quartz substrates or spin coating ca. 2M
solutions of 1 as well as 1/TPD onto clean quartz substrates. Luminescence spectra and
luminescence decay curves of the layers were recorded with an Edinburgh Instruments
FLS980 spectrometer at 77 K and room temperature using a low repetition rate pF920H
Xenon Flashlamp as the excitation source. The emission was measured twice: immediately
after excitation and with a delay after the pulse was turned off (the delay time was set to be
ca. 30 ps). Chromaticity coordinates (CIE 1931) and correlated colour temperatures (CCT)
are calculated from the response-corrected spectra. X-ray diffraction measurements at grazing
incidence (XRDGI) were performed using a D8 Discover diffractometer (Bruker) with Cu Kq
(A= 1.54 A) X-ray source. Parallel beam geometry with a 60 mm Gobel mirror (X-ray mirror
on a high precision parabolic surface) was used. This configuration enables transforming the
divergent incident X-ray beam from a line focus of the X-ray tube into a parallel beam that is
free of Kp radiation. The primary side also had a Soller slit with an axial divergence of 2.5°.
The secondary side had a LYNXEYE (0D mode) detector with an opening angle of 1.275°
and slit opening of 9.5 mm. The sample stage was a Centric Eulerian cradle mounted to a
horizontal D8 Discover with a vacuum chuck (sample holder) fixed on the top of the stage.
X-ray generator voltage and current was 40.0 kV and 40 mA, respectively. XRDGI scans
were performed in the range of 5.0-135.0° with a step size of 0.066°, time per step of 0.2 s



and auto-repeat function enabled. The resultant diffractograms were processed with the
software DIFFRAC.EVA. AFM experiments were carried out in air at room temperature
using a NanoWizardIII atomic force microscope (JPK Instruments), while data were analysed
using SurfaceXplorer and JPKSPM Data Processing software. AFM images were collected
using a V-shaped silicon cantilever (spring constant of 3 N/m, tip curvature radius of 10.0 nm
and the cone angle of 20°) operating in contact mode. The space-charge-limited current
(SCLC) measurements were adopted for the estimation of charge drift mobility of 1. Hole-
only and electron-only devices were fabricated as described in the paper. The current density
vs. voltage characteristics of the hole-only and electron-only devices were recorded and fitted

using the Mott-Gurney law:’

9V?
JscLec = Mo rYE €£0(0.891yV/d) (D)

Jscrc is the steady-state current density; uo is the zero field mobility; V is applied voltage; d is
the film thickness, ¢ is the permittivity of the film (~3); €o is the vacuum permittivity and v is
the field dependence parameter. The ITO-coated glass substrates had a sheet resistance of 15
Q/sq and the organic layers were deposited in top of it at a rate < 0.1A/s, using a MB
EcoVap4G vacuum deposition system build in a Kurt J. Lesker glove box. The sample area
was of 6 mm?. The charge drift mobility of 1 was estimated as previously described from J.
C. Blakesley et al.® All the theoretic calculations were performed with the software package

Gaussian09 (Revision A.02).°

Synthesis of dimethyl 4,4'-(benzo/c][1,2,5] thiadiazole-4,7-diyl)bis(3-methoxybenzoate) (1)

4,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole = (100 mg,
0.258  mmol), potassium  phosphate (109 mg, 0.515 mmol), [1,1-
bis(diphenylphosphino)ferrocene]-dichloropalladium(Il) dichloromethane adduct (21 mg,
0.026 mmol) and methyl 4-iodo-3-methoxybenzoate (226 mg, 0.773 mmol) were charged
under nitrogen in a two-neck round-bottom flask. Degassed water (1 mL) and
dimethylformamide (9 mL) were added and the mixture was stirred at 60°C for 18 hours.
After this time the mixture was diluted with brine (50 mL) and extracted with
dichloromethane (3 x 50 mL). The recombined organic layers were washed with brine (2 x 50

mL), water (3 x 50 mL), dried over MgSO4 and concentrated under reduced pressure to



afford a dark yellow solid. Purification on silica gel, eluting dichloromethane to wash off the
impurities and then chloroform afforded a dark yellow powder. The title compound (1) was
obtained after recrystallisation from hot acetone as a bright yellow powder (69 mg, 58%).
TGA: 5% mass loss at 311 °C; T = 227 °C, Tc = 147 °C; 'H NMR (400.1 MHz, CDCls, 3)
7.81 (dd, J=17.8, 1.5 Hz, 2H, Ar H), 7.77 (d, J = 1.5 Hz, 2H, Ar H), 7.76 (s, 2H, Ar H), 7.65
(d, J = 7.8 Hz, 2H, ArH), 3.97 (s, 6H, COOCH3), 3.88 (s, 6H, OCH3); *C NMR (100.6 MHz,
CDCls, 9) 166.9, 157.2, 154.1, 131.9, 131.5, 131.2, 130.5, 129.9, 122.1, 112.4, 56.1, 52.4;
MALDI (m/z (%)) 464.15 (100), 465.12 (75), 466.14 (30); HRMS (LSI-TOF) m/z [M + H]*
caled for C24H21N206S 465.1115, found 465.1117. Melting Point: 230-232 °C.

Table S1. Energies, wavelengths, oscillator strengths, symmetry and orbital assignments of
the first 20 singlet vertical electronic transitions for 1 (vacuum) calculated at the PBEOQ/6-
311G(d,p) level of theory.

Wavelengt

Energy Oscillato
r Symmetry Major contributions

(eV) (nm) Strength
2.99 415.0 0.4026 Singlet HOMO->LUMO (98%)
3.49 355.3 0.0074 Singlet H-1->LUMO (99%)
3.74 331.3 0.0267 Singlet H-2->LUMO (96%)
3.98 311.2 0.6020 Singlet HOMO->L+1 (95%)
4.12 300.9 0.0058 Singlet H-3->LUMO (74%), HOMO->L+2 (13%)
4.33 286.1 0.0636 Singlet H-4->LUMO (25%), HOMO->L+2 (63%)
4.48 276.7 0.0509 Singlet H-4->LUMO (52%), H-1->L+1 (12%), HOMO->L+2 (10%)
4.55 272.4 0.0443 Singlet H-1->L+1 (64%), HOMO->L+2 (10%)
4.62 268.6 0.0248 Singlet H-2->L+1 (50%), H-1->L+2 (31%)
473 262.2 0.0178 Singlet H-5->LUMO (89%)
4.74 261.4 0.0002 Singlet H-8->LUMO (43%), H-6->LUMO (32%)
4.78 259.3 0.0002 Singlet H-7->LUMO (63%), H-7->L+1 (14%), H-6->L+2 (17%)
4.81 257.9 0.0000 Singlet H-8->LUMO (33%), H-7->L+2 (13%), H-6->LUMO (31%), H-6->L+1 (12%)
4.98 2491 0.0460 Singlet H-2->L+1 (36%), H-1->L+2 (61%)
5.00 248.0 0.0001 Singlet H-3->L+1 (11%), H-2->L+2 (59%), H-1->L+1 (17%)
5.05 245.8 0.0027 Singlet H-11->LUMO (79%)
5.14 241.4 0.0162 Singlet H-4->L+1 (10%), H-3->L+1 (65%), H-2->L+2 (17%)
5.22 237.6 0.0002 Singlet H-7->L+2 (25%), H-6->LUMO (36%), H-6->L+1 (32%)
5.32 2331 0.0057 Singlet H-7->LUMO (33%), H-7->L+1 (25%), H-6->L+2 (22%)
5.33 232.5 0.0630 Singlet H-3->L+2 (17%), HOMO->L+4 (58%)
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Figure S1. Cyclic voltammogram of 1 (1-10* M solution). Measurements performed using a
glassy carbon working electrode, Ag/AgCl reference electrode and platinum wire counter
electrode. The supporting electrolyte was 0.1M tetrabutylammonium hexafluorophosphate in
dichloromethane. Scan rate of 0.1 Vs!. All the waves were referenced to ferrocene.
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Figure S2. Photoelectron emission spectrum of a thin layer of 1.
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Figure S3. AFM 3D topographical images with normalized Z axis in nm of thin films (30
nm) of 1 prepared by vacuum evaporation at different deposition rates on glass substrates: (a)

<0.1A/s, (b) 1.5 A/s and (c) 10 A/s. The images were acquired in air using contact mode.
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Figure S4. X-ray diffraction patterns a grazing incidence angle of 1.50° of thin films of 1
prepared by vacuum evaporation at different deposition rates on glass substrates: (a) <0.1A/s,
(b) 1.5 A/s and (c) 10 A/s.
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Figure S5 Current density-voltage characteristic curves and fittings of the hole only and
electron only devices. The disagreement between the experimental and fit curves can be

explained taking in account the existence of electron and hole traps in 1 due to its

morphology.
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Figure S6 Hole and electron mobility of 1 at different square root of the applied electric
field.
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Figure S7. Energy-band diagram of the fabricated device. Aluminium was used on the
cathode for the passivation of the calcium electrode, in order to investigate the properties of
the device in ambient atmosphere at room temperature immediately after device fabrication.
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Figure S8. Fitting of the electroluminescence spectrum at 17 V of the OLED, providing the
assignments of the different peaks.



T T T 050 T T T

a) e 8V b e 8V
08 ¢ 10V] ) . 10V
12V 12V
| . 14V . 14V
0.6} 15V 15V
e 1BV . 16V
> P > 045} .o -
oal Pe ATV 17V
0.2} ]
09— - 0.40 - S
00 02 04 06 08 030 035 040 045 050
X X

Figure S9 The different colour coordinates of the device under different applied voltages.

Table S2. The different colour coordinates of the device under different applied voltages.

Applied voltage (V)  CIE 1931 coordinates

8 (0.42, 0.44)
10 (0.40, 0.45)
12 (0.39, 0.44)
14 (0.39, 0.45)
15 (0.38, 0.45)
16 (0.38, 0.44)
17 (0.37, 0.44)

Table S3. Summary of the characteristics of the device.

Von at Max Max current Max power Max external CIE 1931 Colour
1.4 Cd/im? Brightness efficiency Efficiency Quantum Coordinates Temperature
v) (cd/m?) (cd/A) (Im/W) efficiency (%) (x,y) (K)
5.8 5219 6.5 2.6 2.39 (0.39, 0.44) 4500

Table S4. Current efficiency, power efficiency and external quantum efficiency of the device
at different current densities and brightness.

Current density Current efficiency (cd/A) Power efficiency (Im/W) External quantum efficiency (%)
10 mA/cm? 6.23 1.96 2.3
100 mA/cm? 3.99 2.57 1.47
Brightness
100 Cd/m? 6.55 0.96 2.42
1000 Cd/m? 5.31 1.54 1.96
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Figure S10. Current density—voltage and luminance—voltage characteristics of the device.
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Figure S81. Power efficiency and external quantum efficiency of the device.
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Figure S12. Current efficiency—current density characteristic of the device.
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Table S5. Mean signed and mean square errors (MSIiE and MSqE, eV) and maximal
deviations (Max-Min, eV), obtained by comparing experimental and theoretical mean
maximum absorption values of literature compound 4,7-dithiophenyl-benzothiadiazole (3).'°
Using the TD-DFT method including the polarisable continuum model (PCM)'!
(dichloromethane) the vertical transitions were calculated for 3, using the combination of five
different functionals (B3LYP'?, wB97xD,'> CAM-B3LYP,!* M06-2X,'> PBE0)!¢ and three
different basis sets (6-31G, 6-311G(d,p), 6-311+G(2d,p), DGDZVP). Six vertical absorptions
were simulated at each level of theory and they were fitted with Gaussian curves (full width
at half maximum (FWHM) = 0.37 eV) using the software GaussSum 3.0.!” The two maxima
obtained with this procedure were compared with the experimental maxima absorption bands
of 3. The level of theory PBE0/6-311G(d,p) have shown the smallest mean signed and mean
square errors (the smallest shift of the vertical absorptions calculated in comparison with the
experimental data) and it was used for all further calculations.

B3LYP wB97X-D
6-31G  6-311G(d,p) 6-311+G(2d,p)  DGDzVP 6-31G  6-311G(d,p) 6-311+G(2d,p)  DGDzZVP
MSIE -0.323 -0.281 -0.319 -0.397 0.463 0.475 0.436 0.436
MSqE 0.113 0.087 0.109 0.166 0.231 0.241 0.199 0.202
Max(+) -0.228 -0.190 -0.236 -0.306 0.593 0.601 0.531 0.546
Min(-) -0.418 -0.372 -0.402 -0.488 0.334 0.349 0.341 0.326
CAM-B3LYP M06-2X
6-31G  6-311G(d,p) 6-311+G(2d,p)  DGDzZVP 6-31G  6-311G(d,p) 6-311+G(2d,p) DGDZVP
MSIE 0.363 0.405 0.359 0.316 0.363 0.421 0.351 0.335
MSqE 0.155 0.182 0.139 0.117 0.160 0.197 0.134 0.130
Max(+) 0.515 0.539 0.461 0.446 0.531 0.562 0.453 0.469
Min(-) 0.210 0.272 0.256 0.186 0.194 0.279 0.248 0.202
PBEO
6-31G  6-311G(d,p) 6-311+G(2d,p) DGDZVP
MSIE -0.153 -0.114 -0.153 -0.153
MSqE 0.037 0.025 0.032 0.034
-0.035 -0.004 -0.058 -0.050
ax(+)
Min(-) -0.271 -0.224 -0.248 -0.255
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Figure S9. Optimised geometries for height different TPD:1 complexes (a-h), calculated at
the PBE0/6-311G(d,p) level of theory.
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Table S6. Relative total energies for height different TPD:1 complexes (a-h), calculated at
the PBE0/6-311G(d,p) level of theory.

Relative total energy

Complex (kcal/mol)
a 0.00
b 2.42
c 2.97
d 3.40
e 130
f 3.95
g 1.92
h 3.29
-]
2 =
- o
4 _
- gl
jas 2221
"
' 44
S 29
J )
1 TPD

Figure S14. Optimised geometries of 1 and TPD calculated at the PBE0/6-311G(d,p) level of
theory.
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Table S7. Energies, wavelengths, oscillator strengths, symmetry and orbital assignments of
the first 20 singlet vertical electronic transitions for TPD (vacuum) calculated at the PBE0/6-
311G(d,p) level of theory.

Energy Wavelength Oscillator

(eV) (nm) Strength Symmetry Major contributions

3.48 356.0 1.0686 Singlet HOMO->LUMO (96%)

3.78 328.0 0.0097 Singlet H-1->L+2 (14%), HOMO->L+1 (83%)

3.84 323.3 0.0191 Singlet H-1->L+1 (21%), HOMO->L+2 (75%)

3.95 313.8 0.0005 Singlet H-1->LUMO (95%)

4.03 307.5 0.1855 Singlet H-1->L+3 (17%), HOMO->L+3 (78%)

4.05 306.2 0.1792 Singlet H-1->L+4 (16%), HOMO->L+4 (80%)

4.36 284.5 0.0661 Singlet H-1->L+2 (27%), HOMO->L+6 (56%)

4.42 280.7 0.0005 Singlet H-1->L+1 (72%), HOMO->L+2 (19%)

4.46 277.8 0.0009 Singlet HOMO->L+5 (52%), HOMO->L+8 (13%)

4.48 277.0 0.0182 Singlet H-1->L+6 (15%), HOMO->L+7 (43%), HOMO->L+8 (11%), HOMO->L+9
(10%)

4.51 275.1 0.0366 Singlet H-1->L+8 (13%), HOMO->L+7 (21%), HOMO->L+9 (42%)

4.53 274.0 0.0041 Singlet H-1->L+2 (49%), HOMO->L+1 (11%), HOMO->L+6 (23%)

4.59 270.3 0.0002 Singlet HOMO->L+5 (35%), HOMO->L+8 (43%)

4.64 267.5 0.0403 Singlet H-1->L+3 (79%), HOMO->L+3 (18%)

4.65 266.5 0.0387 Singlet H-1->L+4 (81%), HOMO->L+4 (17%)

4.67 265.7 0.0262 Singlet H-1->L+5 (83%)

4.69 264.4 0.0014 Singlet H-1->L+6 (74%), HOMO->L+9 (11%)

4.70 263.6 0.0058 Singlet H-1->L+7 (31%), H-1->L+9 (43%), HOMO->L+6 (13%)

4.80 258.2 0.0201 Singlet H-2->LUMO (16%), H-1->L+8 (38%), HOMO->L+7 (11%), HOMO->L+10
(13%)

4.85 255.8 0.0001 Singlet H-1->L+7 (39%), H-1->L+9 (20%), HOMO->L+8 (22%)
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Table S8. Energies, wavelengths, oscillator strengths, symmetry and orbital assignments of
the first 20 singlet vertical electronic transitions for the complex TPD:1 (vacuum) calculated
at the PBE0/6-311G(d,p) level of theory. It is assumed that emission can be generated from
all the excited state energy levels.

Energy Wavelength Oscillator

(V) (nm) Strength Symmetry Major contributions

2.06 600.7 0.0001 Singlet HOMO->LUMO (95%)

244 508.7 0.0000 Singlet H-1->LUMO (94%)

2.99 414.0 0.3039 Singlet H-2->LUMO (98%)

3.09 401.7 0.0010 Singlet HOMO->L+1 (95%)

3.33 372.9 0.0020 Singlet H-1->L+1 (30%), HOMO->L+2 (67%)

3.49 355.1 0.0199 Singlet H-4->LUMO (48%), H-3->LUMO (48%)

3.51 353.3 0.0006 Singlet H-1->L+1 (65%), HOMO->L+2 (25%)

3.54 350.3 0.7465 Singlet HOMO->L+3 (93%)

3.70 335.2 0.0080 Singlet H-5->LUMO (10%), H-4->LUMO (34%), H-3->LUMO (34%)
3.74 331.8 0.0142 Singlet H-7->LUMO (36%), H-1->L+2 (52%)

3.74 331.5 0.0215 Singlet H-7->LUMO (40%), H-1->L+2 (30%)

3.75 330.6 0.0042 Singlet H-6->LUMO (23%), H-5->LUMO (45%), HOMO->L+4 (12%)
3.78 328.4 0.0123 Singlet H-1->L+4 (18%), HOMO->L+4 (53%)

3.81 325.4 0.0265 Singlet H-1->L+5 (13%), HOMO->L+5 (74%)

3.82 324.8 0.0061 Singlet H-1->L+3 (83%)

3.83 3241 0.0016 Singlet H-9->LUMO (26%), H-6->LUMO (28%), H-5->LUMO (24%)
3.86 321.0 0.5182 Singlet H-2->L+1 (87%)

3.90 318.1 0.0003 Singlet H-8->LUMO (80%)

3.94 314.9 0.0006 Singlet H-9->LUMO (51%), H-6->LUMO (28%)

3.96 313.2 0.1328 Singlet H-1->L+6 (23%), HOMO->L+6 (66%)
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LUMO+2 HOMO
(-0.046 V) (-0.187 eV)

LUMO +1 HOMO -1
(-0.055 eV) (-0.200 eV)

LUMO HOMO -2
(-0.092 eV) (-0.227 eV)

Figure S15. Molecular orbital graphical representations and energies (HOMO-2 to
LUMO+2) of the TPD:1 complex calculated at the PBE0/6-311G(d,p) level of theory
(isosurface 0.02).
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Figure S16. Thermogravimetric analyses of 1 in Argon (40-450°C). The small increment in
the mass of the sample that is observed between 50 and 250°C is likely due to the
Archimede’s effect. When the object is under a current of fluid (nitrogen), the fluid tends to
force the object upwards. When the analyser was tared the fluid (N2) likely forced the sample
upwards. In this way when the analysis starts, the density of the fluid was slightly decreased
(by increasing the temperature) and consequently the hanged sample goes down. Then when
these changes where recorded a mass increment is shown, produced by a small change in the
density of the surrounding fluid. This effect is worse at higher heating rates.
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Figure S17. "H NMR spectrum of 1 recorded in deuterated chloroform.
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Figure S18. °C NMR spectrum of 1 recorded in deuterated chloroform.
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