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ABSTRACT: A new zwitterionic conjugated polyelectro-
lyte without free counterions has been used as an electron
injection material in polymer light-emitting diodes. Both the
efficiency and maximum brightness were considerably im-
proved in comparison with standard Ca cathode devices.
The devices showed very fast response times, indicating that
the improved performance is, in addition to hole blocking,
due to dipoles at the cathode interface, which facilitate
electron injection.

Conjugated polyelectrolytes (CPEs) have attracted significant
attention as active materials in polymer optoelectronic
devices,' ~° especially because of their use as effective electron
injection/transport layers.’ '> A range of CPEs with different
counterions (anion/cation) and backbones'>'* have been synthe-
sized in attempts to understand the role of the ions in the charge
injection process.'>'® The promising electronic properties of
CPEs in combination with their solubility in polar solvents offer a
unique route to the realization of high-performance polymer
light-emitting diodes (PLEDs) without the use of reactive Ca or
Ba cathodes.

All CPEs reported to date combine charged side chains with
mobile counterions such as Na™, Br_, and tetrasubstituted borates
such as BPh,  and BIm, ,'®"” ™" which can migrate during
device operation and lead to long turn-on times and redistribu-
tion of the internal field.'® These mobile ions make the device
operation mechanism more complicated, not only because they
could alter the work function of the cathode'>"* but also because
ions also have an impact on the luminescence of the light-emitting
layer,” and they introduce some of the doping characteristics of
polymer light-emitting electrochemical cells (PLECs).>*"** Here
we introduce CPEs containing zwitterionic side chains and no
free counterions. These new CPEs have superior electron injection
characteristics and outperform Ca electrodes.

Neutral tertiary amine polymers were synthesized by standard
Pd-mediated Suzuki condensation polymerization of 2,7-bis-
(1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluorene with 2,7-dibromo-9,
9-bis( (N,N-dimethylamino ) ethanyl)fluorene, as reported previously.’
The neutral polymer was soluble in common organic solvents
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such as chloroform, tetrahydrofuran (THF), and toluene but
insoluble in methanol, dimethyl sulfoxide (DMSO), and water.
After quaternization of the neutral polymer using 1,4-butane
sultone in a THF/methanol solvent mixture, the resulting polymer,
F(NSO;),, was soluble in methanol and DMSO. Elemental
analysis indicated near 100% conversion of the tertiary amines
into sulfobetaine zwitterionic groups.

The zwitterionic polymer was then tested as an electron injection
layer by spin-coating 2—10 nm thick films [as determined by UV-
absorbance; see the Supporting Information (SI)] on top of a 100 nm
thick layer of poly(9,9'-dioctylfluorene-co-benzothiadiazole) (F8BT),
which acted as the light-emitting layer (Scheme 1). The luminance
(L)-versus-voltage (V) and current efficiency-versus-V charac-
teristics of devices containing 2 nm thick F(NSOj3), layers are
shown in Figure 1. The turn-on voltage (the voltage at which the
brightness reached 1 cd/ mz) was 2.3 V; the brightness increased
to 1900 cd/m” at 3 V and reached a maximum of ~80 000 cd/m*
at 5.8 V. The corresponding current density and current effi-
ciency at 5.8 V were 910.5 mA/cm” and 8.8 cd/A, respectively
(red O). The maximum efficiency was 10.4 cd/A at 4.4 V with a
brightness of 26 000 cd/m”. Importantly, the device efficiency
(Figure 1b) was stable at different operating voltages, and no
significant decrease was observed up to 5.8 V.

For comparison with the properties of the zwitterionic CPE,
we fabricated Ca/Al (green A) and Al-only (black [I) devices
under the same conditions (Figure 1). As expected, the Al-only
device showed very poor device performance due to poor
electron injection (see the SI). The Ca/Al devices showed much
better device performance because of improved electron injection
resulting from the small difference between the LUMO energy of
F8BT (2.94 eV) and the work function of Ca (2.87 eV). These
devices had the same turn-on voltage as the F(NSOj;),-based
devices, but the maximum brightness reached only 30 000 cd/m?,
which was much lower than that of the F(NSO;),-based devices
(80000 cd/m”); the efficiency of the devices was also approximately
halved at all operating voltages.

The film absorption and photoluminescence (PL) measurements
(see the SI) showed similar properties for the zwitterionic and
neutral polymers. Minor differences included a red shift of ~3 nm
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Scheme 1. Synthesis and Structure of the Zwitterionic CPE’
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Figure 1. (a) L—V and (b) current efficiency-vs-V characteristics of
PLEDs with the following device structures: ITO/PEDOT:PSS/F8BT/
F(NSO3),/Al (red O); ITO/PEDOT:PSS/F8BT/Ca/Al (green A);
ITO/PEDOT:PSS/F8BT/Al (black O).

for F(NSO3), in both the UV and PL spectra. This strongly
suggests that the electronic properties of F(NSOj3), are not
affected by the strong dipole of the zwitterionic side group. The
energy of the HOMO in both the neutral precursor polymer and
F(NSO3), was 5.6 eV, as determined by cyclic voltammetry; the
corresponding LUMO energies were calculated through the
absorption onset at 2.6 and 2.7 eV, respectively. Since the LUMO
of F8BT lies at 2.9 eV and the work function of Al is 4.3 €V it is
clear that the insertion of the F(NSO3), layer should, if anything,
reduce the electron injection barrier from Al to F8BT.

Introducing ionic charges into the electron injection layer
generally leads to long response times due to charge motion."®
Figure 2 shows the device response times for the zwitterionic
CPEs at 4.9 V, which were measured by applying a rectangular
voltage pulse with a duration of 750 ms. The devices showed very
short response times (~10 us; Figure 2). This is the shortest
response time reported for organic light-emitting diodes
(OLEDs) with CPE injection layers® and is comparable to the
response times of OLEDs with metal electrodes.”®” >

The short response times strongly indicate that long-range ion
motion does not play a major role in the charge injection process.
Because the dipoles are fixed to the polymer backbone, long distance
motion is prevented, but reorientation in the electric field occurs
in response to an applied electric field above a threshold of ~3 X
10° V/em (3 V; Figure 3). This produces a displacement charge
of the reoriented dipoles in addition to the capacitive charging
during switch-on. The displacement charge was visible as a slow
current decay from ~200 ns to ~2 us following the capacitive
charging peak at the beginning of the current pulse (Figure 2).
The sum of the displacement and capacitive charging of devices
with the F(NSO3), layer reached up to double the value for pure
capacitive charging, depending on the F(NSO3), layer thickness
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Figure 2. Brightness (blue line) and current density (black line)
dynamics of ITO/PEDOT:PSS/F8BT/F(NSO3),(7 nm)/Al device
using rectangular voltage pulses of 4.9 V at a frequency of 1 Hz.
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Figure 3. Capacitive charge (Q) and charge density (n.) calculated
(line, ¢ = 3) and measured for an ITO/PEDOT:PSS/F8BT/Ca/Al
device (red @) as well as the sum of displacement charge and capacitive
charge from ITO/PEDOT:PSS/F8BT/F(NSO3),/Al with a 7 nm
(black O0) or 12 nm (blue ¥) F(NSO3), layer. Thin black lines are
guides for the eye.

(Figure 3). Pure capacitive charging was measured from ITO/
PEDOT:PSS/F8BT/Ca/Al devices and was in agreement with
calculations using standard equations for capacitance. After
orientation of the dipoles in the field, the charging of devices
with F(NSO3), layers followed the trend for pure capacitive
charging (thin black line, Figure 3). It is noteworthy that the light
turn-on was delayed for ~300 ns after the current turn-on, as the
electroluminescence (EL) was rising while the displacement charge
was building up after the end of capacitive charging (Figure 2).

Improved injection by the oriented zwitterionic CPE layer was
also obvious from dc current density-versus-voltage measure-
ments (see the SI), as the current for the F(NSOj;),-based device
was ~1.35-fold higher than that for the device with Ca/Al
cathodes above 3.5 V. In a previous publication, Kabra et al.”’
showed that the electron current is ~3 orders of magnitude
higher than the hole current in ITO/PEDOT:PSS/F8BT/Ca/Al
devices as a result of a low electron injection barrier and thus
bulk-limited electron transport. This points to electron-dominated
current in ITO/PEDOT:PSS/F8BT/F(NSO;),/Al devices as
well. Additionally, the CPE layer works as a hole-blocking layer
because the low-lying (5.6 eV) HOMO impedes hole extraction,
thus enhancing the recombination probability of holes and
electrons to form emissive excitons. In combination with the
exclusion of the quenching Ca electrode and its substitution with
the transparent F(NSOj3), spacer in front of the highly reflective
Al electrode, an increase in brightness by a factor of ~2.7 is
achieved. These effects result in a factor of ~2 increase in
efficiency relative to devices with Ca/Al electrodes. Improved
injection by permanent dipoles is in line with recent findings
from tge Bazan group on small-molecule zwitterionic injection
layers.
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Huang et al.'' found that a neutral polymer with a hydroxyl
group showed good charge injection properties, which were
attributed to doping induced by the reaction between Al and
hydroxyl groups on the polymers or the dipole formed between
the polymer and the electrodes.'”*® Here there is no obvious
chemical reaction between the charged polymer and Al, so the
presence of the dipole must be the main contributing factor.
Further details of the injection mechanism, including the influ-
ence of the thickness and morphology of the CPE Iayer,29 and the
dependence of the rise time on the applied voltage are under
investigation and beyond the scope of this paper. However, the
short EL response time is a clear advantage over conjugated
polyelectrolytes with free counterions, which exhibit rise times in
the range of milliseconds or seconds.

In summary, we have synthesized a new zwitterionic polyelec-
trolyte without free counterions and used it as an electron injection
material in PLEDs. The device performance of the F(NSOj3),-
based devices measured at either maximum brightness or current
efficiency was over 2 times higher than that of Ca-based devices at
all operating voltages. The improved performance is due to the
improvement of electron injection, which leads to higher elec-
tron currents. In combination with impeded hole extraction, an
increase in brightness and thus an increase in efliciency by a
factor of ~2 has been achieved. More importantly, the devices
show very short response times (less than ~10 us), which
indicates that the fixed charges prevent movement of ions and
instead present strong dipoles near the cathodes, which facilitate
charge injection.

B ASSOCIATED CONTENT

© Supporting Information.  Synthesis of E(NSQ;),, device
fabrication procedures, and device characteristics. This material
is available free of charge via the Internet at http://pubs.acs.org.
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