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Abstract The optical and electrical properties of a novel
alcohol soluble aminoalkyl-substituted cationic conjugated
polymer, poly[9,9’-bis(6”-(N,N,N-trimethylammonium)-hexyl)
fluorene-co-alt-2,5-dimethoxy-1,4-phenylene  dibromide]
(PFPB), has been studied using absorption, photolumines-
cence, current—voltage—luminescence (J-V-L), and noise
characterization techniques. The absorption and photolu-
minescence studies show that PFPB is blue-emitting, and
its long alkyl side chains and two methoxy side chains
introduce steric hindrance in the structure, which can
minimize interchain interactions. The photoluminescence
quantum efficiency of PFPB in methanol was found to be
69.6%. Polymer light emitting diodes (PLEDs) were fab-
ricated using PFPB as an electron injection layer and
device physics has been studied. The obtained device
results indicate that PFPB can be used as an electron
transport layer (ETL) to improve the PLED performance.
The noise characteristics on the PLED devices show that
the interface between the cathode and the emissive layer is
improved through the introduction of a PFPB layer. Results
in this report indicate that the poly(fluorene-co-phenylene)-
based water/alcohol soluble cationic conjugated polymer
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avoids the intermixing between the electroluminance layer
and adjacent ETL layer which is a common and serious
problem in multilayer PLED fabrication by solution casting
methods. This makes water solubility materials attractive
for applications in PLEDs and other organic devices.

Introduction

Solid-state light emitting devices have generated wide
research interest over the years, and several materials have
been tested for application in such devices. With the
exception of polyaniline which is soluble in concentrated
strong acids [1], the early conjugated polymers are gener-
ally insoluble and are obtained as “poorly ordered and
noncompact films, whose morphology is determined by the
chemical or electrochemical growth conditions and cannot
be modified after growth” [2]. Several methods are sub-
sequently developed to counter this problem. The first is to
use a soluble precursor polymer as the starting material,
and then remove part of the repeat units by thermal pro-
cessing, thereby retaining the shape and morphology of the
precursor polymer while generating a soluble conjugated
polymer [3]. However, this is a specific method that
depends on the chemical nature of each polymer. A second
and more general method is to incorporate bulky substit-
uents such as alkyl chains in each repeat unit. This method
was successfully applied to the synthesis of polythiophene
in 1986 [4]. An appropriate choice of substituents allows
band gap tuning, introduction of “desirable quantities such
as chirality, liquid crystalline, or catalytic properties” and
even “self-doping” [5]. A third method is to use surfactants
or polymer counterions [6]. A fourth and final method is
to use a conjugated polymer in conjunction with a
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nonconjugated processible polymer either by blending or
as a (graft or block) copolymer.

Ionic conjugated polymers have received considerable
interest in recent years due to their good solubility in polar
solvents. They function as conjugated polyelectrolytes,
possessing the ability to combine the optoelectronic and
redox properties of traditional conjugated polymers with the
aqueous solubility and ionic nature of polyelectrolytes [7].
Other advantages include the use of environmental friendly
solvents such as water or alcohols [7] when ionic conju-
gated polymers are used in device fabrication. Alcohol-
soluble conjugated polymers could also be used to construct
active layers in polymer light emitting diodes (PLEDs)
through a layer-by-layer (LBL) self-assembly approach
[7], as buffer layer and emissive layer materials in inkjet
printing fabricated PLEDs, and in chemosensor and bio-
sensor applications where an aqueous media and high
photoluminescence quantum yield are typically required.

This article reported an undoped alcohol/water-soluble
aminoalkyl-substituted cationic conjugated polymer, poly
[9,9"-bis(6”-(N,N,N-trimethylammonium)-hexyl)fluorene-co-
alt-2,5-dimethoxy-1,4-phenylene dibromide] [8] (PFPB)
and its application as an electron injection layer in organic
light emitting devices.

Experiments

The active polymer used in this study is poly[9,9-dioctyl-
fluorene-co-alt-spirofluorene] (PFSF). Both the PFSF and
PFPB polymers were synthesized in the Department of
Chemical and Biomolecular Engineering, National Uni-
versity of Singapore. In the solid state, both polymers have a
flaky, pale yellow appearance. Figure 1 shows the chemical
structure of the polymers. Both the PFSF and PFPB polymer
solution (10 mg/mL) were prepared by dissolving every
10.0 mg of PFPB in 1.0 mL of toluene. It was stirred in an
ultrasonic bath (Sonic Clean 250HT) for 30 min and then
filtered using Whatman 0.1 pm filters.

The devices were fabricated with the configuration of
ITO/PEDOT:PSS/PFSF/PFPB/Ca/Ag. Devices of ITO/PE-
DOT:PSS/PFSF/Ca/Ag without PFPB were also fabricated
for comparison. Commercially available ITO-coated glass
substrates were cleaned by sonicating and rinsing in ace-
tone, methanol and deionized water, followed by oxygen
plasma treatment. The hole-transporting PEDOT:PSS layer
(20 nm) was spin-coated onto ITO, followed by spinning
coating of the emitting polymer PFSF layer and a PFPB
layer (90 nm) from a polymer solution in toluene
(7.5 wt.%). Calcium (20 nm) and silver (200 nm) contacts
were deposited sequentially by thermal evaporation through
a shadow mask. Thermal evaporation was carried out in
ULVAC system at a base pressure of 2.0 x 107 Torr. The
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Fig. 1 The chemical structures of the polymers: poly[9,9-dioctylflu-
orene-co-alt-spirofluorene]  (PFFS) and  poly[9,9-bis(6-(N,N,N-
trimethylammonium)-hexyl)fluorene-co-alt-2,5-dimethoxy-1,4-phenylene
dibromide (PFPB)

fabricated devices were protected by encapsulation of a
capping glass sealed with epoxy.

The current density—luminance—voltage (J-L-V) curves
were measured using a fully computer-controlled system
consisting of a dynamic multimeter (Keithley DMM 2001),
a source meter (Keithley 3A 2420) and eight calibrated Si
photodiodes. The software was based on LabView. Device
lifetime, noise spectrum and EL spectrum were performed
simultaneously by driving the devices with low noise
constant current of 1 mA inside a shielded box. Noise
measurements were performed using a standard DC tech-
nique. Devices were biased by a low noise DC current
powered by a stack of Ni—Cd batteries. The noise signal,
fluctuations of current I, was coupled to a wideband
(0.03 Hz-100 kHz) low-noise SR570 current preamplifier.
The output of the amplifier was fed to a HP35670A digital
signal analyzer in which the power spectral density (PSD)
S(f) of current / was calculated in the range of 1-800 Hz.
The experiments have been repeated for 5 times in order to
ensure the validation of the results.

Results and discussion
Absorption and photoluminescence spectra analysis
The absorption and photoluminescence (PL) spectra of

PFPB in methanol and in film forms were studied and are
shown in Fig. 2. The absorption spectrum of PFPB in
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Fig. 2 Absorption and photoluminescence spectra of PFPB in
methanol and in films

methanol shows a strong band peaked at 369 nm and the
PL spectrum shows a peak at 415 nm without any vibronic
features. There is no significant change in the absorption
spectrum of PFPB in the film state as compared to the
absorption spectrum in methanol. The PL spectrum of
PFPB in film shows a band peaked at 428 nm with a weak
vibronic shoulder at around 490 nm. This indicates that the
excited state conformation of PFPB in film states is slightly
different compared to the PL spectrum in solution, which
could be attributed to the weak interchain interaction in
the film states. The effect of thermal annealing on the film
spectral properties was also studied. The spectral position
did not change when the annealing temperature was
increased up to 190 °C. This indicates that there is no film
morphological change with the temperature changes. The
band gap of the polymer was estimated from the absorption
edge as 3.02 eV. The photoluminescence quantum effi-
ciency of this polymer in methanol was estimated using
quinine sulfate as a reference to be 69.6%.

Device current density—voltage—luminescence
and lifetime characteristics

PLEDs were fabricated using PFPB as an electron transport
layer (ETL) with the device configuration of ITO/PE-
DOT:PSS/PFSF/PFPB/Ca. For comparison, the PLED
devices were fabricated with PFSF (chemical structure
shown in Fig. 1) as an emissive layer without PFPB as an
ETL layer. The devices fabricated with PFSF polymer in
the absence and presence of ETL PFPB are named as P1
and P2 device, respectively. The luminescence—voltage
(L-V) and current density—voltage (J-V) characteristics of
the devices are shown in Fig. 3. Both devices showed a low
turn-on voltage of around 4.0 V. The brightness of 100 and
300 Cd/cm? was achieved for P1 and P2 at 8 V, respec-
tively. The inset of Fig. 3 shows the current efficiency with
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Fig. 3 Current-voltage—luminescence characteristics based on device
structures: ITO/PEDOT:PSS/PFSF/PFPB/Ca/Ag and ITO/PEDOT:PSS/
PFSF/Ca/Ag. The inset shows the efficiency curves for the above device
structures

voltage (y-V) for the devices. It is evident that device P2
displays higher current efficiency than P1. Figure 4 shows
the voltage and electroluminance intensity as a function of
operation time for devices when driven continuously at a
constant current of 1 mA. The result shows that device P2
has much longer lifetime as compared to that for P1, as
indicated by 20 Cd/m?® luminance remained after 50 h
driven with a constant current.

The increase in current and luminescence efficiency
with PFPB as an ETL is due to the reduction of barrier
for electron injection at the cathode/polymer interface [9].
Most luminescent conjugated polymers are p-type and
hole mobility is much larger than electron mobilities. The
barrier for electron injection from the cathode is relatively
large as compared to the barrier for hole injection from
the anode, precluding balanced charge transport in the
devices. This issue can be addressed by the introduction
of an ETL between the luminescent polymer and the
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Fig. 4 The lifetime curves for the device structures: ITO/PEDOT:
PSS/PFSF/PFPB/Ca/Ag and ITO/PEDOT:PSS/PFSF/Ca/Ag



J Mater Sci (2008) 43:2818-2824

cathode, which will facilitate electron injection. N-type
electron-transporting polymers are commonly used as the
ETL materials. They have high electron affinities which
reduce the barrier for electron injection at the cathode/
polymer interface. Furthermore, ETL can separate the
radiative recombination zone from the cathode so that
recombination at the cathode/polymer interface is avoided
[10]. Both non-conjugated polymers, such as the oxadi-
azole-containing side-chain polymers and conjugated
polymers  such as  poly(cyanoterephthalylidene)s,
poly(phenylquinoxaline)s, polypyridines, and polyquino-
lines have been reported as suitable ETL materials [11].
The addition of ETL has demonstrated significant
improvements in EL efficiency and brightness [12].
PLEDs with an ETL and high work function metal
cathodes such as Al demonstrated similar efficiencies to
those devices using low work function metals such Ca or
Ba as the cathode [13]. This utilization is important as it
significantly enhances electron injection in combination
with the use of air stable cathode.

Device low frequency noise characteristics

The low frequency noise characteristics of the PLED
devices were studied and the results are shown in Fig. 5.
Figure 5a shows the variation of noise level with time at
64 Hz for both devices. For P1 devices, after ca. 20 h, the
noise level suddenly increased ~4 orders of magnitude.
The noise signal fluctuated dramatically. For P2 devices,
however, there is no obvious amplitude increase in the
noise spectra within the first 50-h operation. Thereafter,
the noise amplitude increased ~ 3 orders, which indicates
the oncoming failure for device. The inset of Fig. 5a
depicts the initial 1/f noise of devices fabricated for P1
devices and P2 devices, where devices were driven at a
constant current of 1 mA. From the LEFN results, the
slopes for P1 devices and P2 devices are extracted as
1.41 and 1.19, respectively. P1 devices show a larger
noise amplitude with a larger low frequency noise slope.
Figure 5b shows the low frequency noise slope change
versus stress time for P1 and P2 devices. It shows that P1
devices have a much higher slope value, while P2 devices
show an increasing noise slope from 1.2 to 1.45. The low
frequency noise spectral versus stress time is shown in the
inset of Fig. 5b for reference.

Devices P1 and P2 with a similar current-voltage
behavior exhibited different low frequency noise charac-
teristics, which is primarily because the current—voltage
behavior represents a macroscopic description of the
device characteristics, while low frequency noise is a
sensitive probe of defects, non-uniformities, surface
velocity fluctuations, etc., due to incomplete bonding or
defect sites at surfaces or interfaces. At the beginning of
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Fig. 5 (a) 1/fnoise PSD level at 64 Hz vs. time for device structures:
ITO/PEDOT:PSS/PFSF/PFPB/Ca/Ag and ITO/PEDOT:PSS/PFSF/
Ca/Ag. The inset shows the initial 1/f noise of devices when driven
at a constant current of 1 mA. The Hooge’s coefficient o values are
1.61603 and 1.12191, respectively, for devices ITO/PEDOT:PSS/
PFSF/PFPB/Ca/Ag and ITO/PEDOT:PSS/PFSF/Ca/Ag. (b) 1/f noise
slope vs. time for different device structures: ITO/PEDOT:PSS/PFSF/
PFPB/Ca/Ag and ITO/PEDOT:PSS/PFSF/Ca/Ag. The inset shows the
1/f noise spectra of the devices vs. time for devices ITO/PEDOT:PSS/
PFSF/PFPB/Ca/Ag and ITO/PEDOT:PSS/PFSF/Ca/Ag

driving, by monitoring device LFN spectrum, we can
predict device lifetime, interface quality, and bulk material
quality.

On the basis of our previous work on LFN character-
istics of OLEDs, two noise components are present in the
low frequency noise spectrum [14]: 1/f Gaussian noise
from bulk materials which has a slope of 1, and excessive
frequency noise related to device interfaces or defects and
traps, resulting in a slope larger than 1. The noise slope
(the interface) is the primary indication of device lifetime,
i.e. the quality of the interface (noise slope) primarily
determines lifetime in comparison with the bulk quality
(noise magnitude). Noise spectral analysis is a good way
to comprehend the device interface (noise slope) and bulk
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quality (noise magnitude). Larger spectral slope for
device P1 observed in the inset of Fig. 5a, indicating
relatively poorer interfaces of P1 devices than P2 devices.
Smaller spectral slope of P2 devices predicted a longer
lifetime. During the device driving, LFN technique is
proved to be a good in situ monitoring tool. The sudden
noise amplitude increase may predict bulk material degra-
dation occurring inside the devices. The sudden fluctuation
of the noise signal may predict the device catastrophe fail-
ure. The increase of the noise slope change may also be
related to the material degradation inside the devices. Large
1/f noise slope can be explained by the fluctuations in the
number of charge carriers. In OLEDs, interface deteriora-
tion has been ascertained to play an important role in device
degradation [14]. On the other hand, interface deterioration
definitely causes energy barrier to change, resulting in
fluctuation of the number of charge carriers. The other
possible mechanism for carrier number fluctuations is the
widely existing material defects and flaws, which are pri-
marily reflected by the magnitude of noise PSD. The defects
inside electroluminescent materials could come from the
synthesis and purification processes, which decrease the
carrier injections and cause increased low frequency noise
level. During device driving, an increase in LFN slope was
observed for device P1 after 40 h, which indicates the
fluctuation of carrier number, the generation of traps and
defects, and the ongoing deterioration in the interface. The
acceleration in the slope change shows the relaxation of
excited electron into higher vibronic energy levels of the
HOMO after long-time driving (ca. 140 h), which was
reflected in the slightly red-shifted (~20 nm) maximum
wavelength in the emission spectra. On the basis of the
above-mentioned discussion, it shows that the noise spectra
are not only a good tool for device quality description ad
lifetime predication but also a good in situ device charac-
terization method.

The spectral stability of PLEDs

The spectral stability of OLEDs remains a challenge for
polyfluorene-based materials. Figure 6 shows the spectral
change of P1 devices and P2 devices with time elapse. The
inset in Fig. 6 shows the peak intensity decay versus stress
time and the center wavelength changes versus stress time.
The P1 devices display pure green emission with a maxi-
mum emission centered at 430 nm and a weak orange
emission at 500 nm. However, the center wavelength
fluctuated after stress of 10 h. By contrast, P2 devices
display a mixed yellow-orange emission with a strong
yellow emission at 500 nm. The EL spectra remain rela-
tively stable in both the maximum wavelength and shape
even after ca. 60 h driving, indicating the suppression of
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Fig. 6 (a) The spectral curves with time elapse for the device of ITO/
PEDOT:PSS/PFSF/Ca/Ag. The left inset shows the peak intensity
decreases with the time elapse and the right inset shows the peak
position vs. the time elapse. (b) The spectral curves with time elapse
for device of ITO/PEDOT:PSS/PFSF/PFPB/Ca/Ag. The left inset
shows the peak intensity decreases with the time elapse, the right inset
shows the peak position vs. the time elapse

troublesome excimer formation and thus resulting in a
stable green emission for P2 devices.

When we compare the EL spectra between P1 and P2
devices, it is found that P1 shows a heavily structured and
broad PL spectrum, which contains a shoulder at around
500 nm and a long tail beyond 600 nm. When the rigid
thieno[3,2-b]thiophene ring (here is not right) is incorpo-
rated into the backbone of polyfluorene (P2), narrow and
stable EL emission spectra are obtained. The EL spectra of
P2 showed stable green emission (maximum emission at
500 nm) and no measurable spectral change and/or addi-
tional emission peak observed with time or driven voltage.
Furthermore, the EL emission spectra of P2 have a FWHM
(full width at half-maximum) of only ~70 nm, a good
resolution for display application.

In Summary, P2 device demonstrates better perfor-
mance in terms of higher current efficiency, smaller LFN
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noise slope, stable and narrower emission spectra as com-
pared to P1 device.

Conclusions

The electrical and optical properties of an alcohol soluble
aminoalkyl-substituted cationic conjugated polymer PFPB
have been investigated. PFPB is blue-emitting, with long
alkyl side chains and two methoxy side chains. PLEDs
were fabrication using PFPB as an electron injection layer
and the device physics were studied. The improvement in
the emission spectral quality of the device (narrower
spectra and weaker tail extending to a longer wavelength
direction) compared to that of the device without PFPB
indicates that PFPB can be used as an ETL to improve the
PLED performance. The interface between the cathode and
the emissive layer is improved through the introduction of
a PFPB layer. Results in this report indicate that the
poly(fluorene-co-phenylene)-based water/alcohol soluble
cationic conjugated polymer avoids the intermixing
between the polymer and adjacent ETL layer which is a
common and serious problem in fabrication of multilayer
PLEDs by solution casting methods. This makes alcohol
solubility materials attractive for applications in fabricating
PLED:s.
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Appendix: Synthesis of the polymers

Poly(9,9-bis(6'-bromohexyl)fluorene-co-alt-2,
5-dimethoxy-1,4-phenylene)

2,7-Bis[9,9'-bis(6” -bromohexyl)-fluorenyl]-4,4,5,5-tetramethyl-
[1.3.2]dioxaborolane (372 mg, 0.5 mmol), 1,4-dibromo-2,5-
dimethoxybenzene (148 mg, 0.5 mmol), Pd(PPh;), (5 mg), and
potassium carbonate (830 mg, 6 mmol) were placed in a 25 mL
round bottom flask. A mixture of water (3 mL) and toluene
(5 mL) was added to the flask and the reaction vessel was
degassed. The mixture was vigorously stirred at 85 °C for 24 h
and then precipitated into methanol. The polymer was filtered
and washed with methanol and acetone, and then dried under
vacuum for 24 h to afford the polymer (240 mg, 76%) as white
fibers. "H NMR (200 MHz, CDCl5): 6 7.8-7.1 (m, 8H), 3.8 (s,
6H), 3.3-3.2 (t, 4H), 2.1 (m, 4H), 1.7 (m, 4H), 1.3-1.2 (m, 8H),
0.9 (m, 4H). *C NMR (50 MHz, CDCl;): ¢ 151.3, 150.7,
140.2,137.2,132.4, 128.3, 124.7, 119.7, 115.7,57.2, 55.2, 40 4,
34.2, 33.0, 29.5, 28.1, 24.2.

Poly[9,9-bis(6'-N,N,N,-trimethylammonium)hexyl)
fluorene-co-alt-2,5-dimethoxy-1,4-phenylene)
dibromide]

Condensed trimethylamine (2 mL) was added dropwise to
a solution of the neutral polymer 2a (70 mg) in THF
(10 mL) at —78 °C. The mixture was allowed to warm up
to room temperature. The precipitate was redissolved
by the addition of water (10 mL). After the mixture was
cooled down to —78 °C, extra trimethylamine (2 mL) was
added and the mixture was stirred for 24 h at room tem-
perature. After removing most of the solvent, acetone was
added to precipitate the polymer (80 mg, 83%) as an off-
white powder. "H NMR (50 MHz, CD;0D): § 7.8-7.6 (m,
8H), 3.9 (s, 2H), 3.3-3.2 (m, 4H), 3.1 (s, 18H), 2.2 (br, 4H),
1.6 (br, 4H), 1.3 (br, 8H), 0.8 (br, 4H). '’C NMR (50 MHz,
CD;0D): 6 152.5, 151.7, 141.6, 138.7, 132.3, 129.6, 126.3,
120.8, 116.5, 67.8, 57.6, 56.4, 53.6, 31.0, 30.5, 27.0, 25.0,
23.7.

Poly[(9,9-dioctylfluorene-2,7-diyl)-alt-co-
(9,9'-spirofluorene-2,7-diyl)]

A mixture of 2,7-dibromofluorene-9,9’-spirobifluorene
(234 mg, 0.5 mmol) and 2,7-bis[9,9’-dioctylfluorenyl]-4,4,
5,5-tetramethyl-[1.3.2]dioxaborolane (381 mg, 0.5 mmol),
Pd(PPh;), (5 mg) and potassium carbonate (830 mg,
6 mmol) were placed in a 25 mL round bottom flask. A
mixture of water (3 mL) and toluene (5 mL) was added to
the flask and the reaction vessel was degassed. The mixture
was vigorously stirred at 85 °C for 24 h and then precipi-
tated into methanol. The polymer was filtered and washed
with methanol and acetone, and then dried under vacuum
for 48 h to afford the product (288 mg, 80%) as white
fibers. "H NMR (300 MHz, CDCl3, ppm): d: 7.93-7.53 (m,
8H), 7.42-6.87 (m, 12H), 1.90 (br, 4H), 1.20-0.90 (m,
20H), 0.75 (t, 6H), 0.60 (br, 4H). '>*C NMR (75 MHz,
CDCl;, ppm): 6 151.5, 149.8, 148.8, 141.9, 141.4, 140.5,
139.9, 139.7, 127.9, 127.8, 127.1, 126, 124.3, 122.4, 121.2,
120.2, 120.1, 119.7, 55.2, 40.2, 31.7, 29.9, 29.2, 29.1, 23.7,
22.6, 14.0.
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