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A solution processable polymer was synthesized, by incorporating pyrene groups into the backbone of the
polyaniline chain, and used as an emissive layer in an organic light emitting diode. The polyaniline base was
reacted with acid chloride of pyrene butyric acid to form pyrene-functionalized polyaniline chains. The source
of pyrene moiety was acid chloride of pyrene butyric acid. The formation of polymer from acid chloride of
pyrene butyric acid and polyaniline was confirmed by the FTIR and 'H-NMR spectroscopy. Differential
scanning calorimetry revealed high glass transition temperature of 210 °C. Due to the presence of pyrene
moieties in the backbone, the polyaniline synthesized in the present study is solution processable with light
emitting property. The photoluminescence spectrum of the polymer revealed that emission lies in the blue
region, with a peak at 475 nm. The light emitting device of this polymer exhibits the turn-on voltage of 15 V.
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Introduction

The field of conducting polymers has recently focused on
the study of polyaniline because of its unique electro-optical
properties and market potential." However, as is common
with other conjugated polymers, the application of poly-
aniline (PANI) is limited by its poor melt and solution
processability. Improved solubility of PANI can be achieved
by introducing various alkyl and alkoxy substituents to the
polymer backbone.>* Therefore, alkyl- and alkoxy-substituted
PANI have been intensively studied. On the other hand,
there are little reports on the pyrene functionalized PANI.

Organic electroluminescent (EL) devices are of growing
interest in display applications because they are able to emit
colors throughout the visible spectrum and with high lumin-
ous efficiency. There have been extensive studies on using
low molecular weight complexes to make organic EL devices
in order to achieve high brightness, multicolor emission,
improved durability, and desired efficiency.*'® From a
materials perspective, organic light emitting diodes (OLEDs)
are primarily prepared from either small molecules or
polymers.'*?? Small molecules are advantageous in that they
can be highly purified and vacuum deposited in multilayer
stacks, both important for display lifetime and efficiency.
However, vacuum deposition techniques require expensive
capital equipment, a limitation to practical display size, and
have significant problems in achieving full color displays at
high volume using masking technologies.”® Polymers are
generally of lower purity than small molecules but can
access larger display sizes and full color at much lower costs
via solution-based deposition techniques.?*** Our interest is

in the family of materials that combines the advantages of
both small molecule and polymer approaches to OLEDs
specifically-polyaniline and pyrene based hybrids. In this
work we have functionalized PANI backbone with the pyrene
group and we utilized the pyrene-functionalized polyaniline
as novel light emitting material. Generally, many researchers
have utilized PANI in light emitting diodes as hole injection
layer and anode. However, we used polyaniline as a light
emitting electroluminescent material for the first time in the
light emitting diode. Furthermore, this pyrene-functionalized
PANI offers many advantages for OLEDs including ease
synthesis, low cost, high glass-transition temperature and
high solubility.

Experimental

Ammonium persulfate, pyrene butyric acid, m-cresol,
thionyl chloride were purchased from Sigma Aldrich, Seoul,
Korea and used as purchased. Aniline from Sigma Aldrich
was vacuum distilled prior to use. The solvents like m-
cresol, N,N-dimethylformamide, dimethyl sulfoxide, N-
methyl pyrrolidone, chloroform, dichloromethane, methanol
were of analytical grade and were purchased from Sigma
Aldrich, Seoul, Korea.

PANI salt was prepared by aqueous polymerization path-
way by reported procedure.?® In a 1 L round-bottomed flask,
250 mL of 1 M HCI was taken and 5 mL of aniline was
added slowly with stirring. To this mixture, 250 mL of 1 M
HCI containing ammonium persulfate (11.2 g) was added
dropwise for 15-20 min and the solution was kept under
constant stirring at 5-10 °C. The reaction was allowed to
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continue for 4 h at 5-10 °C. The precipitated PANI powder
was filtered and washed with 2 L distilled water followed by
200 mL acetone. The PANI powder was dried at 80 °C till a
constant weight was reached.

PANI salt powder (1.0 g) synthesized above was stirred in
100 mL aqueous sodium hydroxide solution (1.0 M) for 8 h
at ambient temperature. PANI base powder was filtered,
washed with excess water and finally with acetone and dried
at 100 °C till a constant weight was reached.

An amount of 0.6 g (8 mmol) pyrene butyric acid was
converted into its acid chloride by thionyl chloride (0.3 g, 10
mmol). The freshly prepared acid chloride was made to react
with the PANI base (2 mmol) in m-cresol solvent. N-
Acylation reaction was carried out in 120 °C for 12 h. After
the reaction time pyrene functionalized PANI solution in m-
cresol was filtered in 0.25 pm filter paper to remove the
unreacted or agglomerated PANI particle. Thus obtained
pyrene-functionalized PANI solution in m-cresol was dis-
persed in chloroform solvent to fabricate the device.

Fourier transform infrared spectrometer (FT-IR) analysis
in the region of 400-3800 cm™' was performed on potassium
bromide pellets with a Nicol 760 MAGNA-IR spectrometer.
'H-NMR spectra were recorded in 300MHz 'H-NMR (Bruker)
spectrometer using DMSO-ds solvent containing tetramethyl-
silane (TMS) as an internal standard. The thermal property
of the polymer sample was studied using a Perkin-Elmer
DSC-7 with a heating and cooling rate of 10 °C min™'. The
UV-vis absorption spectra are recorded using a Perkin-Elmer
(Lambda 6) spectrophotometer. Absorption spectrum of
dilute solution was recorded in the range 1100-300 nm using
a pair of matched 3 mL stoppered quartz cells of 10 mm path
length. The optical property was measured at room temper-
ature by photoluminescence (PL) spectroscopy using a
spectrophotometer (PSI co. Ltd. Darsar). Electroluminescence
(EL) spectra for the pyrene-functionalized PANI sample
were recorded with spectrophotometer (2035, Mac. pherson).
The corresponding current-voltage characteristics were
measured using a source meter (Keithley 2400) and colori-
meter (Topcon BM-7).
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Results and Discussion

Polyanilines are particularly attractive based on their easy
preparation, excellent electrical properties, number of intrinsic
redox states, possible processability and stability. The struc-
ture of PANI is known as a para-linked phenylene amine-
imine. The base form of polyaniline can, in principle, be
described by the following general formula (Scheme 1):

In the generalized base form, (1—x) measures the function
of oxidized units. When (1—x) = 0, the polymer has no such
oxidized groups and is commonly known as a leucoemer-
aldine base. The fully oxidized form, (1-x) = 1 is referred to
as a pernigraniline base. The half-oxidized polymer, where
the number of reduced units and oxidized units are equal, i.e.
(1x)=0.5, is of special importance and is termed as the
emeraldine oxidation state or the emeraldine base. Partially
oxidized emeraldine base is shown to be an alternating
copolymer of reduced and oxidized repeat units. The value
of x varies from 0 to 1, but the percentage of carbon,
hydrogen and nitrogen will be almost the same.

In the present study, the conventional PANI salt was
synthesized and dedopped into PANI base via conventional
synthesis procedure (Scheme 2). The PANI base was
dissolved in m-cresol solvent and made to react with acid
chloride of pyrene butyric acid at 120 °C for 12 h to form
pyrene-functionalized PANI chains. Amine groups in the
PANI chains were functionalized by butanoyl pyrene groups.
In short, 50% of the aniline repeating units in the PANI
chains were functionalized by butanoyl groups. The mole-
cular amount of butanoyl pyrene group in the PANI group is
0.5:1. The formed PANI was precipitated with methanol,
and characterized with FTIR and '"H-NMR spectroscopy.

FTIR and 'H-NMR proved the molecular structure of
pyrene functionalized PANI. As representative systems, the

Scheme 1. General formula of PANI.

Polyaniline base

OO0

Pyrene functionalized polyaniline

Scheme 2. Synthesis of pyrene functionalized PANI.
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Figure 1. FTIR spectra of PANI base and pyrene functionalized
PANI.

FTIR spectra of pyrene-functionalized PANI and PANI
base are given in Figure 1. A similar spectral behavior was
observed for PANI base and pyrene-functionalized PANI,
except for the peak corresponding to C—H stretching vibrations
in pyrene containing PANI. The presence of bands at 2940
and 2850 cm™" for pyrene-functionalized PANI are assigned
to asymmetric and symmetric aliphatic C-H stretching
vibrations, respectively,”’ indicating the existence of the
alkyl substituents in the PANI chain. This peak proves the
presence of butanoyl group (from acid chloride of pyrene
butyric acid) in the PANI system. These peaks are the direct
evidence for the presence of substituted pyrene moieties in
the PANI chain. The ring stretching of quinonoid and
benzenoid form in PANI samples are observed at 1570 and
1475 cm™', respectively. The C-N stretching band of an
aromatic amine appears at 1300 cm™'. In the region of 1020-
1170 cm™ aromatic C—H inplane-bending modes are usually
observed. For PANI, a strong band characteristically appears
at 1115 ecm™', which has been explained as an electronic
band or a vibrational band of nitrogen quinone. A similar
infrared behavior was observed for PANI salt reported in the
literature.?® The peak for C=0 from butanoyl pyrene group
in the PANI chain merges with the ring stretching peak of
benzenoid, which appears at 1570 cm™'.

The "H-NMR spectrum of the pyrene-functionalized PANI
sample was recorded by dissolving the sample in DMSO-ds
solvent. The 'H-NMR spectrum of pyrene functionalized
PANI chains exhibits peaks near & 7.2 ppm due to the
aromatic protons of the quinoid ring and the peaks at & 6.9
ppm due to the benzenoid protons.” The peaks at & 7.9 to
8.5 ppm in the spectrum of the pyrene functionalized poly-
aniline arise from the pyrene moieties in the main backbone
of polyaniline chain.

The electronic absorption spectrum of polyaniline was
recorded by diluting the pyrene functionalized polyaniline in
chloroform solvent. The spectrum showed three peaks at
around, 850 nm (polaron to ), 430 nm (polaron to ©*), and
340 nm (w-7*). This is in accordance with the earlier report
of Rao et al.®® This result supports the formation of pyrene
functionalized polyaniline in the form of salt. During N-
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Figure 2. DSC thermogram of pyrene functionalized PANI.

acylation in the polyaniline backbone, the hydrochloride gas
was obtained as a by-product of the reaction. The evolved
by-product doped on the polyaniline chains and made
pyrene functionalized polyaniline in the emeraldine salt
form.

The differential scanning calorimetry (DSC) thermogram
of pyrene functionalized PANI is shown in Figure 2. It
reveals high glass transition temperature (7g) of 210 °C of
the pyrene functionalized PANI and it is similar to the value
of pyrene functionalized octavinylsilsesquioxane.

The pyrene functionalized PANI which was precipitated
from methanol solvent was soluble and well dispersed in
polar solvents like N,N-dimethylformamide, dimethyl sulf-
oxide, N-methyl pyrrolidone and maximum solubility was
found to be 2% w/v. When the pyrene functionalized PANI
in N, N-dimethylformamide solvent was centrifuged at 2000
rpm, the solution was clear without any sediment on the wall
of sample tube, indicating that pyrene functionalized PANI
is soluble and well dispersed in N,N-dimethylformamide
solvent. The pyrene moieties present in the polyaniline
backbone may provide space for the penetration of solvent
molecules inside the chain and induces solubility of polymer
in polar solvents. The solubility of pyrene functionalized
PANI in solvents like dichloromethane, chloroform, and
tetrahydrofuran was also observed. This result is in accordance
with the solubility of polyaniline containing long chain
dopants, such as dodecylbenzenesulfonic acid.’!

True solutions of conducting polymers not only do not
exist, but generally they cannot exist; the reason being that
the surface tension for the conducting polymers is far higher
than that of any of the available solvents. To form true
solutions, the surface tension of the solvent must be similar
to that of the solute. Water has a surface tension of 72.9 mN/
m, the highest known value for a solvent, but still far below
the 150 mN/m observed in PANI* Since PANI cannot exist
in true solution, the well-dispersed form of PANI can be
considered as solution in the place of true solution.

The Figure 3 shows the photoluminescence (PL) spectrum
of the pyrene-PANI in meta-cresol solvent. The PL spectrum
of the pyrene-PANI reveals that the emission lies in blue
region, with the peak of 475 nm and the excitation wave-
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Figure 3. Photoluminescence spectrum of pyrene functionalized
PANI.
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Figure 4. Electroluminescence spectra of pyrene functionalized
PANI with various input voltages.
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Figure 5. [-V characteristics of pyrene funtionalized polyaniline as
emissive layer.

length of 355 nm. The Figure 4 shows the electrolumine-
scence (EL) spectra of pyrene functionalized polyaniline
molecules with various input voltages. The spectra show that
the pyrene functionalized PANI is stable at higher voltage
like 22 to 27 V. The intensity increased slightly when the
input voltage was increased from 16 to 19 V. When the input
voltage was increased to 22-27 V, the intensity increased
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drastically. The detected EL deviates from the PL spectrum.
In the EL the emission is significantly shifted towards
(orange light emission) longer wavelength around 525 nm.
The reason may be an interaction of the pyrene moieties
with polyaniline chain. This so-called “solvent shift” leads
to a shift of the emission wavelength of each pyrene mole-
cule depending on its environment.*> We suppose that
different chain lengths are probably responsible for the
shoulder shape of the electroluminescence spectrum. Thus,
one can explain the wide band of emitted frequencies. To
demonstrate the potential application of this pyrene func-
tionalized polyaniline in organic polymer electronic appli-
cations, organic light emitting diode was prepared using
pyrene containing polyaniline as emissive layer.** The device
structure is as follows ITO/PEDOT:PSS (25 nm)/pyrene-
PANI (55 nm)/LiF (1 nm)/Al (150 nm).

Figure 5 shows that the turn-on voltage of the device is
15 V. The higher the turn-on voltage the lower the device
efficiency. We believe that the lower efficiency of the device
may be due to the interactions between the polyaniline chain
and pyrene rings, or it may be due to the insufficient amount
of pyrene on the polyaniline chain. In this regard, we are
planning to improve the device efficiency by increasing the
pyrene amount in polyaniline chain, and also by using the
oligomeric aniline in presence of polyaniline chain.

Conclusions

In summary, reported here is a new class of solution
processable amorphous material based on pyrene and poly-
aniline with many attractive properties for potential appli-
cation in polymer/organic light emitting diodes technology
including ease of synthesis, low cost, high glass transition
temperature, good film-forming and light-emitting properties.
The preliminary PL and EL properties of the material
demonstrate the utility of this material as emitters in polymer
light emitting diodes. Future work in this area will explore
the pyrene functionalized with other conductive polymers to
give reasonable turn-on voltage and for other applications
like organic photovoltaics, and organic thin-film transistors.
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In a typical experiment, ITO coated glass substrates were ultra-
sonically cleaned in sequential steps using acetone, methanol, and
isopropanol. Poly(ethylenedioxythiophene)-polystyrene sulfonic
acid (PEDOT-PSS, 2.5% in water) was spin coated, followed by
baking at 100 °C under nitrogen for 30 min to provide a 25 nm
layer. Active material was spin-coated from chloroform (pyrene
functionalized polyaniline) 20 mg/mL to yield a thickness of 55
nm. The substrate was then loaded into a vacuum chamber and
LiF (1 nm), Al (150 nm) were deposited.




