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ABSTRACT: Composites of polyaniline in its emeraldine base form (PANI-EB) and photo-acid generators (PAG) show an increase in
conductivity upon photo-irradiation due to the protonation of PANI-EB. Such materials may be utilized to fabricate conducting pat-
terns by photo-irradiation. However, the conductivity obtained by direct irradiation of PANI-EB/PAG composites was normally quite
low (<107 S/cm) due to aggregation of highly loaded PAG. In this work, poly(ethylene glycol) (PEG), which is a proton transfer
polymer, was added to PANI-EB/PAG. Results showed that addition of low M, (550) PEG significantly enhance the photo-induced
conductivity. Conductivities as high as 107'=10° S/cm were observed after photo-irradiation. This conductivity is comparable to that
of PANI-salt synthesized by oxidizing aniline in the presence of an acid. High M,, (8000) PEG is much less effective than PEG 550,
which is attributed to its lower compatibility with PANI. PEG-grafted PANI (N-PEG-PANI) was also studied as an additive. Compo-
sites of PANI-EB and N-PEG-PANI showed conductivity as high as 10> S/cm after treatment with HCI vapor. The photo-induced
conductivity of the N-PEG-PANI/PANI-EB/PAG composite reached 10 >~10"" S/cm. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129:

3546-3550, 2013
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INTRODUCTION

Polyaniline (PANI) is a conducting polymer discovered in the
late 19th century." PANI has been of great interest to scientists
for the past few decades due to the ease of synthesis, low cost,
tunable properties and good stability. It has been studied for a
wide variety of electrical devices and functional materials,®™
such as novel biosensors®” and energy storage.® The oxidation
and protonation state dictate PANT’s electrical conductivity. The
insulating emeraldine base (EB) form of PANI becomes conduc-
tive when protonated. The conductivity can be as high as
10°S/cm.”

Composites of photo-acid generators (PAGs)'*™'® and PANI-EB
has been of interest for photo patterning since early 90s.'°~2
When irradiated the PAG produces a Bronsted acid that can
protonate the insulating PANI-EB to the conductive salt
form."*' However, conductivities of the composites made of
PANI and PAG have been limited to ~107*~107° S/cm after
irradiation.*»*” Only after vapor doping with HCI have conduc-
tivities higher than 107> S/cm been observed. Strong acid treat-
ments not only add a processing step, but also may be harmful
to other parts of the devices. Therefore, the most desirable pro-
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cess to achieve high conductivities is to use photo-irradiation
alone. Our group recently reported that poly(vinyl alcohol)
(PVA) is an effective additive that improves photo-induced con-
ductivity and reproducibility. Conductivity of the composites of
PANI-EB, PAG, and PVA increased from <102 S/cm to 10>—
1072 S/cm after irradiation.”® The enhanced conductivity was
attributed to a hydrogen bonding network of PVA and PANI.*®
Herein, we report that conductivity of 107'-10° S/cm can be
achieved using low molecular weight poly(ethylene glycol)
(PEG) as the additive. This conductivity is comparable to that
of PANI-salt synthesized by oxidizing aniline in the presence of
an acid.

EXPERIMENTAL

Materials Characterization

PANI-EB (M,,=20,000), triphenylsulfonium triflate, PEG
methyl ether tosylate and PEG monomethyl ether (PEG M,
550) were purchased from Aldrich. PEG 8000 was purchased
from Fisher. All of the solvents were used without further puri-
fication. Film thickness was measured by a profilometer. ATR-
IR spectroscopy was conducted on a Perkin Elmer Spectrum
One spectrometer equipped with a Universal ATR Sampling
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Accesory (single reflection, Diamond/ZnSe). IR spectra were
collected in a range of 1000-4000 cm ™" with resolution of 1 da-
tum every 2 cm~ ', Elemental analysis was conducted at Micro-
Analysis Inc., Wilmington, DE.

Preparation and Irradiation of the Thin Films

PANI and PEG were dissolved in N-methylpyrrolidinone
(NMP) and mixed with a solution of triphenylsulfonium triflate
(PAG) in NMP. The overall solid to solvent ratio (weight) was
~1 : 10. The resulting solution was filtered through cotton.
Thin films of the composites were prepared by spin casting on
glass substrates with gold electrodes. Each thin film was placed
in a vacuum oven at room temperature for 24 h to remove the
solvent. The average film thickness was ~1 um, which was
measured by a profilometer. These samples were irradiated in a
RPR-100 Photochemical reactor equipped with 254 nm UV
lamps. The conductivity before and after irradiation was meas-
ured by -V scan using a Keithley 2400 source meter. Given
that the conductivity of the materials is relatively low and the
major application of this type of material is patterning conduct-
ing circuits on thin films, -V scan is a suitable method. Some
samples were tested using the four point probe method. The
conductivities of these samples were in the same order of mag-
nitude as the values obtained by -V scan.

Syntheses of PEG Grafted PANI Derivatives

The PEG grafted PANI derivatives were synthesized following
literature procedures with some modifications.””*° PANI-EB
(50 mg) was reacted with (20 mg) sodium hydride in (5 mL)
anhydrous dimethyl sulfoxide and allowed to stir for 6 h at
45°C. One molar equivalents of PEG methyl ether tosylate
[PEG(1000)tosylate] was added and allowed to stir at room
temperature overnight. The product was precipitated out using
a brine solution and washed several times with water and dried
overnight. Elemental analysis: %C: 56.7, %H: 7.32, %N: 4.88.

RESULTS AND DISCUSSION

Composites of PANI-EB/PAG often result in low increases in
conductivity upon photo-irradiation. The main factors that
cause low conductivities are low proton transfer efficiency from
the PAG to the PANI-EB and film quality. In a previous study,
we found that adding PVA can increase the final conductivity
by introducing a hydrogen bonding network that assist proton
transfer and by improving film quality.***® This work shows
that addition of proton transfer polymer to PANI/PAG is an
effective way of improving conductivity. Polyethylene glycol
(PEG) is a well-known cationic conducting polymer and has
been used for protonic conduction.’’™* The weak basic ether
groups of PEG can bind to protons. Protons can move from the
binding oxygen to an adjacent ether oxygen and/or to the oxy-
gens on a nearby chain segment. If there is sufficient segmental
mobility the proton can migrate downfield with an applied
external field.*® Therefore, PEG may have the ability to increase
the efficiency of protonating PANI with a PAG by increasing the
mobility of the proton from the PAG. It should also be noted
that PEG is commonly added as a plasticizer to avoid phase
separation due to hydrogen bonding with the glycol

31,36-38
groups.
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In this work, composites of PANI-EB, PAG and PEG were stud-
ied first. The PAG chosen for these studies was triphenylsulfo-
nium triflate (Ph;S+ OTf ) because of its high quantum yield
of 50%.” Theoretically to achieve maximum conductivity, at
least 0.5 molar equivalents of PAG to the aniline unit of PANI-
EB must be added. However, at this ratio the weight of the PAG
is more than that of the PANI-EB. The heavily loaded low M,,
PAG tends to form macrophases, which lowers the film quality,
reproducibility as well as the photo-induced conductivity.”® Pre-
vious work by Chiang and MacDiarmid showed that the con-
ductivity does not increase significantly when the protonation
of PANI increases from 25 to 50%.'' We found that lowering
the molar ratio of PAG : PANI-EB to 25% significantly
improved the film quality and reproducibility, and in most cases
gave higher photo-induced conductivity than the samples with
50% ratio (molar ratio of the polymers mentioned in this article
refers to that of the corresponding monomers).

The effects of PEG with different M,, were studied by adding
different ratios of PEG to a fixed 4 : 1 molar ratio of PANI-EB :
PAG. Low molecular weight PEG (M,,=550) is a viscous liquid.
However, thin films with good quality and stability in air can
be prepared from NMP solutions of the PEG, PANI-EB, and
PAG. No pasty form was observed even when the weight ratio
of PEG : PANI-EB is as high as 1 : 1. SEM did not show any
clear feature of phase separation. These results indicate that the
low M,, PEG has good compatibility with PANI-EB, which, as
described in the IR analysis below, is at least partially due to the
hydrogen bonding between PEG and PANI-EB.

Five different weight ratios of PEG550 : PANI-EB (1 : 10, 1 : 6,
1:4,1:2,and 1: 1) were tested and the thin-film conductivity
of the materials was studied. They all have very low conductiv-
ity (<107° S/cm) before irradiation. After irradiation at 254
nm, samples with 1 10 ratio showed conductivity of
107*-10"> S/cm, which is not substantially different from the
composite with no PEG. When the ratio was increased to 1 : 6,
the conductivity significantly increased to 1072 S/cm. Samples
with a ratio of 1 : 4 had the conductivity in the same range as
that of 1 : 6. Samples with a ratio of 1 : 2 gave the best result,
which was 107'-10° S/cm after irradiation. The photo-induced
conductivity is comparable to the conductivity of common
PANI-salt synthesized by oxidizing aniline in the presence of an
acid. The value is also approximately two orders of magnitude
higher than that of the previously reported composite with PVA
as the proton transfer additive.”® A high PEG loading with 1 : 1
ratio resulted in significant decrease of conductivity, which was
107*-107° S/cm. After irradiation, the conductivity of the films
was quite stable at ambient temperature and humidity in air. It
was in the same order of magnitude after months.

The color of the thin film showed obvious signs of protonation
of the PANI-EB by changing from blue before irradiation to
green after irradiation. A UV spectrum of the PANI-EB/PAG/
PEG mixture shows the characteristic peaks of PANI in EB form
before irradiation with a peak at 650 nm attributed to an inter-
molecular and/or intramolecular charge-transfer process from
the benzenoid to quinoid ring. After the thin film was irradiated
with 254 nm light this peak at 650 nm disappeared indicating
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Figure 1. UV-Vis (left) and ATR-IR (right) spectra of a PEG550/PANI-EB/PAG thin film (PEG550 : PANI-EB = 1 : 2). (a) Before irradiation and (b) af-

ter irradiation at 254 nm.

the absence of the exciton in the polaron lattice formed with
protonation of the imino groups.*® (Figure 1) Two new absorp-
tion bands appeared with the short-wavelength one centered at
~400 nm and the long-wavelength one above 800 nm. These
absorption bands are due to the polaron-n* and n-polaron
transition.*'

ATR-IR spectroscopy was used to study the hydrogen bonding
and the proton transfer in the material (Figures 1 and 2). The
peak at 1258 cm™' appears due to the partial overlap of C—N
stretching vibration from the PANI and the methyl end of the
PEG chain. A new peak appears at 2880 cm™ " also representing
the C—H stretch of the PEG chain. A peak at 1160 cm ™' is
attributed to the ether bonds of the PEG. The characteristic
peak located around 1590 cm™' represents the quinoidal ring
stretches of C=C and C=N. The hydrogen bonding and proton
transfer occurs on the quinoidal nitrogen should affect this peak
the most. A film of PANI-EB alone showed a peak of 1590
cm ™', which shifted slightly to 1596 cm™' with the addition of
PEG. This slight shift is similar to the shift of 6 cm™" that was
observed with the addition of methanol to PANI, which was
attributed to the hydrogen bonding.**** Therefore, the 6 cm™!
observed in this work is attributed to the hydrogen bonding
between PANI and the hydroxyl ends of PEG. Once the com-
posite thin film was irradiated, a classic shift to 1575 cm™"' was
observed indicating the protonation of PANI.**

PEG with a M, of 8000 was also studied as a proton transfer
additive. Thin films of PANI-EB/PAG/PEG 8000 were prepared,
in which the ratio of PEG : PANI was 0.5. After irradiation with
254 nm UV light, the conductivity was 10°~10"% S/cm which
is much lower than that of the composite with low-M,, PEG. It
is well known that ion mobility in polymers is related to the
segmental motions of the polymer.*"*>** Chains of the High-
M,, PEG are expected to be less mobile in the thin film than
that of the low-M,, PEG, which may lower the proton transfer
efficiency. In addition, we noted that the film quality and repro-
ducibility of the composite with PEG 8000 are worse than both
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the composite with PEG 550 and the composite with PVA,
which indicate that the compatibility between PEG 8000 and
PANI-EB is not good. As described above, compatibility
between PEG and PANI relies on the hydrogen bonding
between them. Hydrogen bonding between the hydroxyl ends of
PEG and the imino groups of PANI is much stronger than the
one between the ether groups of PEG and the amino groups of
PANI. PEG 550 has ~15 times more hydroxyl groups than PEG
8000, which makes it more compatible with PANI, and thus a
better proton transfer additive. In fact, IR of the PEG 8000/
PANI-EB composite did not show any positive shift of the qui-
noidal ring stretch at 1590 cm™' in contrast to that of PEG
550/PANI-EB (Figure 2).

Previous studies have shown that grafting short PEG chains to a
polymer can increase its ion conductivity.”"*>***” Grafting PEG
to PANI can avoid the potential compatibility issue.”>”!

(a)

(b)

Transmittance

1596 cm’™

1500 1550 1600 1650

1450 1700

Wavenumber/cm™

Figure 2. ATR-IR spectra of (a) PANI-EB, (b) PANI-EB/PEG 550, and (c)
PANI-EB/PEG8000 thin films.
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Scheme 1. Synthesis of PEG grafted PANIL

Therefore, a PEG grafted PANI was synthesized by attaching
short PEG chains (M,, 1000) to the nitrogen atoms of PANI-EB
(N-PEG-PANI) following a literature method. The only modifi-
cation is that PEG(1000) tosylate instead of PEG halide was
used due to availability. A 1 : 1 molar ratio of PANI(aniline
unit) : PEG(1000)tosylate was used in the synthesis of this N-
PEGPANI. The synthesized polymer has an oxygen/nitrogen ra-
tio of 6.37 based on elemental analysis, which indicated that ap-
proximate 1.1 out of every four nitrogen in the PANI was linked
to a PEG chain (Scheme 1). To estimate the maximum conduc-
tivity of the polymer after being fully protonated, thin films of
the polymer were treated with HCI vapor. Consistent with pre-
vious reports the doped N-PEGPANI showed a lower conductiv-
ity than PANT salt.***®*® After vapor doping with HCI, the con-
ductivity of N-PEGPANI was only 107> S/cm. However, when
the N-PEG-PANI polymer was mixed with PANI-EB at a weight
ratio of 1 : 2, the composite showed a conductivity as high as
10% S/cm after treatment with HCI vapor. Therefore, thin films
of PANI-EB/PAG/N-PEG-PANI composite were prepared for
studying photo-induced conductivity. The weight ratio of
PANI-EB : N-PEG-PANI was 2 : 1 and the molar ratio of PANI-
EB : PAG was 2 : 1. After irradiation at 254 nm, a change in
conductivity from <107° S/cm to 107°-10"' S/cm was
achieved. Although the value is relatively high, it is lower than
that of the composite with PEG 550. Given that N-PEG-PANI
can also be protonated, we doubled the amount of PAG in the
composite. However, the photo-induced conductivity was low-
ered by approximately an order of magnitude, which is attrib-
uted to phase separation of the heavily loaded PAG.

CONCLUSIONS

This work shows that addition of low-M,, PEG to PANI-EB/PAG
can significantly increase the photo-induced conductivity to
107'-10° S/cm without post-treatment with HCL. The improve-
ment could be due to both good proton transfer ability of PEG
and good compatibility between low-M,, PEG and PANI-EB. PEG
grafted PANI-EB can also be used as an effective additive. The
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high conductivity (10> S/cm) of the HCl-vapor doped PANI-EB/
N-PEG-PANI composite indicates that this is a promising system.
Although the photo-induced conductivity of PANI-EB/PAG/
N-PEG-PANI composite is lower than that of PANI-EB/PAG/
PEG550, the system may be improved by developing PAGs with
better compatibility, which will be explored in the future.
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