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ABSTRACT: In this article, we describe a novel bottom-
up technique for the preparation of transparent conductive
films of polyaniline (PANI). A UV-curable photoresist was
formulated containing an acrylate-endcapped urethane
oligomer [UA(PPG400)], acrylic acid, a photoinitiator, and a
reactive diluent (tripropylene glycol diacrylate), and the li-
thography techniques were used to pattern the structure
with line widths/spaces of 100 lm/100 lm, 10 lm/10 lm,
and 5 lm/5 lm on a polyethylene terephthalate substrate.
The carboxylic acid units on the surface of the patterned
photoresist interacted with the aniline monomer units to
form anilinium complexes; using ammonium persulfate as a

chemical oxidant, we then synthesized a layer of conductive
PANI on the surface of the patterned resist through in situ
polymerization. The optimal conductivity of the PANI con-
ductive film was ca. 10 S/cm. The thin film was character-
ized, and its physical properties investigated using Fourier
transform infrared spectroscopy, UV–Vis spectroscopy, dif-
ferential scanning calorimetry, optical and atomic force mi-
croscopy, and four-point probe conductivity measurements.
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INTRODUCTION

The field of flexible electronics has the potential to
enable useful devices, such as flexible paper-like dis-
players, woven electrotextiles, low-cost identification
tags, printed transistor circuits, and electromagnetic
wave interference shielding mesh films.1–5 To de-
velop flexible electronics, it is necessary to pattern
the electrodes and active semiconductor layers.
Nano-silver paste is an appropriate material for pre-
paring the electrodes because of its high electrical
conductivity and operational stability. It can be pat-
terned using several approaches, such as inkjet
printing, roll-to-roll (R2R) production techniques,
and soft imprint lithography.6–8 These materials tend
to crack, however, during annealing because of the
large intrinsic volume reduction that accompanies
complete sintering of the nanoparticles, resulting in
weak substrate adhesion and poor cohesion within
the metal films.9 As a result, many researchers have
investigated the application of conjugated polymers
(CPs) in place of the inorganic materials. For exam-
ple, Haberko printed patterns of surfactant on Ag

substrates using a poly(dimethylsiloxane) stamp and
spin-coated the polyaniline/polystyrene composite
to manufacture microscale patterns via self-organiza-
tion.10 Mustonen et al. used multiwalled carbon
nanotube and Poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) composites to form conduct-
ing patterns through inkjet printing.11

Polyaniline (PANI) is a useful CP that exhibits
good environmental stability, high electrical conduc-
tivity, and interesting redox properties.12,13 The proc-
essing of PANI is, however, difficult because of its
very low solubility in common organic solvents and
because its decomposition temperature is below its
glass transition temperature (Tg).

14,15 Thus, attempts
have been made to modify the PANI polymer
chain16,17 or blend it with another matrix10 to
improve its processability; nevertheless, the crystal-
linity and the degree of conjugation—and, hence, the
electronic properties18—are usually lower than those
of PANI homopolymers.
In this article, we describe the development of a

novel bottom-up process for the preparation of pat-
terned PANI films. We used lithography techniques
to pattern a UV-curable photoresist containing acry-
late-endcapped urethane oligomer, acrylic acid, pho-
toinitiator, and reactive diluent [tripropylene glycol
diacrylate (TPGDA)] onto a polyethylene terephtha-
late (PET) substrate. The carboxylic acid groups on
the surface of the photoresist interacted with the ani-
line (Ani) monomer units through electrostatic
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interactions. Using ammonium persulfate (APS) as a
chemical oxidant, we then synthesized a conducting
PANI layer through in situ polymerization. We char-
acterized the patterned PANI films in terms of their
transparency, conductivity, and morphology.

EXPERIMENTAL

Materials

Acrylic acid, hydroxyethyl acrylate (HEA), Ani, and
APS were purchased from Acros. Hexamethylene
diisocyanate (HDI) was purchased from TCI. The
poly(oxypropylene glycol) (PPG400) was obtained
from Arco. The T-12 catalyst [DBDT(catalyst Sn% ¼
18)] was purchased from Aldrich. TPGDA was
obtained from SANDOTEX. The photoinitiator (Irga-
cure651) was purchased from Ciba Specialty
Chemicals.

Synthesis of acrylate-endcapped urethane oligomer

The PPG400 and HEA were degassed separately
under vacuum at 75�C overnight. In a three-necked
flask, PPG400 (20 g, 1 equiv) and a trace amount of
the catalyst (T-12) were mixed at 75�C using a me-
chanical stirring apparatus. HDI (16.8 g, 2 equiv)
was added dropwise into the flask. After the charac-
teristic IR spectroscopic peak of isocyanate groups
(at 2270 cm�1) had reduced to half of its original in-
tensity, HEA (11.6 g, 2 equiv) was added dropwise.
This mixture was stirred at 75�C until the signal at
2270 cm�1 disappeared completely. The resultant
viscous mixture was kept in a dark glass bottle until
required for further use.

Photoresist composition

Table I. Photoresist compositions

Lithography

Blade coating was used to form uniform photoresist
films. Masks with various line width/space patterns
(5 lm/5 lm, 10 lm/10 lm, 100 lm/ 100lm) were
used to define the patterns on the PET films. A 365-

nm UV lamp was used as the light source; isopropa-
nol was used to develop the patterns.

In situ polymerization of Ani

The patterned film (5 cm � 5 cm) was placed into a
solution containing 0.2M aqueous Ani (100 mL) at
5�C for 2 h and then 0.2M aqueous APS (50 mL),
which had been cooled to 5�C, was added slowly
(over 10 min) to the Ani solution. After 4 h, the re-
sultant film was washed several times sequentially
with water and acetone to remove any residual
reagents and then it was dried in an oven at 60�C.
Scheme 1 outlines the process used to prepare the
nanometer-thick patterned films of conducting
PANI.

Measurements

Conductivity was measured using a Hewlett–Pack-
ard HP4338B milliohm meter under ambient condi-
tions. Two parallel conducting electrode lines (1.5
mm � 20 mm) were coated by Ag paste; they were
aligned 20 mm apart and perpendicular to the pat-
terned lines. Fourier transform infrared (FTIR) spec-
tra were recorded using a BIO-RAD FTS-3000 spec-
trometer equipped with an attenuated total
reflectance sample stage. UV–Vis spectra were
recorded using a UNICAM HEkIOS-Gamma spec-
trometer. Modulated differential scanning calorime-
try was performed using a TA LT-Modulate DSC
2920 instrument operated under the following condi-
tions: sample size, 5–10 mg; heating rate, 10�C/min;
carrying gas, N2. Optical microscopy (OM) images
of the patterns were obtained using a ZOOMKOP
microscope. Atomic force microscopy (AFM) images
and the thickness of conductive films were recorded
under ambient conditions on a Digital Instruments

TABLE I
Photoresist Compositions

Sample
designation

Acrylate-endcapped
urethane oligomer(PPG400)
þ TMPTA (UA, mol %)

Acrylic acid
(AA, mol%)

70UA-30AA 70 30
50UA-50AA 50 50
30UA-70AA 30 70
15UA-85AA 15 85

Scheme 1 Microlithography process used to prepare pat-
terned polyaniline films.

2272 LIU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



Dimension-3100 Multimode, operated in a tapping
mode using Si cantilevers.

RESULTS AND DISCUSSION

The FTIR spectra in Figure 1 display the characteris-
tic peaks monitored during the synthesis of the acry-
late-endcapped urethane oligomer. The urethane
prepolymer was synthesized through the reaction of
a polyol (1 equiv) and a diisocyanate (2 equiv). The
urethane linkage was deemed to have formed when
the intensity of the signal of the isocyanate (NCO)
groups (at 2270 cm�1) had halved and the broad sig-
nal of the hydroxyl (OH) groups (at 3500 cm�1) had
disappeared. The viscosity increased during the
reaction providing further evidence for the forma-
tion of a high-molecular-weight compound. After
HEA had been added, the remaining NCO groups
reacted with the OH groups of HEA. At this stage,
we observed that the signal for the NCO groups had
disappeared, suggesting that the HEA units had
completely end-capped the urethane prepolymer to
form our target product. Thus, the FTIR spectra in
Figure 1 confirmed the syntheses of both the ure-
thane prepolymer and the acrylate-endcapped ure-
thane oligomer. Note, however, that because of the
molecular weight distribution of PPG, we obtained a
mixture of acrylate-endcapped oligomers, rather
than a species having a precise molecular weight.
The resultant mixture was kept in a dark glass vial
and used without any further purification.

Figure 2 displays UV–Vis spectra of the conduct-
ing PANI film. Among the four oxidation states of
PANI—leucoemeraldine, pernigraniline, emeraldine
base, and emeraldine salt—the doped emeraldine
salt has the highest conductivity.19 We assign the
band at 820 nm to a localized polaron corresponding

to the localization of charge carriers by a p-polaron
transition; we observed a second polaron band at
430 nm that was dependent on the doping level. The
presence of these two bands indicated that proton-
doped PANI products existed in their conducting
form (i.e., the emeraldine salt form of PANI). Fur-
thermore, broad signals appeared in the near-infra-
red region ( >850 nm), due to the delocalization of
charge carriers; we assign the absorption band at
320 nm to p–p* transition.20–22 In Figure 2, we
observe that these bands increased in intensity at
higher Acrylic acid (AA) contents. Therefore, from
these UV–Vis spectra, it was evident that the PANI
thin films had formed on the PET substrate after a
reaction time of 2 h.
The glass transition temperature is a thermal

property that determines the possible applications of
polymers. Figure 3 displays the glass transition

Figure 1 FTIR spectra recorded at various stages during
the synthesis of the acrylate-endcapped urethane oligomer.

Figure 2 UV–Vis spectra of UA-AA/PANI samples con-
taining various AA contents (reaction time: 2 h).

Figure 3 DSC traces of UA-AA/PANI samples contain-
ing various AA contents (PANI polymerization time: 2 h).
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temperatures—as measured using differential scan-
ning calorimetry (DSC)—of the PANI thin films pre-
pared from the urethane oligomers. As the AA con-
tent increased, the values of Tg increased. The glass
transition temperature can be viewed as a measure
of a polymeric system’s degree of flexibility; there-
fore, Figure 3 suggests that higher AA contents
resulted in lower atomic flexibility. Because PANI
has a rigid rod-like structure, it constricts the mobil-
ity of the acrylic-endcapped urethane resin. Thus,
we conclude that increasing the AA content
increased the amount of PANI synthesized. This fea-
ture was also evident from the relationship between
the conductivity and the AA content (see below).

Figure 4(a,b) displays OM images of the patterned
films prepared using lithographic techniques with
parallel line width/space patterns having line
widths/spaces of 5 lm/5 lm and 10 lm/10 lm,
respectively. We used AFM to measure the PANI
thickness from the difference between the average
film thickness before and after in situ polymeriza-
tion. Figure 5(a,b) provides shape images of the
clearly developed pattern having a line width/space
of 10 lm/10 lm; nevertheless, we observed a slight
degree of a footing effect at the patterns’ edges, pre-
sumably due to the limitations of the resolution of
the negative photoresist. Figure 5(c,d) presents to-
pography images (5 lm � 5 lm) of the same film
recorded at different spots of the conductive pattern
and PET substrate, respectively; their surface mor-
phologies are dramatically different. Because PANI
features strong intermolecular hydrogen bonding, its
polymer chains tend to coil to form a primary parti-
cle that undergoes further clustering to form
agglomerates.23 Thus, the surface of the conductive
patterned line consisted of PANI primary particles,
and the morphology of the conductive PANI line
was rougher than that of the PET substrate.

Figure 6 reveals that the thickness of the PANI
layers on the photoresists increased along with the
polymerization time, becoming ca. 100 nm when
polymerization time was greater than 2 h, for each
constitution of the photoresist. The degree of in situ
polymerization was obviously related to the reaction
time, with more PANI molecules being attracted
close to the film presenting the carboxyl acid groups.
Nevertheless, this approach provided a new meth-
odology for the preparation of conductive thin films.
We measured the surface resistances of the con-

ductive films using a standard four-point probe
method. The conductivity (r) of each copolymer
film was calculated using the equation

r ¼ 1=ðR dÞ (1)

where r is the conductivity (in S/cm), R is the sur-
face resistance (in X/h), and d is the the thickness
of the conductive film (in cm).
In this study, we performed chemical oxidation

polymerization to form the PANI layer on the photo-
resist. The acids used had two important roles: as
the catalyst and as the dopant of the CP. Once CPs
are doped, their conductivity can increase up to five
orders of magnitude. Figure 7 reveals that the con-
ductivities of patterned PANI films were similar for
each line width/space of the patterned photoresist
films, possibly because the constant area of the con-
ductive PANI line in each pattern. Furthermore, as
the AA content increased, the conductivity increased
from 0.1 (AA ¼ 30%) to 10 S/cm (AA ¼ 85%). This
phenomenon can be understood by considering that
the presence of a greater content of AA leads to a
greater number of carboxylic acid sites at which the
PANI could be doped. On the other hand, measure-
ments of the transparency provided further evidence
for the increased doping level of PANI: as the

Figure 4 OM images of patterned photoresist films (15UA-85AA) having line widths/spaces of (a) 5 lm/5 lm and (b)
10 lm/10 lm.
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concentration of AA increased, the transparency
decreased; i.e., more dark-green, emeraldine salt
formed. In addition, the transparency was superior
on the film patterned with smaller widths/spaces

(Fig. 7); i.e., the line widths/spaces of the patterned
films also influenced their transparency.
Figure 8 displays the relationship between the

in situ polymerization time and the conductivity of
the patterned 15UA-84AA/PANI films for each kind

Figure 6 Thicknesses of UA-AA/PANI samples, plotted
as a function of the reaction time, for AA contents (mol %)
of (-n-) 30, (-l-) 50, (-~-) 70, and (-!-) 85%.

Figure 7 Conductivity and transparency of patterned
PANI film, plotted as functions of the AA content in the
photoresist (in situ polymerization time: 4 h).

Figure 5 AFM images of the conductive pattern obtained after in situ polymerization of polyaniline (PANI polymeriza-
tion time: 4 h; photoresist: 15UA-85AA): (a, b) topography at a line width/space of 10 lm/10 lm; (c) phase image of con-
ductive patterned line of PANI; (d) phase image of PET substrate. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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of line width/space. As expected, higher conductiv-
ities occurred after longer reaction times. Neverthe-
less, the conductivity became saturated after a poly-
merization time of 2 h. We also observed this trend
for other photoresists containing different UA/AA
ratios. This phenomenon suggested that most of the
carboxyl acid sites were occupied after 2 h, leading
to very few remaining reactive sites for the further
polymerization of Ani. The trend for the transparen-
cies was similar to those for the conductivities. The
transparency decreased slightly after polymerization
for 2 h; the conductive patterned PANI film having
a line width/space of 5 lm/5 lm exhibited the best
transparency.

CONCLUSION

We have developed a new bottom-up technique for
the preparation of organic transparent conductive
films through in situ polymerization; the optimal
conductivity of the PANI film was ca. 10 S/cm.
Using this process, PANI was readily patterned to
formed a continuous conducting pathway without
blending with another matrix. The conductivity and
thickness of the PANI film were controlled by vary-
ing the carboxylic acid content of the photoresist
and the polymerization time. The conductivity of the
patterned PANI films was not influenced by the re-
solution of the pattern; the conductive patterned
PANI film having a line width/space of 5 lm/5 lm

exhibited the best transparency. The conductivities
of these PANI films are too large for them to be use-
ful as high performance transparent conductive elec-
trode; their applications are, therefore, limited to
devices that do not require low electrical resistance
(e.g., chemical and biological sensors).24,25

References

1. Li, Y.; Wu, Y.; Ong, B. S. J Am Chem Soc 2005, 127, 3266.
2. Li, Y.; Wu, Y.; Ong, B. S. J Am Chem Soc 2007, 129, 1862.
3. Sangoi, T.; Simth, C. G.; Seymour, M. D.; Venkataraman, J. N.;

Clark, D. M.; Kleper, M. L.; Kahn, B. E. Dispersion Sci Technol
2004, 25, 513.

4. Vega, F. D. L.; Garbar, A.; Rottman, C.; Masoud, E.; Faulkner,
B. SID Symp Dig Tech Pap 2006, 37, 1987.

5. Liu, C. D.; Li, S. N.; Ho, C. H.; Han, J. L.; Hsieh, K. H. J Phys
Chem C 2008, 112, 15956.

6. Perelaer, J.; Hendriks, C. E.; Mdelaat, A. W.; Schubert, U. S.
Nanotechnology 2009, 20, 165303.

7. Chun, S.; Grudinin, D.; Lee, D.; Kim, S. H.; Yi, G. R.; Hwang,
I. Chem Mater 2009, 21, 343.

8. Choi, J. H.; Lee, S. W.; Kin, K. D.; Choi, D. G.; Jeong, J. H.;
Lee, E. S. Curr Appl Phys 2009, 9, 138.

9. Jang, D.; Kim, D.; Lee, B.; Kim, S.; Kang, M.; Min, D.; Moon, J.
Adv Funct Mater 2008, 18, 2862.

10. Heberko, J.; Raczkowska, J.; Bernasik, A.; Luzny, W.; Rysz, J.;
Budkowski, A. Macromol Symp 2008, 263, 47.

11. Mustonen, T.; Kordas, K.; Saukko, S.; Toth, G.; Pettila, J. S.;
Helisto, P.; Seppa, H.; Jantunen, H. Phys Status Solidi B 2007,
244, 4336.

12. Zhang, H.; Li, H. X.; Cheng, H. M. J Phys Chem B 2006, 110,
9095.

13. Xia, Y.; Luo, J.; Deng, X.; Li, X.; Li, D.; Zhu, X.; Yang, W.; Cao,
Y. Macromol Chem Phys 2006, 207, 511.

14. Yang, C. Y.; Gao, Y.; Smith, P.; Heeger, A. J Synth Met 1993,
53, 293.

15. Gao, Y.; Smith, P.; Heeger, A. J Synth Met 1989, 32, 263.
16. Conklin, J. A.; Huang, S. C.; Huang, S. M.; Wen, T.; Kaner, R.

B. Macromolecules 1995, 28, 6522.
17. Chen, S. A.; Hwang, G. W. Macromolecules 1995, 29, 3950.
18. Lux, F. Polymer 1994, 35, 2915.
19. Sevil, U. A.; Guven, O.; Birer, O.; Suzer, S. Synth Met 2000,

110, 175.
20. Ryu, K. S.; Jeong, S. K.; Joo, J.; Kim, K. M. J Phys Chem B

2007, 111, 731.
21. Tang, Q.; Wu, J.; Sun, X.; Li, Q.; Lin, J. Langmuir 2009, 25,

5253.
22. Izumi, C. M. S.; Brito, H. F.; Ferreira, A. M. D. C.; Constantino,

V. R. L.; Temperini, M. L. A. Synth Met 2009, 159, 377.
23. Chwang, C. P.; Liu, C. D.; Huang, S. W.; Chao, D. Y.; Lee, S.

N. Synth Met 2004, 142, 275.
24. Jung, M. S.; Choi, T. L.; Joo, W. J.; Kim, J. Y.; Han, I. T.; Kim,

J. M. Synth Met 2007, 157, 997.
25. Kros, A.; Nolte, R. J. M.; Sommerdijk, N. J Polym Sci Part A:

Polym Chem 2002, 40, 738.

Figure 8 Conductivity and transparency of the 15UA-
85AA/PANI patterned film, plotted as a function of the in
situ polymerization time.

2276 LIU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app


