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Improvement of PEDOT:PSS linearity via controlled
addition process
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Poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which is a conductive polymer,
has gained immense attention as a next-generation transparent electrode. However, in order to realize
its practical application, it is imperative that its optical and electrical properties should be improved.
Generally, acid dopants are added to improve optical and electrical properties. In this study, however, we
replaced the batch process used for manufacturing PEDOT:PSS with a controlled addition process to
improve its optical and electrical properties efficiently without additional additives and processes. In this
process, the rate of polymerization and the structure of the product could be regulated by controlling
the amount of monomer and catalyst. Moreover, we investigated the efficiency of the controlled
addition process both theoretically and experimentally. The proposed approach was used to increase the
linearity of PEDOT and the proportion of PEDOT attached to the PSS chain to improve transmittance by
6.2% (73 to 79.2% at 100 ohm) and conductivity by 39.68% (446 to 623 S cm™). It was determined that
the properties of PEDOT:PSS could be improved using the proposed method during the polymerization

rsc.li/rsc-advances process.

Introduction

Recently, transparent electrodes have gained immense atten-
tion. In this regard, there has been significant effort directed
towards the development of novel transparent and flexible
transparent electrodes and the improvement of their
properties.”

Examples of transparent electrodes include indium tin oxide
(ITO), tin dioxide (SnO,), zinc oxide (ZnO), etc. Among these,
ITO is a widely used transparent electrode material that is
commercially available. ITO exhibits good electrical conduc-
tivity and light transmittance.®* However, it suffers from low
flexibility and is costly.*® Therefore, in order to address these
limitations, conductive polymers are used as transparent elec-
trode materials. Owing to their flexibility,® processability, and
cost-effectiveness, conductive polymers are being exclusively
investigated as next-generation organic transparent electrode
materials.

There is a wide variety of conductive polymers such as pol-
yacetylene,” polypyrrole,® polythiophene, and poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).° Among
these, PEDOT:PSS exhibits the best electrical and optical prop-
erties'®™ and is utilized in organic electronic devices such as
organic light emitting diodes (OLEDs)* and organic
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photovoltaics (OPVs).* Therefore, it is considered as a potential
organic electronic material.

PEDOT:PSS exhibits a complex structure, in which electri-
cally conducting PEDOT"*® and electrically insulating PSS are
combined via coulombic interactions.” PEDOT shows hydro-
phobicity and poor stability. In contrast, PSS improves the
performance and stability of PEDOT:PSS by acting as a dopant
and dispersing agent.**" Since PEDOT is electrically conduct-
ing, the amount of PEDOT attached to the PSS chain affect the
electrical conductivity of PEDOT:PSS.

In general, studies have been introduced to add acid dopants
to enhance the optical and electrical properties of PEDOT:PSS.
However, the use of additional acid dopants can result in
additional costs and therefore inefficiency in price.

We focused on improving the electrical and optical charac-
teristics of PEDOT:PSS by replacing the batch and vapor phase
polymerization processes®*** with a modified process, called
controlled addition process (CAP). Approach for improving the
electrical conductivity and transmittance of PEDOT:PSS based
on process modification only, without using additional addi-
tives. Therefore, this is efficient in terms of process and price.**

We designed our experiments based on mathematical
theory. The experiment parameters reflect the settings deter-
mined by mathematical theory. We compared the structure of
PEDOT:PSS films polymerized via the batch and CAP. The
electrical and optical properties of the PEDOT:PSS films were
also compared. The mathematical theory and experimental
results showed that PEDOT:PSS polymerized via CAP can be
used efficiently in terms of process and cost for the

This journal is © The Royal Society of Chemistry 2019
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polymerization of PEDOT:PSS available for organic transparent
electronic devices.>*?®

Experimental

Materials

PSS, EDOT (97%), sodium persulfate (Na,S,0g; 98%), iron(ur)
sulfate hydrate (Fe,(SO4)s; 97%), and dimethyl sulfoxide
(DMSO; 98%) were purchased from Sigma-Aldrich. The ion
exchange resins (anion and cation) were purchased from
Samyang Co.

Synthesis and analysis of PEDOT:PSS via the controlled
addition process

We performed the synthesis with EDOT, Fe,(SO,)s, and Na,S,0g
using the Baytron P procedure. The PEDOT:PSS ratiowas 1 : 2.5
(according to Clevios PH1000). The reaction temperature was
maintained at 10 °C. A total reaction time of 18 h is required for
batch processing which was divided into two and three intervals
(Scheme 1), and the reaction was performed in an argon
atmosphere. After the reaction was completed, the ion exchange
resin was added to remove impurity ions and the reaction
temperature was increased to 20 °C. The PEDOT:PSS solution
for analysis was prepared by adding 5 wt% of DMSO and
0.1 wt% of the surfactant. After removing the excess particles
using a 5 um syringe filter, spin coating was performed for 30 s
and the resulting film was annealed at 150 °C for 2 min.

Characterization

The synthesis time was calculated based on the complete
conversion time of PEDOT:PSS as measured using UV-Vis-NIR
spectrophotometry ~ (JASCO  Corporation, V-650). The
PEDOT:PSS structure was examined using X-ray photoelectron
spectroscopy (XPS; Thermo U.K., K-alpha) using mono-
chromated Al Ka X-ray radiation, Raman spectroscopy (Horiba
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Scheme 1 Polymerization via the controlled addition process, in
which the monomer and catalyst were divided into two and three
portions. The chemical structures of PEDOT (blue) and PSS (black) are
shown.
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Jobin Yvon, LabRam Aramis) using a 633 nm He-Ne laser as the
excitation source and high-resolution X-ray diffraction (HR-
XRD; Rigaku, SmartLab). To evaluate the electrical properties
of PEDOT:PSS, its surface resistance was measured using the
four-point probe method (Napson, RT-70/RG-5) and a film
thickness surface profiler (Bruker, Dektak XT Stylus profiler).
The transmittance of the PEDOT:PSS film was measured using
a colorimeter (Nippon Denshoku, COH 400).

Results and discussion
Process design for polymerization rate control

In this study, we modified the conventional (batch reactor)
PEDOT:PSS polymerization by controlling the reaction rate
using a controlled addition process. Factors considered to
design the process are temperature and the amount of catalyst
and monomer.

In PEDOT:PSS, the degree of PEDOT:PSS concentration
change over time can be determined using the absorbance peak
at 550 nm and Beer-Lambert equation®(eqn (1)):

A = ebc (1)

where A is the absorbance, ¢ is the absorption coefficient, b is
the distance that light travels through the material (the path
length), and c is the concentration of the absorbing species in
the material. Since the absorbance of PEDOT:PSS at 550 nm is
predominantly affected by PEDOT,*® the change in the
concentration of PEDOT:PSS together with the time taken for
absorbance can be thought of as the amount of EDOT used in
the polymerization process.**?*° As a result, the EDOT-to-PEDOT
polymerization rate can be calculated using UV-Vis-NIR data.**

Using these settings and equations, the actual reaction rate
equation can be obtained by rearranging the actual experi-
mental values listed in Table 1.

The following equation was obtained by combining the rate
and mole balance equations:

dCA
2= m 2
/ kCA [ )

By taking the natural logarithm of both sides of eqn (2), the
following equation was obtained:

ln(fdd%)zln ka+m In Cy (3)

The reaction rate graph obtained using eqn (3) and the
experimental values are given in Table 1 are shown in Fig. 1. The
slope of the graph denotes the order of the reaction () and the
y-intercept represents In k. The value of k could therefore be
determined.

The reaction rate could be expressed as follows:

ra = (8.6 x 1073)C"3% (4)

This reaction is a 0.3039-order reaction and is affected by the
EDOT concentration. This means that the initial reaction rate

RSC Adv., 2019, 9, 17318-17324 | 17319
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Table 1 Relative and experimental concentration of EDOT, as determined using the UV-Vis-NIR data

Time 0h 2h 4h 6h 8h 10h 12 h 15h 18 h
Absorbance 0 0.1023 0.2105 0.3230 0.4473 0.5339 0.6098 0.7261 0.7482
Relative EDOT concentrate (M) 1 0.8632 0.7186 0.5682 0.4021 0.2864 0.1850 0.0295 0
Experimental monomer (EDOT) 0.0405 0.0349 0.0291 0.0230 0.0162 0.0116 0.0074 0.0011 0
concentrate ((C,) (mol L))

—dC,/dt 0.0027 0.0029 0.0030 0.0040 0.0027 0.0024 0.0020 0.0010 0

decreased when polymerization was performed by reducing the
concentration to 1/2 or 1/3 due to the controlled addition
process.

The activation energy of the EDOT polymerization reaction
does not decrease with an increase in the catalyst concentra-
tion.*> However, an increase in the catalyst concentration
results in an increase in the rate constant because the catalyst
and reactant interact with each other in the solution to increase
the probability of polymerization.*® Therefore, in a conventional
batch-type polymerization, the catalyst concentration is
proportional to the polymerization rate.

The experiment was performed under low-temperature
isothermal conditions because the reaction rate constant k,
which affects the polymerization reaction rate,* is also affected
by temperature. The following Arrhenius equation can be
used:*?

Ka(T) = Ao E/RT (5)

where A is the frequency factor (same units as rate constant k),
E, is the activation energy (cal mol '), R is the gas constant
(1.987 cal mol "K' = 8.3141 ] mol™* K "), and T is the
temperature (K).

From eqn (5), it is evident that as the temperature is reduced,
the reaction slows down. Therefore, in this study, the reaction
was performed at 10 °C (melting point of EDOT), which is the
lowest temperature possible for the liquid phase polymerization
of EDOT.

These conditions make it possible to control the initial
polymerization rate. If the amounts of the monomers and the

) dcg\ _ _
| In(—2) = 0.30391nC, — 47496
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Fig. 1 Reaction graph obtained using egn (3) and the experimental
data (Table 1).
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catalyst used in the initiation are divided two or three times, the
initial reaction rate becomes low. Therefore, it is possible to
make a linear polymer at the initial stage of polymerization and
increase the degree of polymerization of PEDOT through
secondary and tertiary initiation (Scheme 2).

Applying process based on conversion time

In this process, the monomer and catalyst amounts were
divided (by 1/n of the total amount required during batch pro-
cessing where n is the number of divides) into small portions
and were added in two and three steps (Scheme 1).

Using r, obtained from eqn (4), we obtain:

T 86 x 103)C P (©)

where X denotes the conversion of EDOT (reacted EDOT relative
to the input EDOT), which is determined as follows:
moles of A reacted

X= moles of A fed )

From this equation, it is evident that the EDOT concentra-
tion and conversion rate are correlated. As a result, the
conversion completion time decreases as the initial EDOT
concentration decreases, indicating that EDOT and the catalyst
can be divided into time points.

In order to divide the reactants, we had to consider the input
interval. Therefore, it was necessary to measure the time
required for the complete conversion of EDOT in the batch
process.*® Since PEDOT:PSS is dark blue in color and absorbs
light in the visible region (550 nm), its absorbance in terms of
the synthesis time was confirmed by UV-Vis-NIR spectroscopy. It
was determined that saturation occurred after 18 h, confirming
the completion of the conversion (Fig. 2(a and c)). These results
are represented as relative values based on the Beer-Lambert
theory (Fig. 2(b) and eqn (1)). Based on this time, the monomer
and catalyst were divided by 2 (two steps) and 3 (three steps) of
their total amounts after every 8 h 30 min and 5 h 30 min,
respectively. Monomer and catalyst were added 30 min before
the end of the ongoing reaction so that the monomers could be
added to the PEDOT chain.

Structure of PEDOT:PSS polymerized by CAP

We used Raman spectroscopy to verify the increased linearity of
PEDOT in the controlled addition process (Fig. 3). The
controlled addition-polymerized PEDOT:PSS film exhibited
vibration modes corresponding to asymmetric C,=Cg

This journal is © The Royal Society of Chemistry 2019
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Scheme 2 Polymerization diagram of PEDOT:PSS by controlled addition process (CAP).

(1530 em ™), symmetric C,=Cjp (1440 cm™ "), symmetric Cp-Cg
(1370 ecm™"), and C,-C,, stretching vibration of the pentagonal
rings of PEDOT (1270 cm™'). The shift of the peak at 1441 to
1430 cm ' suggests that the PEDOT chain experienced a ben-
zoid (coil)-to-quinoid (linear or expanded-coil) structural tran-
sition.*””** It can be confirmed that the initial polymerization
rate is slowed and the PEDOT can be slowly polymerized
linearly.

(a) 1.0

(c) s
Time
o (hour) Absorbance
3
©
S 06 0 0
3
2
32
E 04 I~ 2 0.123
-
<
0.2 4 0.2105
00 6 0.3230
400 450 500 550 600 650 700
Wavelength /nm
8 0.4473
(b) 100
o 10 0.5339
80
gn 12 0.6098
c 60
S
o 50
g w0 15 0.7261
o
o 30
20 18 0.7482
10
0 21 0.7483
0 2 4 6 8 10 12 14 16 18 20
Time (hour)
Fig. 2 (a) Absorption analysis of PEDOT:PSS for polymerization time,

(b) relative conversion and (c) absolute absorbance (at 550 nm).
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Fig. 3 Raman spectra of the PEDOT:PSS films prepared by the batch
and controlled addition processes (under the excitation of a 632.8 nm
He—Ne laser).

This journal is © The Royal Society of Chemistry 2019

XPS was used to analyze the chemical composition of the
PEDOT:PSS films (Fig. 4). The films exhibited two peaks corre-
sponding to PEDOT and PSS. PEDOT and PSS showed different
chemical bonds with sulfur. The peak at 163.5-165.5 eV corre-
sponds to the sulfur atoms of PEDOT, while the peak at 168-
169 eV can be attributed to the sulfur atoms of PSS.***"*> We
compared the PEDOT content in the PEDOT:PSS chain with
graphs normalized to the peaks for the sulfur atoms of PSS. As
aresult, according to increasing the intensity of the peak for the
sulfur atoms of PEDOT, the number of PEDOT chains increased
with an increase in the number of divisions in the PEDOT:PSS
obtained through the controlled addition process for the same
amount of PSS.

The structure of the controlled addition-polymerized
PEDOT:PSS film was analyzed based on its degree of crystalli-
zation, as determined from XRD measurements (Fig. 5). The
PEDOT:PSS film exhibited four peaks at 26 = 3.8° (23 A), 6.6°
(13.4 A), 17.7° (5 A), and 25.6° (3.5 A).**** The peaks at 20 = 3.8°
and 6.6° correspond to the lamella stacking distance d (100)
from PEDOT to PSS. The peaks at 26 = 17.7° and 25.6° corre-
spond to the amorphous halo of PSS and 7t stacking (d010) of
the PEDOT thiophene ring, respectively.***> The linearity and
packing property of the polymer improved with an increase in
the number of divisions. In the case of the peak at 26 = 3.8°, the
distance between the structures increased with an increase in
the number of divisions. In addition, the sharpness of the peaks
increased gradually, indicating the formation of an expanded
structure or a linear conformation. The crystallinity of the
PEDOT:PSS film also increased. The peak at 26 = 25.6° indicates
that the packing of the polymer formed by the controlled

Batch

—— 2step
—— 3step

Intensity (a.u.)

168 166 164
Binding Energy (eV)

172 170

Fig. 4 S (2p) XPS spectra of the PEDOT:PSS films normalized to the
peaks of the sulfur atoms present in PSS.

RSC Adv., 2019, 9, 17318-17324 | 17321
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Fig. 5 XRD patterns of the PEDOT:PSS films prepared by the batch
and controlled addition processes.

addition process was better than that of the polymer formed by
the batch process. The diffraction angle increased with an
increase in the number of divisions. An increase in the peak
intensity suggests an increase in the crystallinity of the film.

Electrical and optical properties of PEDOT:PSS

The linear structure of PEDOT:PSS could be controlled by
changing its polymerization process from batch to controlled
addition. This also improved its electrical conductivity and
sheet resistance. Polymerized PEDOT:PSS solution exhibits an
electrical conductivity of less than 1 S cm™ " unless the phase
separation is performed using organic solvents such as DMSO,
DMF, etc. For this reason, DMSO, which is the most effective
organic solvent for phase separation was used in this study.***’
The surface resistance and electrical conductivity of PEDOT:PSS
were also measured by adding a surfactant so that PEDOT:PSS
could adhere to the substrate. The electrical conductivity of the
film was determined by measuring its thickness and sheet
resistance (Fig. 6(a)).***° As a result, this parameter increased to
557 and 623 S cm™ ' for the PEDOT:PSS film when the poly-
merization was performed using the controlled addition
process compared to the electric conductivity of 446 S cm ™" that
was obtained using batch processing (Fig. 6(b)). This is because
an increase in PEDOT length attached to the PSS chain (during
its division) allows for a sufficient polymerization time. As
aresult, the film polymerized by the controlled addition process
exhibited a larger conductive portion (PEDOT) than the film
polymerized by the batch process.

After setting the surface resistivity of the films prepared in
this study to 50-160 Q sq ', we compared their sheet resis-
tances as a function of transmittance using a colorimeter. We
also compared their transmittance vs. surface resistance curves
obtained at 50, 100, and 150 ohms. The transmittance increased
in the order: batch processed film < two-step-controlled addi-
tion film < three-step-controlled addition film (Fig. 7). This
suggests that the linear structure of PEDOT:PSS, resulting in an
increase in light transmission. The linear PEDOT:PSS structure

17322 | RSC Adv., 2019, 9, 17318-17324

View Article Online

Paper
(a)
s
Conductivity(o) [—]
cm

1
" Resistivity(p)[ohm X cm)

1

Sheet resistance [Of—qm] X Thickness[cm]

(b) 1000
Batch 2step 3step
E 800 446 S/em 557 S/em 623 S/cm
=
®,
_é.' 600
=
© 400
-
T
G
O 200
0

Fig. 6 (a) The electrical conductivity equation and (b) electrical
conductivity of the PEDOT:PSS films prepared by the batch and
controlled addition processes with 5% DMSO solution.
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Fig. 7 The transmittance of the PEDOT:PSS films prepared by the
batch and controlled addition processes.

lowers the intrinsic resistance to particles, and the longer
PEDOT chains also lower the resistance, requiring less
PEDOT:PSS particle for the same sheet resistance.'® As a result,
the required PEDOT:PSS particle count is reduced in the same
sheet resistance, resulting in increased transmittance.

Conclusions

In this study, we have improved the degree of linear PEDOT
polymerization through modification of the polymerization
process. We designed an experimental approach for the

This journal is © The Royal Society of Chemistry 2019
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polymerization of PEDOT:PSS based on mathematical theory.
The batch polymerization process used for the preparation of
PEDOT:PSS was replaced with a controlled addition process, in
which the initial polymerization rate was controlled by amount
of monomer and catalyst. The total conversion time of the batch
was 18 h. The PEDOT:PSS was polymerized by dividing the
monomer and catalyst two and three times after an interval of
8 h 30 min and 5 h 30 min, respectively. Linear PEDOT was
polymerized regularly by slowing the initial polymerization rate.
The structure of the polymerized PEDOT:PSS was analyzed by
Raman, XRD, XPS. Raman spectroscopy and XRD were used to
confirm the increase in the linearity of the PEDOT polymerized
using the controlled addition process. XPS used to confirm that
the degree of polymerization of the PEDOT attached to PSS
chain is improved. The increase in the amount of linearly
polymerized PEDOT increased the electrical conductivity of the
film by 39.68% (446 to 623 S cm ') and optical property of the
film by 6.2% (73 to 79.2% at 100 ohm). This process led to an
increase in the PEDOT chain length and linearity to further
improve electrical conductivity and transmittance at the same
sheet resistance. We analyzed the improvement of the electrical
and optical properties of PEDOT:PSS polymerized by the
controlled addition process based on mathematical theory and
experiments. These results will be useful as a process for poly-
merizing PEDOT:PSS with improved electrical and optical
properties at an efficient process and price.
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