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lar weight distribution of PSSA on
electrical conductivity of PEDOT:PSS

Jooyoung Kim, Chanil Park, Soeun Im, Hongjoo Lee and Jung Hyun Kim *

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is the most successful conductive

polymer. In this study, we investigated the electrical properties of PEDOT:PSS prepared using

poly(styrenesulfonic acid) (PSSA) having different molecular weight distributions. Herein PSSA with different

molecular weight distributions were successfully polymerized by free radical polymerization and atom-

transfer radical polymerization (ATRP). Polydispersity index values of PSSA obtained by the free radical

process and ATRP process were 2.3–2.8 and 1.2–1.6 respectively. The electrical conductivity of PEDOT:PSS

was enhanced from 376 S cm�1 (prepared using free radical PSSA) to 422 S cm�1 (prepared using ATRP

PSSA) when PSSA of Mn 35 000 g mol�1 PSSA was used and was enhanced from 234 S cm�1 (prepared

using free radical PSSA) to 325 S cm�1 (prepared using ATRP PSSA) when PSSA of Mn 55 000 g mol�1 was

used, by a factor of 15–30%. The greater the regularity of PSSA, the greater the packing density of

PEDOT:PSS and consequently, charge carrier density. The improvement of packing density of PEDOT:PSS

was confirmed by improvement in crystallinity of PEDOT:PSS by X-ray diffraction (XRD) analysis.
Introduction

Intrinsically conductive polymers (ICPs) have recently drawn
widespread research attention owing to their intrinsic proper-
ties and stability compared to extrinsically conductive polymers,
which are blends of electrically conductive additives (metallic
materials or carbon materials) with thermoplastic polymers.
One of the advantages of ICPs is that the molecules are con-
nected by strong interactions like covalent bonds and ionic
interaction. Saturated polymers like polyethylene, polystyrene
and polyvinyl chloride contain saturated C–C bonds and show
non conducting behavior due to their electrically and chemi-
cally stable form with localized electrons. In contrast, conju-
gated polymers like polyacetylene have p electrons that are
delocalized along the long conjugated carbon chain, which play
an important role in electron conduction.

PEDOT:PSS is one of the remarkable intrinsically conjugated
conducting polymers due to their stable dispersed form in water
and good electrical conductivity. PEDOT is hydrophobic and
unstable in water; therefore, it has to be treated with PSSA to
form this polyelectrolyte complex system, because it helps
PEDOT form a stable dispersion in water and enhances
conductivity as a primary dopant for PEDOT.1–6 PSSA also acts as
a template polymer for PEDOT. Crystallinity of PEDOT is
affected by regularity of PSSA. Suttisak et al. investigated the
sulfonated polyimide for high temperature application. In this
Engineering, Yonsei University, 134

0-749, South Korea. E-mail: jayhkim@

2 2123 7633
study, they used two different sulfonated polyimide with
different molecular weight distribution.7 However this study
was not for molecular weight distribution of PSSA. To investi-
gate effect of molecular weight distribution of PSSA, we had to
nd more sophisticated polymer synthesis method.

PSSA is generally polymerized by conventional free radical
polymerization, because it is a simple, convenient and cost-
effective process that does not involve complicated rening.
Unlike conventional free radical processes, controlled processes
like atom-transfer radical polymerization (ATRP) and reversible
addition fragmentation chain transfer (RAFT) polymerization
enables the formation of polymers with uniform chain lengths,
because of the intrinsic character of the ATRP process. As the name
suggests, the atom transfer step is key in the ATRP process and it
enables the polymer to have uniform chain length and structure.8–18

In this study, we investigated the electrical properties of
PEDOT:PSS especially, electrical conductivity prepared using
PSSA having differentmolecular weight distributions. To conrm
this hypothesis, we prepared PSSA having different molecular
weight distributions. Generally, PSSA polymerized by a free
radical process has polydispersity index (PDI) over 2.3. By nar-
rowing down PDI of PSSA under 1.5, we anticipated improvement
of electrical conductivity of PEDOT:PSS. The greater the regularity
of PSSA, the greater is packing density of PEDOT:PSS and
consequently, charge carrier density. The improvement of
packing density of PEDOT:PSS was conrmed by improvement of
crystallinity of PEDOT:PSS by X-ray diffraction (XRD) analysis.

Conventional PSSA polymerized by a free radical process has
polydispersity index (PDI) of 2.3–2.8, while PSSA polymerized by
ATRP has PDI of 1.2–1.6. The electrical conductivity of PEDOT:PSS
This journal is © The Royal Society of Chemistry 2019
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was enhanced from 376 S cm�1 (prepared using free radical PSSA)
to 422 S cm�1 (prepared using ATRP PSSA) when PSSA of Mn
35 000 g mol�1 PSSA and enhanced from 234 S cm�1 (prepared
using free radical PSSA) to 325 S cm�1 (prepared using ATRP PSSA)
when PSSA of Mn 55 000 g mol�1 PSSA by a factor of 15–30%. We
investigated these phenomena for improving crystallinity and the
primary doping level of PEDOT by using X-ray diffraction (XRD)
analysis, UV-vis spectrometry and Raman spectrometry.

Experimental
Materials

Styrenesulfonic acid sodium salt hydrate (NaSS,$ 99.5%), ethyl a-
bromo-isobutyrate (C6H11BrO2, $98.0%), 2,20-bipyridyl (C10H8–N2,
$99.0%), copper(I) bromide (CuBr, $98.0%), 3,4-ethyl-
enedioxythiphene (EDOT, $97%) sodium persulfate (Na2S2O8,
$99.0%), iron(III) sulfate (Fe2(SO4)3, 97%), dimethyl sulfoxide
(DMSO), deuterium oxide (D2O, 99.5 atom%), methanol (CH3OH,
$99.0%) cation exchange resin, anion exchange resin were
purchased from Sigma Aldrich Co., Yongin-Si, Gyeonggi-do, Korea.
All reagents were used as received without further purication.
Distilled deionized (DDI) water was used in all the experiments.

Polymerization of PSSA via free radical process and ATRP
process

For free radical polymerization of PSSA, NaSS (22.2 g, 0.1077mol)
was dissolved in DDI water (190 g) in an inert argon atmosphere
at 80 �C. Sodium persulfate (0.69 g, 0.00289 mol) initiator, dis-
solved in 4 mL DDI, was added to a 250mL double-jacketed glass
reactor at 25 �C and sonicated for 20 min to obtain sufficient
dissolution in the water bath. Stirring speed was maintained at
350 rpm during the reaction. Aer reaction time of 12 h, cation
exchange resin was added to the reactor to remove the residual
initiator and any by-products of the reaction.

For PSSA polymerization via ATRP process, (NaSS) (35.24 g,
0.153 mol) and ethyl a-bromo-isobutyrate (0.1 g, 0.51 mmol) as
an alkyl halide initiator were dissolved in DDI water (204 g) and
methanol (17 g) in an inert argon atmosphere at 10 �C. CuBr
(0.15 g, 0.001 mol) catalyst and 2,20-bipyridyl (0.31 g, 0.002 mol)
ligand were dissolved in methanol (4 mL) at 25 �C added to the
reactor and sonicated for 20 min to obtain sufficient dissolution
in the water bath. Stirring speed were maintained at 350 rpm
during reaction. Aer reaction time of 12 h, cation exchange resin
and anion exchange resin were added to the reactor to remove the
residual initiator and any residual by-products of the reaction.
PSSA samples obtained by the two above-mentioned method
were dried to eliminate water andmethanol by heating at 50 �C to
minimize the inuence of thermal energy.

Polymerization of PEDOT:PSS using 2 different PSSA samples

PEDOT:PSS was polymerized via oxidative polymerization. First,
0.84 g of PSSA was dissolved in 73 g of DDI water and stirred at
400 rpm until sufficient dissolution in an inert argon atmo-
sphere at 10 �C. Then, (EDOT) was added to the reactor.
Fe2(SO4)3 (0.0053 g) in DDI water (3 g) and Na2S2O8 (0.772 g) in
DDI water (2 g) were sequentially added to the reactor. Aer
This journal is © The Royal Society of Chemistry 2019
reaction time of 24 h, cation exchange resins and anion
exchange resins were added the reactor to remove the residual
initiator and any residual by-products of the reaction.

Characterization

Structural characterization of both PSSA samples, made via free
radical process and ATRP process, were performed by 1H nuclear
magnetic resonance (NMR) spectroscopy (Bruker Biospin,
Advanced III, Seongnam-si, Korea). Molecular weight and its
distribution in both PSSA samples made via free radical process
and ATRP process were measured by gel permeation chromatog-
raphy (GPC) (YL instruments, ACME9000 equipped with a series of
Waters columns; HR4, HR3, HR2 and HR1; Anyang-si, Korea).
Before analysis, PSSA samples were dried at 50 �C to eliminate
water for minimizing the effect of thermal energy. UV-visible
absorption spectra were obtained on a UV-vis spectrometer
(Jasco, Jasco V-700, Seoul, Korea). Raman spectra were measured
by Raman spectrometer (LabRam Aramis, Horriba Jobin Yvon,
Seoul, Korea). Dispersive stability of PEDOT:PSS were measured by
a zeta potential analyzer (Malvern instrument, Zetasize Nano Zs,
Seongnam-si, Korea). Crystallinity of PEDOT:PSS were measured
by X-ray diffraction analyzer (Rigaku, SmartLab, Seoul, Korea). The
sheet resistance were measured by four point probe method
(Napson, RT-70V/RG5, Seoul, Korea) and the lm thicknesses were
measured by a surface proler (Bruker, DektakXT Stylus Proler,
Seongnam-si, Korea). The elemental composition of the
PEDOT:PSS lm surface was analysed by X-ray photoelectron
spectroscopy (Thermo UK, K-alpha, Seoul, Korea).

Electrical conductivity of PEDOT:PSS were measured
following procedure. PEDOT:PSS solution was coated on the bare
glass substrate by spin coater with 300, 500, 700, 900 rpm
respectively. Aer coating, we annealed the PEDOT:PSS coated
glass in drying oven at 120 �C for 2minutes. Sheet resistance were
measured using four point probe method. Then the thickness of
PEDOT:PSS were measured using surface proler by 4 times. We
averaged 4 times measurement thickness values and used the
averaged thickness value. The electrical conductivity were calcu-
lated inverse value of sheet resistance divided by sheet thickness.

Results and discussion
General opinions on factors affected on electrical conductivity
of PEDOT:PSS

As per Ohm's law, current can be obtained using the following
equation (current is generally denoted by i and electromotive
force is generally denoted by E).

i ¼ sE ¼ E/r

Resistivity is a characteristic that quanties how much
a given material opposes the ow of current, i.e. current ows
easily when the resistance is low. The resistivity is generally
denoted by r and electrical conductivity, i.e. the inverse of
resistivity is generally denoted by s. Conductivity can be
expressed by the following equation (sheet resistance is gener-
ally denoted by Rs and sheet thickness is generally denoted by t).
RSC Adv., 2019, 9, 4028–4034 | 4029
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Fig. 1 PEDOT:PSS (PSSA-1 (a)/PSSA-2 (b)) electrical conductivity.

Table 1 Average electrical conductivity of PEDOT:PSS

Description Average conductivity (S cm�1)

PEDOT:PSS (ATRP PSSA-1) 422
PEDOT:PSS (free radical PSSA-1) 376
PEDOT:PSS (ATRP PSSA-2) 325
PEDOT:PSS (free radical PSSA-2) 234
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r ¼ Rst, s ¼ 1/r

When materials are electrically charged, carrier works under
electrical eld. When the carrier is electron, the material is
Scheme 1 Schematic illustration of effect of molecular weight distribut

4030 | RSC Adv., 2019, 9, 4028–4034
termed as electrical-conducting and when the carrier is ion, it
can be termed as ion-conducting. In this study, we deal with
electrical conduction. Electrical conductivity can be expressed
by the following equation (charge carrier density is generally
denoted by n, elemental charge is generally denoted by e and
charge carrier mobility is generally denoted by m).

s ¼ nem

For PEDOT:PSS, only holes participate in charge transportat-
ion, because free electrons immediately recombine at the
oxidized PEDOT. To obtain high electrical conductivity for
PEDOT:PSS, the condition of high density and mobility of charge
carriers must be satised. In this study, charge carrier density is
thought by crystallinity of PEDOT:PSS from XRD measurement
and charge carrier mobility of PEDOT:PSS is thought by getting
easily doped from UV-visible spectroscopy and Raman spectros-
copy. The greater the crystallinity of PEDOT:PSS, the greater is its
packing density and consequently, charge carrier density.

Conventional PSSA polymerized by a free radical process has
polydispersity index (PDI) of 2.3–2.8, while PSSA polymerized by
ATRP has PDI of 1.2–1.6. The electrical conductivity of
PEDOT:PSS was enhanced from 376 S cm�1 (prepared using free
radical PSSA) to 422 S cm�1 (prepared using ATRP PSSA) when
PSSA of Mn ¼ 35 000 g mol�1 PSSA and enhanced from
234 S cm�1 (prepared using free radical PSSA) to 325 S cm�1

(prepared using ATRP PSSA) when PSSA of Mn¼ 55 000 g mol�1

PSSA by a factor of 15–30% (Fig. 1 and Table 1).
Polymerization of PSSA with narrow molecular weight
distribution via ATRP and with broad molecular weight
distribution via free radical process

The ATRP process involves relatively mild reaction conditions,
because this polymerization process is initiated by atoms
instead of radicals and reaction temperature is �10 �C. Due to
the characteristics of the reaction mechanism, PSSA prepared
by ATRP process has narrow molecular weight distribution (PDI
ion of PSSA on electrical conductivity of PEDOT:PSS.

This journal is © The Royal Society of Chemistry 2019
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is under 1.6). On the other hands, the free radical process
involves relatively harsh reaction conditions, because the highly
reactive radical molecules must be generated by thermal
cleavage, and the reaction temperature is above 80 �C. Based on
these differences of the intrinsic reaction mechanism, PSSA
samples prepared by the two processes have different molecular
weight distributions. Generally, PSSA obtained from the free
radical process and the ATRP process have PDI values greater
than 2.0, and less than 1.6 respectively. (Scheme 1) To check the
differences in molecular weight distribution between PSSA ob-
tained by the two processes, GPC measurement was imple-
mented. Before measurement, we calibrated the GPC
instrument using standard GPC samples with different molec-
ular weights (Mn ¼ 37 500/60 000/210, 400/740, 500)19,20 (Fig. 2
and Table 2).

1H NMR spectroscopy was used for structural characteriza-
tion of PSSA samples polymerized via free radical process and
ATRP process, D2O was used as the NMR solvent to dissolve
PSSA samples. It was found that PSSA polymerized by the two
different processes have identical structures21–23 (Fig. 3).

We prepared PSSA of two molecular weight group: one with
Mn ¼ 33 000–35 000 g mol�1 and the other with Mn ¼ 55 000–
58 000 g mol�1. GPC measurement revealed that PSSA polymer-
ized by the ATRP process and the free radical process have PDI
values of less than 1.6 and greater than 2.3, respectively. By
comparing the PDI values of PSSA prepared by the two processes,
we ascertained the differences between the two processes.
Fig. 2 GPC calibration by PSSA standard sample and measurement of
molecular weight of PSSA prepared by the ATRP and free radical
processes (PSSA standard (a and b), PSSA-1 (c), PSSA-2 (d)).
Polymerization of PEDOT with PSSA with narrow molecular
weight distribution, prepared via the ATRP process and with
PSSA with broad molecular weight distribution, prepared via
the free radical process

PSSA acts as a dispersion stabilizer in water and as a counter ion or
dopant for PEDOT:PSS in water. To investigate the effect of
molecular weight distribution of PSSA on the electrical conduc-
tivity of PEDOT:PSS, we performed polymerization of PEDOT using
PSSA prepared via the ATRP process and the free radical process.
PSSA ratio for EDOT monomer was 250 wt%. The reaction
conditions, i.e. reaction temperature, feed rate of purging argon
gas for preventing air inow, agitation speed and reaction time
were identical. Before studying the electrical properties of
PEDOT:PSS, we checked the dispersive stability of PEDOT:PSS
using the zeta potential analyzer. PEDOT:PSS solution was diluted
1 : 100 using DDI water. Both PEDOT:PSS samples had potential
values between �85 mv and �95 mV, and thus showed good
dispersive stability. When the absolute value of zeta potential is
ranged 50–100 mV, the dispersion is considered stable.24

We ascertained that PEDOT:PSS obtained using ATRP PSSA
had higher electrical conductivity than PEDOT:PSS obtained
using free radical PSSA. Higher electrical conductivity originates
from the structural regularity of the PEDOT:PSS molecules. Hui
et al. stated that entangled PEDOT:PSS chain changed into
linear or expanded coil formation by UV–ozone treatment.
Accordingly the number of charge trapping defects decreases
and the electrical conductivity is enhanced.25 ATRP PSSA has
more regular molecular weight distribution than free radical
This journal is © The Royal Society of Chemistry 2019
PSSA; therefore, PEDOT:PSS prepared using ATRP PSSA forms
more crystalline structure than PEDOT:PSS prepared using free
radical PSSA. This was conrmed by analyzing the crystallinity
of PEDOT:PSS.
RSC Adv., 2019, 9, 4028–4034 | 4031
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Table 2 PSSA molecular weight data (GPC)

Description Mn (g mol�1) Mw (g mol�1) PDI

PSSA-1 (ATRP) 33 000 40 000 1.21
PSSA-1 (free radical) 35 000 81 000 2.31
PSSA-2 (ATRP) 58 000 99 000 1.65
PSSA-2 (free radical) 55 000 153 000 2.78
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Kim et al. stated that The XRD patterns show characteristic
peaks at 2q¼ 3.8�, 6.6�, 17.7�, 25.6�. The low-angle reections at
2q ¼ 3.8� show the lamellar stacking distance of two distinct
alternate ordering of PEDOT and PSS, whereas the high angle
reections at 2q ¼ 17.7� and 25.6� show the amorphous halo of
PSS and the interchain planar ring-stacking distance of
Fig. 3 1H NMR spectra of NaSS (a), free radical PSSA (b), ATRP PSSA (c).

4032 | RSC Adv., 2019, 9, 4028–4034
PEDOT.26–33 XRD spectrum (Fig. 4) revealed that PEDOT and PSS
became more crystalline when prepared using ATRP PSSA. At
low-angle reection at 3.8�, PEDOT:PSS using ATRP PSSA shows
higher intensity value and At high-angle reection at 17.7� and
25.6�, PEDOT:PSS using ATRP PSSA shows lower intensity value
than PEDOT:PSS using free radical PSSA.

High electrical conductivity also originates from the primary
doping level of PEDOT:PSS prepared by using the more regular
PSSA obtained from the ATRP process. To conrm this
hypothesis, we performed UV-vis and Raman spectroscopic
analyses.

The UV-visible spectra (Fig. 5) showed that with increasing
amount of primary dopant (PSSA) in the PEDOT molecules,
Fig. 4 X-ray diffraction (XRD) spectrum of PEDOT:PSS.

Fig. 5 UV-visible spectra (absorbance mode) of PEDOT:PSS (ATRP)
and PEDOT:PSS (free radical) (a) PSSA-1 (b) PSSA-2.

This journal is © The Royal Society of Chemistry 2019
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absorbance increases, especially in the near-IR (NIR) range
(800–1400 nm). We ascertained that PEDOT:PSS prepared using
ATRP PSSA absorbs more NIR light than that prepared using
free radical PSSA.34

Raman spectra (Fig. 6) revealed that PEDOT became more
crystalline and was stabilized by resonance by transforming
from the benzoid structure to the quinoid structure when
prepared using ATRP PSSA. The ve main peaks observed are
attributed to the Ca–Cb antisymmetric stretching vibrations
(1517 cm�1), Ca]Cb symmetric stretching vibrations
(1438 cm�1), Cb–Cb deformations (1373 cm�1), Ca–Ca0

symmetric stretching vibrations (1263 cm�1) and oxyethylene
ring deformation (996 cm�1). The two structures have different
p-conjugations and charge delocalizations. When this
phenomenon occurs, the Raman spectra show red shi. (The
peak due to PEDOT Ca]Cb symmetric stretching shied to
shorter wavenumber, i.e. 1450 cm�1) ATRP PSSA have more
crystalline structure than free radical PSSA; therefore, ATRP
PSSA can easily donate proton to PEDOT. For PSSA-1, the Ca]

Cb symmetric stretching vibrations were shied from
1441 cm�1 (free radical) to 1431 cm�1 (ATRP) and PSSA-2, the
Ca]Cb symmetric stretching vibrations were shied from
1448 cm�1 (free radical) to 1444 cm�1 (ATRP).35–37

Seo et al. investigated the effect of TiO2 nanoparticle addi-
tion on the structure of PEDOT:PSS. In this study, TiO2 nano-
particle added PEDOT:PSS shows structural change from
benzoid to quinoid in Raman spectroscopy. The benzoid prefer
coil conformation structure, while the quinoid prefer linear or
expanded-coil structure.38 From this study, relatively linear
Fig. 6 Raman spectra of PEDOT:PSS (ATRP) and PEDOT:PSS (free
radical) (a) PSSA-1 (b) PSSA-2.

This journal is © The Royal Society of Chemistry 2019
polymer complex, PEDOT:PSS synthesized from ATRP process
shows quinoid structure, while entangled coil polymer complex,
PEDOT:PSS synthesized from free radical process shows ben-
zoid structure in Raman spectroscopy.

Conclusions

We investigated the effect of PSSA with different molecular
weight distributions on the electrical conductivity of PEDOT:PSS.
Although PSSA plays an important role in the PEDOT:PSS
complex as polyanionic polyelectrolyte and a primary dopant, the
effect of molecular weight distribution of PSSA was not investi-
gated before. We ascertained that PSSA polymerized via
controlled radical processes like ATRP had narrow molecular
weight distribution compared to PSSA polymerized via free
radical process. We used ethyl a-bromo-isobutyrate as an atom
transfer agent for the ATRP process. Compared to the free radical
process, the ATRP process polymerized PSSA under milder reac-
tion conditions, especially the reaction temperature (free radical
process: 80 �C, ATRP process: 10 �C). In addition, more reactive
radicals initiated the polymerization in free radical process, while
less reactive atoms initiated the polymerization in the ATRP
process. Therefore, PSSA polymerized via the ATRP process has
narrower molecular weight distribution than PSSA polymerized
via the free radical process (PDI values obtained using the free
radical process and the ATRP process are 2.3–2.8 and 1.2–1.6
respectively). The electrical conductivity of PEDOT:PSS was
enhanced from 376 S cm�1 (using free radical PSSA) to
422 S cm�1 (using ATRP PSSA) when prepared using PSSA of Mn
¼ 35 000 g mol�1 and was enhanced from 234 S cm�1 (using free
radical PSSA) to 325 S cm�1 (using ATRP PSSA) when prepared
using PSSA of Mn ¼ 55 000 g mol�1 PSSA by a factor of 15–30%.
XRD analysis conrmed that the enhancement of electrical
conductivity originated from the increase in crystallinity. The UV-
vis and Raman spectra revealed that the enhancement in elec-
trical conductivity was due to the primary doping level and
stabilization of the PEDOT structure.
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