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Novel Approach to Introduce Alkyl Chains into PEDOT:PSS
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Abstract: We here report a synthetic route to introduce alky chains into poly (3,4-ethylenedioxythio-
phene):poly (4-styrenesulfonate) (PEDOT:PSS) by the reaction with epoxyalkanes. The reaction was
analyzed by FT-IR, TGA, and XPS studies, and the conductivities of derivatives were discussed
as a function of the length of alkyl chains. PEDOT:PSS-C6, which is the product from a reaction
with epoxyhexane, was well dispersed in methanol and transparent films from this dispersion were
successfully prepared. PEDOT:PSS-C6 film showed an increase in hydrophobicity, resulting in
enhanced water resistance compared to pristine PEDOT:PSS film, and a morphological study of the
film exhibited clear phase separation similar to PEDOT:PSS doped by DMSO. We also observed
an improvement in the conductivity and flexibility of PEDOT:PSS-C6 film compared to those of
pristine PEDOT:PSS film. This study proposes a promising method to introduce alky chains into
PEDOT:PSS and to develop a flexible electrode applicable to an environment where contact with
water is unavoidable.
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1. Introduction

Poly (3,4-ethylenedioxythiophene) doped with poly (styrenesulfonate), PEDOT:PSS,
is a transparent conductive polymer consisting of oligomeric PEDOT and polymeric PSS.
Due to its unique combination of conductivity, transparency, ductility, and ease of process-
ing, PEDOT:PSS has been benchmarked on various applications such as antistatic layers,
electroluminescent devices, hole injection layers in organic light emitting diodes, charge
transfer layers on biomedical electrodes, and wearable electrode [1-5]. It can also be used
as a replacement for transparent conductors such as indium tin oxide (ITO) and is widely
used in applications where the underlying substrate is flexible [6].

The PSS in the complex has two functions [7]. One is to act as dopants that stabilize
cations in the main chain of PEDOT. The other is to disperse the PEDOT segments in the
aqueous medium, and renders PEDOT:PSS an environmentally friendly polymer. However,
hydrophilicity of PEDOT:PSS prevents its widespread application. For example, when
PEDOT:PSS is employed as a material for the hole injection layer of an organic light-
emitting device, indium is extracted from the electrode layer (ITO) due to the interaction of
the sulfonic acid group of the PSS with water, and eventually shortening the lifespan of the
organic light emitting device [8,9].

Therefore, a method of synthesizing PEDOT capable of dispersing in organic solvents
by using a fluorine-based compound containing sulfonic acid [10] or an ionic liquid poly-
mer [11,12] as dopants instead of PSS has been under investigation. However, as long as
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the sulfonic acid-based dopant is used, the remaining sulfonic acid that is not engaged
in doping with PEDOT chain eventually causes a problem of extracting and transferring
indium through interaction with water.

In addition, various attempts have been made to stabilize PEDOT:PSS in the aque-
ous system. Berezhetska et al. used epoxy-containing silane coupling agents and suc-
cessfully prevented delamination of PEDOT:PSS films in an aqueous environment [13].
Hakansson et al. reported that the epoxy group of the aforementioned silane coupling
agents reacts with sulfonic acid group of PSS and the silanol group couples with glass sub-
strate, which encourages formation of more stabilized film in the aqueous phase [14]. This
behavior was also employed in a bioelectrode for in vivo recording of brain activity [15,16].

In this study, we prepared a derivative by reacting PSS with an epoxy containing
alkyl groups focused on the fact that intrinsic properties of PEDOT:PSS can be altered by
reacting PSS with the epoxy group. We isolated this product and characterized its structure
by FT-IR, TGA, and XPS. We found that a derivative with hexyl group was well dispersed
in methanol, and film formation was made possible per se without an additional solvent,
binder, or wetting agent. We also investigated the electrical and physical properties of the
film. This work demonstrates for the first time that derivatives of PEDOT:PSS reacted with
epoxyalkanes have great potential for a flexible and water-stable electrode.

2. Materials and Methods
2.1. Materials

PEDOT:PSS (Clevios™ P, Heraeus Holding GmbH, Hanau, Germany) was used without
further purification. The solid content, viscosity, and weight ratio of PEDOT to PSS were 1.2%,
less than 150 mPa-s, and 1:2.5, respectively. 1,2-Epoxybutane, 1,2-epoxyhexane, 1,2-epoxyoctane,
1,2-epoxybdodecane and 1,2-epoxyhexadecane, 2-propanol (IPA, 99.5%), dimethyl sulfoxide
(DMSO, 99.0%), and silver paste (>75%) were purchased from Sigma-Aldrich.

XPS and FT-IR spectra were recorded on a K-Alpha instrument (Thermo Scientific), and
from KBr pellets on a Perkin Elmer spectrometer, respectively. The TGA (TGA 4000, Perkin
Elmer) was carried out under a nitrogen atmosphere (nitrogen flow rate: 20 mL/min) while
the temperature was increased from room temperature to 800 °C at a rate of 10 °C/min.
Resistance of the films was monitored using a four point probe (M4P-302, MSTECH)
setup with a source measurement unit (Keithley 2400). The values were converted into
sheet resistance by taking correction factors into account [17]. For films coated on a glass,
thickness was also measured by a surface profilometer (Alpha Step, P-10 of KLA-Tencor),
and conductivity was calculated by using the following equation:

0=1/Rs-t

where o is conductivity, Rs is surface resistance, and t is thickness.

Surface resistances of the films coated on a flexible film (PET), which are over 10° Q0/sq,
were measured using a surface resistance meter MODEL ST-4 (SIMCO Japan). A two point
probe (289 True RMS Multimeter, Fluke) was employed to measure linear resistance of
films for the bending test. Surface properties of the films were evaluated by measuring
the contact angle of the water droplet by utilizing a drop shape analyzer (DSA30, Kruss
GmbH). Surface morphology was studied by atomic force microscopy (AFM) (XE-100 of
Park Systems).

2.2. Reaction of PEDOT:PSS with Epoxyalkanes

The following is an example of the reaction using epoxyhexane, and reactions with
other epoxyalkanes were similarly carried out.

Corresponding to 10 times equivalent to the free sulfonic acid of PEDOT:PSS, 1.65 g
of epoxyhexane was added to 50.0 g of PEDOT:PSS solution and stirred for 4 h at room
temperature. The reactants were added dropwise into 500 mL of isopropanol, and the
precipitate was recovered by filtration on nylon membrane (0.2 um, Whatman) and succes-
sively washed with isopropanol to remove unreacted epoxyalkanes. We obtained 0.55 g
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of the product after carefully drying under vacuum at 35 °C for 8 h. For epoxyoctane,
epoxydecane, and epoxydodecane, we dissolved these in 50 g of methanol before adding
to PEDOT:PSS, and washed with acetone the products obtained by the reaction of epoxy-
dodecane. The products were labeled as PEDOT:PSS-Cn, where Cn means carbon numbers
of reacted epoxyalkanes. For comparison, we added 50 g of PEDOT:PSS dropwise into 500
mL of isopropanol and recovered PEDOT:PSS as a solid state by filtration and dryness in
the same manner. Detailed reaction conditions are summarized in Table 1.

Table 1. Reaction conditions and conductivities of PEDOT:PSS derivative.

Reaction Conditions

Carbon - . T )
Code Numbers of Weight of Weight of Washing Weight of Conducti\?ty
Epoxyalkanes PEDOT:PSS Epoxyalkanes (g)  Solvent Products (§-m™)
Dispersion ? (g) poxy & Obtained (g)

PEDOT:PSS - 50g - IPA 0.51 132 £ 31
PEDOT:PSS-C4 4 50g 1.19 IPA 0.46 350 £ 57
PEDOT:PSS-C6 6 50g 1.65 IPA 0.55 268 + 16
PEDOT:PSS-C8 8 50g 211 IPA 0.62 114 £ 15
PEDOT:PSS-C12 12 50g 3.03 IPA 0.58 94 £+ 39
PEDOT:PSS-C16 16 50g 3.96 Acetone 0.48 55+ 11

a) Solid content is 1.2 wt.% ) The average and standard deviation values were calculated from 3 different samples independently prepared.

Derivatives after vacuum drying were ground with the pestle in a mortar and 120 mg
of ground powder was placed in the pellet die, which is generally used for making KBr
pellet for IR spectroscopy. The pellet die was placed in a hydraulic press and pressed
at 8000-10,000 psi for 1 min. The surface resistance and the thickness of the pellet-type
derivatives were measured with a four-point probe and vernier calipers (CD-15CP of
Mitutoyo), respectively.

2.3. Preparation of the Films

For preparation of films on a flexible film (PET), 60 mg of PEDOT:PSS-C6 was dis-
persed in 10 g of methanol under sonication for 8 h. The resulting 0.6 wt.% dispersion was
coated on the PET film using #10 Mayer bar coater (wet film thickness was 22.9 um), and
dried at 120 °C for 1 min. We measured transmittance of the films at 550 nm, and converted
this into % transmittance by dividing the transmittance of coated films by that of the PET
film itself. Surface resistance of the film was measured at four different points in one film,
and the average value and standard deviation were evaluated. For PEDOT:PSS film, we
added 5 g of IPA into 5 g of aqueous PEDOT:PSS dispersion (1.2 wt.%), and coated on PET
with #10 Mayer bar coater. A similar process was employed for the preparation of films on
a glass by spin coating (3000 rpm, 1 min) after the glass was cleaned in ethanol, and was
employed under O, plasma treatment.

2.4. Bending Tests for the PEDOT:PSS-C6 Films

We evaluated the flexibility of the films using a bending test apparatus (STS-RT-5AXIS,
Sciencetown, South Korea). The PEDOT:PSS and PEDOT:PSS-C6 films coated on a PET
film were cut into a rectangular piece, 1.5 cm x 15 cm, and the silver paste was applied at
1 cm from both ends of the films in the vertical direction (i.e., the gap between the silver
pastes was 13 cm). The film was attached to the bending machine, which was adjusted to
3R (curvature radius of 3 mm) with the PEDOT:PSS coated side facing down. Therefore,
PEDOT:PSS was folded by a ‘outfolding” manner, as shown in Figure 1. The silver paste
was connected to a multimeter (289 Fluke View, Fluke, Everett, WA, USA) to measure
changes in the electric resistance. Changes of the electric resistance were recorded and
stored by a computer connected to the multimeter, and analyzed. The bending test was
conducted up to 50,000 cycles under 120 Hz.
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PET PEDOT:PSS

Figure 1. Schematic illustration of cyclic bending test. The insert illustrates a bended film viewed from the side.

3. Results
3.1. Reaction of PEDOT:PSS with Epoxyalkanes

The reaction between PEDOT:PSS and epoxyalkanes proceeded basically similar to
a reaction between epoxy group and sulfonic acid. Considering the results of previous
studies [14,18], the reaction is speculated to proceed as shown in Figure 2. Since the
pH of the PEDOT:PSS aqueous dispersion itself is about 2.0, it was carried out at room
temperature without additional pH adjustment. For epoxyalkanes with C8, C12, and
C16, which do not dissolve in water, we first dissolved each of them in methanol and
then were added into an aqueous dispersion of PEDOT:PSS. As the reaction proceeded,
the products settled into precipitation, and was easily recovered by filtration. To remove
unreacted epoxyalkanes, the products were carefully washed with IPA, a good solvent for
epoxyalkanes, and acetone for epoxydodecane. Table 1 shows the reaction conditions, the
amount of reactants, and the conductivity values.
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Figure 2. Suggested mechanism of the reaction of PEDOT:PSS with epoxyalkanes.

Epoxyalkanes were reacted in an amount corresponding to 10 times by equivalent
to the free sulfuric acid of PSS in PEDOT:PSS, assuming that half of sulfonic acids is free
and other half is engaged in doping with PEDOT chain [19]. Considering the solid content
of the PEDOT:PSS aqueous dispersion used in this study is 1.2% and the ratio of PEDOT
and PSS is about 1:2.5 by weight as well, we used the following equation to obtain the
equivalent values:

The equivalents of free sulfonic acid of PSS in 100 g of PEDOT:PSS dispersion
1/2 x 100 x 0.012 x wt.%(PSS)/MW(PSS)
0.0023 equivalents
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Absorbance (a.u.)
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where wt.% (PSS) is wt.% of PSS in PEDOT:PSS (2.5/3.5 = 0.71), and MW (PSS) is the
molecular weight of the repeating unit of PSS (184 g mol ).

3.2. Analysis of Chemical Structures

We measured FI-IR to confirm the progress of the reaction. As shown in Figure 3a,
in PEDOT:PSS the C-S vibration peaks due to thiophene structure appear at 830 and
972 cm~! [20], and a small band due to the alkyl group appears at 2928 cm~!. However, in
the case of the products, the absorption band of the alkyl group becomes larger. Basically,
since the thiophene structure of PEDOT is not affected by the reaction, we can monitor the
progress of the reaction by comparing the absorbances of the alkyl groups with those of
the vibration peak caused by C-S. As indicated in Figure 3, the greater the length of the
alkyl group, the larger it becomes. This result clearly indicates that the alkyl group was
introduced by the reaction.

Alkyl Group peak C-S bond peak
2928 cm! 972 cm! 830 cm!

e (a) PEDOT:PSS
Sosfes T W S 4 N I

—Azs/Agy; = 1.02

Ajos/Agzo = 1.06

\\. . | (b) PEDOT:PSS-C4 M ~Asgrs/Ag7y = 1.00
/ S '\,, S A~ \/\\/‘/ \/\ - /\\l\

L Agss/Agzo = 1.07

" Aggrs/Agy; = 1.04

—Asors/Agzo = 1.06

= 1.06
L Ajgy5/Ag3o = 1.15
(e) PEDOT:PSS-C12 A (01
L Aggrg/Agy = 1.14
.pCC.. [ Azers/Agyy = 2.51
e J\/\ (DVEDIRESSCI0  _ macspuaite .

4000

3500

3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FT-IR spectra of PEDOT:PSS and derivatives.

Figure 4 shows the thermal properties for the pristine PEDOT:PSS and the products.
As described in Figure 4a, all six samples show a slight mass loss at around 100 °C, which
is attributed to the loss of water and adsorbed solvent. The remaining weight at 800 °C
decreases as the length of alkyl chain of epoxy alkane increases due to the fact that the alkyl
groups easily decompose. As for pristine PEDOT:PSS, similar profile with published reports
for a PEDOT:PSS film [21-23] was observed. In dTGA (Figure 4b), which can observe the
change in the decomposition pattern, PEDOT:PSS showed second and third degradation
temperature at around 350 and 400 °C, which are due to the pyrolysis of sulfonic acid
of PSS and polyethylene-type main chain of PSS, respectively [21,22]. Aromatics of PSS
and thiophene groups of PEDOT are known to slowly decompose over 435 °C [24]. On
the other hand, when reacted with epoxyalkanes, decomposition of an alkyl group will
appear at the third degradation temperature shown in PEDOT:PSS since the alkyl group
has the same chemical structure as the polyethylene group. In fact, in products that reacted
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with epoxyalkanes, decomposition peaks around 400 °C are noticeable, and the peaks
become more pronounced as the length of the alkyl group increases. These results strongly
indicate that the alkyl groups are successfully introduced into PEDOT: PSS by the reaction
with epoxyalkanes.

————— PEDOT:PSS

— PEDOTPSS-C4 ’(b) 9 ) PEDOT:PSS
PEDOT:PSS-C6 i

—— PEDOT:PSS-C8
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Figure 4. (a) TGA curves and (b) dTGA curves of PEDOT:PSS and derivatives.

We also studied the chemical structure of the products by XPS. The detailed deconvo-
luted patterns of S, C, and O atoms of three representative products are summarized in
Figure 5. As can be seen in Figure 5a, Sy, core-level lines show two major peaks, which
can be assigned to sulfur atom in PEDOT and PSS, respectively, and no significant change
was observed by the reaction with epoxyalkanes. However, the C;5 spectra are strongly
affected by the reaction with epoxyalkanes. For PEDOT:PSS, Cy; signals can be divided
into two major contributions with binding energies at about 284.2 and 285.9 eV, which are
attributed to C—C/C=C and C—O species, respectively [25,26]. The product (PEDOT:PSS-
C4) that has reacted with epoxybutane also displays the same profile; however, the peaks
corresponding to C-O turn out to be larger since the reaction with sulfonic acid in PSS
and epoxide generate a new hydroxyl group. In fact, the area of C-O relative to that of
C—C/C=C peak is 0.48, whereas the relative areas is 0.34 for the pristine. The earlier
study [18] on the reaction with PEDOT:PSS with epoxide compounds also demonstrated
an increase in the peaks corresponding to C-O. On the other hand, for the reactions with
epoxyalkanes with longer alkyl chains such as C-12 and C-16, the area of C-O relative to
that of C-C/C=C peak shrank into 0.29 and 0.10, respectively, since the C-C peak increased.
Reaction between PEDOT:PSS and epoxyalkanes was also confirmed from O;4 signals.
According to earlier reports [18,27], the high binding energy contribution (5632.5 eV) in
the pristine PEDOT:PSS is assigned to oxygen atoms in the ethylenedioxy segment in
PEDOT, while peak at 530.8 eV is assigned to O of the sulfonate groups in PSS. By reaction
with epoxyalkanes, the peak due to sulfonate groups shifts toward high binding energies
and the two peaks merge into a large signal around 532.2 eV. The merging of two peaks
originating from O in PEDOT:PSS was also observed in the reaction with diepoxide com-
pounds [18]. All these results strongly indicate that sulfonic acid of PSS reacts with epoxide
of epoxyalkanes.
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Figure 5. XPS spectra of PEDOT:PSS and derivatives.

In PEDOT:PSS, it is well known that half of the sulfuric acid of PSS act as dopant
with PEDOT and the other half are present as free-acids, and the latter sulfuric acid can
react with epoxide groups. In this study, we confirmed that it reacts with epoxyalkanes, as
indicated in Figure 2.

3.3. Properties of Epoxyalkane Derivatives

The conductivity of PEDOT:PSS varies by the molar ratio of PEDOT to PSS and particle
size. According to the review papers, which summarized electrical properties of several
grades of commercials PEDOT:PSS, the conductivities of Clevious™ P, which is used in
this study, are in the range of 20-100 S-m~! [28] or about 100 S-m ™! [29]. In this study,
the conductivity value of PEDOT:PSS was found to be 132 S-m~!, as noted in Table 1. In
the case of the derivatives, the greater the length of the reacted alkyl group, the lower the
electrical conductivity, which is due to the fact that the amount of PEDOT responsible for
conductivity in the entire molecule is relatively reduced as the chain length becomes longer.
It is worth noting that the conductivities of PEDOT:PSS-C4 and -C6 are higher than those of
pristine PEDOT:PSS. It is well known that the conductivity of PEDOT:PSS film significantly
improves by the addition of organic solvents such as DMSO [30], ionic liquids [31], or
surfactants [32], which is usually referred to as ‘secondary doping’. The conductivity
enhancement of PEDOT:PSS film through a post-treatment with organic solvents [33] or
acidic compounds [34] has been investigated in many studies as well. All of these methods
are well summarized in a review paper [35]. However, the conductivity of PEDOT:PSS-C4
and -C6 itself, without an additive or any further post-treatment, is higher than that of
pristine PEDOT:PSS. To our knowledge, it is the first example.

All derivatives were not dispersed in water due to the absence of sulfonic acid groups
of PSS, which mainly contribute to the hydrophilicity of PEDOT:PSS [7]. On the other hand,
PEDOT:PSS-C6 was well dispersed in methanol at a concentration of 0.6 wt.%, which made
it possible for us to prepare a transparent film. By studying the properties of this film, we
attempted to elucidate the principle of the exceptional conductivity increase.
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3.4. Properties of PEDOT:PSS-C6 Films

The films of PEDOT:PSS and PEDOT:PSS-C6 were prepared by bar-coating, and we
also made films containing 2 wt.% DMSO as the second dopant. Table 2 displays surface
resistance and transmittance of the films.

Table 2. Properties of PEDOT:PSS and PEDOT:PSS-C6 films and their doped films.

Contact Surface Transmittance Surface Conductivity Surface
Code DMSO Angle ) Energy (%) Resistance b) (S/m) Roughness
(mN/m) (10 x Q/sq) RMS (nm)
D PEDOT:PSS - 49.9 52.4 97.5 6.2 155459 2.539
(I PEDOT:PSS 2 wt% - - 98.2 3.1 - 3.207
(Iy PEDOT:PSS-Cé6 - 83.0 34.6 97.7 5.6 354+81 5.141
(IV) PEDOT:PSS-C6  2wt% - - 97.5 3.1 - 5.757

) 5 different points of a film (200 mm x 250 mm) were measured, and the average and standard deviation were calculated. ® Conductivities
were calculated from the surface resistance values and the thickness of the films prepared by the spin coating on the glass. The thickness
was measured by alpha step. The average and standard deviation values were calculated from 3 different samples independently prepared.

That all of the films we prepared were found to be well wetted and transmittance
also exhibited over 97% vindicates that they maintain their properties as transparent films.
To exclude latent effect by dopants, we also measured contact angle to observe surface
properties of films where we used two kinds of film containing no DMSO. Figure 6 displays
the state of the films on which water droplets were placed and then allowed to stand for
9s. As can be seen, the contact angle shows a rapid decrease in PEDOT:PSS while there
is hardly any change in contact angle in PEDOT:PSS-C6 films, implying improved water
resistance. In addition, we measured contact angles for 9 s at an interval of one second
and took an average from which we calculated surface energy values (Table 2). As can be
expected from the photos, PEDOT:PSS-C6 film exhibited higher contact angle and surface
energy compared to the pristine, and it is conceivable that introduction of alkyl groups
contribute to an increase in hydrophobicity. This is consistent with the phenomenon that
SOz H moiety of PSS disappears after reaction in PEDOT:PSS [14,18].

PEDOT:PSS PEDOT:PSS-C6
on glass on glass

PEDOT:PSS on PET PEDOT:PSS-C6 on PET

l 9 sec. l 9 sec.

Figure 6. Image of contact angles formed by liquid water drops on the surface of (a) PEDOT:PSS film, (c) PEDOT:PSS-C6
film, and (b,d) after 9 s for each film. Photos of (¢) PEDOT:PSS and PEDOT:PSS-C6 film immersed in water, and (f) after
20 h.

When the films prepared by spin-coating with identical coating solution on the glass
substrate are immersed in water and then 20 h is allowed to pass, the pristine film detached
from the glass and shattered into pieces. In contrast, PEDOT:PSS-C6 film maintained its
state, from which we can visually confirm enhanced water resistance.
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When comparing the surface resistance values of two kind of films without DMSO,
PEDOT:PSS-C6 films (III) showed much lower surface resistance than the film (I) of PE-
DOT:PSS only, as described in Table 2. This is the same result we recorded in Table 1,
confirming that the electrical property of PEDOT:PSS-C6 itself is more conspicuous than PE-
DOT:PSS. When DMSO was added as the second dopant, PEDOT:PSS (II) and PEDOT:PSS-
C6 (IV) films exhibit similar values. That is, in the case of PEDOT:PSS-C6, the electrical
properties were superior to that of pristine, but the effect of the secondary doping was
less. We used AFM to investigate the differences in morphology of these four films for
the confined area of 2 pm x 2 um, which is sufficiently large to provide simultaneously
reliable analysis.

As seen in Figure 7a, where AFM images of four kinds of films are compared in the
height mode, the surface of PEDOT:PSS film (I) without a dopant is very smooth, while
there are grains for the doped film (II). The root-mean-square roughness (RMS), the most
commonly evaluated parameter representing the surface roughness, is 2.539 and 3.257 nm
for (I) and (II), respectively. There are many research activities on measuring the roughness
of PEDOT:PSS films and their data exhibit similar values that we have observed. For
example, PEDOT:PSS films without doping and doped with 2 wt.% DMSO showed RMS
values with 2.51 and 3.61 nm, respectively [36]. In contrast, both PEDOT:PSS-C6 films (III)
and (IV) show high RMS values (5.141 nm and 5.757 nm, respectively) regardless of the
doping process.

RMs = 2539nm [ ¥ RMS = 3.357 hm

Figure 7. AFM image of (a) surface morphology and (b) phase shift of PEDOT:PSS films undoped (I),
doped (II) with DMSO, PEDOT:PSS-C6 film undoped (III), and doped (IV) with DMSO.

Since Kim et al. reported that incorporation of polar and high boiling-point solvents
such as DMSO contributes to the improvement in conductivity [30], various attempts have
been made to further increase conductivity by adding different additives or post-treatment.
All of these phenomena are called secondary doping, and this second doping process is
speculated to be triggered by separation of PSS chains from PEDOT [35,37,38]. In recent
studies [36] on the relationship between the effect of various secondary dopants and the
morphology of PEDOT:PSS film, the phase separation phenomenon accompanying the
enhancement of conductivity was analyzed more reliably in the phase-shift mode of AFM.
In this study, we also observed phase-shift images (Figure 7b) of the same four films.

The PEDOT:PSS film (I) without doping shows small islands that are irregular in shape,
and the doped film (II) displays globular grains with clear boundaries, which suggests
the occurrence of phase separation. This result is similar to the observation reported
by Donoval et al. [36]. On the other hand, PEDOT:PSS-C6 film (III) also shows a phase-
separated image with globular grains with clear boundaries, which is similar to that of
doped film (II). No significant change is observed in the doped film (IV) of PEDOT:PSS-C6,
which strongly indicates that the doping of PEDOT:PSS-C6 with DMSO does not affect the
morphology or the conductivity of PEDOT:PSS-Cé.
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In summary, the surface resistance of the undoped PEDOT:PSS-C6 film (III) was
significantly lower than that of pristine PEDOT:PSS (I), and showed a value similar to
that of the PEDOT:PSS film (II) doped with DMSO. The study on morphology of film (III)
clearly showed phase separation similar to the film (II). Accordingly, in PEDOT:PSS-Cé,
it is understood that the introduction of an alkyl group into the sulfuric acid of the free
PSS of PEDOT:PSS causes phase separation more clearly and leads to an improvement
in conductivity.

3.5. Flexible Properties of PEDOT:PSS-C6 Films

Films of organic polymers such as PEDOT:PSS have intrinsic flexible properties. In fact,
chemical vapor deposition graphene [39] and Ag nanowires [40] were rendered flexible by
the overcoating of PEDOT:PSS. However, under extreme bending conditions the conductive
network of PEDOT:PSS is known to be unretained. For example, the initial sheet resistance
of the PEDOT:PSS film on PET or PI substrates increased by 48.3% or 54.4%, respectively,
after 1000 bending cycles in a curvature of 0 to 180 degrees [41].

Cyclic bending tests were conducted to examine the mechanical reliability of the films.
Change in surface resistance as a function of the number of bending cycles at a fixed 3 mm
bending curvature was monitored, as described schematically in Figure 1. Basically, the
deviation was large in the results of each test, but a meaningful trend was confirmed from
the average and standard deviation of the three independent experiments, as shown in
Figure 8. In the earlier ‘infolding’ experiment [18], where PEDOT:PSS layer coated on
PET substrate was folded inward, surface resistances were stable until 50,000 cycles of
bending. However, in the ‘outfolding’ bending experiment, PEDOT:PSS displayed a large
deviation in surface resistance, even in the initial stage of cycles, and after 100,000 cycles
R/Ro values reached 1.2. Bending in an ’‘outfolding’ manner induced direct stretching
and a conductive network can be easily disconnected compared to that under "infolding’
bending. On the other hand, PEDOT:PSS-C6 films showed relatively stable resistances,
which suggests that the conductive network structure of PEDOT:PSS was clearly stabilized.
In general, alkyl chains are considered as a flexible group. In fact, it is reported that alkyl-
substituted semiconductors played an important role in the stability of the flexible electronic
devices [42]. In the same manner, we speculate that the hexyl chain of PEDOT:PSS-C6
gives the higher flexibility compared to PEDOT:PSS. We tentatively conclude that the
introduction of the alkyl group into the free sulfonic acid group of PEDOT:PSS improves
the flexibility and water resistance of PEDOT:PSS.

1.25

—l— PDOT:PSS
—@  PEDOT:PSS-C6

1.20 4
1.15
1.10 4

1.05

1.00 'I#i!!
: 1 !

T T T T T T T T T T |
0 20,000 40,000 60,000 80,000 100,000

Figure 8. Surface resistance ratio (R/Ro) of PEDOT:PSS films as a function of bending cycles at a
curvature radius of 3 mm.
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4. Conclusions

We successfully prepared derivatives of PEDOT:PSS by the reaction with epoxyalkanes
and the filtration of the reaction mixture on a conventional nylon filter. FT-IR, TGA, and
XPS studies clearly demonstrate that alkyl chains are introduced to PEDOT:PSS by the
reaction between the free sulfonic acid of PSS and epoxide group. In the case of derivatives,
the greater the length of the reacted alkyl group, the lower the electrical conductivity; on
the other hand, it is worth noting that the conductivities of PEDOT:PSS-C4 and -C6 are
higher than those of pristine PEDOT:PSS.

Most of the derivatives were not dispersed in water or alcohol-based solvents; how-
ever, PEDOT:PSS-C6 was well dispersed in methanol at a concentration of 0.6 wt.%. We
succeeded in preparing a transparent film from this dispersion on a glass or a flexible
substrate (PET). An increase in hydrophobicity and subsequence enhanced water resistance
of PEDOT:PSS-C6 film were confirmed by measuring contact angle and visually observing
the film in water, respectively. The surface roughness of PEDOT:PSS-C6 film was much
higher than that of pristine PEDOT:PSS film, and nearly the same roughness as that of
PEDOT:PSS film doped by DMSO. Further studies on morphology of PEDOT:PSS-C6 film
clearly showed phase separation similar to the doped PEDOT:PSS film. When the flexibility
of films was examined by cyclic bending tests, surface resistance of PEDOT:PSS-C6 was
found to be more stable compared to that of PEDOT:PSS.

We tentatively conclude that, in PEDOT:PSS-C6, the introduction of the alkyl group
into the sulfuric acid of the free PSS of PEDOT:PSS causes phase separation more dis-
tinctively and finally leads to an improvement in conductivity. Furthermore, the alky
groups introduced into PEDOT:PSS induced the improvements of the flexibility and water
resistance of PEDOT:PSS.
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