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Abstract: As the use of stretchable electronic devices increases, the importance of flexible electro-
magnetic interference (EMI) shielding films is emerging. In this study, a highly flexible shielding
film was fabricated using poly(styrene-co-butyl acrylate) (p(St-co-BA)) latex as a matrix and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) as a conductive filler, and then the
mechanical properties and EMI shielding performance of the film were examined. Styrene and
butyl acrylate were copolymerized to lower the high glass transition temperature and increase the
ductility of brittle polystyrene. The latex blending technique was used to produce a shielding film
in which the aqueous filler dispersion was uniformly dispersed in the emulsion polymerized resin.
To determine the phase change in the copolymer matrix with temperature, the storage modulus
was measured, and a time–temperature superposition master curve was constructed. The drying
temperature of water-based copolymer resin suitable for film fabrication was set based on this curve.
The glass transition temperature and flexibility of the blends were determined by evaluating the
thermomechanical analysis and tensile tests. The EMI shielding effectiveness (SE) of the films was
analyzed at frequencies from 50 MHz to 1.5 GHz, covering the VHF and UHF ranges. As the filler
content increased, the SE of the blend film increased, but the elongation increased until a certain
content and then decreased. The optimal content of PEDOT:PSS that satisfied both the ductility and
shielding performance of the film was found to be 10 wt%. In this case, the elongation at break
reached 300%, and the SE of a 1.6 mm thick film was about 35 dB. The film developed in this study
can be used as an EMI shielding material that requires high flexibility.

Keywords: latex technology; electromagnetic interference shielding; flexible film; poly(styrene-co-
butyl acrylate); PEDOT:PSS

1. Introduction

As scientific and technological progress continues, a vast array of electronic devices,
including smartphones, portable computers, and wearable devices, are becoming in-
creasingly ubiquitous. Portable devices that require miniaturization and lightweight-
ing have increased electromagnetic interference (EMI) between adjacent parts within
the device, so materials to shield it are certainly required [1–4]. Until now, they have
been mainly used for electromagnetic wave shielding, but metal materials have disad-
vantages such as corrosiveness, low flexibility, and heaviness. To compensate for these
shortcomings, the development of polymer-based shielding materials containing electri-
cally conductive materials is actively being developed. Significant effects can be achieved
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by using conductive materials such as carbon nanotubes (CNTs), graphene, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), and silver nanowires [5–11].
In the authors’ previous research, an EMI shielding film was fabricated using CNT as a
conductive nanofiller in a polymer matrix, and the shielding effect (SE) according to the
filler content and film stacking was reported [5]. However, although CNTs with a large
aspect ratio have high electrical conductivity, composite films composed of polymer and
ceramic materials exhibit brittle properties due to the mixing of heterogeneous materials.
In addition, CNTs have difficulty dispersing in aqueous phase, and to solve this problem,
the surface needs to be modified with PSS, PEDOT:PSS, etc. Moreover, various difficulties
occur, such as the surface of the CNTs not being partially modified, agglomeration of
the CNTs occurring, or some parts not being uniformly dispersed within the matrix. An
alternative to improve this problem may be to use the conductive polymer PEDOT:PSS
directly as a filler in the polymer matrix, but it is also very difficult to uniformly disperse
the filler surrounded by a shell of hydrophilic PSS in the hydrophobic matrix.

PEDOT:PSS is an electrically conductive polymer [12], and due to its unique properties,
it exhibits excellent conductivity, thermal stability, and good water dispersibility when
used as a filler [13–17]. Taking advantage of these various advantages, it is widely used
as a commercially available conductive polymer and has recently been used to develop
EMI shielding materials [18,19]. Additionally, when PEDOT:PSS is used as a filler when
manufacturing films, a kind of plasticizer-like effect can be achieved [20]. Applying a
certain amount of the organic additive PEDOT:PSS can, in most cases, produce conductive
films with increased mechanical properties, especially elongation [21,22]. As reported in
many previous studies, PEDOT:PSS can not only be used as a flexible thin film material but
can also be used to manufacture flexible conductive films [23,24]. There are many studies
on the mechanical properties of blend films containing PEDOT:PSS added to polymer
resins [21,25–28]. In the case of using poly(vinyl alcohol) (PVA) and poly(ethylene oxide)
(PEO) as polymer matrices, the mechanical properties differ depending on the type and
molecular weight of PEO and PVA, which are soft polymers with relatively low elongation
at break. It is known that when PEDOT:PSS is added, elongation increases as the content
increases, but this decreases above a certain content [25].

Polystyrene (PS), a general-purpose polymer, is inexpensive and can be manufactured
into films using various processing methods, but it has a high glass transition tempera-
ture (Tg) and is brittle at room temperature [29], making it difficult to use as a flexible
matrix. The copolymerization of styrene (St) and butylacrylate (BA) can lower the Tg of the
matrix material and provide flexibility even at room temperature [30]. Since poly(styrene-
co-butyl acrylate) (p(St-co-BA)) is a copolymer latex prepared in the water phase, it has
the advantage of dispersing with aqueous PEDOT:PSS dispersion. In addition, by ana-
lyzing the rheological properties of p(St-co-BA) depending on temperature, it is possible
to understand the phase state and obtain information about optimal drying of the latex
film [31,32]. In this study, a blend film with excellent elongation was successfully fabri-
cated by adding a conductive polymer filler to an aqueous copolymer dispersion system
using latex technology, and the optimal content that satisfies both flexibility and EMI SE
was derived.

2. Experimental Section
2.1. Materials

The two monomers St and BA, which are raw materials for the copolymer used as a
matrix, were purchased from Samchun Chemical (Seoul, Republic of Korea) and used by
distillation under reduced pressure. The initiator 2,2′-azobisisobutyronitrile (AIBN) used in
the copolymerization process was also purchased from Samchun Chemical. Sodium dode-
cyl sulfate (SDS), an anionic surfactant, was purchased from Sigma-Aldrich (St. Louis, MO,
USA). The conductive polymer PEDOT:PSS was provided by NanoChem Tech (Anseong,
Republic of Korea). The electrical conductivity of the PEDOT:PSS is 1.3 S/cm according to
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the manufacturer’s information. Scheme 1 shows the chemical structures of p(St-co-BA),
PSS, and PEDOT:PSS.
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2.2. Preparation of p(St-co-BA) Latex

A total of 2 g of SDS was dissolved in 200 mL of deionized (DI) water, and 0.22 g
of AIBN was added and stirred magnetically. In another beaker, 14.4 g of St and 8 g of
BA were prepared by magnetic stirring. Then, the monomer mixture was added to the
initiator aqueous solution, magnetically stirred for 1 h, and sonicated in an ultrasonic bath
for 30 min. This mixture was copolymerized in a 500 mL three-neck double jacketed reactor
under a nitrogen atmosphere at 90 ◦C for 2 h to synthesize p(St-co-BA) latex.

2.3. Fabrication of p(St-co-BA)/PEDOT:PSS Film

In total, 1.4 wt% of PEDOT:PSS aqueous solution was added by content to 50 mL of DI
water and magnetically stirred for 30 min. The p(St-co-BA) latex was added to this aqueous
solution and magnetically stirred for another 2 h to prepare 4 g of an aqueous blend mixture
based on the solid content. During mixing, the p(St-co-BA) latex particles could be well
dispersed with the aqueous PEDOT:PSS dispersion. This was attributed to the negatively
charged surface of the latex particle, resulting in electrostatic repulsion between the latex
and filler particles. This mixture was poured onto a 15 cm (diameter) × 3 cm (height)
circular mold coated with Teflon (PTFE), and air bubbles were removed using a vacuum
oven at room temperature. Afterwards, it was dried in a convection oven at 60 ◦C for
18 h and then removed from the PTFE plate to prepare a 0.2 mm thick polymer blend film.
Figure 1 is a schematic diagram of the process of manufacturing a blend film by dispersing
PEDOT:PSS filler in a p(St-co-BA) matrix.
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Figure 1. Schematic of p(St-co-BA)/PEDOT:PSS blend film fabrication.

2.4. Characterization

The average diameter and size distribution of p(St-co-BA) latex particles were analyzed
using a particle size analyzer (Nano ZS90, Malvern Panalytical, Worcestershire, UK). The
morphology of p(St-co-BA) particles was analyzed using a field-emission scanning electron
microscope (FE-SEM: Apreo, Thermo Fisher Scientific, Hillsboro, OR, USA) at a voltage
of 10 kV and a magnification of ×100,000. Prior to SEM analysis, all samples were coated
with gold. The Tg of the copolymer was analyzed using a dynamic mechanical analyzer
(DMA: DMA850, TA Instruments, New Castle, DE, USA). A specimen with a length of
13.7 mm, a width of 9.5 mm, and a thickness of 0.15 mm was prepared and analyzed at a
heating rate of 3 ◦C/min over a temperature range of 0 to 70 ◦C at an amplitude of 15 µm
and a frequency of 1 Hz. The rheological properties of p(St-co-BA) latex were analyzed
using a rotational rheometer (MCR 302e, Anton Paar, Graz, Austria). The specimen for the
measurement was prepared by compression molding into a disk-shaped specimen with a
diameter of 25 mm and a height of 1 mm and was analyzed in parallel plate mode. The
linear viscoelastic region was checked through a strain sweep in the range of 0.01% to
100% at a given temperature, and based on this, a frequency sweep was performed in the
range of 0.03 to 100 rad/s. The mechanical properties were evaluated through a tensile
test using a universal testing machine (UTM: LR10K Plus, Lloyd Instruments, West Sussex,
UK) according to the ASTM D882 for thin plastic sheets. The elongation at break, elastic
modulus, yield stress, and toughness were measured at a tensile speed of 1 mm/s at 25 ◦C
for a rectangular film specimen with a length of 150 mm (grip distance of 100 mm), a width
of 20 mm, and a thickness of 0.2 mm.

EMI SE was analyzed using a network analyzer (E8358A, Agilent Technologies Inc.,
Santa Clara, CA, USA) according to the ASTM D4935 for planar materials. Figure 2 shows
the EMI SE analysis equipment, measurement fixture, and dimensions of the reference
and load specimens. The ASTM D4935 method measures two-port scattering parameters
(S-parameters) using a network analyzer. To understand the EMI shielding character-
istics of the film, the S-parameters (S11, S22, S12, and S21) expressed as the reflectance
R = |S11|2 = |S22|2, transmittance T = |S12|2 = |S21|2, and absorbance A = 1 − R − T
were analyzed [6,33]. The reflection shielding effectiveness (SER), absorption shielding
effectiveness (SEA), and total electromagnetic shielding effectiveness (SET) can be obtained
from the following Equations (1)–(3).

SER = 10 log
(

1
1 − R

)
(1)
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SEA = 10 log
(

1 − R
T

)
(2)

SET = SER + SEA (3)
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Figure 2. Schematic of EMI SE measuring system and specimen dimensions according to ASTM
D4935 for planar materials.

3. Results and Discussion
3.1. Morphology and Rheological Properties of p(St-co-BA) Copolymer

Copolymer p(St-co-BA) particles were observed using SEM, and their particle size
distribution was analyzed using a particle size analyzer. The SEM image shown in Figure 3a
revealed uniformly sized particles with a diameter of approximately 40–50 nm. The number
average particle size evaluated from the particle size distribution in Figure 3b showed a
very sharp peak at 41.9 nm. Through SEM and particle size analysis, it was confirmed that
monodisperse copolymer particles with a size distribution of 30–50 nm (estimated at the
half maximum) and an average diameter of 42 nm were obtained.
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To determine the Tg of the p(St-co-BA)/PEDOT:PSS polymer blend and the drying
temperature suitable for film fabrication, the rheological properties of p(St-co-BA) were
first measured. The linear viscoelastic range at a given temperature was established by
performing a strain sweep (Figure 4a) from 0.01 to 100% at a frequency of 1 rad/s. As
a result of strain sweep, the strains showing linear viscoelasticity at 30 ◦C, 60 ◦C, and
90 ◦C were determined to be 0.1%, 10%, and 10%, respectively. A frequency sweep was
performed based on the strain at which linear viscoelasticity was maintained. Figure 4b
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shows the storage modulus (G′) measured from 20 ◦C to 120 ◦C. The plot of storage modulus
vs. temperature showed glassy behavior with high G′ at low temperatures, and as the
temperature increased, the behavior gradually changed to glass transition, rubber plateau,
and rubbery/viscous flow. At a given temperature, G′ is found to increase with increasing
frequency, because the polymer shows elastic-dominant behavior as the frequency increases.
To understand the overall behavior of the copolymer from the glass phase to the melt phase,
a master curve was constructed using the WLF equation (Equation (4)) based on the time–
temperature superposition principle [34]. The modulus vs. frequency master curve shown
in Figure 4c was constructed by shifting the modulus from a given frequency range obtained
at various temperatures to a wide frequency range at a specific temperature.

log aT =
−C1(T − Tr)

C2 + T − Tr
(4)
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Here, the reference temperature Tr was set to 70 ◦C. Through regression fitting from
the shift factor aT for the temperature difference (T − Tr) [35,36], the WLF constants C1
and C2 were obtained as −9.02 and 116.33 ◦C, respectively. It is clearly distinguished from
the shape of the master curve of the copolymer that 20 ◦C is located in the glassy region,
around 40 ◦C is in the glass transition region, and 60–70 ◦C is in the rubber plateau region.
As the temperature further increases, the behavior gradually changes to the rubbery flow
and viscous flow regions. Based on the shape of this master curve, the drying temperature
of p(St-co-BA)/PEDOT:PSS film was estimated. In the glassy region, it takes a very long
time to dry, and in the viscous flow region, it is difficult to maintain a uniformly dispersed
state due to phase separation and sedimentation of the filler and matrix, especially at high
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temperatures. Drying in the rubber plateau region was therefore considered to be most
appropriate and was set at 60 ◦C.

3.2. Thermomechanical Properties of p(St-co-BA)/PEDOT:PSS Blend

The dynamic mechanical properties of p(St-co-BA)/PEDOT:PSS films were measured
to analyze Tg changes with filler content. DMA thermograms such as storage modulus
(E′), loss modulus (E”), and tan δ (=E”/E′) as a function of temperature in uniaxial tension
mode are shown in Figure 5. The Tg of a material can be obtained from the E′, E”, and tan δ
graphs, respectively. The Tg for each filler content was calculated from the temperatures
at the E′ onset, E” peak, and tan δ peak, which are summarized in Table 1. Note that the
E” peak occurs at a higher temperature than the Tg measured through E′ onset and at a
lower temperature than the tan δ peak, which is the usual case. As PEDOT:PSS was added
to the p(St-co-BA) copolymer, Tg decreased up to a 10 wt% addition of PEDOT:PSS and
then tended to increase. Plasticization in blends of ionomers and soft polymers appears
to need to consider both types of plasticization actions [30,37,38]. First, it is thought that
the addition of PEDOT:PSS up to a certain amount acts as a plasticizer and reduces the
interaction between copolymer chains, resulting in a lower Tg. Second, the copolymer is
also thought to lower the Tg by weakening the interchain association of the ionic groups
of PEDOT:PSS. However, when added above a certain amount, the phase separation of
PEDOT:PSS seems to occur. It is inferred that the Tg increases again due to the high Tg
(59 ◦C) caused by the strong interchain attraction between the rigid conjugate PEDOT and
PSS in PEDOT:PSS [27,28].
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Table 1. Summary of Tg of p(St-co-BA)/PEDOT:PSS films with various PEDOT:PSS contents.

Filler Content 0 wt% 5 wt% 10 wt% 15 wt%

E′ onset 31.9 ◦C 27.8 ◦C 24.9 ◦C 31.5 ◦C
E′′ peak 35.3 ◦C 31.4 ◦C 29.5 ◦C 34.8 ◦C

tan δ peak 49.6 ◦C 41.9 ◦C 41.5 ◦C 44.6 ◦C

3.3. Mechanical Properties of p(St-co-BA)/PEDOT:PSS Blend

Figure 6 is a stress–strain graph evaluating the mechanical properties of the p(St-
co-BA)/PEDOT:PSS blend at room temperature using a tensile test. Pristine p(St-co-BA)
exhibited characteristics like a brittle polymer, showing a maximum strength at low elonga-
tion and then breaking immediately, i.e., tensile strength at break. The tensile strength and
elongation at break of pristine PEDOT:PSS are known to be about 20 MPa and 5–8% [28].
The shape of the strain-stress curve of the blend of PEDOT:PSS added to the p(St-co-BA)
matrix initially showed a clear yield strength and then plastic deformation, showing the
behavior of typical soft polymers with very large elongations. As the PEDOT:PSS content
increased up to 7.5 wt%, yield strength, elongation at break, and toughness all increased.
At 10 wt%, the tensile modulus and yield strength decreased, and the elongation continued
to increase, with a slight increase in tensile strength, showing behavior similar to the cold
drawing phenomenon and then breaking. Table 2 summarizes the mechanical properties,
such as tensile modulus, tensile strength at yield, elongation at break, and toughness from
the stress–strain graph by filler content. The excellent elongation of this blend film is
likely to be due to the similar small size of the p(St-co-BA) latex particles (~40 nm) and the
water-dispersed PEDOTPSS particles (~30 nm [16]). The highest ductility was shown at a
PEDOT:PSS content of around 10 wt%, and as the content was further increased, ductility
tended to decrease and yield strength increased, as shown by the addition of 12.5 wt%.
As discussed in the DMA analysis, it is understood that as the content of PEDOT:PSS
was added up to 10 wt%, the interaction between molecules decreased and Tg decreased,
thereby increasing ductility. However, when added more than 10 wt%, it is inferred that Tg
increased again and flexibility decreased due to the phase separation of PEDOT:PSS and
limited elongation at break (5–8% due to rigid PEDOT chains).
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Table 2. Summary of tensile properties in p(St-co-BA)/PEDOT:PSS films.

PEDOT:PSS
(wt%)

Young’s
Modulus (MPa)

Tensile Strength
at Yield (MPa)

Elongation at
Break (%)

Toughness
(MPa)

0 wt% 1720.3 ± 144.3 8.6 ± 0.7 * 4.5 ± 2.8 0.3 ± 0.2

5 wt% 506.6 ± 82.8 10.6 ± 0.7 81.1 ± 27.0 6.4 ± 2.4

7.5 wt% 427.5 ± 56.0 11.2 ± 1.4 116.6 ± 13.3 10.0 ± 1.5

10 wt% 121.0 ± 50.1 4.5 ± 0.5 305.4 ± 25.2 13.3 ± 2.7

12.5 wt% 248.4 ± 66.3 6.3 ± 0.6 161.1 ± 27.9 9.7 ± 1.7
* Since pristine p(St-co-BA) does not show a yield point, this value is the tensile strength at break.

3.4. EMI Shielding Performance of p(St-co-BA)/PEDOT:PSS Blend Film

The EMI shielding performance of p(St-co-BA) film and p(St-co-BA)/PEDOT:PSS films
was analyzed. Figure 7 shows the SE measured by sequentially stacking 1 to 8 films with a
thickness of 0.2 mm over a frequency range of 50 MHz−1.5 GHz. The pristine p(St-co-BA)
film without PEDOT:PSS showed little SE even when up to eight films were stacked due
to the absence of an electrically conductive filler. The SE of blend films containing 5 wt%,
10 wt%, and 12.5 wt% of PEDOT:PSS (Figure 7a–c) increased with the increase in the filler
content and number of film stacks. When comparing eight-layered films (total thickness of
1.6 mm) at 0.75 GHz (Figure 7d), SE tended to increase linearly as the PEDOT:PSS content
increased up to 12.5 wt%. Increased SE can be expected when using films with a high filler
content, but it is difficult to manufacture a homogeneous blend. Additionally, due to its
brittle nature, not only is it difficult to fabricate the film, but it is also difficult to prepare
specimens for shielding analysis.
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Figure 8 shows graphs showing the SEA, SER, and SET of the p(St-co-BA)/PEDOT:PSS
blend film with PEDOT:PSS content of 10 wt% and 12.5 wt%. In both films, SEA appeared
to be greater than SER, which is consistent with other studies showing that absorption
shielding is the main mechanism for polymeric materials [39]. Additionally, as the thick-
ness of the film increased, SEA increased, while SER remained virtually unchanged. It is
surmised that in reflection shielding, SE due to multiple reflections occurring inside the
film is not significant.
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4. Conclusions

A polymer blend film composed of PEDOT:PSS, a conductive filler surrounded by hy-
drophilic chain, and p(St-co-BA), a water-dispersed copolymer, was fabricated using latex
technology. The p(St-co-BA), which has a Tg of 30–50 ◦C, greatly improved the flexibility of
brittle polystyrene. The rheological properties of p(St-co-BA) were measured to analyze
G′ at various temperatures, and a master curve was constructed using the WLF equation.
Through this curve, the phase change in the matrix by temperature was predicted, and
the optimal drying temperature was set. The filler PEDOT:PSS had a similar effect as a
plasticizer in a blend and resulted in a decrease in the Tg of the film. This was also directly
related to the mechanical properties. Up to 10 wt%, flexibility increased due to a decrease
in Tg, an increase in elongation at break, and a decrease in tensile modulus, but when the
filler content exceeded this amount, Tg increased, and the mechanical properties decreased.
It appears to be an effect of the increased content of PEDOT’s rigid conjugated backbone.
As the content of PEDOT:PSS increased, EMI SE steadily increased, but the mechanical
properties rapidly decreased beyond a certain content. Therefore, it is most important to
find the optimal content that can simultaneously satisfy the mechanical properties and EMI
SE. The latex technology adopted in this study is a suitable method for manufacturing flexi-
ble EMI shielding films by achieving the homogeneous nanoscale dispersion of copolymer
nanoparticle resin and conductive polymer nanofillers with controlled Tg of the matrix.

Author Contributions: Conceptualization: H.Y.N. and S.J.L.; data curation: S.C.L. and Y.B.B.; formal
analysis: S.C.L., Y.B.B. and H.H.P.; funding acquisition: H.Y.N. and S.J.L.; investigation: S.C.L., H.Y.N.
and S.J.L.; methodology: S.C.L. and H.H.P.; validation: H.H.P. and S.J.L.; writing—original draft:
S.C.L. and S.J.L.; writing—review and editing: S.J.L.; supervision: S.J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: National Research Foundation of Korea (NRF-2018R1A5A1024127 and NRF-2021R1F1A1063116)
and Korea Technology & Information Promotion Agency for SMEs (S3217116).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.



Polymers 2024, 16, 1565 11 of 12

Acknowledgments: The authors gratefully acknowledge the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIT) (NRF-2018R1A5A1024127 and NRF-
2021R1F1A1063116). This work was also supported by the Korea Technology & Information Promo-
tion Agency for SMEs (TIPA) grant funded by the Korea government (MSS) (S3217116).

Conflicts of Interest: H.Y. Na was employed by A2B2 Corporation. The remaining authors declare
that the research was conducted in the absence of any commercial or financial relationships that
could be construed as potential conflicts of interest.

References
1. Huang, J.-C. EMI shielding plastics: A review. Adv. Polym. Technol. 1995, 14, 137–150. [CrossRef]
2. Sankaran, S.; Deshmukh, K.; Ahamed, M.B.; Pasha, S.K.K. Recent advances in electromagnetic interference shielding properties of

metal and carbon filler reinforced flexible polymer composites: A review. Compos. A Appl. Sci. Manuf. 2018, 114, 49–71. [CrossRef]
3. Song, P.; Liu, B.; Qiu, H.; Shi, X.; Cao, D.; Gu, J. MXenes for polymer matrix electromagnetic interference shielding composites: A

review. Compos. Commun. 2021, 24, 100653. [CrossRef]
4. Wang, C.; Murugadoss, V.; Kong, J.; He, Z.; Mai, X.; Shao, Q.; Chen, Y.; Guo, L.; Liu, C.; Angaiah, S.; et al. Overview of carbon

nanostructures and nanocomposites for electromagnetic wave shielding. Carbon 2018, 140, 696–733. [CrossRef]
5. Kim, Y.J.; Lee, S.C.; Park, H.H.; Jang, K.S.; Lee, S.J. Electromagnetic interference shielding performance of poly(styrene-co-butyl

acrylate)/carbon nanotube nanocomposites fabricated by latex technology. Ind. Eng. Chem. Res. 2023, 62, 5015–5023. [CrossRef]
6. Al-Saleh, M.H.; Sundararaj, U. Electromagnetic interference shielding mechanisms of CNT/polymer composites. Carbon 2009, 47,

1738–1746. [CrossRef]
7. Joseph, J.; Munda, P.R.; John, D.A.; Sidpara, A.M.; Paul, J. Graphene and CNT filled hybrid thermoplastic composites for enhanced

EMI shielding effectiveness. Mater. Res. Express 2019, 6, 085617. [CrossRef]
8. Cheng, H.; Pan, Y.; Chen, Q.; Che, R.; Zheng, G.; Liu, C.; Shen, C.; Liu, X. Ultrathin flexible poly(vinylidene fluoride)/MXene/silver

nanowire film with outstanding specific EMI shielding and high heat dissipation. Adv. Compos. Hybrid Mater. 2021, 4, 505–513.
[CrossRef]

9. Li, P.; Du, D.; Guo, L.; Guo, Y.; Ouyang, J. Stretchable and conductive polymer films for high-performance electromagnetic
interference shielding. J. Mater. Chem. C 2016, 4, 6525–6532. [CrossRef]

10. Pradhan, S.S.; Unnikrishnan, L.; Mohanty, S.; Nayak, S.K. Thermally conducting polymer composites with EMI shielding: A
review. J. Electron. Mater. 2020, 49, 1749–1764. [CrossRef]

11. Shi, S.; Jiang, Y.; Ren, H.; Deng, S.; Sun, J.; Cheng, F.; Jing, J.; Chen, Y. 3D-printed carbon-based conformal electromagnetic
interference shielding module for integrated electronics. Nano-Micro Lett. 2023, 16, 85. [CrossRef]

12. Vosgueritchian, M.; Lipomi, D.J.; Bao, Z. Highly conductive and transparent PEDOT:PSS films with a fluorosurfactant for
stretchable and flexible transparent electrodes. Adv. Funct. Mater. 2012, 22, 421–428. [CrossRef]

13. Ouyang, J. “Secondary doping” methods to significantly enhance the conductivity of PEDOT:PSS for its application as transparent
electrode of optoelectronic devices. Displays 2013, 34, 423–436. [CrossRef]

14. Shi, H.; Liu, C.; Jiang, Q.; Xu, J. Effective approaches to improve the electrical conductivity of PEDOT:PSS: A review. Adv. Electron.
Mater. 2015, 1, 1500017. [CrossRef]

15. Song, J.P.; Choi, S.H.; Chung, D.-W.; Lee, S.J. Latex-based polystyrene nanocomposites with non-covalently modified carbon
nanotubes. Polymers 2021, 13, 1168. [CrossRef] [PubMed]

16. Saha, A.; Ohori, D.; Sasaki, T.; Itoh, K.; Oshima, R.; Samukawa, S. Effect of film morphology on electrical conductivity of
PEDOT:PSS. Nanomaterials 2024, 14, 95. [CrossRef] [PubMed]

17. Tadesse, M.G.; Mengistie, D.A.; Chen, Y.; Wang, L.; Loghin, C.; Nierstrasz, V. Electrically conductive highly elastic
polyamide/lycra fabric treated with PEDOT:PSS and polyurethane. J. Mater. Sci. 2019, 54, 9591–9602. [CrossRef]

18. Keshmiri, N.; Hoseini, A.H.A.; Najmi, P.; Liu, J.; Milani, A.S.; Arjmand, M. Highly conductive polystyrene/carbon nan-
otube/PEDOT:PSS nanocomposite with segregated structure for electromagnetic interference shielding. Carbon 2023, 212, 118104.
[CrossRef]

19. Qin, F.; Yan, Z.; Fan, J.; Cai, J.; Zhu, X.; Zhang, X. Highly uniform and stable transparent electromagnetic interference shielding
film based on silver nanowire–PEDOT:PSS composite for high power microwave shielding. Macromol. Mater. Eng. 2021, 306, 1–10.
[CrossRef]

20. Lipomi, D.J.; Lee, J.A.; Vosgueritchian, M.; Tee, B.C.K.; Bolander, J.A.; Bao, Z. Electronic properties of transparent conductive
films of PEDOT:PSS on stretchable substrates. Chem. Mater. 2012, 24, 373–382. [CrossRef]

21. Kayser, L.V.; Lipomi, D.J. Stretchable conductive polymers and composites based on PEDOT and PEDOT:PSS. Adv. Mater. 2019,
31, 1806133. [CrossRef] [PubMed]

22. Fan, X.; Nie, W.; Tsai, H.; Wang, N.; Huang, H.; Cheng, Y.; Wen, R.; Ma, L.; Yan, F.; Xia, Y. PEDOT:PSS for flexible and stretchable
electronics: Modifications, strategies, and applications. Adv. Sci. 2019, 6, 1900813. [CrossRef]

23. Wen, Y.; Xu, J. Scientific importance of water-processable PEDOT–PSS and preparation, challenge and new application in sensors
of its film electrode: A review. J. Polym. Sci. Part A Polym. Chem. 2017, 55, 1121–1150. [CrossRef]

https://doi.org/10.1002/adv.1995.060140205
https://doi.org/10.1016/j.compositesa.2018.08.006
https://doi.org/10.1016/j.coco.2021.100653
https://doi.org/10.1016/j.carbon.2018.09.006
https://doi.org/10.1021/acs.iecr.2c04101
https://doi.org/10.1016/j.carbon.2009.02.030
https://doi.org/10.1088/2053-1591/ab1e23
https://doi.org/10.1007/s42114-021-00224-1
https://doi.org/10.1039/C6TC01619G
https://doi.org/10.1007/s11664-019-07908-x
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1002/adfm.201101775
https://doi.org/10.1016/j.displa.2013.08.007
https://doi.org/10.1002/aelm.201500017
https://doi.org/10.3390/polym13071168
https://www.ncbi.nlm.nih.gov/pubmed/33916505
https://doi.org/10.3390/nano14010095
https://www.ncbi.nlm.nih.gov/pubmed/38202550
https://doi.org/10.1007/s10853-019-03519-3
https://doi.org/10.1016/j.carbon.2023.118104
https://doi.org/10.1002/mame.202000607
https://doi.org/10.1021/cm203216m
https://doi.org/10.1002/adma.201806133
https://www.ncbi.nlm.nih.gov/pubmed/30600559
https://doi.org/10.1002/advs.201900813
https://doi.org/10.1002/pola.28482


Polymers 2024, 16, 1565 12 of 12

24. Bora, P.J.; Anil, A.G.; Vinoy, K.J.; Ramamurthy, P.C. Outstanding absolute electromagnetic interference shielding effectiveness of
cross-linked PEDOT:PSS film. Adv. Mater. Interfaces 2019, 6, 1901353. [CrossRef]

25. Li, P.; Sun, K.; Ouyang, J. Stretchable and conductive polymer films prepared by solution blending. ACS Appl. Mater. Interfaces
2015, 7, 18415–18423. [CrossRef] [PubMed]

26. Lang, U.; Naujoks, N.; Dual, J. Mechanical characterization of PEDOT:PSS thin films. Synth. Met. 2009, 159, 473–479. [CrossRef]
27. He, H.; Ouyang, J. Enhancements in the mechanical stretchability and thermoelectric properties of PEDOT:PSS for flexible

electronics applications. Acc. Mater. Res. 2020, 1, 146–157. [CrossRef]
28. He, H.; Zhang, L.; Yue, S.; Yu, S.; Wei, J.; Ouyang, J. Enhancement in the mechanical stretchability of PEDOT:PSS films by

compounds of multiple hydroxyl groups for their application as transparent stretchable conductors. Macromolecules 2021, 54,
1234–1242. [CrossRef]

29. Smit, R.J.M.; Brekelmans, W.A.M.; Meijer, H.E.H. Predictive modelling of the properties and toughness of polymeric materials
Part I Why is polystyrene brittle and polycarbonate tough? J. Mater. Sci. 2000, 35, 2855–2867. [CrossRef]

30. Yin, H.E.; Wu, C.H.; Kuo, K.S.; Chiu, W.Y.; Tai, H.J. Innovative elastic and flexible conductive PEDOT:PSS composite films
prepared by introducing soft latexes. J. Mater. Chem. 2012, 22, 3800–3810. [CrossRef]

31. Urzhumtsev, Y.S. Time-temperature superposition for thermorheologically complex materials. Polym. Mech. 1974, 10, 180–185.
[CrossRef]

32. Li, R. Time-temperature superposition method for glass transition temperature of plastic materials. Mater. Sci. Eng. A 2000, 278,
36–45. [CrossRef]

33. Munalli, D.; Dimitrakis, G.; Chronopoulos, D.; Greedy, S.; Long, A. Electromagnetic shielding effectiveness of carbon fibre
reinforced composites. Compos. Part B Eng. 2019, 173, 106906. [CrossRef]

34. Plazek, D.J.; Ngai, K.L. Correlation of polymer segmental chain dynamics with temperature-dependent time-scale shifts.
Macromolecules 1991, 24, 1222–1224. [CrossRef]

35. Tao, W.; Shen, J.; Chen, Y.; Liu, J.; Gao, Y.; Wu, Y.; Zhang, L.; Tsige, M. Strain rate and temperature dependence of the mechanical
properties of polymers: A universal time-temperature superposition principle. J. Chem. Phys. 2018, 149, 044105. [CrossRef]
[PubMed]

36. Hillman, A.R.; Efimov, I.; Skompska, M. Time-temperature superposition for viscoelastic properties of regioregular poly(3-
hexylthiophene) films. J. Am. Chem. Soc. 2005, 127, 3817–3824. [CrossRef]

37. Lundberg, R.D.; Makowski, H.S.; Westerman, L. The dual plasticization of sulfonated polystyrene ionomer. In Ions in Polymers;
Eisenberg, A., Ed.; American Chemical Society: Washington, DC, USA, 1980; pp. 67–76.

38. M’Bareck, C.O.; Nguyen, Q.T.; Metayer, M.; Saiter, J.M.; Garda, M.R. Poly(acrylic acid) and poly(sodium styrenesulfonate)
compatibility by Fourier transform infrared and differential scanning calorimetry. Polymer 2004, 45, 4181–4187. [CrossRef]

39. Al-Saleh, M.H.; Saadeh, W.H.; Sundararaj, U. EMI shielding effectiveness of carbon based nanostructured polymeric materials: A
comparative study. Carbon 2013, 60, 146–156. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/admi.201901353
https://doi.org/10.1021/acsami.5b04492
https://www.ncbi.nlm.nih.gov/pubmed/26252446
https://doi.org/10.1016/j.synthmet.2008.11.005
https://doi.org/10.1021/accountsmr.0c00021
https://doi.org/10.1021/acs.macromol.0c02309
https://doi.org/10.1023/A:1004711622159
https://doi.org/10.1039/c2jm15689j
https://doi.org/10.1007/BF00860810
https://doi.org/10.1016/S0921-5093(99)00602-4
https://doi.org/10.1016/j.compositesb.2019.106906
https://doi.org/10.1021/ma00005a044
https://doi.org/10.1063/1.5031114
https://www.ncbi.nlm.nih.gov/pubmed/30068199
https://doi.org/10.1021/ja0437508
https://doi.org/10.1016/j.polymer.2004.03.044
https://doi.org/10.1016/j.carbon.2013.04.008

	Introduction 
	Experimental Section 
	Materials 
	Preparation of p(St-co-BA) Latex 
	Fabrication of p(St-co-BA)/PEDOT:PSS Film 
	Characterization 

	Results and Discussion 
	Morphology and Rheological Properties of p(St-co-BA) Copolymer 
	Thermomechanical Properties of p(St-co-BA)/PEDOT:PSS Blend 
	Mechanical Properties of p(St-co-BA)/PEDOT:PSS Blend 
	EMI Shielding Performance of p(St-co-BA)/PEDOT:PSS Blend Film 

	Conclusions 
	References

