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Stretchable conducting polymer PEDOT:PSS treated with
hard-cation-soft-anion ionic liquid designed
from molecular modeling
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2GREMAN, CNRS UMR 7347, Université de Tours, PEDOT:PSS, an ionic polymer mixture of positively-charged poly-3,4-
INSA CVL, Tours, France ethylenedioxythiophene (PEDOT") and negatively-charged poly-styrenesulfonate
°LPS, CNRS UMR 8502, Université Paris-Saclay, (PSS™), is a water-processable and environmentally-benign organic semiconduc-

Orsay, France

tor and electrochemical transistor, which plays a key role in organic (bio)elec-
tronic devices. However, pristine PEDOT:PSS films form 10-to-30-nm granular
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and Engineering, DGIST, Daegu 42988, Korea. by hydrophilic-but-insulating PSS-rich  shells. Such morphology makes

Email: yhjangedgistackr PEDOT:PSS water-soluble and thermally stable but very poor in conductivity. A

tremendous amount of effort has been made to enhance the conductivity of
PEDOT:PSS by restoring the extended conduction network of PEDOT. Recently,
remarkable ~5000-fold improvements of conductivity have been achieved by
mixing PEDOT:PSS with proper ionic liquids (ILs). In a series of free energy esti-
mations using density functional theory calculation and molecular dynamics
simulation, we have demonstrated that the classic hard-soft acid-base
(or cation-anion) principle of chemistry plays an important role in such improve-
ments. lon exchange between PEDOT':PSS™ and A":X™ ILs helps PEDOT" to
decouple from PSS™ and to grow into large-scale conducting domains of
n-stacked PEDOT' decorated by IL anions X~. Thus, the most spontaneous
decoupling between soft (hydrophobic) PEDOT" and hard (hydrophilic) PSS~
would be induced by strong interaction with soft anions X~ and hard cations
A, respectively. Such hard-cation-soft-anion principles have led us to design ILs
containing extremely hydrophilic (i.e., protic) cations and hydrophobic anions.
Not only they indeed improve the conductivity of PEDOT:PSS but also enhance
its stretchability as well. In summary, our modeling offered molecular-level
insights on the morphological, electrical, and mechanical properties of
PEDOT:PSS and a molecular-interaction-based enhancement strategy for intrin-
sically stretchable conductive polymers.
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INTRODUCTION

Materials is so important in civilization that the human
history is often defined by materials: the stone age, the
bronze age, the iron age, and then the polymer-plastic
age (Figure 1)." What about now? Since the invention of
the transistor in 1948,>* we are surrounded by all kinds
of electronic devices containing silicon semiconductors.
No one would deny that we now live in the silicon age.’

A conducting polymer with & conjugation along alter-
nating single-double bonds of its backbone was discovered
in 1977."® The flexibility of such organic semiconductors or
synthetic metals is a critical feature for realizing foldable
phones and roll-able TVs as well as artificial skin and retina
and other biomedical implants (Figure 1)°° especially
when they are thermoelectric or piezoelectric as well.
Organic soft (bio)electronic devices using them are slowly
replacing or complementing silicon-based hard electronic
devices. Wearable devices such as a smart watch will soon
be replaced by skin-like patch devices, which can even go
inside our body to correct irregular heartbeats or improve
our brain functions (Figure 1).'""* We are now entering the
renaissance of the polymer age.

PEDOT:PSS, a key player in bioelectronics

Currently, one of the key players in bioelectronics
is PEDOT:PSS polymer (Figure 2)>'" which is an
ionic mixture of positively-doped conductive poly-3,-
4-ethylenedioxythiophene (PEDOT")'®'® and negatively-
charged insulating poly-styrenesulfonate (PSS™).'®%° This
ionic conducting polymer or conducting polyelectrolyte
has been used to realize transparent, lightweight, flexible,
and thus printable and mass-producible electronic/
electrochemical devices, such as organic transistor, light
emitting diode, solar cell, sensor-actuator, thermoelectric
generator, and ultimately artificial skins.>~'"*°-2® PEDOT:PSS
is also water-processable and thus relatively biocompatible
and environmentally-benign. However, even this state-of-
the-art organic semiconductor shows a significantly lower
electrical conductivity than its inorganic counterpart,
indium tin oxide (ITO). This is surprising because vapor-
deposited PEDOT crystals are supposed to show high con-
ductivities (Figure 2, top).?’

The conductivities of water-processed pristine
PEDOT:PSS films are poor (<10 S cm™') because two types
of ionic polymers of opposite charges and different
lengths (PEDOT" of 6-18 EDOTs and PSS~ of ~2000 SS
units) are electrostatically bound to form granular
domains (Figure 2, middle).*® In each domain of 10-
30 nm, a hydrophilic-but-insulating PSS-rich shell sur-
rounds a conducting-but-hydrophobic PEDOT-rich core
(Figure 2, middle). This nano-domain morphology makes
PEDOT:PSS stable and water-soluble but the absence of an
extended conducting network of PEDOT domains results
in poor conductivity.?®*>3° Tremendous effort has been
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FIGURE 1 (Bottom) Materials and human history. Adapted from
reference [1]. (Top) With the advent of soft and stretchable skin-like
electronics made of organic semiconductors (references [5-14]), we
enter the renaissance of polymer age.
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FIGURE 2 (Top) High conductivity (~10° S cm™") of vapor-
deposited PEDOT crystals (reference [27]; copyright RSC 2015). (Middle)
Low conductivity (~1 S cm™") of water-processed pristine PEDOT:PSS
films (reference [28]; copyright IOP 2014). (Bottom) Various treatments
can restore and extend the broken PEDOT networks to improve
conductivity (reference [29]; copyright Wiley 2024).
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made to enhance the conductivity of PEDOT:PSS by restor-
ing/extending the broken PEDOT conduction networks
(Figure 2, bottom). The highest conductivity so far
(>4000 S cm™') has been achieved by acid treatments
with conc. H,SO,4 (or more hydrophobic acids CH3SOsH,
HI, or CF3SOsH; see below),?324°™** but these pro-
cesses exhibit acid-related stability issues.*” Treating
with polar solvents such as ethylene glycol and
dimethyl sulfoxide has also improved the conductivity
of PEDOT:PSS (~5000 S cm™').*™**

lonic liquid treatment for conductive
PEDOT:PSS

A remarkable 5000-fold improvement of conductivity up
to 2000Scm™' has been achieved by a non-acidic
treatment, in which an aqueous PEDOT:PSS solution is
vigorously mixed with an ionic liquid (IL) composed of
1-ethyl-3-methylimidazolium (EMIM™) cations and tetra-
cyanoborate (TCB™) anions (Figure 3).°>°°" Various experi-
ments, such as x-ray photoelectron spectra (XPS) of the
Syp levels and transmission electron microscopy (TEM),”'
indicate a mechanism that the best IL pairs, EMIM*:TCB ™,
trigger an ion exchange with PEDOT':PSS~, decoupling
of TCB -bound PEDOT' from EMIM*-bound PSS, and
finally lead to the growth of large conducting PEDOT*
domains decorated by TCB™ anions (Figure 3).

lon exchange free energy (DFT and PMF)

The feasibility of the ion exchange between PEDOT:PSS
and IL (e.g, EMIM:TCB) can be judged®™° by the
aqueous-phase ion-exchange free energy (AGeyaq)
defined as AG,q(PEDOT":TCB™) + AG,q(EMIM™:PSS™) —
AG,q(PEDOT":PSS™) — AG,q(EMIM™:TCB™), i.e, the free
energy change during ion exchange in the aqueous
phase (Figure 3, bottom). After rearrangement, AGeyaq
can also be expressed as the change in the aqueous-
phase ion pair binding free energy during the ion
exchange, i.e.,, AG,(PEDOT :TCB™) 4+ AGL(EMIM*:PSS™) —
AGy,(PEDOTH:PSS™) — AGL,(EMIM™:TCB™). To calculate the
ion pair (binding) free energies, PEDOT:PSS can be mini-
mally modeled (Figure 4, top) by an EDOT trimer with a
unit positive charge (3EDOT')*”*° and a SS monomer
with a unit negative charge (SS™ or p-toluenesulfonate
PTS™). The geometry of each ion pair is first optimized in
the gas phase, giving the total energy E4 and then veri-
fied by a normal mode analysis which gives the zero-
point energy ZPE; and the free energy correction at
298 K, AAGy_.o9skg- The gas-phase free energy AGyq is
obtained as Eg + ZPEy + AAGo_.98kg and then com-
bined to give AAG.,q in the gas-phase (Figure 3, bottom
right, black dashed curve).>” These density functional the-
ory (DFT) calculations were performed with B3LYP/6-31+
+G** using the Jaguar (Schrodinger) code'®? The

calculated AAGe, 4 values show a good correlation with
the anion dependence of the PEDOT:PSS conductivity
enhancement, i.e, more negative AAG., 4 values for the
cases of more spontaneous ion exchange and more effi-
cient conductivity enhancement (i.e, EMIM:TCM and
EMIM:TCB). However, the anion dependence calculated in
the gas phase is exaggerated with a wide range of
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FIGURE 3 (Top) IL treatment of PEDOT:PSS. (Middle) Dramatic IL
anion dependence of the enhanced conductivity/mobility. (Bottom) XPS
and SEM indicate PEDOT:PSS separation and PEDOT network growth
(reference [51]; copyright Wiley 2016) induced by various degrees of ion
exchange with IL, confirmed by DFT calculations (references [52-54];
copyright ACS 2018 and 2021).
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AAGeyy (—10 to 40 k) mol™").>* The anion dependence
becomes more reasonable with a narrower range of
AAGeyaq (0to —10 kJ mol~"; Figure 3, bottom right, blue
solid curve)® when the ion exchange free energy
AAGegyq is calculated in the aqueous phase by combin-
ing the aqueous-phase ion-pair binding free energies
(AGp,aq) instead of those in the gas phase (AGy,g). To esti-
mate the binding energy of each ion pair in the aqueous
phase (AGy, .q), the DFT-optimized ion-pair geometry was
used as the initial geometry of the potential-of-mean-
force (PMF) molecular dynamics (MD) simulation running
with an umbrella sampling®® along the reaction coordi-
nate & ie., the distance between the centers of mass
(CMs) of cation and anion, in a tetragonal periodic water
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FIGURE 4 (Top) Minimal models for ion exchange between
PEDOT:PSS and IL (EMIM:X). (Middle) Monte-Carlo-sampled and DFT-
optimized geometries of these minimal models, i.e.,, 3EDOT:X and
EMIM:X (X = PTS, Cl, ES, TCM, TCB, and HCCP) ion pairs (reference [52];
copyright ACS 2018). (Bottom) They are used as the initial geometry for
PMF simulations along the reaction coordinate ¢, i.e., the CM-CM
distance between cation (3EDOT or EMIM) and anion X, in a tetragonal
periodic water box of 4 x 4 x 12 nm? (reference [53]; copyright ACS
2021). [Color code: H (black), B (green), C (gray), N (blue), O (red), and Cl
(dark green).]
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box of 4 x 4 x 12 nm? containing about 6450 water mol-
ecules (Figure 4, bottom).

The anion dependence is less exaggerated in the
aqueous phase than in the gas phase, because the ion-
pair binding energy AG, is less negative (i.e., binding is
less strong) in the aqueous phase (e.g., —12 instead of
—250 kJ mol ™" in case of 3EDOT:TCB) due to stabilization
of dissociated individual ions by hydration.**>? If the bulk-
iness, the charge-dispersion, the hardness-softness, and
the hydrophilicity—hydrophobicity of an ion is defined by
its hydration energy (i.e., the less negative hydration ener-
gies and the weaker hydration for the bulkier, more
charge-dispersed, softer, and more hydrophobic ions),*?
the consistently deeper PMF minima (stronger binding)
estimated for 3EDOT:X pairs than for EMIM:X pairs
(Figure 4, bottom) indicate that 3EDOT" in PEDOT:PSS is a
more hydrophobic (softer) cation than EMIM™ in IL. The
deeper PMF minima estimated for 3EDOT:TCM and
3EDOT:TCB than for 3EDOT:Cl and 3EDOT:ES (Figure 4,
bottom left) likewise indicate that tricyanomethanide
TCM™ and TCB™ are softer and more hydrophobic anions
than chloride CI™ and ethylene sulfate ES™ (Figure 4,
bottom).

Since the PMF simulation is extremely time-
consuming and labor-intensive, such a critical effect of
hydration on ion exchange can be taken into account
alternatively by reoptimizing the ion-pair geometry in the
Poisson-Boltzmann implicit solvation model of water in
the frame of DFT®*®® and then by adding the estimated
hydration free energy (AGhyq) to the gas-phase free
energy to estimate the aqueous-phase free energy AG,q
(=AGg + AGpyq) of each ion pair.”® It should be noted
that we estimate AGnyq and in turn AG,q of the neutral
ion pairs only, not the individual ions, with the implicit
solvation models and combine them to estimate the ion-
exchange free energy AAGeyaq.

Design principle: Hard-cation-soft-anion IL

We then notice that the classic hard-soft acid—base princi-
ple of Pearson®®® plays the central role in the ion
exchange between PEDOT:PSS and IL>'> The deproto-
nated PSS, like ES™, is a hydrophilic (hard) anion (base)
that can form hydrogen (H) bonds with water, and the p-
doped PEDOT" is a hydrophobic (soft) cation (acid) that
has a single positive charge dispersed over at least three
n-conjugated EDOT units.>”~°° Therefore, the most favor-
able ion exchange with PEDOT*:PSS™ would be achieved
by ILs of the most hydrophobic anion and the most
hydrophilic cation. This principle indeed explains the
experimental findings that the most hydrophobic anions
TCM™ and TCB™ are favored for the PEDOT:PSS treatment
(Figure 3, middle). A hypothetical anion with seven cyano
groups attached to a non-planar partially-aromatic central
ring, heptacyanocyclopentenide (HCCP™), was designed
as an extremely bulky and hydrophobic (soft) anion, and
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it indeed exhibits the most negative ion exchange free
energy among the series of considered anions (Figures 3
and 4).

Mixing IL with aqueous PEDOT:PSS
Solution (MD)

Larger-scale MD simulations mimicking the vigorous
mixing of IL in the aqueous PEDOT:PSS solution
(Figures 2 and 5) also confirm the favorable ion
exchange induced by ILs with hydrophobic anions.
Larger PEDOT:PSS models, e.g., 48 chains of doubly-
charged 6-unit oligomer 6EDOT?" and 6 chains of
16-unit fully-deprotonated oligomer 1655'®~, are mixed
and equilibrated in a 12-nm periodic cubic box filled
with about 54 000 SPC/E water’® molecules.>*® A
model of an intermediate size, e.g., 16 chains of
3EDOT™" and a single chain of 1655'®™ mixed in a 6-nm
periodic cubic box of water, are also used for clearer
visualization (Figure 5).>*°*°> The PSS-to-PEDOT weight
ratio (3:1) is comparable to 2.5:1 of the Clevios™
PH1000 PEDOT:PSS solution.>’ From the final MD snap-
shot of the pristine PEDOT:PSS solution, water mole-
cules are randomly chosen and replaced by EMIM:X IL
pairs. Interatomic interactions in the system are
described by the OPLS-AA-based’'™”* force field of
Zozoulenko and coworkers?>3¢747> sypplemented with
electrostatic-potential-fitted atomic charges obtained
from the above DFT calculations.’?">° The particle-mesh
Ewald summation’®”” implemented in GROMACS’®7?
handles long-range electrostatic interactions and short-
range electrostatic and van der Waals interactions are
truncated at 14 A. After a short steepest-descent mini-
mization and a 60-ns NVT simulation with the modified
Berendsen thermostat®® at 293 K, each system is sub-
mitted to a simulated annealing run (which linearly
increases the temperature from 293 to 363 K during
10-ns NPT run and decreases back to 293 K during 20-
ns NPT run) at 1T atm to mimic IL mixing conducted in
experiments, and finally to a 180-ns NPT simulation at
293 K and 1 atm with the Nose-Hoover thermostat®'-2
and the Parrinello-Rahman barostat.®*#* A time step of
2 fs is used for the leap-frog integration.?> Cluster ana-
lyses using a friends-of-friends algorithm® % and a
threshold distance of 3.5 A retrieve the size and the
composition of PEDOT clusters formed before and after
mixing PEDOT:PSS with IL pairs (Figure 6).

From the equilibrium structures (the final snapshots)
taken after the MD simulations (Figure 5, bottom), we first
notice the self-agglomeration of hypothetical EMIM:HCCP
ILs, which suggests that they are too hydrophobic to be
water soluble. Other ILs used in the previous real experi-
ments®' indeed exhibit no trace of self-agglomeration,
either dispersed in the water phase or deposited on the
surface of PEDOT or PSS, confirming their decent water
solubility. We also notice that IL-induced PEDOT-PSS
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FIGURE 5 (Top) Larger models of PEDOT (3EDOT" or 6EDOT?";
blue) and PSS (1655'°~; green) immersed in 6- or 12-nm-long periodic
cubic boxes of water for MD simulations, whose final snapshots are
mixed with ILs for further simulations. (Bottom) Final snapshots of MD
simulations on the medium-size models of PEDOT:PSS mixed with
EMIM:X (X = Cl, ES, TCM, TCB, and HCCP; red) ILs. Adapted from
references [52-55] (copyright ACS 2018, 2021, and 2023).

separation and PEDOT assembly are visible only with a
sufficient amount of EMIM:TCM or EMIM:TCB, not with
EMIM:CI or EMIM:ES (as also shown from the friends-
of-friends analyses; Figure 6), owing to the ion exchange
with soft anions in EMIM:TCM and EMIM:TCB ILs. The PSS
chains, which were separated from PEDOT and pushed
out of the extended n-stacked PEDOT domain, still remain
near the surface of the PEDOT domain, but they would be
washed away rather easily without disrupting the
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FIGURE 6 Friends-of-friends analysis (over the last 60-ns MD
simulation shown in Figure 5) of the size of 3EDOT clusters formed after
mixing with EMIM:ES (top; blue) or EMIM:TCB (bottom; red). PEDOT
assembly into one large cluster (of size 16) is visible only with a
sufficient amount of EMIM:TCB, not with EMIM:ES. Adapted from
reference [52] (copyright ACS 2018).

formation of fibular PEDOT networks (as shown in
Figure 2, bottom right).

New design: Protic-cation-soft-anion IL

According to the proposed hard-cation-soft-anion principle,
the aromatic EMIM" may not be the best cation for
PEDOT:PSS treatment. Organic salts such as Inl, Li:TCB, and
Li:TFSI [TFSI = (CF3SO,), 1 have induced high PEDOT:PSS
conductivies,””°** and they are indeed combinations of
soft anions (TCB™, TFSI~, and I7) and small or highly-
charged, ie., hard and hydrophilic metal cations (Li* and
In*).% In fact, one of the smallest, the hardest, and the
most hydrophilic cations is proton (H"). Indeed, treatments
with concentrated acid H,SO, or recent treatments with
acids of rather hydrophobic conjugate bases (HI, CH;SOsH,
or CF3SOsH) have achieved the highest conductivities of
PEDOT:PSS so far (>4000 S cm™').29324%* A strong acid HI
(PKs —9.3) has been more effective than HCI. Films made at
low pH have shown higher conductivity than those made at
higher pH. Such treatment can be regarded as a process
where the hardest cation H' strongly interacts with PSS~
(even making a bond with it, i.e, protonating it to form
PSSH) and leaves behind the soft anions for favorable inter-
action with PEDOT. Such a reasoning again supports the
hard-cation-soft-anion IL design rule and leads us to pro-
pose new ILs, MIMTCB or EIM:TCB, composed of a protic
(and thus more hydrophilic and harder) derivative of EMIM™*
cation, methyl or ethyl imidazolium (MIM* or EIM*), and the
most hydrophobic anion so far, TCB™, for PEDOT:PSS treat-
ment, which was confirmed computationally and experi-
mentally (Figure 7)5>°6
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FIGURE 7 Protic ILs proposed according to the hard-cation-soft-
anion design principle vs. aprotic ILs. (Top) Free energy of ion exchange
with PEDOT:PSS (kJ mol~") estimated from DFT combined with the
Poisson-Boltzmann implicit solvation model of water. (Middle) Final MD
snapshots (viewed in two different directions) of pristine and IL-treated
large model systems containing 48 chains of 6EDOT>" (blue) and

6 chains of 1655'%~ (green) in each periodic cubic water box of 12 nm
on each side and their radial distribution functions (RDF) between the
sulfonate S atoms of 16SS and the backbone C atoms of 6EDOT before
(black curve) and after mixing with EMIM:TCB (red curve) or MIM:TCB
(blue curve). (Bottom) Conductivities and stress—strain curves of pristine
or IL-treated 100-pm-thick PEDOT:PSS films. Adapted from reference [56]
(copyright ACS 2023).

The aqueous-phase ion-exchange free energy
AAGeyaq is estimated as —23 (MIM:TCB), —18 (EMIM:TCB),
—6 (MIM:TFSI) and —4 (EMIM:TFSI) (kJ mol™", Figure 7,
top) by DFT combined with the Poisson-Boltzmann
implicit solvation model of water. More negative AAGegyaq
values indicate more favorable ion exchange. Indeed, the
protic (thus more hydrophilicc MIM" cation leads to a
more favorable ion exchange than the aprotic EMIM™
(—23 < —18), most likely due to its strong H bond with
PSS™ as shown by the short H-bond distance in the
MIM:PSS ion pairs (2.85 A for N-O). This cation effect is
general (—6 < —4) when paired with another anion,
bis(trifluoromethane)sulphonamide (TFSI™) but the most
hydrophobic TCB™ anion still plays a key role in the ion
exchange (—23 and —18 with TCB™ << —6 and —4 with
TFSIT).>°

After mixing with the protic MIM:TCB, the whole
48 6EDQT units form a single stable cluster with ~55 (out
of 96) sulfonate (SO37) groups of 16SS attached to it. On
the contrary, the 48-unit 6EDOT cluster formed after
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mixing with the aprotic EMIM:TCB is less stable, occasion-
ally breaking into two fragments, and has more (~65)
SO3~ groups still attached to it (Figure 7, middle). The
short-range (<12 A) radial distribution function between
PEDOT and PSS, RDF(C-S), also shows that mixing with
protic MIM:TCB ILs also achieves a higher degree of sepa-
ration of PSS from the PEDOT domain (blue curve) than
mixing with aprotic EMIM:TCB ILs (red curve).>®

As the first experimental confirmation of our first-
principle-guided prediction, the PEDOT:PSS film treated
with the protic MIM:TCB IL indeed shows the conductivity
o approaching 2500 S cm ™', which is higher than the o
value achieved with the aprotic EMIM:TCB (Figure 7, bot-
tom, blue dot). The generality of the cation effect over
another anion (TFSI™) and the key role of the hydrophobic
TCB™ is again confirmed (Figure 7, bottom, red dot).”®

IL-induced stretchability enhancement

The friend-of-friend analyses indicate that the phase-
separated PEDOT domains contain fewer IL components
after being treated with MIM:TCB (~60 TCB™ and ~18
MIM™) than after being treated with EMIM:TCB (~65 TCB~
and ~30 EMIM™).>® Hydrophobic and planar EMIM™
cations appear to bind to (or even intercalate) the hydro-
phobic PEDOT domain and may adversely interfere with
the separation of EMIM™:SO;~ pairs from the PEDOT
domain and with the n-stacking (and/or electron transfer
through the z-stacking) of PEDOT units in that domain.
This adverse effect appears to be partially avoided by
using hydrophilic MIM™ cations. However, a significant
amount of planar MIM* cations still remain around the
PEDOT:TCB domains (via H bonds with TCB and
n-stacking with PEDQOT) while bonded to a significant (but
not excessive) amount of PSS (via strong H bonds). Such
protic-IL.-mediated bridges (PEDOT:TCB-MIM:PSS-PEDOT:
TCB) may hold multiple PEDOT domains together,
enhancing the elastic property (stretchability) of the film
as well as its conductivity. Indeed, significant increase in
stretchability has been observed experimentally>® after
treating a PEDOT:PSS film with the protic MIM:TCB IL
(Figure 7, bottom right, dark vs. light blue curves and
Figure 8, i vs. ii). These IL-mediated bridges (TCB-MIM:
PSS) are expected to reside on the outer surfaces of the
PEDOT domains, since the radial distribution functions
between PEDOT and PSS [RDF(C-S), Figure 7, middle left]
show a crossover between the red (EMIM:TCB) and blue
(MIM:TCB) curves around 12 A. Then, these bridges (TCB-
MIM:PSS) would be rather easily washed away from the
PEDOT domains by excess water and acetonitrile, reduc-
ing the elasticity of the film, as confirmed experimentally
(Figure 8, ii vs. iii-iv).>® Then, most interestingly, when the
MIM:TCB ILs are reintroduced to the film using a washing
solvent containing them, the protic-IL-mediated bridges
holding the multiple PEDOT domains (PEDOT:TCB-MIM:
PSS-PEDOT:TCB) are restored with a much smaller
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FIGURE 8 (Top) Various conditions of PEDOT:PSS film preparation (i
to v). (Bottom) The corresponding (in each row; i to v) optical
microscopy images obtained at various strain magnitudes (in each
column; 0%-50%). The insets show the images of the thin films after the
strain is removed. Adapted from reference [56] (copyright ACS 2023).

amount of PSS, achieving the enhancement of both con-
ductivity and stretchability (Figure 8, iii-iv vs. v).>® Uniaxial
tensile-loading simulations mimicking the IL-induced
stretchability improvement of PEDOT:PSS films are cur-
rently underway.

SUMMARY AND PERSPECTIVE

Combining our small-scale DFT calculations and large-scale
MD simulations with various experiments performed in col-
laboration or found in literature, we have designed, pre-
dicted, and confirmed the improvement of both electrical
(conductivity) and mechanical (stretchability) properties of
PEDOT:PSS induced by hard-cation-soft-anion ILs, salts, and
acids, such as (1) MIM:TCB IL, which is composed of protic
MIM* and hydrophobic TCB~,*® (2) Li:PFSI salt composed
of small metal ion Li*, which is a point-like and thus hard
and hydrophilic cation, and a bulky and hydrophobic PFSI™
anion, bis(pentafluoroethanesulfonyl)imide, which is bulk-
ier than popular TFSI~,*° and (3) CF3SOsH acid, which is
composed of the smallest (i.e., one of the hardest) cation
H™ and a soft (at least softer than SO,% )***° CF3;S05~
anion.”® We have also proposed>> PYR3:TCB as promising IL
(PYR3 = 3-methyl pyrrolidinium = protic aliphatic cation)
and PYR;3:TCB (PYR;3 = 1,3-dimethyl pyrrolidinium = non-
protic aliphatic cation)*®®® as less promising IL, although
this proposition has not been experimentally confirmed. A
non-protic but hydrophilic, aliphatic, and biocompatible
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tris(2-hydroxyethyl)-methylammonium cation can also be
promising.**®’

Various applications of PEDOT:PSS, ILs, and/or salts
utilizing our ion-exchange-based design principle
have been reported*® for thermoelectrics,”°%°° Li-S
batteries,'°® perovskite light emitting diodes,'®" organic
solar cells,'® and so on, or have a great potential to be
introduced to many other areas such as liquid-phase exfoli-
ation of two-dimensional materials'®®> and electrolyte con-
trol for dendrite suppression in batteries.'*'% Therefore,
new force fields and protocols have been developed and
utilized for MD and Monte Carlo (MC) simulations on vari-
ous aspects of PEDOT:PSS and ILs.'%'"® We also plan to
extend our work toward larger scale simulations on a
coarse-grained model of PEDOT:PSS and ILs (as done for
other polyelectrolytes such as DNA and peptide; see
below)®®® to estimate their electronic''" and ionic con-
ductivities'%''° quantitatively (beyond our previous quali-
tative estimation).>?

Related to this plan, another extension of this line of
our study is as follows. Although ionic PEDOT:PSS poly-
mer is a polyelectrolyte with a tremendous industrial
importance, nucleic acids such as DNA and RNA are
polyelectrolytes with a tremendous biological impor-
tance. Just as PEDOT:PSS is composed of stiff PEDOT cat-
ions and flexible PSS anions, DNA is one of the longest
and stiffest anions in nature, which is condensed into
the tiny space of cell nuclei by various cationic small
peptides. DNA is condensed even further during cell
division or in sperm cells by a special cationic protein
called protamine. Understanding the principles underly-
ing such a fascinating and dynamic process between
DNA or RNA and protamine would bring us one step
closer not only to the origin of life but also to applica-
tions in various fields such as medicine, materials, and
energy, but it is still difficult to observe such processes
at the molecular level by real experiments. Hence, our
studies on the IL-induced PEDOT:PSS phase change,
which can be considered as a type of controlled liquid-
liquid phase separation, have a broad relevance to
protein-controlled DNA packaging in vivo and in vitro as
well as controlled packaging and depackaging of anti-
viral and anticancer mRNA vaccine platforms. Thus, as an
immediate extension of our work on PEDOT:PSS, we per-
form molecular-level simulations on reversible conden-
sation between DNA/RNA and protamine (or any other
cationic peptides or polymers), 2382112113 hoping for a
clearer understanding of the mechanism involved in
gene transfer or gene protection in the cell nuclei or in
viruses, which will in turn accelerate the recent develop-
ment of anticancer or antiviral mMRNA vaccines.

PEDOT:PSS is also a conducting polymer, which will
become a low-cost, light-weight, and flexible alternative
(soft electronics) to the current silicon-based electronic
device materials. Essentially an infinite number of chemi-
cal design is available to realize conducing polymers with
desired electronic or optical properties. Thus, another

KOREAN CHEMICAL SOCIETY

direction of extension of our current study would be a
molecular-level understanding and rational design of
electronic and optical properties of various conducting
polymers. As an example, we design a red-selective poly-
mer which can strongly absorb only the skin-penetrating
visible light, i.e., the red light of wavelengths 625-
800 nm, which is quite rare. Such a polymer will help real-
izing wireless and thus non-invasive power supply to sub-
dermal bioelectronic implants (such as pacemaker on
heart or neuromodulator on brain) by shedding the red
light toward the red-light-absorbing organic photovoltaic
thin film deposited on it. Such a polymer can also be used
as a conformable RGB-color-selective photodiode compo-
nent, which will help realizing retinal prosthesis and
vision restoration.''*'"?
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