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A theoretical prediction of favorable ion exchange between PEDOT:PSS
and hard-cation-soft-anion ionic liquids (IL) is confirmed experimentally
and computationally by treating PEDOT: PSS with a new IL composed of
an extremely hard protic cation MIM" and an extremely soft anion TCB".
This protic IL significantly improves both conductivity and stretchability
of PEDOT:PSS, outperforming its aprotic counterpart, EMIM :TCB,
which has been the best IL employed for this purpose so far. This electrical
and mechanical enhancement is speculated as a result of the aromatic and
protic cation MIM" which does not only provide efficient ion exchange
with PEDOT:PSS but also serves as a molecular glue holding together
multiple PEDOT domains by strong ionic as well as hydrogen bonds,
because washing MIM™ out of the film degrades the stretchability while
keeping the morphology. Our results offer molecular-level insights on the
morphological, electrical, and mechanical properties of PEDOT:PSS and
a molecular-interaction-based enhancement strategy for intrinsically
stretchable conductive polymers.

1- Introduction

devices, which can even go inside our body to
correct irregular heartbeats or improve our brain

Materials constitute such an important aspect of
civilization that our history is often defined by
materials: the stone age, the bronze age, the iron
age, and then the polymer-plastic age (Fig. 1).
What about now? Since a germanium transistor
was invented 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
alternating 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
rollable TVs as well as artificial skin, artificial
retina, and other biomedical implants. Organic
soft (bio)electronics using them are slowly
replacing or complementing silicon-based hard
electronics. Wearable devices such as Apple
Watch will soon be replaced by skin-like patch

functions. We are now entering the renaissance
of the polymer age (Fig. 1).
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Figure 1. Materials and human history. With the advent
of soft and stretchable skin-like electronics made of
organic semiconductors, we enter the renaissance of
polymer age.

LAB *°

SOREENING,
.
~
N GommecT

John Rogers Lab

A current key player in organic bioelectronics is
PEDOT:PSS, a mixture of positively-charged
poly-3,4-ethylenedioxythiophene PEDOT" and
negatively-charged poly-styrenesulfonate PSS~
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(Fig. 2). This lightweight, flexible, stretchable,
conformable, printable, wearable, transparent,
skin-like, thermoelectric, and water-processable
(mass-producible and environmentally-benign)
ionic semiconductor/electrochemical transistor
has been used to realize various flexible organic
devices such as LED, solar cells, thermoelectric
generators, self-powered implantable sensor-
actuators, and ultimately artificial skins.

However, even such a state-of-the-art organic
semiconductor shows a much lower electrical
conductivity than its inorganic counterpart, ITO
(indium tin oxide). The conductivities of vapor-
deposited PEDOT crystals can be higher, but
water-processed PEDOT:PSS films show very
poor conductivities, 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. In each domain of 10-
30 nm, a hydrophilic-but-insulating PSS-rich
region surrounds a conducting-but-hydrophobic
PEDOT-rich region (Fig. 2), making it water-
soluble and stable, but hindered formation of
conducting network of large PEDOT domains
leads to a poor conductivity.''!" A tremendous
amount of effort has been focused on enhancing
the conductivity of PEDOT:PSS.

_ Conducting-but-hydrophobic
Deprotonated PSS (short positively-charged)
v ’ PEDOT Hydrophilic-but-insulating
(long, negatively-charged)

PSS~
S0y SOM SOM SOM SOy SOM /\/

Horii, et al.
* ‘" p doped @ Polym. J.
Y PEDOT* 47, 695 (2015)
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PEDOT
core
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Colloidal gel particles

Figure 2. (Top) Prospective applications of PEDOT:PSS
in organic bioelectronics and (bottom) schematic origins
of low conductivities of pristine PEDOT:PSS films.

A remarkable (~5,000-fold) improvement in
conductivity has been achieved by vigorously
mixing PEDOT:PSS with an ionic liquid (IL) of
1-ethyl-3-methylimidazolium (EMIM™) cation

and tetracyanoborate (TCB") anion.'*!"* Various
experiments indicate a mechanism where the IL
ion pairs, EMIM":TCB", trigger ion exchanges
with PEDOT":PSS™ and help PEDOT" decouple
from PSS~ and grow into a large conducting
domain decorated by TCB™ anions (Fig. 3). Our
free energy estimations using density functional
theory (DFT) and molecular dynamics (MD)
simulation'*!¢ exhibit the central role played by
the classic hard-soft-acid-base principles'”?" in
this mechanism. The deprotonated PSS~ 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 m-conjugated EDOT units.?!
24 Hence, the most favorable ion exchange with
PEDOT":PSS™ would be achieved by ILs of the
most hydrophobic anion (such as TCB") and the
most hydrophilic cation (which is definitely not
EMIM").

We herein propose that a new IL, MIM":TCB~
(Fig. 3), where EMIM" was replaced by protic
(thus more hydrophilic) 3-methylimidazolium
MIM", can improve further the conductivity of
PEDOT:PSS, and confirm it experimentally and
computationally. We demonstrate the generality
of this cation effect and its higher significance
when paired with less effective (hydrophobic)
bis(trifluoromethane)sulfonamide anion TFSI".
Since a significant increase in stretchability is
also observed during this course on the same
film treated with MIM:TCB, we investigate the
molecular origin of this improved stretchability
of IL-treated PEDOT:PSS films as well 2>
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Figure 3. PEDOT-PSS separation and PEDOT

domain growth induced by ion exchange with
hard-cation-soft-anion ionic liquids.
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2- Calculational details

DFT calculation (ion-exchange free energy).
To predict the favorability of the ion exchange
between PEDOT:PSS and MIM™:TCB~, the
aqueous-phase ion-exchange free energy AGex aq
is estimated as AGaq (PEDOT":TCB") + AGyq
(MIM":PSS") — AGaq (PEDOT":PSS") — AGyq
(MIM*":TCB"). PEDOT and PSS are minimally
modeled by an EDOT trimer with a unit positive
charge (3EDOT") and a monomeric SS™ (i.e., p-
toluenesulfonate, PTS"). The geometry of each
ion pair is first optimized in the gas phase
yielding the total energy F,, then verified by a
normal mode analysis which also yields the
zero-point energy, ZPE, and the free energy
correction at 298 K, AAGo-29sx, and finally re-
optimized in the Poisson—Boltzmann implicit
solvation model to yield the hydration energy
AGhya. The aqueous-phase free energy AGyq is
obtained as E; + ZPE; + AAGo-29sk,g + AGhya
and then combined to yield AAGexaq. All the
calculations are performed at the level of
B3LYP/6-31++G** with Jaguar (Schrodinger).

MD simulation (morphology after IL
mixing). Larger PEDOT:PSS models, i.e., 48
chains of doubly-charged six-unit oligomer
6EDOT?" and either six chains of 16-unit fully-
deprotonated oligomer 16SS'®~ or 96 PTS-
monomer units, are used. The PSS-to-PEDOT
weight ratio (3:1) is comparable to 2.5:1 of the
Clevios™ PH1000 PEDOT:PSS solution."
They are mixed with 96 MIM:TCB pairs in a
12-nm periodic cubic box filled with ~54,000
SPC/E water molecules,” as done with
EMIM:TCB in our previous study. Water
molecules are randomly chosen from the final
MD snapshot of the pristine PEDOT:PSS and
replaced by 96 MIM:TCB pairs. The
interactions of PEDOT:PSS and MIM:TCB are
described by the OPLS-AA-based force field*®
supplemented with electrostatic-potential-fitted
(ESP) atomic charges obtained from our DFT
calculations. A particle-mesh Ewald summation
implemented in GROMACS 5.1.4 analyzes the
long-range electrostatic interactions, while the
short-range interactions are truncated at 14 A.
After a short energy minimization, this model is
subjected to a 60-ns NVT simulation with the
modified Berendsen thermostat® at 293 K and

then to simulated annealing runs (which linearly
increase the temperature from 293 K to 363 K
during 10-ns NPT run and decreases back to 293
K during 20-ns NPT run at 1 atm) in order 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 and the
Parrinello-Rahman barostat. A time step of 2 fs
is used for the leap-frog integration. Cluster
analyses 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.

MD simulation (film formation). Molecular
models representing the spin-coated films of
pristine and IL-treated PEDOT:PSS are built by
first removing (virtually evaporating) all the
water molecules from the final snapshots of
pristine and IL-treated PEDOT:PSS aqueous
solutions obtained above and then performing
NPT simulating annealing up to 373 K with the
Berendsen barostat.>° Actual PEDOT:PSS films
may contain non-negligible amounts of water,’
affecting their elastic properties, but the water
content would vary with experiment conditions
and film history (e.g., pristine vs. IL-treated).
We thus remove all the water molecule in both
cases to identify the intrinsic IL effects (rather
than the effect of IL-dependent water contents).

MD simulation (uniaxial stress-strain curve).
The stress-strain curves of each film are derived
from three uniaxial-tensile-loading simulations
on the final snapshot. Each simulation stretches
(increases the size of) the cell in a direction at a
constant deformation rate (5x10~° nm/ps) while
compressing (decreasing the size of) the cell in
the other directions under the external pressure
(1 bar) with the anisotropic Berendsen barostat.
The deformation continues until the film breaks.
The pressure tensor P; and the cell size L,
(i=x,y,z) are saved every 1 ps. They are
converted to the stress o (= —P;) on the relative
strain & [= (L; — Lo;) / Loi], where Lo; is the cell
size prior to the deformation (¢ = 0). The initial
dependence a(¢) shows a linear regime up to 2%
of deformation ¢, and the elastic modulus £ is
defined as o = E ¢. The compressibility is set to
zero along the deformation direction and to
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4.5%x107'° Pa™! to the planes perpendicular to the
deformation direction

3- Results and discussion

The aqueous-phase ion-exchange free energy
(AAGex,aq) 1s estimated as —23 (MIM:TCB), —18
(EMIM:TCB), —6 (MIM:TFSI), and —4 kJ/mol
(EMIM:TESI). More negative AAGexaq values
indicate more favorable ion exchange (Fig. 4a-
b). Indeed, the hydrophobic TCB™ anion plays a
key role in the ion exchange (—23 <<—6 and —18
<< —4), and the protic MIM" cation leads to a
more favorable ion exchange than the aprotic
EMIM* (=23 < —-18 and —6 < —4), most likely
due to its stronger H bonds with PSS, as shown
by the short H-bond distance in the MIM:PSS
ion pairs (2.85 A for N---O; Fig. 4a).
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Figure 4. (a) DFT-optimized ion pairs before and after ion
exchange between a minimal PEDOT:PSS model and four
ILs. The distances (A) between the H-bond donor (N of
MIM/EMIM) and acceptor (N of TCB/TFSI and O of PSS)
are shown in red [H (black), B (green), C (gray), N (blue),
O (red), F (green), and S (yellow)]. (b) DFT ion-exchange
free energies estimated in an implicit solvation model of
water. (c) Final MD snapshots of pristine and IL-treated
6EDOT:16SS models [6EDOT" (blue), 16SS'®" (green),
EMIM*/MIM?* (yellow), TCB™ (red), and water (hidden)].
(d) RDF (solid) and CN (dotted) between the sulfonate S
of 16SS and the backbone C of 6EDOT before (black) and
after mixing with EMIM:TCB (red) or MIM:TCB (blue).
(e) Friends-of-friends analyses (over the last 60-ns MD) of
the size and composition of 6EDOT clusters formed after
mixing with MIM:TCB (top) or EMIM:TCB (bottom) ILs.

Larger-scale MD simulations also confirm the
favorable ion exchange induced by TCB-based
ILs. The final snapshots taken after 270-ns MD
simulations show no trace of self-agglomeration

of ILs (Fig. 4c), suggesting their decent water
solubility. Both ILs are either well-dispersed in
the water phase or deposited on the surface of
PEDOT or PSS. The IL-induced PEDOT-PSS
separation and PEDOT assembly are not visible
in these snapshots, but we clearly see it in the
radial distribution function of the sulfonate S
atoms of 16SS around the backbone C atoms of
6EDOT, RDF(C-S), averaged over the last 60
ns of the simulation (Fig. 4d), which is reduced
after mixing with both ILs. Indeed, at short C-S
distances (< 12 A), the RDF reduction is more
significant after mixing with MIM:TCB than
with EMIM:TCB, implying more favorable ion
exchange with MIM:TCB, as predicted by DFT.
Interestingly, at long C-S distances (> 12 A), the
trend reverses so that RDF(C-S) is higher with
MIM:TCB than with EMIM:TCB and their
integrations, i.e., coordination numbers (CN),
catch up each other (Fig. 4d). Our speculation is
that the PSS chains, which are dissociated from
PEDOT and pushed out of the large m-stacked
PEDOT domains, still remain near the surface
of these PEDOT domains by secondary bridges,
PEDOT:TCB---MIM:PSS, which are favorably
mediated by protic and planar MIM, i.e., by its
H bonds with PSS and TCB as well as its m-
stacking with PEDOT. Such PSS chains holding
multiple PEDOT domains together can enhance
the elastic property of the film, as confirmed
experimentally (Fig. 5, ii and v). Since such
TCB---MIM:PSS bridges stay on outer surfaces
of PEDOT domains, the film may lose them by
an excess amount of water or acetonitrile, losing
the elastic improvements as well, as confirmed
in the experiments (Fig. 5, left, iii-iv).

(i) PEDOT:PSS or - ; .
(i) PEDOT:PSS/IL DI-W or ACN PEDOT:PSS IL Solution {ACN) PEDOT:PSS/IL
Thin Film Thin Film i Thin Film

Rinsing +1L . S SpInNing _ memmmsbemms
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18] 1} it i u i
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W/ p-MIM
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Figure 5. (Top) PEDOT:PSS thin films and (bottom) their

crack onset strains & (left) and stress-strain curves (right),
which show the importance of protic IL, MIM/TCB.
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From the size and composition of the 6EDOT
clusters formed after IL. mixing (Fig. 4¢), we see
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that a higher degree of PEDOT-PSS separation
is induced by MIM:TCB than by EMIM:TCB.
With MIM:TCB, the whole 48 6EDOT units
form a single stable cluster with ~55 (out of 96)
sulfonate (SOs") groups of 16SS attached to it,
while the 48-unit 6EDOT cluster is less stable
(occasionally breaking into two fragments) and
has more (~65) SOs~ groups attached to it after
EMIM:TCB treatment. This is consistent with
the trend shown in the short-range RDF(C-S).
The two graphs in Fig. 4e also show that the
6EDOT cluster contains fewer IL components
after being treated with MIM:TCB (~60 TCB~
anions, blue bars; ~18 MIM" cations, red bars)
than after being treated with EMIM:TCB (~65
TCB™ anions and ~30 EMIM" cations). It can be
that planar and hydrophobic EMIM" tends to
bind (or even intercalate) to the hydrophobic
PEDOT domain, which may adversely interfere
with the separation of EMIM":SO;™ pairs from
the PEDOT domain as well as the m-stacking
(and/or electron transfer through the n-stacking)
of PEDOT units in that domain, and this appears
to be partially avoided 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 m-stacking with PEDOT) while bonded to a
significant (but not excessive) amount of PSS
(via strong H bonds). Such MIM-mediated
secondary bridges (PEDOT:TCB---MIM:PSS)
would enhance the stretchability of the PEDOT
films, as confirmed by our preliminary uniaxial

3000 - o
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g

2000

stress (bar)

1000

T T T T T T T 1
0 50 100 150 200 250 300 350 400
strain (%)

T

stress-strain-curve simulations (Fig. 7).

Figure 7. Preliminary stress-strain curves and snapshots of
pristine and IL-treated PEDOT:PSS films at 200% strain.

4- Conclusion

Combining our small-scale DFT calculation and
large-scale MD simulation as well as various
experiments in collaboration, we predicted,
confirmed, and understood the improvement of
both electrical (conductivity) and mechanical
(stretchability) properties of PEDOT:PSS films
induced by hard-cation-soft-anion ILs such as
MIM:TCB composed of protic MIM™ cations
and hydrophobic TCB™ anions.

5- Perspectives of future
collaborations with the host
laboratory

While PEDOT:PSS is a polyelectrolyte with a
tremendous industrial importance, DNA/RNA
are polyelectrolytes with tremendous biological
importance. Just like PEDOT:PSS composed of
stiff cations PEDOT and flexible anions PSS,
DNA is one of the longest and stiffest anionic
molecules in nature, which is condensed in a
tiny space of cell nuclei by various cationic
peptides. DNA is condensed even further during
cell division or in sperm cells by a special
cationic peptide, protamine. Understanding the
principles underlying such fascinating and
dynamic processes between DNA/RNA and
protamine would bring us one step closer not
only to the origin of life but also to applications
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 current project on IL-
induced PEDOT:PSS phase change, which can
be considered as a type of controlled liquid-
liquid phase separation, has a broad relevance to
protein-controlled DNA packaging in vivo and
in vitro as well as controlled packaging and de-
packaging of recent antiviral and anticancer
mRNA vaccines platforms. Therefore, as an
immediate extension of our current project on
PEDOT:PSS, we continue our molecular-level
simulation on reversible condensation between
DNA/RNA and protamine (Fig. 7). This will
eventually lead us to the mechanism of gene
transfer and protection in the cell nuclei or in
viruses and to the development of anticancer-
antiviral mRNA vaccines.?!"
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Figure 7. MD simulation on generic coarse-grained models
capturing the correct average linear charge densities on
DNA and protamine for correct evaluation of their long-
range electrostatic interactions.

On the other hand, PEDOT:PSS is a conducting
polymer, which will eventually become low-
cost, light-weight, and flexible alternatives (soft
electronics) to current silicon-based electronic-
device materials. Essentially an infinite number
of chemical design is possible for conducing
polymers with promising properties. Therefore,
our current project is extended to a molecular-
level understanding and rational design of
electronic, optical, and mechanical properties of
various conducting polymers as soft electronics
components. As an example, we design a red-
selective polymer which can strongly absorb
only the skin-penetrating visible light, i.e., the
red light of wavelengths 625~800 nm (Fig. 8).
Such a polymer will help realizing wireless (i.e.,
non-invasive) power supply to a subdermal
bioelectronic implant (e.g., 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 component,
which will help realizing retinal prosthesis and
vision restoration.3#33
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Figure 8. (Left) Detailed design principles (in eV) and (b)
newly-designed examples of narrow-wide red-selective
polymers.3433
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