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Introduction

lonic liquid decoration for the hole transport
improvement of PEDOT+

a

Wei-Lu Ding,
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@ Xing-Liang Peng,” Zhu-Zhu Sun, 2 € Kailun Bi,? Yaqin Zhang,

2 Lin Ji® 9 and Hongyan He (2 *?

lonic liquids (ILs) play an important role in conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) based electronics and thermoelectrics through regulating morphology and electronic
properties. Herein, the hole transport and interface electronic coupling properties of three kinds of IL
([BMIM]:[BF4l, [BuPhIM]:[BF,4l, and [BnPhIM]:[BF4]) mediated PEDOT systems have been researched via
multiscale molecular mechanics simulations and quantum mechanics calculations, where the cations of
the ILs feature gradually extended m-conjugation. It is indicated that [BnPhIM]:[BF4] induces PEDOT to
show more ordered n—mr stacking than its counterparts, where the chains are oriented with face-to-face
alignment. This is attributed to the larger evenness of the net charge distribution at the [BnPhIM]:[BF,4]-
PEDOT interface. Consequently, the average mobility in [BnPhIMI:[BF4]-PEDOT is 4.01 cm? V~* s~* and
the instantaneous maximum reaches 17 cm? V™! s7 far surpassing its counterparts. Although the
predicted PEDOT single crystal presents a well-ordered lamellar structure, the one-dimensional
orientation causes hole tunneling along the nanowire-like direction, leading to its mobility lagging
behind the [BnPhIM]:[BF4] decorated system by one order of magnitude. On the other hand, the
interface electronic coupling and doping efficiency in [BnPhIM]:[BF,]-PEDOT is strengthened, confirming
that improving the m-conjugation of the cation of the IL can enhance the mobility of PEDOT and
interface electronic coupling synergistically. To improve the mobility further, a novel series of cations
containing [BnPhIM-oOMe]*, [BnPhIM-mOMe]*, and [BnPhIM-pOMe]* has been designed based on the
outstanding properties of [BnPhIM]*. Combining the novel designed cations with [BF4]~ and [B(CN)4I ™, it
is observed that [BnPhIM-pOMe]:[B(CN),4] causes PEDOT to assemble with well-ordered n—n stacking.
Assessments rationalize that it could serve as a potential candidate for application in PEDOT-based
electronics, since it shows similar interface electronic coupling and has a 35-43% improvement in
PEDOT mobility compared to the excellent reference [BnPhIM]:[BF,].

carriers (the former via negative charge carriers and the latter
via positive ones). Among the abundant p-type polymers,

High conducting polymers are an essential component in the
fields of organic electronics,’ solar cells,” thermoelectrics,?
bioelectronics,’ and wearable devices.” Conducting polymers
can be classified as n-type or p-type based on the kind of charge
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poly(3,4-ethylenedioxythiophene) (PEDOT, Fig. 1) has attracted
considerable attention in these past decades owing to its
excellent properties of easy accessibility, excellent mechanical
flexibility, and high transparency in the visible and near-infrared
regions.™®”

Pristine PEDOT 1is heavily oxidized (p-doped), has poor
solubility, generally shows low conductivity and is therefore
unfeasible for use in practical applications.® Prepared PEDOT
for applications is commonly in an aqueous dispersion, where
a counterion® such as poly(styrenesulfonate) (PSS) or tosylate
(Tos) is introduced to stabilize the doped PEDOT.'® The mechanism
of conductivity for PEDOT:counterion blends is governed by hole
transport within the PEDOT domain not only along the molecular
backbone but also by passing through inter-crossing chains
depending on the n-n interactions."* The anticipated properties
of PEDOT in widespread electronic applications are basically
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Fig. 1 A schematic illustration of IL-PEDOT:Tos aqueous solution and the chemical structures of oligomeric PEDOT, Tos, and the cations/anion of the

ionic liquid additives.

identical and well-defined: (a) a high degree of molecular order
and (b) a large hole mobility."> A structurally ordered alignment
is one of the prerequisites for achieving prominent hole transport
and acquiring critical microstructural information, including the
average m-n packing distance and the orientation between the
neighboring molecules (face-to-face, face-to-edge, dislocation etc.),
is crucial in order to comprehend the macroscopic hole transport
properties and subsequent electrical conductivity. Moreover, an
excess of insulating counterions can act as a barrier for the order
of m-stacked PEDOT and the hole transport in the conductive
PEDOT-rich domain, therefore it is another important factor that
should be considered."

There are many treatments that can be either applied to
PEDOT solution prior to film deposition or post-treatment
using various additives,>'*" ranging from strong acids/bases,
such as H,SO, and NaOH, and different boiling-point additives,
including dimethyl sulfoxide (DMSO), ethylene glycol (EG), and
ionic liquids (ILs). As green solvents consisting of positively and
negatively charged binary ionic compounds, which show a high
performance in ion transport, ILs have been used as additives
in widespread electronic equipment and ion batteries."*>"
Because of the same binary nature of PEDOT and the counterion,
ILs are highly interesting as treating agents for separating the
counterion from the PEDOT domain from the point of view of
ion exchange.”” Meanwhile, recent explorations through both
experiments'®®>** and theoretical calculations®**® have
affirmed the critical role of ILs in regulating the doping, hole
mobility, and conductivity of PEDOT in large spanning orders of
magnitude from the side of the electronic properties. Similarly,
taking the advantage of the adjustable ion ratio of IL, it has been
observed in our previous work that regulating [EMIM]:[TFSI]
with an excess of cation produces a significant improvement of
hole mobility by 1-3 orders of magnitude with respect to the

2010 | Mater. Adv., 2021, 2, 2009-2020

pristine PEDOT:Tos solution, while increasing the content of
anion damages the molecular order and leads to a dynamic
mobility 107> to 10° cm® V' s~ " smaller than that of the pristine
solution.”” Despite recent efforts in the field of PEDOT organic
electrics, the current understanding of the dependence of the
hole transport of PEDOT on the structural and electronic properties
of ILs is still insufficient. This lack of knowledge limits the pace
of discovery of promising functional ILs and for this reason,
systematic exploration of the structure-property relationship
would be beneficial.

The commonly used cations of ILs are 1-ethyl-3-methylimid-
azolium ((EMIM]") and 1-n-butyl-3-methylimidazolium ([BMIM]"),
which differ only in the length of the attached alkyl chain
but cause PEDOT to produce different hole mobility and
conductivity values. In view of the obvious difference, we
decided to specifically investigate the effect of aromatized
imidazole derivatives on the interfacial electronic coupling of
IL-PEDOT and the degree of molecular order and the hole
mobility of PEDOT, extending the n-conjugation of the organic
backbone typically tunes the frontier molecular orbitals (the
highest occupied and the lowest unoccupied molecular orbitals,
HOMO and LUMO) energy level as well as shrinks the energy
gap, favoring the improvement of charge transport. The series of
analogues are [BMIM]', 1-butyl-3-phenylimidazole ([BuPhIM]"),>%?°
and 1-benzyl-3-phenylimidazolium ([BnPhIM]"),*° the latter two
were synthesized by substituting the imidazole ring and side
chain of [BMIM]" by benzene (Fig. 1, the orbital distribution
and the energy gap of the frontier molecular orbitals can be
seen in Fig. S1, ESIt) and they have not been used in PEDOT-
based electrics before as far as we know. Each cation is coupled
with the widely used tetrafluoroborate ([BF,]") anion to produce
varied ion pairs. Our results demonstrate that extending the
n-conjugation of the imidazole cation synergistically boosts the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hole transport within the PEDOT domain and the electronic
coupling of the IL-PEDOT interface. Along this line, three novel
ILs have been designed and further enhancement of hole
mobility has been observed. It emphasizes the active role of
extending the n-conjugation of the imidazole cation in improving
the hole transport and provides a guide for designing and
optimizing efficient IL additives in PEDOT-based electrics.

Methodology
Molecular dynamics simulations

In this work, we considered the treatment of 0.1 mol L™*
PEDOT:Tos solution by an IL prior to film deposition. Based
on experimental detection, PEDOT is commonly constituted of
3-18 repeated monomer units,** therefore, we selected oligomeric
PEDOT containing 9 structural units to compromise between
computational accuracy and time. Correspondingly, each of the
four chains with an oxidation level of 33.3% doping (charge
equals +3) combined with 12 negatively charged Tos and
6696 water molecules were put together in a sufficiently large
9 X 6 x 4 nm’® unit cell. Then, 24 cation and anion binary ion
pairs were introduced to permit them to diffuse into the pristine
solution. The amorphous solution model was generated by
PACKMOL code®* as the starting point to perform molecular
dynamic (MD) simulations. The MD simulations of the considered
samples were carried out under periodic boundary conditions via
LAMMPS code.®® The parameters of bonded and van der Waals
(vdW) nonbonded interactions were taken from the OPLS-AA force
field,* the water solvent was described by the SPC/E model,*
and the atomic charge used for coulombic nonbonded inter-
actions was obtained by the restrained electrostatic potential
(RESP) method,*® which was calculated by Multiwfn code®” on
top of the structure optimized by the B3LYP/6-311G(d,p) level via
the Gaussian 09 program.*® Each system was firstly relaxed via
a conjugate gradient algorithm, followed by a 5 ns NPT run (293 K,
1 bar) using the Parrinello-Rahman barostat, followed by equili-
bration in the NVT ensemble (293 K, 1 bar) using the Nose-Hoover
thermostat until the density and total energy reached equilibrium
(~20 ns). The time step in all the simulations was 0.1 fs and the
cutoff for the vdW interaction was 12 A. Finally, a 5 ns production
run for the radial distribution function (RDF) simulations was
performed and 500 snapshots for the hole transport simulations
by quantum mechanics calculations were abstracted every 10 ps.

Quantum mechanics calculations

After obtaining the stable configuration from the MD simulations,
calculation of the hole transport property was carried out. To
obtain the hole hopping rate and mobility, the critical items of
transfer integral, reorganization energy, and hopping site energy
were computed separately in different levels by the Gaussian
program. The former was performed by MO06-2X/6-311G(d,p)
combined with the D3BJ-correction®® for vdW interaction of
dimeric molecules and the latter two were finished by B3LYP/
6-311G(d,p) to perform the structure optimization and frequency
calculation. Further normal mode analysis based on the frequency

© 2021 The Author(s). Published by the Royal Society of Chemistry
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calculation was conducted by the Dushin program.*® To compare
the mobility in a solution model and crystallized solid, the
structure of the PEDOT single crystal was predicted, and the
mobility was implemented by the MOMAP code.”* The structure
of the positively charged and negatively charged binary was firstly
searched by Molclus code® to locate the most stable conformer
with the aim of calculating the binding energy and ion exchange
Gibbs free energy. To identify the contribution of the electrostatic,
induction, and dispersion items to the interaction, the symmetry
adapted perturbation theory (SAPT)* was applied in terms of the
SAPT0/6-311+G(d,p) level as implemented in the PSI4 program.**
The electron excitation and heterogeneous electronic coupling
was carried out by the time-dependent density functional theory
(TDDFT)-CAM-B3LYP/6-311G(d,p) level in water solvent which is
described by SMD*® model.

Results and discussion
The mobility in the PEDOT domain

The spatial distribution. One of the critical parameters
determining the hole transport in the PEDOT domain is the
degree of molecular order of the n-n stacked chains. To explore
its consequences on the resulting morphology at a larger
length-scale, molecular dynamic (MD) simulations were firstly
performed on periodic model systems representing a mixed
aqueous solution. The last snapshot for each IL-PEDOT system
is shown in the left of Fig. 2. Intuitively, [BMIM]:[BF,] causes
PEDOT to assemble into one cluster where the chains unmanifest
regular orientation to each other. For [BuPhIM]:[BF,], it triggers
the chains to be oriented in the face-to-edge alignment. As for the
[BnPhIM]:[BF,] modulated system, it observes an ordered align-
ment where the chains are oriented in the mutually face-to-face
n-n stacking. It can be found that more than two peaks of the
radial distribution function (RDF) of the C atom on the backbone
of PEDOT (RDF(C,~C,)) are distinguished in each system (the
green lines in the right of Fig. 2), and the peak of RDF(C,-C,) is
strengthened gradually in the order of [BMIMJ:[BF,], [BuPhIM]:
[BF,], and the [BnPhIM]:[BF,] decorated system, revealing that
extending the n-conjugation of [BMIM]" leads to the interaction of
PEDOT becoming stronger. On the other hand, [BnPhIM]:Tos is
seemingly far away from the PEDOT domain more obviously
in [BnPhIM]:[BF,]-PEDOT than its counterparts, qualitatively
suggesting that the ion exchange reaction is more efficient in
the system. The RDF of Sy, Cim, and B, which represent the S
atom of Tos, the C atom on the C2 site of the imidazole ring of the
cation (Fig. S2, ESIt), and the B atom of [BF,]” has been further
analyzed and it is observed that RDF (Sy,s—Cm) strengthens in the
order of [BMIM]", [BuPhIM]', to [BnPhIM]" (the black lines) and
RDF (C;~Srtos) weakens in an identical order (the purple lines),
supporting the hypothesis that extending the m-conjugation of
[BMIM]" weakens the binding between PEDOT and Tos, finally
favoring the ion exchange of Tos from the PEDOT domain.

On the other hand, the molecular polarity index (MPI)*®
reflects the evenness of the net charge distribution, the larger
the MPI, the smaller the evenness of the net charge distribution

Mater. Adv,, 2021, 2, 2009-2020 | 2011
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Fig. 2 (a—c) (Left) The last snapshots of the IL-PEDOT solution models (blue, orange, pink, and black represent PEDOT, Tos, the series of imidazole
cations, and the [BF4]™ anion, respectively). (Right) Specified site—site RDFs (the green, purple, black, blue, pink, orange, and red lines represent RDF(C,—C,),
RDF(C,~Stos). RDF(Sts—Cim), RDF(C;—B), RDF(C,~B), RDF(C;~C,), and RDF(Stos—B), respectively).

will be. It reflects that [BnPhIM]™ manifests the smallest
molecular polarity (73.291 kcal mol ™, Table 1) among all the
cations, inducing [BnPhIM]:[BF,]-PEDOT to display the smallest
local polarity (the MPI is 104.266 kcal mol ). As a result, PEDOT
is triggered to gather into an ordered orientation in its chains.
The MPI qualitatively correlates well with the charge distribution
and the m-stacked alignment of PEDOT (the electrostatic
potential (ESP) is shown in Fig. S3 in the ESIf) and clarifies

2012 | Mater. Adv., 2021, 2, 2009-2020

the reason for [BnPhIM]:[BF,] doing better in regulating the high
degree of molecular order.

The n-stacked structure of PEDOT. To gain knowledge of the
degree of molecular order of PEDOT quantitatively, the critical
intramolecular angle between the neighboring thiophene rings
(6) and the m-n distance of the C,-C, on the neighboring
monomer (d.,) were identified. With the aim of accessing
the average structural information, 500 frames were abstracted

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The molecular polarity index (MPI, in kcal mol™) values

Component MPI

PEDOT 107.018
T 84.217
[I;)I\S/IIM]+ 85.745
[BuPhIM]" 76.226
[BnPhIM]" 73.291
[BF,]~ 128.182
[BMIM]:[BF,]-PEDOT 106.325
[BuPhIM]:[BF,]-PEDOT 107.019
[BnPhIM]:[BF,]-PEDOT 104.266

from the last 5 ns of the dynamic trajectory. Apparently from
the upper panel in Fig. 3(a), the distribution of 0 falls in the
region of 150-180° in all systems, and the slightly increased
percentage centers in the 170-180° in [BnPhIM]:[BF,]-PEDOT
with respect to the counterparts, indicating the subtle increase
of the co-planar for the PEDOT backbone after aromatization of
[BMIM]" by two benzenes. On the other hand, the distribution
of d,_, for dimeric PEDOT (the lower panel in Fig. 3(a)) in the
bare and one benzene substituted cation added systems is
similar in that the d,_, is mainly within 10 A combined with
a small amount close to 30 A. In contrast, the d,._, of the double
benzene substituted cation regulated system exhibits a more
concentrated distribution, in which 45% d,_, centers in 3.2 A
(the maximum value is observed near 15 A), suggesting that a
denser and more ordered cluster is produced after decoration
by [BnPhIM]:[BF,]. For the simulated amorphous 0.1 mol L™*
solution, there are four monomers and the most interacted
three dimeric PEDOT structures were in the well-ordered
face-to-face alignment. Fig. 3(b) shows that the average n-n
interaction of the most interacted three dimeric PEDOT in
[BnPhIM]:[BF,]-PEDOT fluctuates in the range of —2.4 to —3.7 eV,
which is the most stable compared to its counterparts, further
verifying the denser packing of PEDOT after assistance by
[BnPhIMJ:[BF,].

The transfer integral and mobility. In the amorphous
PEDOT domain, the hole transport is characterized by means
of a hopping model, in which the intermolecular hole transport
of neighboring molecules is assumed to be instantaneously
localized on one hopping site.*” Correspondingly, the transfer
integral (V) between the localized site and the neighboring site
is calculated by the direct coupling method:***°

Vij = <1//%€)Mo |F| l//qu{)MO>

where lﬁ%’é)Mo and lp%C;Mo are the HOMOs of the sites i and j,
and F is the Fock operator. The transfer integral reflects the
electronic coupling between the neighboring molecules and
needs to be maximized to improve the charge transport. The
respective predominant orientation in the chains and average
d.r can directly impact the transfer integral to a large extent
and correlating these important structural parameters to Vj; is
indispensable to acquire macroscopic hole transport. Fig. 3(c)
shows that there is a significantly increased distribution of
log(V}) in the region larger than —5 in [BnPhIM]:[BF,]-PEDOT,
overwhelmingly larger than the counterparts in the region less

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Histograms of the angle (0) between neighboring thiophene
rings in each PEDOT chain and the n—r distance (d,._,) between neighboring
PEDOT chains for [BMIM]:[BF,4], [BUPhIMI:[BF4], and [BnPhIM]:[BF,4] modified
systems, respectively. (b) The n—n interactions of dimeric PEDOT. (c) The
logarithmic distributions for the square of the transfer integral of PEDOT in
different IL-PEDOT systems (all these statistics are based on the abstracted
500 frames).

than —10. Correlating the critical structural parameters and
transfer integral, it can be found that a larger electronic
coupling of PEDOT chains after modulation by [BnPhIM]:[BF,]
is ascribed to more planar and more compact stacking. It
anticipates that the fastest hole mobility in the PEDOT domain
could be achieved in [BnPhIM]:[BF,]-PEDOT because of the
high degree of molecule order.

Mater. Adv,, 2021, 2, 2009-2020 | 2013
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As mentioned above, there are four monomers in 0.1 M
solution, hence, there are a maximum of three hole hopping
pathways in the ordered n—rn stacking, otherwise a maximum of
six hopping pathways can be expected in the disordered
packing (Fig. 4). Based on the non-adiabatic Marcus charge
transfer theory,”®>> the hole mobility (1) can be obtained (the
calculation details can be seen in the ESIf). Commonly, the
order of magnitude of u located in 1072 ecm® V' s is
moderate among the abundant hole transport materials
(<107® em® V' 57! for pristine spiro-linked organic small mole-
cules utilized in the perovskite solar cell,”> 1077 em® V- ' s~ " for
P3HT typically in organic solar cells,>* and a record high value of
92.64 cm”® V™' s for single crystal PCDTPT nanowires™). Hence,
modulating the mobility to >10° ecm® V" s~ for polymeric PEDOT
is desirable. For [BMIMJ:[BF,}}PEDOT, four hopping pathways
are measured where the maximum one (i) fluctuates around
1.85 em® V' s, followed by 0.51 and 0.10 cm®> V' s~ for the
second and third pathways (Fig. 5(a)). As for the fourth pathway, it
can be ignored with respect to the former three because of the
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(a) The average mobility of the corresponding pathway for the three IL modulated systems, (b) the dynamic evolution of the hole mobility of

PEDOT after modulation by [BnPhIM]:[BF,], (c) the predicted crystal structure of PEDOT (the orthorhombic unit cell parameters are: a/b/c: 7.9708/
73.7605/5.1762 A: o/p/y: 90.0000/69.0223/90.0000 degrees), and (d) the mobility anisotropy curve of the predicted single crystal.

2014 | Mater. Adv, 2021, 2, 2009-2020

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00040c

Open Access Article. Published on 04 February 2021. Downloaded on 11/7/2025 9:31:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

average mobility around 10~ cm”> V" s~ ' (not shown). For a single
benzene substituted [BuPhIM]" associated system, a comparable
Umax Of 1.48 cm® V' s™' was observed compared to the bare
[BMIM]" contained system, and the y diminishes to 7.72 x 10>
and 8.34 x 107" cm® V' s7! for the second and third pathway.
Contrarily, further substituting [BuPhIM]" causes the u to maximize
to an average of 4.01 cm® V' s, especially, the instantaneous
maximum value reaches 17 em® V' s™*, overwhelmingly surpassing
its counterparts by 3 times (the evolution of hole mobility for the
representative [BnPhIMJ:[BF,]-PEDOT has been plotted in Fig. 5(b),
and Fig. S4 (ESIf) shows that for [BMIMJ[BF,}PEDOT and
[BuPhIM]:[BF,}- PEDOT). Meanwhile, the second and third pathways
separately achieve a larger mobility by 1.73 and 0.86 cm®> V' 577,
directly confirming a high degree of molecular order.

A comparison of mobility between IL-PEDOT and PEDOT
single crystals. As we expected, [BnPhIM]:[BF,] modulated
PEDOT shows the fastest hole transport due to the highly
ordered face-to-face motif. Although it is typically difficult to
form ordered crystalline structures for polymers because of the
interpenetrating and entangled chains and there are very few
publications on the single crystal of PEDOT, the crystallization
of P3HT (an analogue of PEDOT which possesses an identical
conjugated thiophene backbone) has been reported from a
dilute solution of a poor solvent.’® In view of the similar
backbone of P3HT and PEDOT, we infer that they should adopt
a similar lamellar structure. Hence, the single crystal of PEDOT
has been predicted to distinguish the difference of the hole
mobility in IL decorated solution and pristine bulk. As we
expected, pristine PEDOT shares a similar one-dimensional
(1D) n-n stacking in an orthorhombic unit cell with respect
to P3HT (Fig. 5(c)), and this 1D orientation is attributed to
the most positive and negative potential appearing in the
3,4-ethylene side and O atom (for the ESP distribution mapped
onto a surface of total electrons see Fig. S3 in the ESIT), leading
to the electrostatic attraction mainly in the manner of the
dislocated molecular backbone of one molecule and the molecular
backbone of its adjacent one. The anisotropy of holes is an
intrinsic property to comprehend the transistor channel relative
to the reference axis of the molecular crystal, and the dependence
of mobility on angles has been plotted in Fig. 5(d). It shows
remarkable anisotropic behavior in the crystal. The direction with
the highest hole mobility of 3.55 x 10~ em®V ' s is along axis ¢
of the cell, and the smallest value of 1.85 x 107> cm?> V ' s ' is
along axis a. Accordingly, the single crystal behaves as 1D nano-
wires and produces a total mobility by 1.58 x 107" em* vV ' 57,
Obviously, PEDOT in the assistance of [BnPhIMJ:[BF,| achieves
outstanding hole transport, one order of magnitude larger than in
the single crystal, which is essentially attributed to the dislocated
lamellar 1D structure in the single crystal limiting the tunneling
of hole transport, while the more compact stacking in the
[BnPhIM]:[BF,] decorated solution significantly speeds up the
transport channel.

The electronic coupling of the IL-PEDOT interface

The Newns-Anderson model®”*® can help to explain the electronic

coupling of the discrete level of adsorbent and the manifold

© 2021 The Author(s). Published by the Royal Society of Chemistry
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acceptor states of the substrate (the background can be seen
in ESIY). It has been successfully applied in the IL-PEDOT interface
in our previous work® to relate the hybridization between the
HOMO of IL and the occupied states of PEDOT. In detail, when the
HOMO of the IL lies within the energy region spanned by
the occupied states of PEDOT, and if they are strongly coupled,
the interaction can result in a splitting of the original HOMO into
new hybrid orbitals. Contrarily, when this discrete HOMO lies
outside the occupied states, even if coupled, the orbital is hardly
hybridized with the manifold acceptor states of PEDOT (see the
model in Fig. 6(a)).>

The density of states (DOS) and the Lorentzian distribution
of the hybridization of the HOMO have been plotted in
Fig. 6(b)-(d). Intuitively, the higher DOS region which is near
the edge of the occupied states of IL (PDOS(IL)) gradually
approaches the higher DOS region of PEDOT (PDOS(PEDOT))
from [BMIM]', [BuPhIM]', to [BnPhIM]" constructed ILs, and
the contribution of the cation to the whole IL (the purple lines)
increases in the same sequence. Meanwhile, the HOMO (the
dotted lines) level of [BMIM]:[BF,] emerges in the lower energy
region compared to the [BuPhIM]:[BF,] and [BnPhIM]:[BF,]
(—12.64 and —13.42 eV). As a result, the HOMO of [BMIM]:[BF,]
interacts with the lower DOS region of PEDOT mostly and
a pronounced weak coupling is detected (4.16 x 10~2 eV).
Contrarily, [BuPhIM]" and [BnPhIM]" can apparently improve
the electron delocalization, promoting the HOMO upward and
appropriately regulating the HOMO level lying in the region of
PDOS(PEDOT) possessing denser states near the edge of the
occupied states, therefore it shows stronger coupling with
PEDOT than [BMIM]:[BF,] by one order of magnitude (0.597
and 0.400 eV). The Lorentzian distribution of hybridization (the
green lines) of the HOMO is higher and narrower in
[BMIM]:[BF,] while lower and wider in [BuPhIM]:[BF,] and
[BnPhIM]:[BF,]. This means that the interfacial hole transport
from the benzene modified ILs to PEDOT is only 1.10 and 1.64
fs based on the relationship of t = 658/(1000 x AI' (meV)),*®
while it is prolonged to 15.82 fs in the [BMIM]|[BF,] associated
interface. Obviously, extending the n-conjugation of the
imidazole cation strengthens the electronic coupling between
the IL and PEDOT in the occupied states, enhancing the
heterogeneous hole transport by one order of magnitude.

Electron excitation analysis further illustrates the essence of
the increased coupling between IL and PEDOT. Each IL decorated
PEDOT produces two strong absorption band at 1330-1530 and
580-650 nm (4, and A,, the left of Fig. 7). The A, of all the
complexes is governed by the excitation from SO — S1 state, and
the main transition contribution is the electron promoted from
the HOMO (H) to the LUMO (L), and all of the orbitals are
localized on the PEDOT (the orbital distribution is collected in
Fig. S5 in the ESIf). However, for the /,, the main transition
character displays a distinct discrepancy in each system. We
distinguish each transition state of 1, with oscillator strengths
(f) larger than 0.1 and find that [BMIM]:[BF,] participates in
the transition from the SO — S11 state (f = 0.25 in the right of
Fig. 7), which is reflected by the hybrid orbitals of H-S8,
H-11, and H—12 delocalized on IL and PEDOT simultaneously

Mater. Adv., 2021, 2, 2009-2020 | 2015
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(a) The model of the electronic coupling of the HOMO of IL with the lower density and higher density of states in the occupied states of PEDOT.

(b—d) Density of states (total, PEDOT, and IL), the HOMO level of the IL, the electronic coupling of the IL-PEDOT interface, and the Lorentzian distribution

of the hybridization of the HOMO.
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Fig. 7 The absorption spectra and oscillator strengths for the IL-PEDOT complexes.
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Table 2 The excitation energy (Eexc), Oscillator strength (f), and transition contribution associated with the second absorption peak (4,) for different

IL-PEDOT systems

Complex Eexe f Transition contribution

[BMIM][BF,]-PEDOT 2.21 0.25 S0 — S11 H-8 — L (—12.84, —8.51)° Hyb” — PEDOT
24.3%° C = 0.68%° A =0.07%°

H-11 — L (—13.10, —8.51)" Hyb” — PEDOT
66%° C = 0.80%" A =0.19%°

H-12 - L (—13.32, —8.51)" Hyb? - PEDOT
11.57%° C =1.29% A = 0.08%°

[BuPhIM][BF,]-PEDOT 2.11 0.30 S0 — S11 H-12 — L (—13.31, —8.58)° Hyb”? — PEDOT
5.81%° C = 6.16%" A =0.01%°

[BnPhIM][BF,]-PEDOT 2.13 0.21 S0 — S11 H-10 — L (—12.90, —8.30)" Hyb” — PEDOT
2.54%° C =27.86% A = 0.02%°

2.43 0.28 S0 — S14 H-5 — L (—12.60, —8.30)° Hyb” - PEDOT
4.01%° C = 4.03%“ A=0.03%°

H-6 — L (—12.63, —8.30)" Hyb? — PEDOT
4.57%° C =1.62%" A =0.01%°

H-11 — L (—12.92, —8.30)" Hyb” — PEDOT
3.69%° C = 34.75% A =0.04%°

H-14 — L (—13.07, —8.30)° Hyb” - PEDOT
4.85%° C = 40.61% A = 0.06%°

“ The energy of the associated orbitals (eV). ” Hyb represents heterogeneous IL/PEDOT. ¢ Value is the transition contribution. ¢ C represent the
orbital contributions of the cation. ¢ A represent the orbital contributions of the anion.

(Fig. S5, ESIT and Table 2). For instance, it contributes 24.3% to
the SO — S11 transition from the H—8 to L, where 0.68% orbital
distributes on [BMIM]" and 0.07% on [BF,]”. With extending
the m-conjugation, the weight of the involved IL increases
pronouncedly, and further resolution verifies that the con-
tribution of the IL nearly all comes from the cation and that
from the anion can be ignored.

Moreover, ILs often play a role in the secondary doping® of
molecular hole conducting. The offset (E,) between the HOMO
energy of the host (here it is the HOMOpgpor) and the LUMO
energy of the dopant (here it is the LUMOy) is commonly
viewed as an important factor in governing the doping extent of
the host component.®® Effective doping usually needs the
LUMO of the dopant approaching or lower than the HOMO of
the host.'®®%> To distinguish the doping efficiency on the
aromatized cation, the critical HOMOpgpor and LUMOy;, have
been further resolved. The HOMOypgpor is upward subtly with
bare, single, to double aromatized cations (the maximum
difference is 0.07 eV, Table 3), while the LUMOy, displays a
downward gradient with the same sequence (—3.89, —4.10, and
—4.56 €V), consequently the offset E, shrinks obviously (7.38,
7.14, and 6.64 eV, respectively). As a result, [BnPhIM|:[BF,] behaves
as the prominent dopant with respect to its counterparts.

In all, the MD simulations combined with DFT calculations
prove that [BnPhIM]:[BF,] is an excellent additive in PEDOT-
based electronics, not only from its capacity in modulating

Table 3 The critical orbital energy values of the HOMO of PEDOT and the
LUMO of the IL, as well as the offset (E) related to the doping of PEDOT
(units of eV)

Complex HOMOpgpor LUMOy;, E,

[BMIM]:[BF,]-PEDOT —-11.27 —3.89 7.38
[BuPhIM]:[BF,]-PEDOT —11.24 —4.10 7.14
[BnPhIMJ:[BF,]-PEDOT —-11.20 —4.56 6.64

© 2021 The Author(s). Published by the Royal Society of Chemistry

well-ordered n-n stacking of PEDOT, but also from its strong
electronic coupling and doping with PEDOT.

The design of a novel IL

Generally, utilizing various electron-donating/-withdrawing
functional groups is an appropriate strategy to effectively
modulate electronic properties. To further design a superior
IL, the excellent [BnPhIM]:[BF,] has been modified in terms of
substituting the benzene of the cation and the F atom of the
anion. For an IL applied in PEDOT-based electronics, fulfilling
the large binding energy between the cation and Tos as well as
the anion and PEDOT, guaranteeing efficient ion exchange,
achieving large electronic coupling with the occupied states of
PEDOT, possessing a strong doping ability, and regulating the
high degree of molecular order of PEDOT simultaneously
would be promising. Based on these criteria, a novel IL design
has been proposed by: (1) tethering a methoxy (-OMe) on the
benzene of [BnPhIM]" because its electron-donating property is
stronger than other typical electron-donating groups, such as
-OH, -NH,, halogen, alkyl groups etc., and it is bulky in size
and hence interacts with anions less liable to electrostatic and
hydrogen bonding, benefiting from ion exchange; (2) substituting
the -F of [BF,]|™ for another stronger electron-withdrawing group
—-CN with the consideration that it favors the LUMOy, moving
downward, potentially strengthening the doping of PEDOT.
Therefore, three [BnPhIM]" derivatives with the ortho-/meta-/
para-sites substituted on benzene relative to the N1 and N3 sites
of imidazole by -OMe have been designed and combined with
[BF,]” and commonly-used [B(CN),]” to produce six novel ILs
(Fig. 8).

The stacking structure of PEDOT after decoration by these
novel designed ILs shows that all -OMe substituted cations
combined with [BF,]” produce apparent disordered packing
(Fig. S6 in ESIt), while it likely manifests a high degree of

Mater. Adv, 2021, 2, 2009-2020 | 2017
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R,= R, =-OCH,, R,=R, = Ry=R; = -H, [BnPhIM-0OMe]*
R,=R, =-OCH,, R;=R,'=R;=R; =-H, [BnPhIM-mOMe]*
Ry;= Ry =-OCH,, R, =R, =R,=R,=-H, [BnPhIM-pOMe]*

€
[BF.J BCN).

Fig. 8 The structures of the novel designed cations of [BnPhIM-oOMel*,
[BnPhIM-mOMe]™, and [BnPhIM-pOMe]™* for combination with [BF4]~ and
[BICN)4l™.

molecular order with the assistance of [BnPhIM-pOMe]:[B(CN),]
among the newly designed ILs, in which the distribution of
d. . centers on 3.5 A (Fig. S7, ESIf) similar to [BnPhIM]:
[BF,]-PEDOT. Therefore, we screened [BnPhIM-pOMe]:[B(CN),]-
PEDOT and compared it to the performance of [BnPhIM]:
[BF,]-PEDOT in the following, the other systems were not further
researched.

The electronic coupling between [BnPhIM-pOMe]:[B(CN),]
and PEDOT is 0.3467 eV (Fig. S8 in ESIf), compared to
[BnPhIM]:[BF,], [BnPhIM-pOMe]:[B(CN),] realizes a considerable
heterogeneous hole transport time (1.64 and 1.90 fs). On the
other hand, the LUMO of [BnPhIM-pOMe]:[B(CN),] is down-
shifted to —5.07 eV (Fig. S8, ESIt) with respect to [BnPhIM]:[BF,]
(—4.55 eV). Compared to the obvious downshift of the LUMO of
[BnPhIM-pOMe]:[B(CN),], the HOMOpgpor after the modulation
varies subtly (—11.18 eV) with respect to that of [BnPhIMJ:[BF,],
implying that [BnPhIM-pOMe]:[B(CN),] and [BnPhIM]:[BF,] show

NH,
o o o H3PO, MeOH
+ O O 4 + NHCl ————————
7 f 60°C, 24 h
OMe
I

£
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Fig. 9 A comparison of mobility in [BnPhIM]:[BF,4]-PEDOT and [BnPhIM-
pOMel:[B(CN)4].

comparable IL-PEDOT interfacial hole transport properties,
while the former achieves more efficient doping. The mobility
of PEDOT after introducing [BnPhIM-pOMe]:[B(CN),] fluctuates
around 5.43, 2.47, and 1.20 cm™ 2 V! s~ for the three observed
pathways (Fig. S9, ESIt), which is improved by 35%, 43%, and
40% for the corresponding pathway in [BnPhIM]:[BF,]-PEDOT
(Fig. 9). These suggest that the novel designed [BnPhIM-pOMe]"
combined with [B(CN),]” can achieve considerable hetero-
geneous electronic coupling with PEDOT, stronger doping, and
improved mobility with respect to [BnPhIM]:[BF,]. Therefore,
it is confirmed that [BnPhIM-pOMe]:[B(CN),] is a potential
candidate for PEDOT-based electronics.

From a realistic perspective, the theoretically designed
cation should be easily synthesized. As shown in Scheme 1,
two synthetic pathways (a) and (b) are proposed where path (a)
is accessible by a two-step synthesis starting from commercially
available aniline derivates®® and path (b) is completed via
4-bromoanisole based on the reported routines in ref. 64. Apart
from easy availability, the low synthetic cost of the reaction
reagents and moderate reaction conditions together support
that our proposed [BnPhIM-pOMe]" can be expected.

OMe

e e

— S)
\‘/CI

T
OMe

THF, 70 °C, 2-7d

OMe
I

(1) p-anisidine (100 mmol), 1.1 equiv. glyoxal, 2.1 equiv. formaldehyde, 2 equiv. NH4Cl, cat. H3PO4, MeOH, 60 C, 24 h; (ll) 1.1

equiv. 4-methoxybenzylchloride, THF, 70 ‘C, 2-7 days

Br
CuCl MeO
HNSN + _— @
\—/ KOH N\/—/NH
OMe =B
I

S
OMe

OMe

Me°\©\ p

@

NN o
\—/ cl

I

(1) 4-bromoanisole (100 mmol), 1.5 equiv. imidazole, 0.1 equiv. CuCl, 2 equiv. KOH, 50 mL DMSO (dimethyl sulfoxide), 130 C,
24h; (1) 1.1 equiv. 4-methoxybenzylchloride, 40 mL THF, N protection, 85 C,12 h

(b)

Scheme 1 Two proposed synthetic pathways (a) and (b) for the predicted [BnPhIM-pOMel™ cation.
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Conclusions

In summary, the hole transport properties of highly conducting
PEDOT after mediation by IL additives have been researched
using multiscale MD simulations and DFT calculations. The
[BMIM]:[BF,] IL and its aromatized derivatives [BuPhIM]:[BF,]
and [BnPhIM]:[BF,] have been considered due to the n-conjugation
extension of the [BMIM]" backbone, favoring charge delocaliza-
tion. With the increase in aromatization in the order [BMIM]" to
[BuPhIM]" to [BnPhIM]’, these cation-constructed ILs show a
significant increase in electronic coupling and doping efficiency
compared to PEDOT. In particular, [BnPhIM]:[BF,] causes PEDOT
to approach the fastest hole transport properties in solution (an
average of 4.01 cm®> V' s' and an instantaneous maximum
reaching 17 em® V™' s7%), far surpassing its counterparts. This
reflects that PEDOT chains gather into a highly ordered cluster,
triggered by the larger evenness of the net charge distribution at
the [BnPhIM][BF,]-PEDOT interface. On the other hand, the
fastest transport pathway after introducing [BnPhIMJ:[BF,] into
solution is larger by one order of magnitude than that of the
quantity in the predicted PEDOT single crystal. These verify that
extending the m-conjugation of [BMIM]" benefits heterogeneous
and homogeneous hole transport. Finally, the hole mobility
of PEDOT after introducing the novel designed [BnPhIM-pOMe]:
[B(CN),] is improved by 35-43% compared to that of [BnPhIM]:
[BF,], rationalizing that [BnPhIM-pOMe]:[B(CN),] could serve as a
potential candidate for application in IL-PEDOT-based organic
electronics. We believe that both our computational protocols
and our analysis highlighted here will be useful for future
work aiming to investigate structure-mobility relationships for
PEDOT-based applications.
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