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Computational study of PEDOT derivatives:
reducing air stability to satisfy the self-doping
criteria of transparent conjugated polymers†

Florian Regnier, ab Mario Leclerc *b and Jérôme Cornil *a

PEDOT has been one of the most extensively studied conjugated polymers due to its unique

combination of good transparency and high electrical conductivity, making it a promising alternative to

ITO electrodes. With the aim of designing more conducting and transparent chains, we provide here a

state-of-the-art quantum-chemical (TD)-DFT analysis to investigate whether significant HOMO level

destabilization and red-shifted optical absorption in the doped state can be achieved through simple

derivatization schemes. We demonstrate that a copolymer featuring an alternation of an EDOT unit and

a substituted thiophene ring can compete with PEDOT. Moreover, the calculations indicate that the

exact layout of the substituents on the thiophene rings can tune the extent of delocalization of the

charge carriers in the doped state, and by extension the charge transport properties.

1. Introduction

Over the past few decades, the field of organic electronics has
emerged as a promising alternative to conventional inorganic
devices and continues to generate significant interest both in
academia and industry.1–3 This field relies on the use of
p-conjugated semiconducting materials such as small mole-
cules, oligomers or polymers.2–5 The latter combine the proces-
sability and mechanical properties of thermoplastics with
electronic and optical properties similar to inorganic
materials.6,7 They offer, by extension, the possibility to develop
flexible, lightweight and low-cost printed devices8–10 such as
organic solar cells (OSCs),2,5,11,12 organic light-emitting diodes
(OLEDs),2,5,13 organic field-effect transistors (OFETs)3,5,14 and
(bio)sensors.15–17 These specific properties make them attrac-
tive in many different niche applications not adapted for their
inorganic counterparts such as in portable or wearable
electronics9,10,18 and building-integrated systems (e.g., vertical
panels and windows).9,10,19,20

Among the wide range of polymers in the field, poly(3,4-
ethylenedioxythiophene), known as PEDOT, stands out for its
capacity to form transparent and conductive electrodes via
water deposition of a poly(3,4-ethylenedioxythiophene):poly(4-
styrene sulfonate) blend (PEDOT:PSS).21–23 Many commercialized

formulations are widely used in the field of energy,24–26

electronics27–29 and biological applications.30–32 These poly-
thiophene derivatives are also regarded as good alternatives
to replace expensive,33–36 unsustainable,33,34,37 and brittle34,35,38

indium tin oxide (ITO) electrodes typically used in devices owing to
their good compromise between transparency in the visible region
(Z80%)35,36,39 and conductivity.34 Although the conductivity of
pristine PEDOT:PSS is typically around 1 S cm�1,21,22,34,40 it can be
remarkably pushed up to B4000 S cm�1 after sulfuric acid post-
treatments,33,34,41 hence reaching the conductivity range of the
ITO-coated glass (B3000–6000 S cm�1) and even exceeding the
ITO conductivity on a polyethylene terephthalate (PET) substrate
(B2000 S cm�1).34 This significant conductivity improvement has
been attributed to a nanomorphology rearrangement in the PED-
OT:PSS films (from a pristine core–shell grain structure22,23,42,43 to
a crystalline nanofibril structure), which is induced by the removal
of the excess amount of a PSS dispersion agent.41,43,44

Secondary doping strategies such as the addition of additives
(e.g., co-solvents,45–47 plasticizers,48 ionic liquids,49–51 surfac-
tants,52,53 acids,40 nanocarbon materials,54 etc.) to the aqueous
PEDOT:PSS solution can also enhance conductivity.42,43 These
additives promote molecular conformation changes,54,55 solvent/
additive screening effects,45,47 ion exchange,51,52 or proton trans-
fer,40 which in turn lead to phase segregation and/or improved
charge dynamics.40,42–44 The design of novel PEDOT-compatible
supporting (poly)electrolytes represents a promising approach to
enhance device lifetime under real outdoor conditions, includ-
ing exposure to ambient humidity conditions and continuous
solar illumination. Indeed, hydrophobicity,56 pH,57,58 water
resistance57,59 and thermal stability (4150 1C)21,56,60–62 can be
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tailored, while maintaining good transparency and relatively
high conductivities (B80 to 250 S cm�1) after secondary-doping
treatments.56,58,59,63 The PEDOT:(poly)anion alternatives offer an
effective way to minimize device stability issues (e.g., oxygen or
water diffusion, interfacial metal ion diffusion, etc.)64–69 typically
eased by the hygroscopic and acidic nature (pH B 1–2)44,64,70,71

of conventional PEDOT:PSS43,57 and may even achieve higher
electronic film conductivities due to the reduced average charge
hopping distance.44

Polymers developed with the concept of ‘‘self-doping’’
(i.e., with counterions attached covalently to the conjugated
backbone) also show conductivities competitive with standard
ITO electrodes. Since the first thiophene-based example of a
water-soluble self-doped conducting polymer elaborated by
Heeger et al. in 1987,72–74 numerous efforts have been under-
taken to improve the optical and electronic properties of these
materials.75–79 Recent studies have reported high conductivities
between 1 and 1000 S cm�1 for sulfonated PEDOT derivatives6,80

with transmittance at 550 nm comparable to that of the (ITO)-
coated PET electrode (T550 E 78%),39,81 hence achieving the
required characteristics for touch screens and OLED or OSC
applications.82 Although the p-type self-doping mechanism
remains unclear, it is believed to involve an oxygen reduction
reaction (ORR) under acidic aqueous conditions.83,84 Indeed,
upon acidification of the neopentyl sulfonate group into the
corresponding sulfonic acid, the potential hydrogen (pH) of
the solution decreases from B8 to B2.80 Consequently, the
standard reduction potential (E0) of oxygen in water rises from
0.40 V to 1.23 V (at 25 1C, V vs. NHE), meaning that the
oxidation power of oxygen is higher.80 Under such conditions,
an efficient self-doping process is only possible when macro-
molecules exhibit a HOMO energy level destabilized above
their air stability threshold (i.e., �5.0 or �5.2 eV).6,85,86 The
self-doped polymers eliminate the need for the insulating PSS
polyelectrolytes in films and minimize the use of additional
pre-treatments40,87–89 or post-treatments40,88,89 often required
to obtain such high conductivities, while potentially reducing
fabrication steps and costs.40,89

Although the conductivities and stabilities obtained for self-
doped PEDOT homopolymer and copolymer derivatives are
promising, the optical transparency in the visible region of
these polymers should be improved to further motivate their
use as transparent electrodes. While 100 nm-thick films of
neutral chains typically have a maximum absorption located
between 500 nm and 600 nm,6 quite similar to dedoped PEDOT
films,21,90 their doped state covers a significant range of the
visible region (4600 nm), making them consequently light
blue. Moreover, thicker doped films80 exhibit a sharp decrease
in transmittance at higher wavelengths, unlike (ITO)-coated
electrodes.34,35,39,81

In this context, the goal of the present work is to investigate
at the theoretical level the actual impact of different derivatiza-
tion schemes in order to make PEDOT chains easily (self-
)dopable. The target is thus to raise the HOMO level of
the polymers as high as possible compared to PEDOT,6,85,91

in complete opposition to the current mainstream idea of

lowering the HOMO level to increase their stability against
oxygen.85,86,92 A second objective of the design would be to
shift the maximum absorption of neutral chains toward longer
wavelengths in order to trigger a higher transparency in the
doped state. To do so, different strategies can be employed
including: (i) molecular design by tuning the conjugated
backbone93–99 or by addition of electron-donating or electron-
withdrawing substituents;93,94,97–101 (ii) alternation of electron-
rich and electron-deficient p-conjugated units (D–A structures
also called push–pull systems),5,94,96,98,99 as successfully
done in the field of organic solar cells to match the absorption
with the solar emission spectrum; and (iii) stabilization
of the quinoid resonance form in thiophene-based structures
to reduce the bond-length alternation and hence the
bandgap.5,94,99,102–104 The central issue here is thus to predict
quantitatively the impact of such derivatization schemes prior
to synthesis, thus highlighting the need for quantum-chemical
calculations. Since another key constrain for industrial applica-
tions is to keep the synthetic route simple, the first series of
derivatives analysed introduces mesomeric donor substituents
(OCOR, OH, and NH2 that are known to destabilize the HOMO
level)105 on the ethylene units of PEDOT or expands the size of
the saturated chain from 2 to 3 carbon atoms (PEDOT -

ProDOT), see Fig. 1.
Due to the limited impact of such functionalization evi-

denced by the calculations (vide infra), we have next considered
alternating copolymers formed by an EDOT unit and a thio-
phene unit substituted by a donor or an acceptor substituent
(Fig. 2). Doing so, the HOMO level could be raised up by 0.50 eV
compared to the neutral non-substituted P(EDOT-thiophene)
copolymer, i.e., leading to an energy level similar to that of the
PEDOT homopolymer. The maximum absorption could also be
red-shifted by 22 nm (0.12 eV) compared to P(EDOT-
thiophene), yielding an optical signature equivalent to that of
neutral PEDOT.

Fig. 1 Monomer unit considered in homopolymers.
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2. Theoretical considerations
2.1. Methodology

Kohn–Sham (KS) density functional theory (DFT) calculations
have been carried out with the recommended Henderson
version of the non-empirical long-range corrected hybrid
exchange–correlation functional of Perdew–Burke–Ernzerhof
(LC-oHPBE),106,107 with the 6-31G(d,p) basis set, as implemen-
ted in Gaussian 16 revision A.03 package.108 The o value has
been optimally tuned for each system from the procedure
described in the ESI† (S1). The closed-shell neutral systems
are described within the restricted spin state formalism while
the open-shell charged (i.e., polaronic) systems are simulated
within the unrestricted formalism that differentiates orbital
energies and shapes for spin up (a) versus spin down (b).

Time-dependent (TD) DFT calculations with the same func-
tional and basis set were carried out under vacuum by comput-
ing the lowest 100 excited states. The absorption spectra have
been simulated with a full width at half-maximum (FWHM) set
at 0.25 eV for all absorption bands. To provide a better
description of each transition of interest, natural transition
orbitals (NTOs) have been further computed at the same level of
theory; they represent effective orbitals obtained by a weighted
average of the different electronic excitations involved in the
description of a given state.109,110 These orbitals are plotted
with an isovalue of 0.02. The overlap factor (fS) between the
hole (rh) and electron (re) density has also been estimated; this
parameter varies from 0 for an excited state with a pronounced
charge transfer characteristic (resulting in a very low intensity
in the absorption spectra) to 1 for a very intense transition.110

In order to predict the optical properties of longer polymer
chains not covered by the present calculations, a Kuhn fit has

been performed from the transition energies calculated for
oligomers of growing size.111 This model initially developed
for coupled resonators (in a linear chain and with alternating
force constants k 0 and k0) is able to depict how the energy of the
lowest absorption band evolves with the number of monomer
units (n) or the closely related number of double bonds (Nd) and
in particular the saturation of the electronic and optical proper-
ties observed experimentally.112–114 Since this model assumes
that all units in the polymer are identical (i.e., same geometry
and charge), this fit is limited to the analysis of neutral systems
and is written as112,115

E ¼ E0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

k0

k0
cos

p
Nd þ 1

s

with E0 (the vibrational energy of each resonator) and k0/k0

being two adjustable parameters and Nd the largest number of
conjugated double bonds along the shortest conjugated path-
way in the oligomers.

The frontier orbital energies in the neutral polymer limit
have also been estimated with the end-and-middle fragment
Frontier orbital extrapolation tight binding-like model (EM-
FFOE model)116 and compared with a Kuhn fit. In the EM-
FFOE model, Frontier molecular orbitals are viewed as a linear
combination of the same type of orbital from each monomer unit,
while assuming a coupling only between nearest-neighbour
monomer orbitals. All monomer frontier orbitals are character-
ized by an isolated site energy (e) and an intermonomer coupling
energy between a terminal monomer unit and its neighbour (De)
or an intermonomer coupling energy between two middle (non-
terminal) monomers (Dm).116 For an oligomer of n units, n-mer,
the HOMO, LUMO and lowest energy transition (S0 - S1 transi-
tion) are extrapolated with the following equations:

eHOMOðnÞ ¼ eþ 1

2
Dm þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dm

2 þ 4De
2

p� �

eLUMOðnÞ ¼ eS0!S1 ¼ e� 1

2
Dm þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dm

2 þ 4De
2

p� �

In the polymer limit (n - N), these equations are reduced
to e(N) = e � 2Dm.

To depict the position of the positive charge in the charged
systems, which is typically associated with a strong structural
deformation of the chain due to the pronounced electron–
phonon coupling,103,117,118 bond length change (BLC) analysis
has been carried out. Each point in a BLC distribution corre-
sponds to the difference between a given bond length in the
charged system and the length of the same bond in the neutral
system. These analyses are complemented by an examination of
the Mulliken charge differences (MCD) (i.e., by plotting the
charge of a given monomer unit in the charged system minus
the charge of the same unit in the neutral system). To visualize
the region of charge depletion versus charge accumulation, the
electrostatic surface potential (ESP) profile of the most promis-
ing structures was calculated. We also estimated the hardness
(Z)119,120 as half the difference between the adiabatic ionization

Fig. 2 Monomer unit considered in EDOT-based copolymers.
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potential (IP) and electron affinity (EA). A high Z value is
indicative of a material with a high stability;119,120 note that
the values are here obtained in the gas phase and should be
compared with other structures under the same conditions.

Since it is well established that the optoelectronic properties
start to saturate between 8 and 10 repeated units,94,113,115

accordingly, the major part of our analysis has been carried
out on systems containing 8 or 9 thiophene-based units (for
homopolymers and copolymers), which represents a good
balance between the calculation time and accuracy. In copoly-
mers, we define here a unit as an isolated thiophene block, that
is, only one of the two comonomer blocks. Since there is no
clear consensus on the choice of the terminal group (H ended
or CH3 ended unit), some calculations have been carried out on
the 8-unit PEDOT for the two cases. The resulting HOMO
energies show negligible differences (o0.1 eV)121,122 for the
neutral species, while the singly charged systems show larger
differences up to 0.15 eV (S2, ESI†). Since methyl groups mimic
the presence of inter-ring C–C linkages, such a termination was
chosen for our study. In order to treat all systems on equal
footing, the thiophene backbone of each polymer has been
imposed to be planar, which is motivated by several factors
including the high tendency of oligothiophenes and polythio-
phene chains to planarize in the condensed phase113,123–128 and
the core planarization effects induced in charged systems.128,129

To further reduce the computing costs, the long alkyl chains
typically linked to the conjugated backbone have been replaced by
CH3 groups130,131 since saturated chains will not make a strong
difference on the electronic and optical properties of isolated
molecules132–135 although we recognize that they play a major role
in defining the chain packing.93,132,135 Lastly, a Ci symmetry is
imposed for each homopolymer as well as C2 symmetry for
copolymers to avoid the creation of non-symmetrical frontier
orbitals when comparing the systems and to avoid deviations
driven by localization effects, as clearly visualized with not con-
strained PEDOT(NH2) and P(EDOT-thiophene(NH2)) in the ESI†
(S3). Details regarding the initial construction of all polymers
analysed in this work can be found in Tables S1.1 and S1.2 in
the ESI† (S4).

3. Results and discussion
3.1. PEDOT homopolymer and its derivatives

3.1.1. Neutral systems. The first systems analysed here are
pristine PEDOT, sulfonated PEDOT (P(S-EDOT)), P(ProDOT)
and other substituted derivatives (Fig. 1). The calculated shape
of the HOMO and LUMO orbitals in the neutral 8-unit chain is
presented in the ESI† (S5) and their relative energies are
displayed in Fig. 3. Although these energies calculated in the
gas phase cannot be considered in absolute values, their
relative evolution is meaningful.136

Compared to the pristine PEDOT, P(S-EDOT) shows a small
increase in the HOMO energy by 0.05 eV. P(ProDOT) stabilizes
the HOMO level by 0.06 eV, while the esterified (OCOR),
hydroxylated (OH) and aminated (NH2) PEDOT chains stabilize

the HOMO level by respectively 0.19 eV, 0.22 eV and 0.01 eV.
This HOMO evolution that does not meet our requirements is
thus driven by the electron-accepting inductive effects of the
substituents, more pronounced for the oxygen atom due to its
larger electronegativity. This motivates direct attachment of the
substituents onto the conjugated core to activate in parallel the
mesomeric effects (vide infra). The shapes of the frontier
orbitals of all derivatives are similar to that of PEDOT (Fig. 4).
No electronic density is found on the alkyl chains or on the
electroactive substituent in the HOMO and the LUMO levels,
pointing to the lack of p-electron delocalization between them
and the central conjugated core.

The absorption spectra of the neutral homopolymers are
displayed in Fig. 5. The optical signature of all compounds is
quite similar except for P(ProDOT), which exhibits a small
blue shift of 12 nm (0.07 eV) compared to PEDOT. This is

Fig. 3 Theoretical HOMO and LUMO energy values for 8-unit neutral
homopolymer chains, as obtained at the DFT/LC-oHPBE/6-31G(d,p) level.

Fig. 4 Shape of the LUMO (upper figure) and HOMO (lower figure)
orbitals in the 8-unit PEDOT polymer, as obtained at the DFT/LC-
oHPBE/6-31G(d,p) level. The wavefunction sign is represented by red
(positive) and green (negative) colors.
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rationalized by the fact that the inductive effects tend to shift
symmetrically the frontier electronic levels mostly involved in
the lowest absorption band. The maximum absorption (lmax)
for PEDOT, corresponding to the S0 - S1 transition, is located
at 483 nm (2.57 eV). The optical results obtained for the other
neutral homopolymers can be found in Table S2 in the ESI.†

The shape of the NTOs associated with the S0 - S1 absorp-
tion band and the relevant orbital contributions of the S1

excited state (contribution value Z2%) are presented in the
ESI† (S6). As expected, the hole density (rh) and electron density
(re) display a very similar pattern compared to the corres-
ponding frontier orbitals since this transition is primarily
described by a HOMO-LUMO transition (B84%).109 The over-
lap factor (fS) between the hole and electron density is
systematically 0.83.

A Kuhn fit has been performed from S0 - S1 optical
transitions obtained for pristine PEDOT oligomers and
PEDOT(NH2) oligomers, the derivatives exhibiting the largest
HOMO destabilization among the donor-substituted homopo-
lymers. The estimated lmax values for PEDOT and PEDOT(NH2)
of infinite length are 546 nm (2.27 eV) and 549 nm (2.26 eV),
respectively (Fig. 6). Those predictions are in good agreement
with the experimental spectra of neutral P(S-EDOT) thin films
(lmax B 530 nm)6 but quite blue-shifted compared to the
experimental spectra of high molecular weight P(S-EDOT) thin
films (lmax B 600 nm)80 or PEDOT films (lmax B 615 nm).90

This small blueshift of about 0.2 eV could be reasonably
attributed to solid-state aggregation effects as described by
Spano’s model of interacting molecules,114,137–139 which is
not taken into account in our computations. The optical
properties start to saturate around 8 units (16 conjugated
double bonds) and converge at 22 units (44 conjugated double
bonds).140 This trend can also be visualized from the evolution
of the tuned o parameter in the long-range corrected hybrid
functional, which depends on the extent of electron delocali-
zation,141 see Table S3 in the ESI.†

The transition energies toward longer polymer chains have
been extrapolated with the end-and-middle fragment Frontier
orbital extrapolation (EM-FFOE) model.116 Doing so for the
PEDOT and PEDOT(NH2) polymers (calculation details in S7,
ESI†), the predicted lmax values are respectively 546 nm
(2.27 eV) and 549 nm (2.26 eV), in good accordance with the
Kuhn fit. The EM-FFOE predicted HOMO energies for infinite
homopolymers are respectively �4.66 eV and �4.74 eV. The
electrostatic surface potential mapped onto the surface of the
total electron density and the absolute hardness for 8-unit
PEDOT and PEDOT(NH2) are collected in the ESI† (S8).

3.1.2. Singly charged systems. Since PEDOT and its deri-
vatives are intended to be used in their doped and conducting
forms, prediction of the optical properties in their singly
charged (i.e., polaronic) states has been carried out. The optical
signature of polaronic systems (Fig. 7) is the appearance of two
subgap absorption features, as observed in many previous
studies.142–145 Typically, the lowest energy transition corre-
sponds to the S0 - S1 transition and is located around
1515 nm (B0.82 eV) in each compound, while the subgap
feature associated with the S0 - S3 transition lies around
740 nm (B1.68 eV). All absorption results can be found in
Table S4 in the ESI.†

Since a singly charged chain is an open shell system, its
electronic structure must be computed in an unrestricted
formalism, implying that spin up and spin down can lie in
orbitals with different shapes and energies. For the sake of
illustration, Fig. 8 presents the two subgap transitions of a
standard polaronic system. For the singly charged PEDOT, the
S0 - S1 transition is mainly described by the HOMO(b) -

LUMO(b) transition (88%) while the S0 - S3 transition mainly
originates from the HOMO(a) - LUMO(a) transition (70%).
The shape of the NTOs associated with these two features
for each singly charged derivative and the relevant orbital

Fig. 5 Simulated optical absorption spectra for the neutral 8-unit homo-
polymer chains at the TD-DFT/LC-oHPBE/6-31G(d,p) level. Fig. 6 Kuhn fit for PEDOT and PEDOT(NH2) homopolymers. ‘‘Nd’’ corre-

sponds to the number of double bonds and ‘‘n’’ stands for the number of
units. All DFT points are obtained from TD-DFT/LC-oHPBE/6-31G(d,p)
computations.
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contributions of both excited states are presented in S9 (ESI†).
The fS is around 0.82 for the S0 - S1 transition and around
0.85 for the S0 - S3 transition.

It is worth noting that the electronic structure sketched in
Fig. 8 differs from the traditional picture featuring two electro-
nic levels inside the bandgap;128,145,146 the latter was actually
inferred in the early days of the field of conducting polymers
from calculations performed in the restricted formalism and is
currently revisited in recent studies, primarily due to the
controversial interpretation of ionisation potentials between
neutral and charged systems and the need for considering the
Hubbard U on-site interactions upon charging.145,147,148

The BLC distribution (Fig. 9-A) is identical for each homo-
polymer and shows pronounced structural modifications in the
central units which decrease progressively when going towards
the chain ends. To further support this description, Fig. 9-B
shows the Mulliken charge differences (MCD) associated with
each unit (unit no. 1 and no. 8 corresponding to the two
terminal units). A Gaussian-like behaviour is found with 32%
of the charge localized over the central two units (60% over the
central four units). Note that the actual size might be affected
by the presence of the counter-ion which is not included in the
calculations.149 The assignment of bond and unit numbers is
shown in the ESI† in Fig. S10.

From all previous considerations, it is clear that the sub-
stitution patterns considered here for PEDOT decrease
the HOMO energy level and do not change significantly the
intrinsic optical properties of isolated chains. This is why
another strategy has been explored which consists of using
two different monomer blocks, i.e., an EDOT unit and a
substituted thiophene unit, to directly impact the core of the
chains by both inductive and mesomeric effects induced by
the substituent.105 It is also worth stressing that such copoly-
mers could offer in addition the possibility to introduce
different side chains or electroactive groups for self-doping
and solubilisation.

Fig. 7 Simulated optical absorption spectra of the singly charged 8-unit
homopolymer chains at the TD-DFT/LC-oHPBE/6-31G(d,p) level.

Fig. 8 Illustration of the origin of S0 - S1 and S0 - S3 transitions at the
TD-DFT level for polaronic systems.

Fig. 9 BLC distribution (A) and MCD (B) analysis for the 8-unit PEDOT homopolymer and its derivatives.
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3.2. P(EDOT-thiophene) copolymers

Due to the variable regioregularity levels of copolymers built
from asymmetric monomers, modelling every possible struc-
ture of a single polymer chain would require immense compu-
tational costs and time. Moreover, to avoid the creation of
asymmetrical frontier orbital distributions in our analysis and
treat all systems on equal footing, as discussed previously,
copolymers with 9 thiophene units and a C2 symmetry must
be considered here; attaching the substituents systematically
on the same carbon site of the thiophene would indeed
generate a strong net dipole that should be compensated by
other chains in thin films, thus going beyond the scope of the
present work. Due to the limited impact of the alkyl chains
in P(S-EDOT) compared to PEDOT, as observed previously in
computed homopolymers, the self-doping segments are com-
pletely neglected from the copolymer calculations to further
minimise computational costs. As shown in Fig. 10, copolymers
with a central EDOT unit can have 4 different substituent
arrangements: (i) the L–R–L–R configuration (named here
M1, with left (L) and right (R) being the side substitutions);
(ii) the R–L–R–L configuration (named M2); (iii) the R–R–L–L
configuration (named M3); and (iv) the L–L–R–R configuration
(named M4). Comparing these four configurations provides
new insights about the influence of substitution patterns on
the electronic properties of the modelized polymers. The sub-
stituent choice for the thiophene units includes the same
mesomeric donor groups used in the homopolymer section
(–OCOR, –OH, and –NH2) and mesomeric acceptor groups
(–COH, –CN, and –NO2) to generate a large diversity of
donor–acceptor copolymers, with all units accessible through
organic synthesis.150–154

3.2.1. Neutral systems. When comparing the influence of
donor substituents for the M1 configuration of P(EDOT-
thiophene), taken as a reference, gradual HOMO destabi-
lization can be observed with respect to the function of the
donor strength of the substituent. Specifically, P(EDOT-thio-
phene(OCOR)), P(EDOT-thiophene(OH)) and P(EDOT-thio-
phene(NH2)) increase the HOMO energy level by 0.08 eV,
0.27 eV and 0.35 eV (Fig. 11).

The same upward trend of the HOMO energy level can be
seen in ESI† S11 and Table S5 for the M2 and M4 configura-
tions. For the M3 configuration, the same trend is observed
except for both OH and NH2 derivatives which induce the same
destabilization of the HOMO by 0.50 eV. For all results obtained
for the four substitution patterns, see Table S5 in the ESI.†

Altogether, these results demonstrate that the HOMO energy
level is slightly affected by the actual position of the ester group
(0.02 eV), while larger deviations (up to 0.33 eV) are found with
the hydroxyl and amino moieties. When compared to PEDOT-
thiophene, the largest HOMO destabilization is obtained for
the M3 systems with OH or NH2 substituents (0.50 eV) and a
HOMO very close to that of the 9-unit PEDOT homopolymer is
obtained.

For systems substituted by the mesomeric acceptors, all 4
configurations show a downward trend in their HOMO energy
level when compared to P(EDOT-thiophene). As shown
in Fig. 11, the M1 series shows a decrease of the HOMO energy

Fig. 10 Possible configurations in P(EDOT-thiophene) copolymer derivatives for the substitution layout on the thiophene units in (TD-)DFT computations.
‘‘Sub’’ stands for ‘‘substituent’’.

Fig. 11 Theoretical HOMO and LUMO energy level values for neutral 9-
unit copolymers in the M1 configuration, as obtained at the DFT/LC-
oHPBE/6-31G(d,p) level. ‘‘Thio’’ is the abbreviation for ‘‘thiophene’’.
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level of 0.49 eV, 0.61 eV and 0.77 eV for P(EDOT-thio-
phene(COH)), P(EDOT-thiophene(CN)) and P(EDOT-thiophene-
(NO2)), respectively. For all results obtained for the other series,
see ESI† S11 and Table S6. Unlike the donor substituents, the
comparison between the different M-systems shows more
variations in their frontier orbital energy level stabilisation
orders. Interestingly, the data in Table S6 (ESI†) suggest that
only P(EDOT-thiophene(COH)) has a HOMO energy level
strongly affected by the exact position of the electroactive
substituents (up to 0.15 eV), while P(EDOT-thiophene(CN))
and P(EDOT-thiophene(NO2)) show variations below 0.1 eV.

As shown in the ESI† (S12), analysing the spatial distribution
of both frontier orbitals reveals that all copolymers present an
electronic density over the thiophene substituents. In contrast
to the PEDOT homopolymer and its derivatives described in the
first section, this demonstrates the activation of the mesomeric
effects of both the donor and acceptor substituents. When
comparing the M1 configuration to the M4 configuration for
any specific substituent, the shape of the HOMO varies as a
function of the substitution pattern. This is particularly striking
for the M3 series with donor groups which feature significant
localization of the HOMO level.

In terms of optical properties, both donor and acceptor
containing copolymers exhibit various variations in their spec-
tral signatures compared to the P(EDOT-thiophene) reference,
which has a calculated absorption maximum situated at
476 nm (2.61 eV). As shown in Fig. 12, the predicted spectra
for all neutral M1 donor substituted systems show a batho-
chromic shift (red shift) of their lmax: 489 nm (2.54 eV), 501 nm
(2.47 eV) and 503 nm (2.47 eV) for P(EDOT-thiophene(OCOR)),
P(EDOT-thiophene(NH2)) and P(EDOT-thiophene(OH)), respec-
tively, which fully parallels the corresponding trend of their
electronic (HOMO–LUMO) gaps. Compared to 9-unit PEDOT
(lmax = 495 nm; 2.51 eV), all substituted polymers exhibit a
similar signature without significant lmax modification. A very

similar trend is found for the other donor substitution patterns,
see ESI† S13 and Table S7. The largest shift is in the order of
0.13 eV and is found with both hydroxyl and amino derivatives.

Since their interest became limited after the initial consid-
eration of the HOMO energies, the optical absorption proper-
ties obtained for the copolymers with acceptor groups are
gathered in the ESI† (S14), while their results are summarized
in Table S8. The shape of the NTOs and the relevant orbital
contributions associated with each lowest absorption band are
presented in S15 (ESI†). fS is around 0.80 for the S0 - S1

transition for all substituted M-systems.
From all the results above, it is clear that P(EDOT-

thiophene(NH2)) is the best copolymer candidate for increasing
transparency and reaching the self-doping criteria. Indeed, this
copolymer presents the highest HOMO level destabilization (up
to 0.50 eV), while exhibiting a red-shifted absorption (0.12 eV)
compared to unsubstituted P(EDOT-thiophene). These proper-
ties are actually quite comparable to those of pristine PEDOT.

The Kuhn fit for the P(EDOT-thiophene) and P(EDOT-
thiophene(NH2)) chains yielding the largest HOMO destabiliza-
tion is plotted in Fig. 13. Doing so, P(EDOT-thiophene) and
P(EDOT-thiophene(NH2)) have a predicted lmax of 521 nm (2.38 eV)
and 549 nm (2.26 eV), respectively. Applying the EM-FFOE method
to P(EDOT-thiophene) and P(EDOT-thiophene(NH2)) results in
respective lmax values of 508 nm (2.44 eV) and 534 nm (2.32 eV),
in very good quantitative agreement with the Kuhn fit. The HOMO
energies predicted by the EM-FFOE model are �5.45 eV and
�4.80 eV for P(EDOT-thiophene) and P(EDOT-thiophene(NH2))
chains. Data used for the Kuhn fit and the EM-FFOE fit can be
found in Tables S9 and S10 in the ESI,† while the EM-FFOE
calculation details are presented in S16 (ESI†). The electrostatic
surface potential mapped onto the surface of the total electron
density and the absolute hardness for 9-unit P(EDOT-thiophene)

Fig. 12 Simulated absorption spectra for donor-containing 9-unit neutral
copolymers in the M1 configuration, as obtained at the TD-DFT/LC-
oHPBE/6-31G(d,p) level.

Fig. 13 Kuhn fit for P(EDOT-thiophene) and P(EDOT-thiophene(NH2))
copolymers. ‘‘Nd’’ corresponds to the number of double bonds and ‘‘n’’
stands for the number of units. All DFT points are obtained from TD-DFT/
LC-oHPBE/6-31G(d,p) computations.
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and P(EDOT-thiophene(NH2)) in the M3 configuration are pre-
sented in the ESI† (S17).

3.2.2. Polaronic systems. Similar to the singly charged
homopolymer systems previously analysed, the two subgap
absorptions of polarons are presented for all studied copolymer
systems. The 9-unit P(EDOT-thiophene) chain shows an S0 -

S1 transition located at 1768 nm (0.70 eV) and an S0 - S3

transition at 755 nm (1.64 eV). In contrast to PEDOT derivatives
that showed a minimal shift of the S0 - S1 transition, the same
transition in the copolymers varies as a function of the sub-
stituents. In donor substituted M1 systems (Fig. 14), this
subgap transition exhibits a gradual hypsochromic shift (blue
shift) as the mesomeric strength of the substituent increases:
1641 nm (0.76 eV), 1469 nm (0.84 eV) and 1425 nm (0.87 eV)
for P(EDOT-thiophene(OCOR)), P(EDOT-thiophene(OH)) and
P(EDOT-thiophene(NH2)), respectively. The S0 - S3 transition
remains practically at the same energy for every system: 762 nm
(1.63 eV), 756 nm (1.64 eV) and 758 nm (1.64 eV) within the
same series.

Fig. 14 Simulated absorption spectra for donor-containing 9-unit singly
charged copolymers in the M1 system, as obtained at the TD-DFT/LC-
oHPBE/6-31G(d,p) level.

Fig. 15 BLC (A) and MCD distribution (C) for the 9-unit donor copolymers in the M1 system and BLC (B) and MCD distribution (D) for the 9-unit donor
copolymers in the M2 system.
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As seen in the ESI† (S18-B), the M2 donor substituted system
shows a complete opposite trend for the S0 - S1 transitions
(red shift) when compared to M1: 1872 nm (0.66 eV), 1900 nm
(0.65 eV) and 1987 nm (0.62 eV) for P(EDOT-thiophene(OCOR)),
P(EDOT-thiophene(OH)) and P(EDOT-thiophene(NH2)), respec-
tively. The S0 - S3 transition shows again small variations
among the lmax values: 776 nm (1.60 eV), 802 nm (1.55 eV) and
794 nm (1.56 eV) for the same series. All the results obtained for
the M1 and M2 donor-containing copolymers suggest that the
substitution pattern can have an impact on the charge distribu-
tion, and by extension on the optical properties. For all results
obtained for the M1 and M2 systems, both substituted by
mesomeric donor and acceptor groups, see S18 and Table S11
in the ESI.†

The NTOs associated with the S0 - S1 transition in all M1 and
M2 systems are presented in the ESI† (S19). The relevant orbital
contributions associated with the S0 - S1 transition are also
presented. The hole density for each copolymer exhibits a mod-
ified distribution in the center compared to the neutral copoly-
mers due to the presence of the positive charge. The fS for the
S0 - S1 transition is around 0.80 in M1 and around 0.84 in M2.

As for homopolymers in the first section, the copolymer
analysis has been further supplemented by a BLC analysis
coupled to an MCD analysis. As seen in Fig. 15-A, the BLC of
all donor systems in the M1 configuration exhibits a pro-
nounced variation in the center of the chains (from bond no.
16 to no. 22). A progressive decrease of the BLC is also observed
when moving towards the chain ends. This decrease (from
bond no. 15 to no. 1 and no. 23 to no. 37) is stronger for
P(EDOT-thiophene(OH)) and P(EDOT-thiophene(NH2)) than for
P(EDOT-thiophene(OCOR)) and P(EDOT-thiophene). These
observations point to a growing positive charge delocalization
when going from NH2 to OCOR derivatives. The charge in
P(EDOT-thiophene(OH)) and P(EDOT-thiophene(NH2)) is actu-
ally strongly confined between the two internal mesomeric
groups (located between bond no. 15 and no. 16 and between
bond no. 22 and no. 23), while the esterified derivative yields a
more delocalized charge. By comparison with the optical spec-
tra, the blue shift of the S0 - S1 transition (from OCOR to NH2)
reflects a lower delocalization of the charge. The BLC distribu-
tions for the M2 donor substituted systems, presented in
Fig. 15-B, exhibit a more extended structural deformation
which is more pronounced for OH and NH2 derivatives when
moving towards the chain ends. These results point to a higher
charge delocalization in P(EDOT-thiophene(OH)) and P(EDOT-
thiophene(NH2)) compared to P(EDOT-thiophene(OCOR)),
which is found to translate into a red-shifted S0 - S1 sub-
band (from OCOR to NH2) in their optical absorption spectra.

The charge (de)localization differences between M1 and M2
donor systems are also supported by MCD analysis that points
to a strong charge localization in the central units in M1 (sharp
peak in the distribution) and to a more pronounced charge
delocalization in M2 (broad peak in the distribution), see
Fig. 15-C and D. The assignment of bond and unit numbers
is shown in the ESI† in Fig. S20. Additional analyses on
acceptor copolymers in M1 and M2 configurations as well as

on donor and acceptor copolymers in M3 and M4 configura-
tions have been carried out to further investigate and confirm
the relation between the charge (de)localization and the
S0 - S1 sub-band position, see S21, S22, S23 and S24 in the
ESI.† The complete data set obtained for the M3 and M4
substitution patterns is collected in Table S12 in the ESI.†
The NTOs and the relevant orbital contributions associated
with the S0 - S1 transition in M3 and M4 systems are presented
in the ESI† (S25).

4. Conclusions

We have analysed by means of state-of-the-art quantum chemistry
computations the impact of electroactive group substitution on
the optical and electronic properties of EDOT-based polymers.
The first part of our study has shown that the substitution of a
PEDOT homopolymer with electron-donating groups on the
ethylene bridge lowers the frontier orbital energies without
strongly impacting the optical signature of the neutral and doped
homopolymers, which did not meet our requirements to develop
dopable and highly transparent polymers. These effects can be
explained by the lack of mesomeric effects between the conju-
gated core and the substituents, which could have been triggered
by hyperconjugation effects. We have next considered EDOT-
containing copolymer derivatives introducing thiophene rings
substituted by mesomeric donor groups (OCOR, OH, and NH2)
or mesomeric acceptor groups (COH, CN, and NO2). The analysis
of neutral systems shows large HOMO shifts compared to the
P(EDOT-thiophene) chain attributed to mesomeric effects,
strongly dependent on the nature of the electroactive groups
and their relative position along the chain (M-systems). Among
them, only OCOR, OH, and NH2 groups destabilize the HOMO
level. The most promising copolymer for achieving good transpar-
ency while meeting the prerequisites of the self-doping process is
based on P(EDOT-thiophene(NH2)) in the M3 configuration that
yields a strong HOMO destabilization (0.50 eV) while yielding a
red-shifted absorption band (0.12 eV) compared to P(EDOT-
thiophene). This copolymer has properties very similar to those
of PEDOT but offers in addition the possibility to introduce
different side chains or electroactive groups for self-doping,
optical bandgap modification and solubilisation. Interestingly,
the energy of the lowest absorption band of the doped systems
is found to be impacted by the positions of the electroactive
groups along the polymer chain, which affects in turn the extent
of charge (de)localization in the systems, as confirmed by the joint
BLC and MCD analysis. Typically, a blue shift of the S0-S1 sub-
band occurs upon charge localization whereas a red shift prevails
when the charge gets delocalized. The copolymer structure is
clearly an interesting starting point for further design towards
improved optoelectronic properties compared to PEDOT.
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G. C. Welch and M. Leclerc, ACS Macro Lett., 2024, 13,
1133–1138.

81 K.-S. Tseng and Y.-L. Lo, Opt. Mater. Express, 2014, 4,
764–775.

Paper PCCP

Pu
bl

is
he

d 
on

 2
4 

Ju
ne

 2
02

5.
 D

ow
nl

oa
de

d 
by

 th
e 

G
eo

rg
ia

 T
ec

h 
L

ib
ra

ry
 o

n 
8/

19
/2

02
5 

2:
25

:3
5 

PM
. 

View Article Online

https://doi.org/10.3133/fs08702
https://doi.org/10.1039/d5cp01414j


15472 |  Phys. Chem. Chem. Phys., 2025, 27, 15460–15473 This journal is © the Owner Societies 2025

82 M. Morales-Masis, S. De Wolf, R. Woods-Robinson, J. W.
Ager and C. Ballif, Adv. Electron. Mater., 2017, 3, 1600529.

83 S. K. Singh, X. Crispin and I. V. Zozoulenko, J. Phys. Chem.
C, 2017, 121, 12270–12277.

84 E. Mitraka, M. Gryszel, M. Vagin, M. J. Jafari, A. Singh,
M. Warczak, M. Mitrakas, M. Berggren, T. Ederth,
I. Zozoulenko, X. Crispin and E. D. Glowacki, Adv. Sustain-
able Syst., 2019, 3, 1800110.

85 D. M. de Leeuw, M. M. J. Simenon, A. R. Brown and
R. E. F. Einerhand, Synth. Met., 1997, 87, 53–59.

86 B. C. Thompson, Y.-G. Kim and J. R. Reynolds, Macromo-
lecules, 2005, 38, 5359–5362.

87 E. Dauzon, A. E. Mansour, M. R. Niazi, R. Munir, D.-M.
Smilgies, X. Sallenave, C. Plesse, F. Goubard and A.
Amassian, ACS Appl. Mater. Interfaces, 2019, 11, 17570–17582.

88 Y. H. Kim, C. Sachse, M. L. Machala, C. May, L. Müller-
Meskamp and K. Leo, Adv. Funct. Mater., 2011, 21, 1076–1081.

89 C. Wang, K. Sun, J. Fu, R. Chen, M. Li, Z. Zang, X. Liu, B. Li,
H. Gong and J. Ouyang, Adv. Sustainable Syst., 2018, 2,
1800085.

90 G. Sonmez, Chem. Commun., 2005, 5251–5259.
91 X. M. Hong, H. E. Katz, A. J. Lovinger, B.-C. Wang and

K. Raghavachari, Chem. Mater., 2001, 13, 4686–4691.
92 I. V. Martynov, L. N. Inasaridze and P. A. Troshin, Chem-

SusChem, 2021, 14, 1–9.
93 J. Wang, P. Xue, Y. Jiang, Y. Huo and X. Zhan, Nat. Rev.

Chem., 2022, 6, 614–634.
94 L. Dou, Y. Liu, Z. Hong, G. Li and Y. Yang, Chem. Rev.,

2015, 115, 12633–12665.
95 H. Wang, J. Cao, J. Yu, Z. Zhang, R. Geng, L. Yang and

W. Tang, J. Mater. Chem. A, 2019, 7, 4313–4333.
96 D. Li, X. Zhang, D. Liu and T. Wang, J. Mater. Chem. A,

2020, 8, 15607–15619.
97 J. Zhao, C. Yao, M. U. Ali, J. Miao and H. Meng, Mater.

Chem. Front., 2020, 4, 3487–3504.
98 S. Dey, Small, 2019, 1900134.
99 Y.-J. Cheng, S.-H. Yang and C.-S. Hsu, Chem. Rev., 2009,

109, 5868–5923.
100 J. Huang and G. Yu, Chem. Mater., 2021, 33, 1513–1539.
101 G. P. Kini, S. J. Jeon and D. K. Moon, Adv. Mater., 2020,

1906175.
102 S. Rasmussen, Encyclopedia of Polymeric Nanomaterials,

Springer, 2013, pp. 1155–1166.
103 P. Chandrasekhar, Conducting Polymers, Fundamentals and

Applications: A Practical Approach, Springer, 1999, ch. 2,
pp. 23–42.

104 D. Jacquemin and C. Adamo, J. Chem. Theory Comput.,
2011, 7, 369–376.

105 J. Cornil, D. A. Dos Santos, D. Beljonne and J.-L. Brédas,
J. Phys. Chem., 1995, 99, 5604–5611.

106 T. M. Henderson, A. F. Izmaylov, G. Scalmani and G. E.
Scuseria, J. Chem. Phys., 2009, 131, 044108.

107 O. A. Vydrov and G. E. Scuseria, J. Chem. Phys., 2006, 125,
234109.

108 Gaussian 16 Rev.A.03 Release Notes, 2017. https://gaussian.
com/relnotes_a03/.

109 C. Risko and J.-L. Brédas, Multiscale Modelling of Organic
and Hybrid Photovoltaics, Springer, 2013, ch. 1, pp. 1–38.

110 G. Londi, R. Dilmurat, G. D’Avino, V. Lemaur, Y. Olivier
and D. Beljonne, Phys. Chem. Chem. Phys., 2019, 21,
25023–25034.

111 W. Kuhn, Helv. Chim. Acta, 1948, 31, 1780–1799.
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