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Abstract
Design of polymeric semiconductors exhibiting high electrical conductivity (o) and
thermoelectric power factor (PF) will be vital for flexible large-area electronics. In this work,
we investigated four polymers based on diketopyrrolopyrrole (DPP), 2,3-dihydrothieno([3,4-
b][1,4]dioxine (EDOT), thieno[3,2-b]thiophene (TT) and 3, 3’-bis (2-(2-(2-methoxyethoxy)
ethoxy) ethoxy)-2, 2’-bithiophene (MEET) as side-chains, with the MEET polymers newly
synthesized for this study. These polymers were systematically doped with F4sTCNQ, CF;SOzH
and the synthesized dopant Cp(CN)3-(COOMe)s, differing in geometry and electron affinity.
The DPP-EDOT based polymer containing MEET as side-chains exhibited the highest 6 ~700
S em! in this series with the acidic dopant (CF3SOsH). This polymer also showed the lowest
oxidation potential by cyclic voltammetry (CV), the strongest intermolecular interactions
evidenced by differential scanning calorimetry (DSC) and had the most oxygen-based
functionality for possible hydrogen bonding and ionic screening. Other polymers exhibited
high 6 ~300-500 S cm™ and PF up to 300 pW m™! K. The mechanism of conductivity is
predominantly electronic, as validated by time-dependent conductance studies and transient
thermo voltage monitoring over time, including for those doped with the acid. These materials
maintained significant thermal stability and air stability over ~6 weeks. Density functional
theory calculations revealed molecular geometries and informed about frontier energy levels.
Raman spectroscopy, in conjunction with scanning electron microscopy (SEM-EDS) and x-ray
diffraction, provided insight into the solid-state microstructure and degree of phase separation
of the doped polymer films. Infrared (IR) spectroscopy enabled us to further quantify the degree

of charge transfer from polymer to dopant.

1. Introduction
Doped polymer semiconductors have gained increasing attention for large-area and

flexible thermoelectric (TE) devices.!

Semiconductor TE performance is characterized by the
figure of merit (ZT), ZT = S?cT/x, where o, S, x, and T are respectively the electrical
conductivity (o), Seebeck coefficient, thermal conductivity and absolute temperature, and S*c
is the thermoelectric power factor (PF).> Conjugated polymers typically exhibit thermal
conductivities of 0.1-2 W m™! K™!'.? To achieve high ZT values, high ¢ is a prerequisite, which
is driven by high charge carrier mobility and efficiency of the mobile charge-generation process.
S is inversely correlated to 6 and is proportional to the difference between Fermi level (Er) and

transport level (Er) for disordered polymer systems.* Doping efficiency requires the polymer
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to possess a high HOMO (the highest occupied molecular orbital) with respect to the LUMO
(the lowest unoccupied molecular orbital) of the dopant.’

Recently, several groups have achieved higher o of donor-donor (D-D) based p-type
polymers such as poly(3-hexylthiophene) (P3HT) and poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophene) (PBTTT) by implementing polymer design strategies such as
modification of the backbone electronic structure® and side-chain engineering.” Film processing
methods such as sequential processing (SqP),*° direct dopant evaporation on polymer

ﬁlmSIO,11,12

and mechanical rubbing!? to induce favorable microstructural orientation or ion-
exchange methods were also beneficial.!*!> Leclerc ef al. incorporated an ether functionality
(n-C70C4) in the side-chain of PBTTT and obtained air stable materials with high o, and PF
~2.9 mW m ! K2 in the chain direction, utilizing films oriented by high temperature rubbing.'®
The polymer p(g42T-T) was functionalized with oligo ethylene oxide side-chains, which
enabled polymer-dopant co-processing and aided thermal stability.!” Even with weak dopants
such as DDQ, high 6 of ~100 S cm™! was attainable, compared to conventional polythiophenes
such as P3HT or PBTTT.!” Katz et al. reported modified PQT12 derivatives by side-chain
engineering to achieve o as high as 350 S cm™ and PF ~12 pyW m™ K2.!8 Patel et al. showed
that favorable interactions between dopant and polymer side-chains in two polythiophene
derivatives (poly(3-(methoxyethoxyethoxy)thiophene) and (poly(3-
(methoxyethoxyethoxymethyl)thiophene) led to 6 ~37 S cm™.!° Reynolds et al. reached ¢ ~250
S cm™! with AgPFs-doped thiophene-dioxythiophene polymers to attain PF of 7 yW m™! K22
Brinkmann et al. demonstrated the role of orientation and microstructural dimensionality in
semicrystalline P3HT to achieve ¢ of 3000 S cm™' and PF of 170 = 30 uW m™' K2 along the
polymer chain direction.?! A high PF ~120 uW m™' K2 was obtained for the PBTTT:F4sTCNQ
system by appropriate control of film morphologies and domain alignment.?? A conclusion from
all this activity is that, without implementing special film-processing techniques to improve
macrostructural alignment'*?* or morphology control,?*° the enhancement in ¢ available by
doping is almost always limited, restricting opportunities for further PF improvement in
conventional polymeric semiconductors such as P3HT and PBTTT.

To overcome this bottleneck, donor—acceptor (D—A) polymers are being explored as
potential candidates for high thermoelectric performance because of their strong solid-state 7t-
n stacking” and large persistence lengths that correlate with increased solid-state
microstructural order and high charge-carrier mobility.?® D-A based copolymers offer a wide
range of electronic and microstructural tunability to allow excellent charge transport while

simultaneously possessing energetic disorder that allows them to achieve a delicate balance

3



WILEY-VCH

between ¢ and S. In D-A systems, the energetic separation between Fermi level and transport
level often increases, thereby increasing the Seebeck coefficients (S).2” This has spurred recent
attempts to incorporate electron-attracting functional groups in the polymer backbone that
increase electron density to achieve high o, while retaining sufficient energetic disorder to
maintain high S values. Cho et al. demonstrated a high PF of 276 yW m™ K? in a DPP-
thiophene based polymer versus P3HT that shows ~50 uW m™ K22 Zhu et al. obtained PF
~300 pW m™! K2 in a DPP-based polymer by incorporating the more electron-donating Se
atom.? Li et al. intentionally introduced structural defects in a series of random copolymers
with varying fractions of donor-donor block, while simultaneously employing glycol side-
chains.*® This approach raised S while maintaining high ¢ to obtain high PF. Recently, side-
chain engineering using oligo (ethylene glycol) (OEG) based side-chains have gained
tremendous importance due to higher polarizability, aiding the stabilization of dopant and
polymer ions. This also provides high free volume for dopant accommodation, thereby
enhancing the doping efficiency and miscibility of dopant with polymers.>! OEG-based side-
chains exhibit more flexibility than alkyl chains, impart improved ion-conductive behavior, and

the capability to coordinate with cations.*?

OEG side-chains can lead to good polaron
delocalization due to effective counterion screening.>*>** OEG groups can promote undesirable
ionic conductivity leading to unstable, transient currents.*> For higher o, stronger electronic
coupling between polymer chains and connectivity between neighbouring crystallites are
important. This can be achieved by optimizing the number density of hydrophobic and
amphiphilic side-chains in the hydrophobic backbone to enable both interchain interactions and
electrostatic screening.

Combining the above research findings, we were motivated utilize the donor-acceptor
approach, using diketopyrrolopyrrole (DPP) as the acceptor chromophore to obtain an
enhancement in the value of seebeck coefficient S. Alongside the need to increase the value of
S, it is also important to achieve an enhancement in the value of electrical conductivity ¢ by
incorporating the appropriate amount of electron-donating chromophores in the polymer
backbone or electron-donating side chains in conjugation with the polymer skeletal backbone.
In keeping with the above design principles, we synthesized four donor-acceptor copolymers
by polymerizing diketopyrrolopyrrole and its derivatives containing three different types of
donor chromophores: ethylenedioxythiophene (EDOT), thieno [3, 2-b] thiophene and 3,3’-bis
(2-(2-(2-methoxyethoxy) ethoxy) ethoxy)-2,2’-bithiophene segments (Figure 1). As discussed
before, ethylenedioxythiophene (EDOT), thieno [3, 2-b] thiophene and 3,3’-bis (2-(2-(2-

methoxyethoxy) ethoxy) ethoxy)-2,2’-bithiophene promote facile hole generation, and generate
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effective m-n stacking in the solid-state. At the same time, inclusion of a high number density
of OEG or MEET groups can cause the polymer to become increasingly amphiphilic, which
can result in transient currents due to ionic conductivity and phase segregation between polymer
and dopant resulting in low miscibility.>!*> Thus, a delicate balance of the number density of
amphiphilic glycol-based side-chains and branched hydrophobic side-chains is important for
combining efficient charge transport and molecular doping.*®*”-*® The polymers were doped
with F4sTCNQ, a synthesized [3]-radialene-based dopant labelled as Cp(CN)3-(COOMe); in this
study, and a sulfonic acid CF3SOzH (Figure S1, SI). F4ATCNQ has become a standard p-dopant

394041 31though its utility with oligoether

for polymers, including thiophene and DPP polymers,
side-chains may be limited.** The radialene dopant has about 0.4 eV greater driving force for
p-doping than does FATCNQ #4434 and would be a geometrical contrast (threefold rotational
in one isomeric form versus twofold inversion) with F4TCNQ. CF3SO3H presents H' as the
doping species instead of an organic acceptor, and while used less frequently as a dopant than
other sulfonic acids, especially polystyrene sulfonic acid, it has been reported to show unusually
high PF with poly(ethylenedioxythiophene).*’ Since the ability of acids to dope conjugated
polymers increases with their acid strength, we chose to work with CF3SOsH with pK. values
<0.*® Recently, it has been shown that conjugated electronegative functionalities can effectively
stabilize the central 3-membered cyclopropenium ring. This also allows for novel synthetic
modifications to tailor the electron affinity and the processability of the dopant.*>->
Our key findings are summarized as follows:

The highest 6 ~700 S/cm was exhibited by P4 on doping with CF3SOsH. For the other polymers
in this study, 6 ~ 300-600 S cm™ and the corresponding PFs were up to 300 pV m™ K2, among
the highest achieved by a single solution blends of homopolymers of symmetrically substituted
repeat units.

The highest ¢ value, from P4, was associated with its having the lowest oxidation potential
determined by cyclic voltammetry (CV).

Our polymer films exhibit considerable air and thermal stability when doped with F4sTCNQ,
CF3;SOsH, Cp(CN)3-(COOMe)s, lasting on the order of 6 weeks.

We established the mechanism of electrical conductivity by monitoring the source-drain
current with respect to time and also by transient thermo-voltage. Unlike PEDOT-based
compositions, the doping mechanisms were predominantly electronic.

The highest charge density ~10*' cm™ was also obtained for (P4) on doping with CF3SO3H.
Charge density was determined by multiple self-consistent techniques.  Thin film
morphological characterization by SEM-EDS studies and x-ray diffraction studies confirmed
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that the three dopants cause only minute changes in the solid-state aggregation patterns.
Infrared (IR) spectroscopies were used to quantify the structural and electronic changes on

doping and the mode of polymer-dopant interactions.

(@ - 7 (b)

(d)

Figure 1. Structures of four polymers studied in this work

2. Results and Discussions

2.1. Synthesis of polymers and dopants

The synthetic scheme of the polymers P3 and P4 is shown in Scheme 1, SI. The
synthesis and chemical characterization of P1 and P2 have already been shown in our previous
study. The polymers were purified by extensive extraction and reprecipitation, as described in
the SI. The dopant Cp(CN);-(COOMe); was synthesized using a reported method.** The
structures of the radialene-based dopant and the newly synthesized polymers (P3 and P4) were
established by 'H NMR spectroscopy (Figure S2-S4, SI) and the polymer polydispersities by
gel permeation chromatography (GPC) (Figure S5-S6, SI). The GPC traces were dominated
by a single high molecular weight peak for each polymer. The molecular weights and PDI
values are tabulated in Table S1, SI. DSC thermograms of the polymers P3 and P4 are shown

in Figure S7, SI. We obtained those of P1 and P2 in our previous work.>! Broad endotherms
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were observed, corresponding to melting above ~120 °C and ~200 °C for P3 and P4,
respectively. The highest melting point was found for P4 among all polymers in the series,

implying high crystallinity arising from strong intermolecular attraction.

2.2. Frontier orbital energy levels

Electron density isocontours of HOMO and LUMO of the repeat units of the polymers
were obtained by density functional theory (DFT) using a B97-D3 functional and def2-TZVP
basis set; (Figure 2).°! Goerigk and Grimme recommend the B97-D3 functional (GGA) for a
fairly accurate description of molecular energies,’” and the def2-TZVP basis set was chosen as
a compromise between computational accuracy and cost. We conducted geometry optimization
of the repeat units shown in Figure 1 (a) and (e), allowing cis and trans isomers to be explored
with respect to rotations about the C-C single bonds linking TT to DPP. It is known that the
electrical performance of conjugated polymers has a close relationship with their backbone
conformation,> with a greater degree of polymer coplanarity corresponding to a desirable
enhanced charge transfer capability. Specific to the TT units surrounding DPP, Jackson ef al.
identified a 6 kcal/mole energy barrier associated with rotating a TT unit attached to a DPP unit
(the same configuration as described in this paper, >* and Yu et al. quantified a ~1.5 kcal/mole
enthalpic preference for the non-traditional C-H...N hydrogen bond over the O...S sulfur
bond.>> We have corroborated both these results. We acknowledge that the DFT methods used
in this study probably overestimate the planarity of the structures due to an inherent self-
interaction error present in the calculation formalism.>* To mitigate such a bias would require
conducting coupled cluster calculations, which were computationally infeasible due to their
very considerable resource requirements. With that said, the calculated HOMO isocontours
indicate a more planar configuration in the singlet excited state, and are greatly delocalized
throughout the backbone over the DPP as well as the EDOT units. The LUMO isocontours in
Figure 2 demonstrate a decrease in delocalization, which is expected behavior. This leads to an
intramolecular charge transfer, thereby inducing a quinoidal character in the polymer backbone.
A small degree of EDOT and MEET O-atom conjugation is also seen in the electron density
isocontours. This in consistent with previous studies, wherein oxygen atoms in the side-chain
that were directly conjugated with the main backbone increased HOMO energy levels. %’

Further computational details are given in the SI.
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(a)
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" LUMO=32eV
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< { HOMO=-43 eV d LUMO=-3.1 eV
Figure 2. Highest Occupied Molecular Orbital (HOMO) maps from DFT of (a) P1 (c) P2 (e)
P3 (g) P4 and Lowest Unoccupied Molecular Orbital (LUMO) maps of (b) P1 (d) P2 (f) P3
and (h) P4. Here, P1: p-DPP(TT).-(EDOT).) (b) P2: p-DPP(EDOT),-(EDOT): (c) P3: p-
DPP(TT)2-(MEET): (d) P4: p-DPP(EDOT).-(MEET)>

Normalized UV-vis spectra in solution and thin films are compared in Figure 3. In
solution, the polymers exhibit broad absorption over 300 to about 1000 nm with one prominent
peak from 500 to about 1000 nm. Film spectra show additional broad absorbance out to 1600

nm that could indicate adventitious doping by the atmosphere.
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Figure 3. Steady-state UV-visible spectra in solution and thin films of the polymers

The optical gaps, from thin film absorption onsets, are ~0.90 eV. Compared to
polymers with thiophene-based donors in DPP-based polymers,*® *°: ° the incorporation of an
O atom in direct conjugation with the thiophene units causes an increase in the internal donor
strength. This imparts a stronger intermolecular charge transfer (ICT) character to the polymer
backbone resulting in low optical gaps.® Compared to their absorption spectra in solution,
polymer films exhibit slightly broader and bathochromically shifted features, consistent with
strong intermolecular interactions and longer effective conjugation length %% in the solid-state
as a result of the strong polarity of the DPP lactam units.* Doped film spectra are discussed
later, in the “polymer doping and induced charge carriers” section.

Cyclic voltammograms of the polymers are depicted in Figure S8, SI and the energy
gaps are provided in Table S2, SI. This Table summarizes the HOMO energies of the polymers
extracted from the onset of the oxidation process in the cyclic voltammograms (positions are
indicated by grid lines and arrows) and the LUMO energies evaluated utilizing the optical gaps
and the HOMO energies from CV studies. The polymers do not exhibit any pronounced activity
in the negative potential window, rendering it difficult to otherwise calculate the LUMO values
from the voltammograms. The DFT energy level determinations differ from the electrochemical
ones in that the DFT calculations were performed on single segments in the gas phase, while

the electrochemistry was performed on polymers in solvents, relative to a solvated external
9
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reference, and versus an internal reference reported to have a several tenths of volt range of
energies vs. the vacuum level. While the DFT HOMO energies were similar, the
electrochemistry indicated that the polymer P4 exhibits the least positive value of the onset of
the oxidation potential, while P1 exhibits the most positive or the most negative oxidation
potential amongst all polymers in this study, indicating that P4 is the easiest to oxidize and the
most capable of stabilizing hole carriers.

Table S2, SI also shows the comparison of the frontier energy levels from CV and DFT
studies. We observed a systematic decrease in HOMO energy levels of the polymers in the
order P4 < P3 < P2 <P1. The LUMO is the deepest for P1 and the least deep for P4. MEET is
associated with the least positive onset voltages for oxidation and TT is associated with more
positive voltages, with MEET having the stronger effect based on the behavior of P3. The

calibrating redox potential of Fc/Fc' was assumed to be -5.12 eV with respect to vacuum.®*

2.3. Polymer film morphology

X-ray diffraction of the neat and doped films gave information about microstructures
after doping (Figures 4 and 5). Diffraction peaks (h00) corresponding to lamellar packing and
n-n stacking distances exhibited changes on addition of dopant to the polymer film (50 mol %).
To compare the changes in relative crystallinity of the films, we summarized the d-spacing
corresponding to the (h00) peaks before and after the doping process in Table S3, SI. Doping
reduces the degree of solid-state aggregation and ordered molecular packing. This can be seen
from the broadened peaks and increased d-spacings on dopant incorporation/encapsulation into
the polymer matrix. An increase in peak width (broadening) along with the reduction in
intensities accompanying the dopant addition process is indicative of the decrease of stacking
regularity. Although the strong interchain interactions are attenuated by all the dopants, the
nature of aggregation varies substantially for each of the dopants, and every dopant affects the
d-spacings to a different extent. In this study, CF3SO3H caused the most disruption of the solid-
state packing and aggregation, as seen by the greater loss of certain (h00) peaks. In particular,
P4 with CF;SOsH, despite being the best performing composition as will be seen later, shows
virtually no long-range crystallinity, consistent with the high compatibility of the side chains
and dopant. However, short-range order is still possible in this system.

Aggregation in the neat as well as in the doped polymer films (discussed more fully in
the next section) and the extent of phase separation in the doped polymer films were probed by
the SEM-EDS studies (Figure S9, SI for the dopants, Figure S10, SI for the neat and doped

polymer films). We carried out elemental analysis at different regions of the scanned area of
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the films to quantify the nature of microstructures formed as a result of incorporation of the
dopant molecules within the polymer (Figure S10, SI) employing the EDS technique. Changes
in elemental composition due to the formation of polymer: dopant complexes, as obtained from

EDS analysis by monitoring the S: F and S: N ratios are collected in Table S4, SI. The
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Figure 4. Thin film x-ray diffraction study of p-DPP(TT),-(EDOT): (a) neat film (b) doped with
F4TCNQ (c) doped with CF3SO3H (d) doped with Cp(CN)3-(COOMe);. Corresponding studies
for p-DPP(EDOT),-(EDOT): (e) neat film (f) doped with F4TCNQ (g) doped with CF;SOzH
and (h) doped with Cp(CN)3-(COOMe)s. Concentration of dopant with respect to polymer: 50
mol %.

morphology change of the polymer and the thin-film aggregates on doping is greatly impacted
by the miscibility of the polymer and dopant.
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Figure 5. Thin film x-ray diffraction study of p-DPP(TT).-(MEET): : (a) neat film (b) doped
with F4TCNQ (c¢) doped with CF3SO3H (d) doped with Cp(CN)3;-(COOMe)s3. Corresponding
for p-DPP(EDOT)>-(MEET)2: (e) neat film (f) doped with F4TCNQ (g) doped with CF;SOsH
and (h) doped with Cp(CN)3-(COOMe)s. Concentration of dopant with respect to polymer:
50 mol %.
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When polymers are doped with F4sTCNQ and CF3SOs3H, we observed that the ratio of
the percentage composition of the elements S:F is reasonably similar/uniform at all points of
analysis for each film, implying negligible or very low extent of phase separation arising from
good polymer-dopant miscibility and efficient/homogeneous doping. In some regions, a slightly
higher F:S ratio/lower S: F ratio may imply some probability of some phase separation or
dopant clustering. Since the dopant Cp(CN)3-(COOMe)s; does not contain F atoms, we have
summarized the signal:noise ratios for the polymer films doped with Cp(CN);-(COOMe)s. Also,
the neat polymer films exhibit particle-like morphology while the neat dopant films exhibit a
flake-like and a fibre-like morphology (for F4TCNQ and Cp(CN)3;-(COOMe)s, respectively),
while the CF3SO;H films are featureless, indicating homogeneity that could be beneficial for
conductivity. Comparing the morphology of the doped films with those of the neat polymer
films or dopant films, we observed that the nature of the aggregates in the doped films does not
fully resemble either, which confirms the efficient mixing process, already validated by the x-

ray diffractograms.
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2.4. Polymer doping and induced charge carriers. Polymer doping was evaluated by

Electron Paramagnetic Resonance (EPR) spectroscopy at the same dopant concentration (50

mol % dopants) (Figure 6).
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Figure 6. EPR spectra of (a) p-DPP(TT),-(EDOT), (P1) (b) p-DPP(EDOT)>-(EDOT), (P2) (c)
p-DPP(TT)2-(MEET): (P3) and (d) p-DPP(EDOT),-(MEET): (P4) on doping.

Notably, the density of radical cations is highest for the CF3SOsH dopant, followed by
Cp(CN)3-(COOMe); and F4sTCNQ. We observed a clear EPR signal, indicating formation of

the paramagnetic radical species. We used this signal intensity as a measure of induced

polaronic charge. In Figure 6, we observed that at 50 mol % concentration of all dopants
(F4TCNQ, Cp(CN)3-(COOMe)s, CF3SOsH, the EPR signal intensity, approximately, follows
the order : EPR signal intensity (CF3SO3;H)>EPR signal intensity (Cp(CN)3-(COOMe);)>EPR
signal intensity (F4TCNQ). This implies that the dopant CF3SOsH produces the highest number

density/concentration of polarons compared to F4aTCNQ or Cp(CN)3-(COOMe)s.

13



WILEY-VCH

035+ 30
16 ——P1_undoped . foso 0354 g5 ——P2_undoped loa 02
0309 ] ——P1_doped with FATCNQ 5 25 030 ——P2_doped with F,TCNQ g
oz |, ——P1_doped with Cp(CN),{COOMe), g [-0.25 I P2_doped with Cp(CN),{COOMe), = 020
oz - ——P1_doped with CF,SOH 8 020 29 ——P2_doped with CF,SOH E 0.3
. 10 2 . 020 03 0.15
0154 8 "] g
- 0.8 (a) ‘g [01s (15 0154 8 02 |
0104 56 02 2
- & Lo 10 0.10 4
0054 g4l < oss] o, ﬁ lo4 |oo0s
005
0004 oz2] 05 000 0.00
0.00 Lo
0054 0.0 0o o05] 004 .
010d 02 -0.05 0 X : i i
S 1w w | o 2w w0 o e R 20 B0 e
Wavelength (nm) Wavelength (nm)
o 0.20 0.8 o8
0.25 - 0.20 104 ——P4_undoped | 08
P doped with F,TCNG ** gty
020 04 ¢ ith F, Fos [44s —— P4_doped with Cp(CN),{COOMe), 0t g
o015 —— P3_doped with Cp{CN),{COOMe}, s 074 084 ——P4_doped with CF,SOH -0.5 @
i . ——P3_dopod with CF.SOH il oe - ’ 04 @
Lo.a
010 4 Loos F010g 086 04 e
ops{ 02+ (C) g o8 8
) 0.00 ol O3 5
0,00 LoosE 044 %41 °° .§
014 -0.05 <<
0,05 4 031 o2 oz 02
N o010 —Oncdi 02 0z
0104 00 02
P e I I 0 : ' ' ' S
500 1000 1500 2000 2500 3000
Wavelength (nm) Wavelength (nm)

Figure 7. UV-visible spectra of (a) P1 (b) P2 (¢) P3 (d) P4 on doping with F4TCNQ,
CF3SOsH and Cp(CN)3-(COOMe)s. P1: p-DPP(TT),-(EDOT),, P2: p-DPP(EDOT);-
(EDOT)y, P3: p-DPP(TT),-(MEET), and P4: p-DPP(EDOT),-(MEET),.

The UV—vis—NIR absorption spectra of the neat and doped polymer films are depicted
in Figure 7. The signature of p-doping of polymers p-DPP(TT).-(EDOT). (Pl), p-
DPP(EDOT)2-(EDOT): (P2) and p-DPP(TT)2-(MEET):2 (P3) in their UV-visible spectra is the
bleaching of neutral n—n* transition absorption in the range of 500-1000 nm, accompanied by
the appearance of new polaronic absorption bands. The additional broad absorption peak and
tailing at higher wavelengths can also be associated with a more extended excited state wave
function via combination of enhanced n—n stacking and increased co-planarity of the polymer
main chain.® The solid-state aggregation in thin films may be affected by the viscosity of
solvents from which the films are spun;*® additionally, the assembly and conformation in the
solid-state are profoundly determined by the interaction of their side-chains.®’” The higher-
wavelength broad absorbance has also been associated with bipolarons in EDOT polymers.5®
The essentially blank EPR spectra of neat P2 and P4 (Figure S11, SI) helps rule out
adventitious doping of the neat polymer films. Due to the strong absorption overlap of polarons
and charged F4TCNQ, 3! it is difficult to evaluate and quantify the degree of charge transfer

from steady-state UV-visible spectroscopy, unlike in our previous work.>®

Therefore, we employed solid-state Fourier transform infrared (FTIR) spectroscopy to
evaluate the degree of charge transfer (Figure S12-S14, SI). Not only is the C=N stretch

frequency highly sensitive to changes in the local Coulombic environment of the polymer, but
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the frequency is near 2200 cm™, an IR spectral window where other vibrational modes are
largely absent. Neutral F4ATCNQ has a vibration mode near 2227 cm™!, while fully anionic

species due to the doping process (ICT) undergo mode-softening to ~2190 cm™.%°

The placement of dopants within the lamellae, where they reside far from the polymer
backbone, leads to integer charge transfer (ICT) complexes. Partial charge transfer (CTC) states
only occur when the FsTCNQ dopant is able to n-stack with the conjugated polymer, thereby
involving insufficient wave function between the donor (polymer) and acceptor (dopant).”®
Since the CTC polymorph requires m-interactions between the dopant and polymer, it is
kinetically difficult to achieve in crystallites. Thus, ICT is kinetically and thermodynamically

favored for the dopant and conjugated polymer system as a whole.”!

The F4TCNQ stretching vibrational energy associated with CTCs appears at
intermediate stretching frequencies just above 2200 cm!. It is thus possible to quantitatively
extract information from the IR spectra about the overall doping level and/or the ratio of ICT
to CTC carriers for each set of processing conditions. The ratio of the integrated infrared peak
areas for the CTC peak to that of the central ICT infrared band located near ~2190 cm™ helps
quantify the two phases or polymorphs.’ The ratio of ICT:CTC polymorphs are 1.25, 1.33, 6
and 8 for p-DPP(TT),-(EDOT) (P1), p-DPP(EDOT)>-(EDOT),, (P2) p-DPP(TT)>-(MEET)>
(P3), and p-DPP(EDOT),-(MEET), (P4), respectively, on doping with F4TCNQ. In our study,
we observed that the relative quantity of ICT to CTC in the doped polymer films (50 mol % of
F4TCNQ) follows the order P4>P3>P2>P1. From the solid-state structural perspective, this
explains the highest conductivity of P4 amongst all polymers in this series on doping with
F4TCNQ.For the two MEET polymers, the reduction in the peak intensities of neutral F4s TCNQ
1s more drastic, implying more doping. The low polarizability of the polymer backbones poorly
screens the interaction between charge carriers on the polymer backbone and the dopant
counter-anions. When the dopant counterion in a crystallite is located among the polymer side-
chains, it is distant from the holes on the polymer backbone, allowing the holes to become more
mobile. This helps explain the trends in electrical conductivity of the doped films of the
polymers whereby P4 exhibits the best performance. Figure S13, SI depicts the infrared spectra
of the polymers on doping with CF3SOsH. The evolution of the -OH group in the —-SO3H group
in the polymer IR spectrum (3000-3500 cm™) indicates the successful integration of the acid
dopant into the matrix of the polymer. For Cp(CN)3;-(COOMe)s, the neutral absorption peak of

—CN group (shown in black) is shifted to lower/softened energies as a result of the doping
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process. This shift is a maximum for p-DPP(EDOT),-(MEET), (P4), as depicted in Figure S14,
SIL.

Even more detailed information is available from Raman spectroscopy. As a brief
example, we have only shown the structural changes in polymer P4 have been mapped by
Raman spectroscopy, as a representation of doping process by the F4sTCNQ and Cp(CN)3-
(COOMe); dopants. Subtle differences in the Raman spectra of films of neat and doped polymer
films in terms of Raman shifts, line-shapes, widths, broadening, efc., were taken into account
by Principal Component Analyses with two components. For P4, the nature of the Raman
spectra on doping with F4TCNQ, CF3SO3H and Cp(CN)3;-(COOMe); could be distinguished by
either PC1 or PC2, or both simultaneously (Figure S15, SI). These observations support the
hypotheses that F4TCNQ, CF3SOsH and Cp(CN)3;-(COOMe) exhibit largely different dopant
activities that are distinguishable by just one vector and may, or may not, require a second
vector for a thorough distinction. Considering the Raman spectra of P4 in Figure S15, SI, the
relevant wavenumbers (cm™') in the regions of interest have been further assigned and
elucidated (Figures S17-S19, SI). The Raman shift of the strongest Raman active modes from
1000 to 2000 cm™ can be attributed to C=C stretches in the main polymer chain. The theoretical
Raman spectra of P4 polymer is shown in Figure S20, SI and the theoretical peak assignments
of the conjugated backbone are collected in Table S5, SI. It is evident that the bands become
broad and are accompanied by a slight shift to higher energies (cm™) (blue shift) on doping.
Usually, a redshift in the C=C vibration indicates that the introduced charge carriers are mainly
polarons at that particular doping level, while broadening of the Raman spectrum with an

apparent blueshift is considered to be a signature of bipolaron formation.
2.5. Solid state electronic characterizations.

Plots of conductivity, Seebeck coefficients, and the corresponding thermoelectric power
factors are shown in Figure 8 for the highest-conductivty polymer p-DPP(EDOT),-(MEET)>
(P4) and in Figures S20-S22, SI for the other polymers. Their conductivities and thermoelectric
power factors (PF) obtained using FATCNQ, CF3SO3H and Cp(CN)3-(COOMe); as dopants (50
mol %) are summarized in Table 1. The highest conductivity from F4sTCNQ doping, ~375 S
cm’!, was obtained for P3, from CF3SOsH doping, the highest value of ~700 S cm™ was
obtained for P4; and the highest value from Cp(CN);-(COOMe); doping, ~325 S cm’!, was
again obtained for P4. P1 exhibits a power factor >300 pW m™' K2 on doping with CF3SOsH
and Cp(CN)3-(COOMe)3, which was the highest value we measured in this series; other power
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factors were in the inverse order of the conductivities. To the best of our knowledge, this is the

highest thermoelectric power factor obtained from single-repeat-unit, symmetrical conjugated

polymers by the direct blending method.
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Figure 8. (a) Trends in o, S, and PF on doping p-DPP(EDOT),-(MEET); (P4) with (a) FsTCNQ,
(b) CF3S03H and (c) Cp(CN)3-(COOMe);. Connections between points are a guide to the eye.

Table 1. Conductivity (S cm™) and thermoelectric power factors (PF) (uW K2 m™) for the four

polymers studied with different dopants.

Polymers F4TCNQ doping | CF3SOsH doping | Cp(CN)s3-
(50 mol %) (50 mol %) (COOMe)3
(o, PF) (o, PF) (50 mol %)

(o, PF)

p-DPP(TT),- 200, 190 250, 190 225, 325

(EDOT), (P1)

p-DPP(EDOT).- | 325, 120 350, 85 320, 200

(EDOT). (P2)

p-DPP(TT),- 375, 65 525, 85 325,58

(MEET), (P3)

p-DPP(EDOT).- | 275, 20 700, 24 335,11

(MEET), (P4)

In principle, S and o are strongly and oppositely dependent on the carrier concentration

associated with the electronic structure of the materials.?? This is consistent with a negative
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linear correlation with the charge carrier concentration as per the Chabinyc empirical model
(Figure S23-S24, SI).”> Again, although the electron affinity of Cp(CN)3;-(COOMe); is greater
than that of FATCNQ,* & on doping with Cp(CN)3-(COOMe)s, is only marginally higher than
that with F4TCNQ. This is because morphological aspects such as the degree of dopant
incorporation into the polymer, homogeneity of film microstructures and domain alignment
often do not directly correspond to the electronic density of states (DOS) and energy-dependent

mobility.”

o follows an Arrhenius-type dependence with temperature, T, which can be determined
by the equation: 6 = 6 exp (-Ea/kT), where 6 is the theoretical maximal hole conductivity, £
is the Boltzmann constant, T is the temperature and E, is the thermal activation energy.” For
temperature-dependent conductivity measurements, we selected the polymer film that
incorporated the maximum relative content (~50 mol %) of the dopant. All polymers exhibit a
linear dependence of In(c) versus reciprocal temperature (Figure S25-S26, SI). Values of the
thermal activation energy of carrier hopping are shown in Table 2; the low magnitudes facilitate
higher o and indicate decreased Coulombic trapping and interdomain barriers. The MEET side-
chain conferred lower E,, consistent with decreased Coulomb trapping because of the higher
local polarizability. Microstructural effects such as improved film morphologies, increase in
dimensionality or connectivity of domains, shorter inter-aggregate distance or persistence
length are expected to reduce the energy barrier for transport in the doped films.”® The similar
and slightly higher values of E, associated with the organic dopants may be related to transport
barriers created by more resistive aggregates, or charge carrier trapping in deeper states in the
film implying that greater thermal energy is needed to overcome the barrier.”’ On the other hand,
the lower barriers associated with CF3SOsH dopant may be the result of the oligoether side-
chains being more effective at separating the sulfonate counterions from the hole transport

pathways, decreasing the Coulombic interactions between holes and counterions.’”®”
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Table 2. Activation energies obtained from temperature-dependent conductivity measurements

(50 mol % doping)

Polymer E. for F4TCNQ E. for CF3SO3H E. for Cp(CN)3-
(meV) (meV) (COOMe)3(meV)
p-DPP(TT),- 24.6 16.4 24.4
(EDOT): (P1)
p-DPP(EDOT):- 20.6 8.1 18.0
(EDOT)2 (P2)
p-DPP(TT),- 9.6 3.7 8.7
(MEET): (P3)
p-DPP(EDOT).- 11.6 4.9 7.4
(MEET). (P4)

We evaluated the stability of the doped polymer films under ambient and under thermal
annealing conditions. All the doped films (with FsTCNQ and Cp(CN)3-(COOMe);) in this
series lose ~20-30% of the original ¢ values if left under ambient conditions for six weeks
(Figure 9). Losses of ~50% occur for P1 and P2), ~30% for P3 and 20% P4 when doped with
CF3SOsH. These ambient stabilities (~60% humidity) are a remarkable improvement as
compared to stabilities of polymers reported by Li et al. with similar side-chain engineering.*-8!
This degradation of conductivity is affected by the microstructure of the doped films and surface

interactions with oxygen and/or water.
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Figure 9. Storage stability of doped films of polymers under ambient, with dopants F4sTCNQ,
CF3SO3H and Cp(CN)3-(COOMe); (50 mol %) (a) DPP(TT)2-(EDOT), (b) DPP(EDOT)-
(EDOT): (c¢) DPP(TT)2-(MEET)2 and (d) DPP(EDOT)2-(MEET); (50 mol % of dopant).

OEQG side-chains can increase hole number density by decreasing the energy of charge
separation. However, heating the doped polymer films may cause dissociation of the ion pairs,
thereby disrupting the morphology.!” Thermal stabilities (100°C/1 h) of doped polymer ¢ are
shown in Figure S27, SI. F4sTCNQ-doped films of P3 and P4 show degradation ~20%, while
those of P1 and P2 show a degradation of ~30%. The Cp(CN)3;-(COOMe)3-doped films show
trends similar to the F4TCNQ-doped films. The CF3SO3H-doped non-MEET films show higher
degradation, ~50 % for P1 and P2, while CF3SO3H-doped MEET films were more stable: only
~10-20% degradation for P3 and P4. On cooling under ambient conditions for ~12 hours, the
doped films show impressive recovery, most apparent for P4. The ionization energy of P4 is
the lowest compared to other polymers in this series, as seen from CV and DFT calculations,
which not only facilitates doping but also lessens hole neutralization. The electron-donating
ability of oxygens attached to the thiophene ring stabilizes the doped form, as described

before.!”

To establish the conductivity mechanism, we monitored source-drain current (Ips) over
time (Figure S28, SI). Ips values are almost constant, with minimal loss of hole current for all

dopant-polymer combinations, indicating that the mechanism is predominantly electronic
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(Table S6, SI). When the polymers are doped with FsTCNQ and Cp(CN)3-(COOMe)s, the
thermoelectric voltages remain constant when measured during applied AT intervals; minor
instabilities/fluctuations are observed for CF3SOsH at each AT (Figure S29, SI). However, this
is different from the transient AV induced by AT typical of ionic conductivity in PEDOT: PSS.%!
If the conduction mechanism is electronic, a symmetric spike in the thermoelectric voltage
should not be observed. This implies a constant flux of holes along the temperature gradient

and no accumulations/depletions of ions building up at the electrodes.??*

2.6. Organic Field Effect Transistor (OFET) studies

The transfer and output characteristics of the neat and doped films (0.1 mol % of
dopants) of polymers and plots of Ips'’*(A) versus Vg (V) are shown in Figure $30-S33, SI and
Figure S34, SI, respectively. Table S7, SI summarizes the corresponding threshold voltages
and hole mobilities, with P4 being the highest. The presence of oxygen-bearing side-chains
further enables strong aggregation between adjacent polymer segments.3*3% The progressively
more positive threshold voltages on moving from P1 to P4 compared to its other counterparts
in this series is indicative of lower solid-state trap densities.®® The addition of only 0.1% of
dopants (FsTCNQ, CF3SO3H and Cp(CN)3;-(COOMe)3) caused about an order of magnitude
enhancement in the charge carrier mobilities. However, addition of 0.1% of FsTCNQ results in
less negative threshold voltages than the neat (undoped) film of the respective polymers, while
0.1% of CF3SOsH and Cp(CN)3-(COOMe)s lead to highly positive threshold voltages. The
increased mobility and more positive threshold voltages on doping indicate a decreased density
of shallow trap defects, a decrease in trap states at grain boundaries, or a reduction in contact

resistance.?”-%8

2.7 Remote-gate platform for doping study

Jang et al. developed a method to quantify dopant effects and diffusion in polymers
using a remote-gate (RG) field transistor setup. In this setup, the surface potential of the
polymer film is monitored by coupling to the oxide gate of a commercial silicon FET in series
with a “remote” gate electrode and an acetonitrile (ACN) solution between the electrode and
the film.®>*° The schematic is shown in Figure S38, SI.¥° We estimated the charge carrier
density as a result of doping the polymers with F4TCNQ, CF3;SOsH and Cp(CN)3-(COOMe)s.
The polymeric sensing layer was spin-coated onto a Si/SiO2 (300 nm thermal oxide) substrate.
Subtle changes in the surface potential of the polymer film are reported via the FET Vi ra shift.
The mechanism of interaction between dopant and polymer films dictates the direction and

magnitude of this shift.
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Figures S35 and S36, SI display the transfer curves of the RG FET coupled with our
responsive polymer layers. Initially, the baseline Vinrc is obtained when the polymer film is
equilibrated with neat ACN. After that, we add a drop (30 pL) of each concentration (in
increasing order of concentration of a particular dopant) and then re-measure the RG field effect
transistor. For every dopant, we see a horizontal shift to the left towards lower threshold
voltages. This is a consequence of additional positive interfacial potential on the polymeric film
relative to that of the solution compared to that using neat ACN, a consequence of induced
holes in the polymer layer and counterions closer to the ACN. Figure 10 represents the variation
of Vi,rc with 10 consecutive scans at each dopant concentration in the ACN. Only slight drifts

are observed once each solution has equilibrated with the films.
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Figure 10. Threshold voltage changes/drifts (corresponding to 1 pA current in the transfer
curves) of a commercial silicon transistor as a function of time. For every concentration of the
added dopant (mentioned in the inset) in overlying solution, the transfer curves were allowed
to stabilize for 10 minutes (~10 cycles) for (a) p-DPP(TT).-(EDOT). (P1) (b) p-DPP(EDOT).-
(EDOT)2 (P2) (c) p-DPP(TT)2-(MEET), (P3) (d) p-DPP(EDOT),-(MEET), (P4). The dopant
concentrations in acetonitrile are 10-6, 10-4, 0.01, 0.1 and 1 mg/ml.
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To extract hole concentration and mobility changes induced by dopants, we can use the

equations as in our previous work: *19

o =p.e.l [1]

pd = poeXp(-eAVinrc/kT) [2]
where o is defined as the experimental four-point-probe conductivity, un is the hole mobility,
and p is the carrier concentration (p, and pq are the carrier concentrations without and with
doping, respectively). AVinrg was extracted from the FET transfer curve shift. To calculate the
original charge densities (po), we used the charge densities, pc, calculated by substituting o
values from the four-point conductivity measurements for every concentration of dopant added
and the OFET mobility values for 0.1 wt% of dopant added (the highest doping that allowed
OFET characterization) from Table S8, SI into Equation [1]. The resulting values of pe,
extrapolated to zero dopant concentration, give po. Rearranging equation [2] yields

Inpg = Inpo - eAVinrc/kT [3]

Fits enabling the extraction of p, (with explanations in the caption) are shown in Figure S38-
S39, SI. Separately, the charge densities were ~10'2-10'* cm™ without added dopants (Table
S9, SI), as obtained from OFET transfer curves. Note that extrapolations to zero dopant
concentration are within an order of magnitude of those obtained from OFETs at zero gate
voltage. Using values of po calculated for each polymer using the extrapolation method, a series
of values of charge densities, p4, were obtained for different concentrations of dopant species
in the ACN solutions, as shown in Table S9-S12, SI for each of our polymers. CF3SO3;H was
capable of generating the highest density of holes, followed by Cp(CN)3;-(COOMe)3, and then
F4TCNQ. This is consistent with our 4-probe conductivity studies described in the previous
section. The highest charge density ~10%' cm™ is obtained for p-DPP(EDOT),-(MEET), which
is in agreement with the highest propensity of this polymer to be doped.

3. Conclusions

We have synthesized and analyzed novel polymers based on DPP, EDOT and MEET, and used
three dopants including the synthesized dopant Cp(CN)3;-(COOMe); to achieve exceptionally
high hole conductivities while retaining high S, collectively leading to exceptionally high PF
~300 pW m' K2 All-electronic conductivity is demonstrated via extended current
accumulation tests. Collectively tailoring backbone design and the number density and nature
of side-chains led to frontier orbital delocalization and hence low HOMO energies, as
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established by CV and DFT studies. Trends in hole conductivity are consistent with
electrochemical oxidizability, with P4 and P1 showing the highest and lowest conductivies,
respectively. UV-visible and IR spectroscopy provided qualitative and quantitative analyses of
the degree of charge transfer in the doped polymer films. Combining hydrophobic and
polarizable side-chains allows hole transport and dopant miscibility to be simultaneously
promoted. It is apparent that the MEET side-chains combined with EDOT rings, by adding
electron-donating functionality and local polarizability, increase both hole generation

efficiency and mobility for higher hole conductivity.
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