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Abstract:

We evaluate a set of two 3,4-propylenedioxythiophene (ProDOT) and two acyclic
dioxythiophene (AcDOT) homopolymers with each type of XDOT having either branched
or linear solubilizing side chains. We show that while altering the structure of the polymer
does have an effect on the degree of intermolecular ordering of the polymer film, these as-
cast morphologies are not correlated with enhanced charge transport properties. When
using linear n-octyl solubilizing side chains rather than branched ethylhexyl chains, we see
a multiple order of magnitude increase in the solid-state electrical conductivity for both
ProDOT and AcDOT polymers. When using an ammoniumyl-based dopant (Magic Blue)
as a chemical oxidant, these polymers show conductivities on the order of 10° S/cm. In
terms of redox properties, linear side chains lower the onset of oxidation by 300 mV and
increase in the electrochemical conductance. Finally, the polymers substituted with linear
side chains have higher ionic mobility implying that these more effective at transporting

both electronic charge carriers and ions through the film.
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Introduction:

A myriad of applications for conjugated polymers (CPs) have been explored due to
their ability to simultaneously transport both ions and electrons. In general, CPs are
desirable for both solid-state and redox applications because of their ability to reversibly
transition between a charge neutral (insulating) and a charged (conducting) state through
either chemical® or electrochemical oxidation.’!! Neutral CPs can undergo hole and
electron injection, making them useful in solid-state applications including organic field
effect transistors,'? organic photovoltaics,'® and thermoelectric generators.'#!3 In addition,
CPs that have been chemically doped to a highly conducting state have been evaluated as
e.g. transparent conductive electrodes.!®!” CPs can also be redox-doped through
electrochemical oxidation and used in applications such as electrochromic devices,!-2!
supercapacitors,?>->* actuators,>-2® organic electrochemical transistors,?® and sensors3?-3!
that all rely on efficient transport of both ions and electrons for optimal device operation.
Regardless of the method of doping, charge balancing dopant anions and solvent molecules
need to penetrate through the bulk of the film, and the polymer backbone needs to be able
to undergo a planarization attributed to the formation of a quinoidal structure.

Significant effort has been put into understanding the structure-property
relationships of these materials, mainly focusing on how the repeat unit structure affects
both its electronic and ionic charge transport properties. Effort has also been made to
induce solubility in CPs making them compatible with high-throughput printing and
coating methods,>> which typically involves incorporating long hydrocarbon or
oligo(ethylene oxide) side chains onto the polymer backbone. Previous work established

that manipulation of the polymer backbone affects solid-state charge transport properties
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such as mobility,*3 and conductivity3* and that these properties are greatly affected by the
conformation,® degree of ordering and orientation of the polymer chains, which all depend
on both the repeat unit structure, polymer solubility, and the processing method.?¢-3® In
terms of redox properties, the choice of repeat unit influences the charge capacity,’® the
onset of oxidation, and the redox kinetics.*’ Additionally, it has been shown that the
structure of the solubilizing side chain also has an effect on the charge transport in both
solid-state3241-44 and the redox properties.*>4¢ Given the multitude of applications available
for these materials, it is important to understand how structural modification affects both
the semiconducting and redox properties of CPs. Studies have shown that higher degrees
of intermolecular ordering can lead to enhanced electron transport, however, there is still a
question as to how this affects ion transport with some examples suggesting that highly
ordered materials inhibit the latter.4748

Dioxythiophene (XDOT)-based materials are excellent candidates for use in
solution-processed electrochemical devices.!34 Previous work has shown that a copolymer
combining 3,4-propylenedioxythiophene (ProDOT) and 3.,4-ethylenedioxythiophene
(EDOT) units demonstrates high solid-state conductivity in the excess of 200 S cm™! after
chemical doping with AgPF4.°° Another recent study on oligoether functionalized
poly(ProDOT) achieved solid-state conductivities of ~ 1 S cm™! after doping with the
chemical oxidant, 2,3,5,6-tetrafluoro-tetracyanoquinodimethane (F4TCNQ).!

In this work, we gain a comprehensive understanding of how manipulation of the
structure of both the conjugated polymer backbone and the solubilizing side chain affect
the morphology, and how this alteration in morphology affects the material’s ionic and

electronic charge transport properties. To achieve this, we evaluate a set of two 3,4-
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propylenedioxythiophene (ProDOT) and two acyclic dioxythiophene (AcDOT)
homopolymers with each type of XDOT having either branched or linear alkyl solubilizing
side chains. This family of polymers focuses on materials that have a di-substituted
thiophene ring, which protects the polymer backbone from nucleophilic attack and ensures
reversible and stable redox doping. The ProDOT and AcDOT moieties differ in their
presence or lack of a propylene bridge substituted onto the dioxythiophene ring. This
bridge causes two primary steric effects: (1) increasing the distance between the
solubilizing side chain and the polymer backbone and (2) positioning these side chains out
of plane relative to the backbone direction. Furthermore, this bridge changes the ability of
the lone pair of electrons on the oxygen atoms to interact with the conjugated n-system of
the thiophene ring, adding to the electron richness of the backbone allowing us to probe
both steric and electronic effects. Comparisons of branched and linear alkyl side chains in
benzodithiophene-based co-polymers show evidence of changes in charge transport,
aggregation, and degree of ordering depending on the choice of side chain.*3 To be able to
clearly elucidate the steric effects from the side chains, we compare homopolymers where
every thiophene ring is substituted with a solubilizing group. We show that changing the
side chain from a branched to a linear n-alkyl structure makes the polymer easier to oxidize,
and increases the electrical solid-state conductivity, electrochemical conductance, and

ionic conductivity.

Results:

Approach

For this study, we designed and synthesized a family of four homopolymers based

on ProDOTs (Pro) and AcDOTs (Ac), that contain either ethylhexyl (Pro-EH and Ac-EH)
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or linear n-octyl (Pro-Oct and Ac-Oct) aliphatic side chains, and substitution of these side
chains at varying distances from, and orientations to, the conjugated core as depicted in
Scheme 1. Details on the synthesis, purity, and molecular weights of the materials can be

found in Figures S1-S6.

P(ProDOT(EtHx),) P(AcDOT(EtHx),)
(Pro-EH) (Ac-EH)

(@] (0] (0] O
S n S n
P(ProDOT(n-Oct),) P(AcDOT(n-Oct),)
(Pro-Oct) (Ac-Oct)

Scheme 1: Repeat unit structures of the family of the polymers used in this study.

The top two polymers in Scheme 1, Pro-EH and Ac-EH, have been previously shown to be
colored-to-colorless electrochromic materials,>?>3 however the ProDOT analogue
demonstrated much faster doping kinetics and more effective bleaching of the neutral state
absorption peak than the Ac counterpart. The bottom two, Pro-Oct and Ac-Oct, were
specifically synthesized for this work in order to compare the effects of using linear or
branched solubilizing aliphatic side chains to probe how this would enhance or hinder the
degree of intermolecular ordering, solid-state conductivity, onset of oxidation, charge

capacity, and doping kinetics of the CPs.
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Polymer Film Morphology

Intermolecular ordering and surface topography have been shown to have a large
influence on the overall charge transport properties of CPs.3*-3® Two methods for evaluating
these properties are Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) and
Atomic Force Microscopy (AFM). GIWAXS experiments provide information about the
degree of intermolecular ordering of polymer chains, whereas AFM can provide
information regarding the surface topology and the film roughness. Both measurements
can provide insight as to why charge transport may be enhanced or inhibited for a given
polymer as a result of the as-cast morphology or a change in the morphology after doping.
Studies conducted on poly(3-hexylthiophene) (P3HT) for example, show that chemical
oxidation gives rise to solid-state conductivities up to 8 S cmL,! but that a prerequisite for
efficient doping and high conductivity is a delicate balance between the degree of
aggregation and intermolecular ordering in the film.’* For the non-aggregating oligoether
functionalized poly(ProDOT), it was shown that there was no crystalline ordering in
samples that had been solution doped prior to casting whereas vapor doped samples did
exhibit crystalline ordering as well as significant texturing relative to the substrate. In this
case however, the degree of order did not influence the magnitude of electrical

conductivity.>!
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Pro-Oct

Fig. 1: GIWAXS images of as-cast, blade-coated films of (a) Pro-EH, (b) Ac-EH, (c) Pro-
Oct, (d) Ac-Oct.

To probe potential differences in the polymers studied here, GIWAXS
measurements were performed on blade-coated films, where the data corresponding to the
polymers with branched side chains is shown in Fig. 1a and 1b, and the data corresponding
to the linear analogues is shown in Fig. Ic¢ and 1d. The 2D detector images reveal that the
chosen backbone repeat unit has a large impact on the preferential scattering direction. The
Pro polymers (Fig. la and Ic) are isotropic materials as evidenced by the large halos in
both the (100) and the (010) planes, indicating that the polymer chains have no preferential

ordering in terms of directionality relative to the substrate. In contrast, the GIWAXS
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images of the Ac polymers (Fig. 1b and 1d) exhibit more ordered domains, as evidenced
by the high intensity small area signals (for Ac-EH) and the preferential in-plane
orientation for Ac-Oct, shown by the narrower lamellar scattering (100) along the Q. axis
and m-w (010) scattering peaks along the Q, axis. Further evaluation was done based on the
overlay of the linecuts along the Q, direction in Fig. S7a showing important information
about the short-range intermolecular ordering. For Pro-EH, Pro-Oct, and Ac-Oct the
diffraction band is seen at Q, =~ 0.27 A~! (interplanar distance d ~ 23 A). For the Ac-EH
polymer, a shift is observed towards tighter lamellar packing (d =~ 15.8 A), which is
explained by combination of the lack of the propylene bridge on the thiophene ring and the
steric bulk of the branched ethylhexyl side chains. In the case of the n-m distances, all
polymers are in the same range (d =~ 4.5 A). For comparison, the work done by
Mazaheripour et al. shows that a ProDOT polymer with oligoether side chains (9 atoms)
has a lamellar spacing of 25.8 A and n-m spacing of 3.5 A.5! Here, we observe tighter
lamellar packing by 2 A, which can be explained by the shorter side chains used in our
work (8 atoms), and significantly larger n-n spacing distance (~4.5 A). In the AFM height
images (Fig. S8) we see that the Ac polymers form smoother films than the Pro polymers.
In the phase images (Fig. S9) the darker regions are indicative of softer film domains and
then bright regions are indicative of stiffer domains. Both Ac polymers have distinct phases
showing fibril-like structures, which correlates well with the higher degrees of ordering
demonstrated by their corresponding diffraction images. In contrast, the AFM images of
the Pro polymers show no distinct phases, which correlate well with the GIWAXS images

showing more isotropic distributions.

Chemical and Electrochemical Doping
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In general, pre-cast neutral CP films are oxidized in two ways: through chemical
oxidation by reaction with an electron-accepting molecule, or through electrochemical
oxidation (preferably in a three-electrode cell where the working electrode potential can be
controlled). Both routes involve the incorporation of charge-balancing dopant anions and
solvent molecules resulting in polymer swelling, as well as the planarization of the polymer
backbone attributed to the formation of a quinoid structure, which facilitates the
delocalization the generated charge carriers. To understand how the backbone and side
chain structures affect the doping efficiency in these polymers, chemical oxidation
experiments were performed sequentially by drop-casting oxidant solution onto as-cast
polymer films. After 30 seconds, the films were rinsed and dried prior to measuring their
absorption profiles and solid-state conductivity. A doping time of 30 seconds was chosen
to ensure that all polymers were fully oxidized (Fig. S10), but short enough so that no film
delamination  occurred.  Tris(4-bromophenyl)ammoniumyl  hexachloroantimonate
(commonly referred to as Magic Blue, Ei, vs Fc/Fc™ = 0.70 V)> was chosen as the
chemical oxidant as it is a strong electron acceptor that can effectively oxidize all polymers
and provide a stable SbClg anion as a charge compensating dopant ion. Electrochemical
doping was carried out in a three-electrode cell in the presence of a TBAPFg electrolyte
salt dissolved in propylene carbonate.

Upon chemical oxidation with Magic Blue, all polymers are converted to their fully
oxidized state as we observe full bleaching of the neutral state absorbance (Fig. S10). As
we will show later, this is similar to the doping level that is achieved through
electrochemical doping. The AFM images taken after doping with Magic Blue (Fig. S11)

show that the fibrillar features in the as-cast Ac polymer films disappear, but doping does
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not alter either the lamellar or n-w stacking distances in the bulk of the polymer films, as
seen in the GIWAXS data in Fig. 2. Furthermore, these GIWAXS images show that this
doping process does not alter the directionality of the ordering, as we do not see an
alteration of the scattering pattern. For example, for the Ac-EH polymer, we see high
scattering intensity in the same region of the scattering image, but the distinct peaks
observed in the as cast film (Fig. 1b) are now broader. For the other three polymers we do
not see any differences in the shapes of the scattering patterns, but the overall scattering
intensity is increased, which can be clearly seen in the linecuts (Fig. S7b). This intensity
increase implies that a larger number of polymer chains are intermolecularly aligned after

doping, indicating that the overall degree of crystallinity in the polymer film is increased.

X [pxl *lpxd

Quy (A1)

X [px]
C)-
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Fig. 2: GIWAXS images of blade-coated polymer films of (a) Pro-EH, (b) Ac-EH, (c) Pro-
Oct, (d) Ac-Oct after exposure of the films to a 0.01 M solution of Magic Blue in propylene

carbonate for 30 seconds.

After doping with Magic Blue, all polymer films demonstrate an enhancement in
their solid-state conductivity, increasing from below 103 S cm! in the as cast state up to
10° S cm! (Fig. S12). For both the Pro and Ac polymers, a significant enhancement in
solid-state conductivity is observed when using linear side chains resulting in
conductivities on the order of 10-to 10° S cm™!, whereas the branched side chain analogues
which exhibit conductivities on the order of 103 S cm!. The values for the polymers with
linear side chains are comparable to the linear oligoether functionalized poly(ProDOT),
doped with FATCNQ (0.8 S cm!).3! Interestingly, with this family, a larger change in solid-
state conductivity is observed when altering the side chain but not the polymer backbone.
The higher solid-state conductivity measured for Pro-Oct and Ac-Oct suggest that the
linear alkyl chains promote intermolecular interactions that facilitate delocalization of
charge carriers both along and across polymer chains. Furthermore, we note that a
directionality preference does not affect the observed solid-state conductivity after doping.
When comparing the GIWAXS images of Pro-Oct and Ac-Oct (Fig. 2¢ and 2d), we see
that Pro-Oct has no directionality preference relative to the substrate, whereas Ac-Oct as a
slight face-on orientation. Previous work has shown that face-on orientations can lead to
enhanced charge transfer,>® however, with this family of polymers we do not observe this

as the isotropic Pro-Oct demonstrates the highest solid-state conductivity after doping.
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In order to develop a deeper understanding of the impact of structural alteration of
side chain and repeat unit on the electrochemical doping process, the polymers were probed
by differential pulse voltammetry (DPV) and cyclic voltammetry (CV). Fig. 3a shows the
differential pulse voltammograms (Fig. S13) taken of the as-cast polymers in order to
discern and compare the polymers’ initial propensity to oxidize, which depends on how
easily electrons can be extracted from parts of the film that are in close proximity to the
underlying electrode as well as a polymer’s ionization potential. The onset of oxidation for
Pro-EH, Pro-Oct, and Ac-Oct is around 0.1 V, whereas Ac-EH does not begin to oxidize
until after 0.3 V. After electrochemical conditioning (Fig. S13), the onset of oxidation of
Pro-Oct decreases by ca. 0.2 V indicating that the film undergoes a structural
reorganization that extends the effective conjugation length, and as a result, the annealed
Pro-Oct becomes easier to oxidize than Ac-Oct. The higher oxidation potential of the Ac
polymers is, in part, due to the lack of the propylene bridge, which changes the ability of
the lone pair of electrons on the oxygen atoms to interact with the conjugated 7w -system of
the thiophene ring. In addition, the onset of oxidation is affected by steric effects from the
side chains where the bulkier EH chains result in higher oxidation potentials for both Pro
and Ac polymers (Fig. 3b, 3¢ and S13). This effect is more drastic for the Ac polymers as

the side chains are directly substituted on to the thiophene ring.
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Fig. 3: Differential pulse voltammograms (a) and cyclic voltammograms (b) and (c) of
Pro-EH (magenta), Ac-EH (orange), Pro-Oct (purple), and Ac-Oct (navy blue) on a glassy
carbon electrode in 0.5 M TBAPF4/PC. Cyclic voltammograms were taken at a scan rate

of 50 mV/s.

This different steric effects induced by the side chains is supported by the neutral

state optical spectra (green absorbance curves in Fig. 4) where the A,,,x of Ac-EH is 495
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nm, i.e. 55 nm more blue-shifted compared to Ac-Oct with a A,,x at 550 nm. In contrast,
the Pro polymers show no pronounced spectral difference despite the large difference in
their onsets of oxidation, suggesting that steric interactions from the side chains are not the
main reason for the observed difference in the onset of oxidation. This is likely due to the
fact that the side chains in the Pro polymers are not directly attached to the conjugated
backbone, but rather through a neopentyl-type linkage within the 3,4-dioxypropylene
bridge. A difference in the onset of oxidation between polymers with linear and branched
side chains has also been made in poly(phenylene)-based materials where it was proposed
that more bulky ethylhexyloxy side chains can act as insulating barriers between the
polymer film and electrode and increase the energy barrier for electrochemical oxidation.>’
Here, the Ac polymers demonstrate enhanced ordering and the presence of distinct phases,
which seems to contribute to a more difficult conformational change during polymer
oxidation. Based on the GIWAXS data (Fig. 1 and 2), the polymers with linear side chains
have a more isotropic scattering pattern compared to the branched side chain counterparts,
i.e. for this family of polymers disorder appears to be beneficial for electrochemical
oxidation.

Due to the optical changes that are induced upon electrochemical doping, we are able to
monitor the extent of doping using in situ UV-vis-NIR. Fig. 4 shows the absorption profiles
of each polymer film as a function of applied potential. The spectra highlighted in red
correspond to the onset of oxidation of the electrochemically conditioned films (for Ac-
Oct the onset of oxidation corresponds to the curve at 0.2 V in cyan). The potential where
the first optical change is observed increases from Pro-Oct (-0.1 V), to Pro-EH (0.1 V), to

Ac-Oct (0.2 V), and finally to Ac-EH (0.4 V), which is in excellent agreement with the

30

Page 14 of 31



Page 15 of 31

Journal of Materials Chemistry C

cyclic voltammograms in Fig. 3. Comparing all polymers at 0.2 V (cyan curves), we
observe that both Pro polymers have reached a higher doping level than the Ac analogues
at this potential as evidenced by a significant decrease in their n-n* absorption peak as well
as the appearance of charge carrier bands at ca. 900 nm and above 1200 nm. By 0.6 V the
n-n" peak for both Pro polymers and the Ac-Oct has been fully depleted and there are no
significant changes in the NIR indicating that the materials have been fully doped as
increasing the potential further does not affect the doping level. For the Ac-EH polymer
full bleaching of the n-n" absorption peak does not occur until 0.7 V. For all polymers, the
spectra corresponding to the fully bleached state matches that of the films that were doped
with Magic Blue (Fig. S10) demonstrating that both chemical and electrochemical doping

routes are effective in converting the polymers from the neutral to their fully doped forms.
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Fig. 4: In situ UV-vis absorption spectra as a function of electrochemical doping level (-
0.5 Vto00.8V,0.1V increments) for (a) Pro-EH, (b) Ac-EH, (c) Pro-Oct, and (d) Ac-Oct
films on ITO/glass in 0.5 M TBAPF/PC.

To better illustrate how the polymer structure affects the rate of the electrochemical
doping, we monitored the absorption at A, as a function of doping level for each polymer
film (Fig. S14). The Pro-EH (1.8 s), Pro-Oct (1.2 s), and Ac-Oct (1.2 s) polymers exhibit
similar and rapid doping kinetics where the polymers are fully doped in under 2 s, while
the Ac-EH polymer, which is the most ordered, is significantly slower, taking 21 s to reach

the fully doped state. The polymers functionalized with linear side chains demonstrate
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comparable doping kinetics despite the different backbones and a 0.3 V difference in the

onset of oxidation.
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Fig. 5: In situ conductance of Pro-EH (magenta), Ac-EH (orange), Pro-Oct (purple), and
Ac-Oct (navy blue) on interdigitated electrodes from -0.5 to 0.8 V vs Ag/Ag" in 0.5 M
TBAPF4/PC.

It is also important to understand how the structure of the polymer repeat unit can
affect the electrochemical conductance, as this property could provide some insight as to
why we would observe differences in the electrochemical doping kinetics. To
experimentally obtain this information, polymer films were drop-cast onto interdigitated
microelectrodes and an oxidizing potential was applied to one set of the working
electrodes, while at the same time a potential sweep of +/- 5 mV was applied to the other
set of the interdigitated electrodes while the current was recorded.® Potential sweeps were
taken as a function of the applied potential from -0.5 V to 0.8 V vs Ag/Ag" with 0.1 V
increments as shown in Fig. 5. Reverse direction curves for these experiments (from high
to low potential) can be seen in Fig. S15. Maximum conductance values are lower for each

polymer on the reverse scan, but are not affected by polymer structure. A turn-on of the
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conductance response is observed between 0.1 to 0.2 V for both Pro polymers and for Ac-
Oct, whereas the conductance turn-on for Ac-EH does not occur until above 0.4 V. It should
be noted that the onset potential of the conductance is higher than the onset of oxidation
measured by DPV due to the fundamental differences in the measurements. In DPV, the
onset of oxidation measures electron transfer occurring close to the polymer/electrode
interface and does not depend upon any long-range charge transport, where the in situ
conductance measurement requires the charge carriers to transverse across the insulating
gap of the interdigitated electrodes. As can be seen in the spectroelectrochemical results in
Fig. 4, all polymers except for Ac-EH show a decrease in the n-nt* absorption by 0.2 V
where we also observe the onset of conductance, indicating Pro-EH, Pro-Oct, and Ac-Oct
have all been sufficiently electrochemically doped in order to transport charge carriers
across the insulating gap of the interdigitated electrode. While Pro-EH and Pro-Oct have
similar doping kinetics (Fig. S14), and have reached a similar doping level at 0.2 V (as
evidenced by the absorption curve showing polaron generation and a similar degree of
bleaching of the m-m* absorption band, Fig. 4), Pro-Oct has a significantly higher
electrochemical conductance. Integrating the CV currents allows us to extract the amount
of charge required to complete a redox switch. As seen in Fig. 3, the charge capacity of
Pro-EH is 3.5 C/cm? and for Pro-Oct it is 1.9 C/cm?. This implies that a larger number of
charge carriers are required to dope the polymer with branched side chains to the achieve
the same optical change as the linear side chain analogue. While Ac-Oct only demonstrates
a small change in its optical properties at 0.2 V, this relatively low doping level is sufficient
charge transport across the gap. Turning to Ac-EH, we do not observe an electrochemical

conductance response until 0.4 V, which is in excellent agreement with the spectra in Fig.
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4b. For both the Pro and Ac structures, we observe higher electrochemical conductance for
polymers substituted with linear side chains. The maximum conductance values are
reached at 0.4 V for both Pro-Oct and Ac-Oct. According to Fig. 4, the maximum
conductance for Ac-Oct is achieved at a lower doping level than for Pro-Oct as evidenced
by the n-n* absorption peak which is fully depleted in Pro-Oct but clearly visible for Ac-
Oct. All polymers exhibit a drop in electrochemical conductance at high potential values,
above 0.5 V. One interpretation for the conductance drop at higher doping levels is that the
polymers reach a maximum number of generated charge carriers, which induces a decrease

in charge carrier mobility.

Electrochemical Impedance Spectroscopy

Using the same GC button electrodes as were used for DPV and CV
characterization, in situ electrochemical impedance spectroscopy was performed. To study
the doping process and the capacitive behavior of the formed charge -carriers,
electrochemical impedance spectra were recorded as a function of doping level as seen in
the Nyquist plot in Fig. 6a. At potentials where the polymer is doped, the charge
accumulation process is fitted using a model that includes the electrolyte resistance R, a
Warburg element Ry, that relates the charging rate within the polymer film to ion transport,
and a low frequency (0.1 — 1 Hz) independent pseudocapacitance CPE, (dQ/dV).>*-¢! To
compensate for heterogeneous charge carriers distribution in the polymer films and to
improve the fitting quality, the capacitance is fitted using a CPE generic transfer function

described by

Zepe = [Yo Gw)"] ™ (1)
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where Y is the numerical value of the admittance at w =1 rad s™!, w = 2xnf is the angular

frequency in rad s and 0.8 < n < 1 is the CPE exponent used as a gauge for surface

roughness.
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Fig. 6: (a) The experimental (data points) and fitted (line) electrochemical impedance data
of the oxidized Pro-EH (magenta), Ac-EH (orange), Pro-Oct (purple), and Ac-Oct (navy
blue) on a polished glassy carbon electrode at 0.8 V vs Ag/Ag"™ in TBAPF/PC with the
electric equivalent circuit to fit the mid and low frequency data. (b) The fitted
pseudocapacitance (Cg) extracted from the EIS data as a function of applied potential. (c)
The extraction procedure for the ionic conductivity using the impedance spectrum of Ac-
Oct measured at 0.8 V. (d) The extracted ionic conductivities of all polymers from 0.0 to

0.8V vs Ag/Ag* in TBAPF/PC.
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The fitted parameters give us valuable information about the number of charge carriers in
the polymer as a function of the doping level. The pseudocapacitance is related to charge
carrier accumulation that is linearly proportional to the applied potential, which for CPs
means that the charge carriers that contribute to a pseudocapacitance are in redox-active
sites of comparable energy resulting in fast charge transfer along, across, and/or between
chains. The potential dependence of the pseudocapacitance for these polymers (Fig. 6b)
matches the current registered in the cyclic voltammograms (Fig. 3), but not the potential
dependence of the in situ conductance results in Fig. 6. As shown in Fig. 6b, the
pseudocapacitance of Pro-Oct at high doping levels is lower than that of the other polymers,
which is in good agreement with the trend in charge capacity determined by CV. Both
polymers with EH side chains have a high pseudocapacitance while the conductance is
negligible.

When focusing on the ionic transport process in the oxidized polymer films, we use
a finite transmission line model as described by Pickup et al.6 As illustrated in Fig. 6¢, this
model predicts that the high-frequency intercept with the real axis (Ryign) gives us the
electrolyte resistance, R.;, and that the intercept of the extrapolation of the low-frequency
linear portion with the real axis translates to R + (Rion/3) = (Rjow) assuming ion transport,
rather than electron transport, is the rate limiting process. In Fig. 6d, the ionic conductivity

is calculated using

t
O-iOII - 3(Rlow - Rhigh)A (2)
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where 7 is the polymer film thickness (with an average of 300 nm) and 4 is the electrode
area. The ionic conductivity profiles in Fig. 6d demonstrate that the linear side chain
polymers have a higher ionic conductivity at high doping levels (between 0.5 to 0.8 V) than
the the EH polymers. These results show that when incorporating linear side chains in these
disubstituted dioxythiophene polymers, the CP has a higher electrochemical conductance
and that ions can more easily diffuse into the swollen polymer film at high potentials.
Notice that a higher pseudocapacitance and ionic conductivity does not necessarily

correlate with a high measured film conductance.

Discussion:

Given the full analysis presented in this study, a “one size fits all” structure-
property relationship is not immediately evident from the observed results. A combination
of'both electrochemical and surface analysis techniques broadens our perspective and gives
us a better understanding of the mixed transport processes in the polymer film.

In this work it was shown that, incorporating linear side chains onto dioxythiophene
homopolymers result in an increase of the in situ conductance and solid-state conductivity
compared their branched counterparts. Comparing Pro-Oct and Ac-Oct, we see that Pro-
Oct has a lower onset of oxidation than Ac-Oct, despite both have similar optical gaps in
the neutral state suggesting similar degrees of torsion along the backbone in the neutral
state. According to the GIWAXS data, Ac-Oct demonstrates a higher degree of ordering in
both the neutral and doped state, and an as-cast fibril-like topology according to the AFM
measurements. Ac-Oct shows a lower in sifu conductance and solid-state conductivity
compared to Pro-Oct, however in terms of electrochemical doping, this polymer is doped

to a lesser degree at the same potential. Collectively, the charge transport and
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morphological characterizations results indicate that the charge transport properties of Ac-
Oct are affected by its more ordered morphology, which results in a material that is more
difficult to oxidize and that has lower electrochemical and solid-state conductivity. While
the enhanced order in the Ac-Oct polymer helps to generate more charge carriers compared
to Pro-Oct, based on the both the charge capacity and the pseudocapacitance measured by
EIS, these extra charge carriers are not able to transverse the bulk of the film as effectively.
We see that while order is important to ensure charge transport between chains, too much
ordering and a lack of connection between ordered domains can result in materials that do
not easily oxidize even if the backbone of the polymer is relatively planar. The fact that
Pro-Oct shows consistently the highest electrochemical conductance, and solid-state
conductivity means that isotropic and more homogenous ordering and a smooth
morphology are preferred in these polymer systems making them easier to
electrochemically oxidize, and for facilitating faster transport of both charge carriers and
dopant ions.

Turning to the branched side chain polymers, Pro-EH shows faster doping kinetics
than its Ac analogue. The Ac-EH has the lowest electrochemical conductance, and solid-
state conductivity in combination with high degrees of anisotropic polymer ordering (with
very specific scattering angles) and a fibril-like topography. These results imply that tighter
packing of polymer chains in the film inhibit oxidation and redox switching. Furthermore,
the torsional strain in the backbone causes conformational twisting making the film harder
to oxidize than the more amorphous Pro materials. In comparison to polymers with the Oct
side chains, Pro-EH demonstrates low electrochemical conductance and solid-state

conductivity. This polymer is also highly amorphous, with little to no order demonstrated
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by both GIWAXS and AFM images. Its relaxed backbone geometry explains why Pro-EH
is easy to oxidize, but its amorphous nature is what inhibits charges from effectively
moving from one chain to another through the film. The bulkier EH side chains slow down
ionic transport and explain the loss of strong intermolecular interactions like n-m stacks

between the polymer chains resulting in an overall low conductivity.

Conclusions:

This study aims to help in understanding the delicate balance of material properties
that is required to design new state-of-the-art materials for a wide range of applications.
Studying this family of polymers demonstrates that a slight alteration in the polymer repeat
unit structure results in large effects on the polymer’s charge transport properties.
Moreover, we demonstrated that incorporating linear side chains as compared to branched
side chains enhances electrochemical as well as solid-state charge transport in both Pro and
Ac polymers. Here, it is shown that intermolecular order of polymer chains plays an
important role in the materials’ ability to transport charges, with the understanding that
some degree of order enhances charge hopping between the chains and that too much order
induces separation between ordered and disordered domains, which inhibits the ease of
oxidation. Polymers that demonstrated high electrochemical conductance also
demonstrated high solid-state conductivity, indicating that the ideas presented in this work

are applicable for both types of charge transport and their corresponding applications.
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