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lon Diffusion Coefficients in Poly(3-alkylthiophenes) for Energy
Conversion and Biosensing: Role of Side-Chain Length and
Microstructure

Jonathan K. Harris? and Erin L. RatcliffaPc*

Conductive polymers are promising materials as active elements for energy storage and conversion devices due to mixed
ion-electron conduction. The ion diffusion coefficient is a relative measure of the efficacy of ion transport, allowing for
comparison between materials and electrochemical conditions. In this work, diffusion coefficients of hexafluorophosphate
(PF¢) counterions in poly(3-alkylthiophene) (P3AT) materials are measured as a function of both side-chain length and
microstructure using electrochemical impedance spectroscopy (EIS). For semi-crystalline films, the diffusion coefficient is
found to be anomalous and nearly independent of applied electrochemical potential. The anomalous behavior of diffusion
indicates that spin casting yields compact films with an enthalpic barrier to ion transport, attributed to ionic trapping.
Diffusion coefficient values ~4 x 10** cm?/s were measured for all films, indicating interchain spacing, in the absence of
strong intermolecular interactions with the electrolyte, is not a viable design strategy to control ion transport. For the
prototypical system of poly(3-hexylthiophene), we observe almost no potential dependence in ion transport for regioregular
and regiorandom films of comparable molecular weight, with both exhibiting anomalous diffusion. Alternatively, changing
the microstructure of poly(3-hexylthiophene) to a mostly amorphous, ion-imprinted structure yields ~280x increase in the
diffusion coefficient to ~2 x 10® cm?/s at 0.8 V vs. Ag/Ag* with ordinary diffusion properties. Collectively, these results
indicate new insight into ion transport in conductive polymers, where ionic trapping effects can be mitigated through
electrodeposition protocols over post-synthesis processing (i.e. spin coating).

exhibit a hybrid electronic-ionic conduction. Electrochemical
doping introduces charge that
Coulombically supported by counterions diffusing/migrating

electronic carriers are

Conductive polymers have received considerable attention as
active elements in (photo)electrochemical devices for water
splitting,> redox-flow batteries,®’ Lithium batteries,?
electrochemical supercapacitors,®! electrochromics,’? and
light-emitting electrochemical cells.13-15
advantages include low cost and facile changes in opto-
electronic and redox properties through synthetic design. From
a surface science perspective, conductive polymers eliminate
complications in oxidation-reduction reactions due to dangling
bonds that introduce mid-gap states in inorganic materials.
The growing interest in conductive polymers
(photo)electrochemical understanding
controlling charge transport across length scales extremely
important. In electrochemical systems, conductive polymers
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into the film. Generally, the fraction of electronic charge on a
polymer is a function of electrochemical potential and a
combination of connections,
including: redox potentials of the monomers,'® nature of the

chemical-electronic-physical

charge, rearrangement of the bonds to support the charge,1”:18
size of incoming counterions,171920 gand ability of the polymer to
swell in a given solvent.?!

There is a renewed interest in ion transport in conductive
polymers, especially for new materials. Recent efforts have
focused on modification of side chains, which can have a
significant effect on the volumetric polymer-electrolyte
interface. For organic electrochemical transistors, increasing
the hydrophilicity of polymer side chains can increase polymer
solvent uptake and ion transport in aqueous-based electrolytes;
however too much solvent uptake can disrupt domain
connectivity, decreasing charge mobility
performance.72223  Alternatively, polymer electrolytes can

and

reduce the phase separation between polymer and electrolyte,
which increases light emitting electrochemical device efficiency
but at the cost of response time.?>24 A common theme is noted:
polymer relaxation and swelling increases the efficacy of ion
penetration into the film but electrical charge mobility
decreases due to the swelling of the solvated polymer chains.
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To date, the effects of polymer microstructure on these
competing design principles is not clear.?>2°> From polymer
electrolyte literature, conflicting results on the most ideal
structure for ion transport have been posited, and it depends
on many different variables.?® In some cases, crystalline regions
are thought of as poor ion conductors,?’:?% but others report
specifically designed crystalline microstructures with good ion
transport.?® Previous reports show a weak dependence of
diffusion coefficient on polymer side chain length, but do not
provide a structural rationale for this behaviour.3® The trade-
off between these properties can be characterized by the
measurement of ion diffusion coefficients through films of
varying microstructure across multiple length scales.

Herein, we investigate the class of semi-crystalline poly(3-
alkylthiophenes) (P3ATs). For broad applicability to energy
conversion systems and to avoid degradation and/or Faradaic
contributions from water, we conduct all analysis in dry
acetonitrile, a known suitable solvent for swelling in P3ATs over
water (see supplemental information Figure S$1).3%32 In this
work, the diffusion coefficient of hexafluorophosphate (PF¢)
counterions in P3AT materials are measured as a function of
both  side-chain  length and  microstructure  using
electrochemical impedance spectroscopy (EIS). The advantage
of EIS is the ability to resolve dynamic events in the frequency
domain, allowing for separation of fast electronic processes
from slower mass transport considerations. EIS of polymer
electrodes at various oxidation potentials has been historically
performed for many different polymers, including polyaniline33
and polypyrrole.3*

We first consider small incremental variations in the side
chain length of the P3AT materials class. In poly(3-
hexylthiophene) (P3HT), counterions have been proposed to sit
in the (h00) plane of the crystallite.3:353¢ However, changing
the alkyl length in this system does little to alter the potential-
dependent ion diffusion coefficient despite systematic
increases in the (h00) plane, as measured by grazing incidence
wide-angle x-ray scattering. This result suggests that despite the
incremental increases in solution processability through an
increase in the length of side chain, it is not a dominant design
criteria for good ion transport. Thus, materials can be selected
for redox properties and functionality (i.e. electrical
conductivity) as a first approximation for inclusion in
photoelectrochemical systems.

We then focus our attention on nanoscale effects, where we
consider three model relevant for
electrochemical devices: commercially available regioregular
(RR) and regiorandom (RRa) P3HT, both of similar molecular
weight, and an electrochemically deposited P3HT. The latter
system was included as it can be simultaneously synthesized
and deposited in the presence of counterions using a previously
described potential-pulse protocol.3” The systematic variance of
microstructure of the same polymer provides insight into the
impact of polymer processing on the hybrid ionic-electronic
transport properties. Surprisingly, the regiorandom and
regioregular films exhibit similar ion transport coefficients, with
diffusion becoming independent of oxidation voltage after a
critical voltage. As hypothesized, the electrochemically

microstructures
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deposited P3HT has the highest diffusion coefficients, reaching
a maximum of ~2 x 10® cm?/s at 0.8 V vs Ag/Ag*, which
corresponds to a fully oxidized film. Our results suggest that
including the counterion during the synthesis and/or deposition
step, analogous to molecularly imprinted polymers, is strategic
to control ion transport.

Materials and Methods

Film Fabrication

The following regioregular polymers and molecular weights
were purchased from Rieke Metals: poly(3-butylthiophene)
(P3BT) MW = 41 kg/mol, poly(3-hexylthiophene) MW = 58
kg/mol, poly(3-octylthiophene) (P30T) MW = 54 kg/mol, poly(3-
decylthiophene) (P3DT) MW = 62 kg/mol, and poly(3-
dodecylthiophene) (P3DDT) MW = 39 kg/mol. Regiorandom
P3HT MW = 47 kg/mol was also purchased from Rieke Metals.
Films were fabricated via spin casting from 10mg/mL
dichlorobenzene solutions at 1000 rpm and annealed at 120°C
for 20 minutes in air before electrochemical testing.
Electrochemically deposited films were made from an
electrolyte comprised of 10 mM 3-hexylthiophene monomer
(Sigma-Aldrich, 299%) in 0.1 M tetrabutylammonium
hexafluorophospahte (TBAHFP, TClI America, Inc., 98%) in
acetonitrile (Fisher Scientific, 98%), as outlined previously.3”
Briefly, ITO-coated glass slides (Colorado Concept Coatings LLC,
9-15 Q sheet resistance) were etched with an aqueous
hydroiodic acid (Sigma-Aldrich, 57 wt.%, 99.99%) before
immersed for 12 hours in a 10 mM 3-thiophene acetic acid
(Sigma-Aldrich, 98%) solution in acetonitrile to functionalize the
surface with thiophene monomer. Afterimmersion, these films
were grown by chronoamperometry in the 3-hexylthiophene
containing electrolyte, with an initial 0.5 seconds activation step
at 1.4 V, then held at an oxidizing potential of 1.35 V for 20
seconds (vs. Ag/Ag* in 0.01 M AgNOs (BASi) and 0.1 M TBAHFP
in acetonitrile). Film thicknesses were estimated with
profilometry using a KLA-Tencor P15 (KLA Corporation), using 3
different films each and 3 sample points per film.

Electrochemical Characterization

Cyclic voltammograms were performed at a scan rate of 50
mV/secin 0.1 M TBAHFP in acetonitrile, using a clean silver wire
counter electrode and Ag/Ag* reference electrode in 0.01 M
AgNOs and 0.1 M TBAHFP in acetonitrile on a CH Instruments
920D potentiostat (CH Instruments). Electrochemical
impedance spectroscopy (EIS) was performed in the same
electrochemical cell set-up after three cyclic voltammograms. A
10 mV amplitude sinusoidal input voltage was imposed on an
offset voltage for different oxidation states of the polymer, with
5 minutes of constant DC bias applied prior to EIS to allow for
cell equilibration. Equivalent circuit fitting was conducted in
Zview software (Scribner Associates, Inc) for frequency range
68120 -2.15 Hz. Results were repeated for three different films
of each chosen polymer. Full data for all polymers and repeated
films can be found in the supplementary information, tabulated
in a .xls file.

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11



ournal of:-Materials' Chemistry

Journal Name

GIWAXS Measurements

Grazing-incidence wide-angle x-ray scattering (GIWAXS)
measurements were carried out on beamline 11-3 at the
Stanford Synchrotron Radiation Light Source (SSRL). The beam
was kept at an energy of 13 keV and the incident angle of
measurement was ~0.11 to 0.13°. Calibration of wavelength
and sample-detector distance used a LaBg standard sample.
Two-dimensional detector images were corrected from
intensity versus pixel position to intensity versus g-spacing
using giwaxstools and nika softwares in Igor.3® Images were
reduced to 1D plots via integration of cake segments and
analyzed using the Multi-peak fit package in Igor.

Results and Discussion
Side chain length in P3ATs

Semicrystalline P3HT has served as the prototypical system for
investigations into structure-property relationships in organic
electronics. The polymer is comprised of nanoscale crystallites

A

2.0
1.5
< 10
o
05 0.0 05 11.0 1.5 2.0
Oy (A)
C
30
__ 25
<
ga
&
8 15 !
n
g‘ 10 i
g
5 |
0
™ N N S S
S & &

bo

Figure 1: Two-dimensional grazin

incidence wide-angle x-ray scattering (GIWAXS) detector images of (A

ARTICLE

and amorphous domains interconnected through tie-chains,
where the microstructure evidentially has significant impact on
functionality. In electrochemical systems, this complex
microstructure has been hypothesized to impact both the ionic
and electronic transport properties. For example, prior studies
on structure-property relationships of electrochemically doped,
semicrystalline P3HT electrodes in ionic liquid®> and
acetonitrile3! have demonstrated a voltage-dependent device
performance, with emphasis on electronic and ionic charge
transfer between aggregated and amorphous regions of the
polymer as it is oxidized. Structurally, an increase in the alkyl
plane (h00) with increased electrochemical doping (anodic
potential) has been observed, with little change to the m-nt
stacking plane (0k0).3%3536 As such, we postulated that altering
the side chain spacing could alter the ion transport properties.

Microstructure and electronic properties as a function of side-
chain length

Grazing incidence wide-angle x-ray scattering was
performed for films of 5 different chain lengths: -butyl (P3BT), -
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hexylthiophene) (P3HT) and (B) poly(3-dodecylthiophene) (P3DDT). (C) Alkyl spacing of the five different chain lengths from -

butyl to —dodec?/
function of alkyl side chain length.

|'as measured from GIWAXS. (D) Schematic representation of alkyl spacing (h00) and pi-pi spacing (0k0), as a
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hexyl (P3HT), -octyl (P30T), -decyl (P3DT), and -dodecyl (P3DDT)
to first characterize the effect of poly(3-alkylthiophene) chain
length on initial alkyl chain spacing differences. Figures 1A and
1B show the two-dimensional detector images for P3HT and
P3DDT, respectively. Figure S2 in the supplemental information
section provides the additional 2D detector images for the other
polymers and Figure S3 shows the one-dimensional GIWAXS
plots of cake slices in the q, (out-of-plane) and qy, (in-plane)
directions. Estimated intermolecular spacings are provided in
Table S1. In Figures 1A and 1B, the two crystallographic planes
associated with the interdigitated alkyl chains (h00) and the mt-
nstacking (Ok0) have been identified. It is qualitatively apparent
from these 2D GIWAXS plots that there are differences in
spacing between the hexyl and dodecyl side chains. All films
exhibit an edge-on orientation relative to the substrate, with
greater intensity of the (h00) diffraction peaks in the g, over the
(0k0) diffraction peak in the q,, plane, as observed in the
detector images Figures 1A and 1B, Figure S2, and the
integrated intensity versus angle chi plots in Figure S4.

Figure 1C provides the determined alkyl plane (h0O)
spacings for the five polymer films and Figure 1D shows a
schematic of the intermolecular distances in the alkyl plane.
Corresponding pi-pi spacings for the (0k0) plane are given in the
supplemental information section Figure S2 and Table S1. In
Figure 1C, increasing the side chain length from four to twelve
carbons corresponds to an 11 A increase in the (h00) direction.
These results are expected for the P3AT system, and the spacing
values agree with previous experiment and simulation.3® The
measured pi-pi spacing (Figure S2) varied by approximately 0.2
A between films, but did not exhibit an apparent linear
correlation with side chain length.

To determine if the side chain length altered electronic
properties, cyclic voltammetry was used to evaluate onset
oxidation potentials. Figure 2 shows the cyclic voltammograms
for P3HT and P3DDT for a direct comparison with Figure 1; all
other cyclic voltammograms are provided in the supplementary
info Figure S5. In Figure 2, we readily note the presence of two
reversible oxidation waves for both polymeric systems,
indicative of at least two unique electronic environments. These
two environments have been recently summarized in the
literature.3031,37,40-43  For P3HT, the peak near 0.2 V vs.
Ag/AgNO; represents easier to oxidize aggregated domains of
smaller band gap and larger conjugation length, while the peak
near 0.6 V represents the amorphous regions with short
conjugation length that is harder to oxidize.*> Oxidation peak
positions are noted with red dashed lines and show increases in
oxidation potential for both amorphous and aggregate regions
of the polymers as side chain increases.

To date, there have been a number of correlations in the
role of microstructure associated with side-chain length on the
electronic functionality of P3ATs. Intramolecularly, a more
anodic potential (harder to oxidize) with increasing side chain
length has been correlated to shorter conjugation lengths,
which have less of an ability to delocalize charge over multiple
polymer units.3> Intermolecularly, longer side chains have been
proposed to vyield poorly ordered aggregates with lower
interchain coupling,** which is further supported by a decrease

4| J. Name., 2012, 00, 1-3
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Figure 2: CV comparing P3HT to P3DDT. Films were run at 50 mV/s in acetonitrile
with 0.1 M TBAHFP supporting electrolyte vs. 0.01 M Ag/Aﬁ*. Oxidation peak
positions for aggregate and amorphous regions outlined to show the increase in
oxidation potential for longer side chains.

in polymer melting temperature.*> A secondary hypothesis then
arises: the aggregate nature of the films, as defined by side-
chain length, will affect the ion diffusion coefficient.
Specifically, the electronic properties of the film aggregates
could have some effect on ion diffusion coefficient, which can
through impedance

be measured electrochemical

spectroscopy.

Electroanalytical Approaches for Determining lon Diffusion
Coefficients

Several electrochemical approaches have been used to
measure ion diffusion coefficients in conductive polymers. The
most  prevalent are chronoamperometry and
impedance spectroscopy. In the
chronoamperometry approach, a change in the electrochemical
potential (via a shift in applied bias) induces a transient current
as the system undergoes transport processes to reach the new
electrochemical potential. A common data analysis approach is
to use the Cottrell equation to extract an ion diffusion

coefficient from a chronoamperogram:

two
electrochemical

1) 1=zFAC |2
D I=z p—

where z is the integer charge, F is Faraday’s constant, A is the
area of the electrode, and C is the concentration, traditionally
formulated for redox-active analyte diffusing toward a metal
electrode.*® Interpretation requires the assumption that due to
electroneutrality conditions, each injected positive charge
(hole) on the polymer is counter-balanced by the incorporation
of an anion. Thus, the apparent diffusion coefficient (D) is
dependent upon the collective environment, as defined by the
local structure, oxidation level, and ionic radii of the diffusion
species:*’
D.DCr

D.C.+ DC;

where D, and D; are the diffusion coefficients of electrons/holes
and ions respectively, C. and C; are the associated

(2) b=

This journal is © The Royal Society of Chemistry 20xx
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concentrations, and C; is the total concentration. However,
carrier densities can be on the order of 10 to 10%° cm-3 while
ion insertion is linearly dependent on potential.3! A secondary
challenge is the Cottrell equation given in (1) above is a 1D
planar solution and ignores anomalous diffusion considerations
— such as nucleation sites for charge transfer, porous media
effects, and the known microstructure-controlled charge
transport mechanism of poly(3-alkylthiophenes). Specifically,
for semicrystalline P3HT, microstructure is changing during
oxidation, where the accumulation of electrical charge on
aggregates can facilitate charge transfer to the disordered
amorphous regions that precedes conformational relaxation of
the crystallites to accommodate counterions. 3!

Alternative to a  chronoamperometry  approach,
electrochemical impedance spectroscopy (EIS) is conducted as
a small perturbation to an existing steady-state condition. In
EIS, a small sinusoidal AC waveform (typically 5-10 mV) is
applied on top of a DC bias after the film has reached an
established electrochemical potential. The advantage of EIS is
the ability to resolve dynamic events in the frequency domain,
allowing for separation of fast electronic processes from slower
mass transport considerations, thus separating out the diffusion
components in Equation 2. While EIS has gained some criticism
for requiring a physical model biased by the experimentalist,*&
it requires and implicates deeper understandings about the
electrochemical system at hand through equivalent circuit
modelling of relevant characteristics for polymer devices.

EIS of electroactive polymers has been investigated in
previous literature, namely by Bisquert and De Levi.304%-51 Of
particular note, Bisquert and Compte>° proposed an anomalous
diffusion model of ions, where the flux condition is described as

d'n dJ
dtr dx

3

where n is the number of ions, tis time, and J is flux along some
length scale x. In most typical electrochemical
applications, ordinary diffusion is assumed (y = 1), stating the

relevant

number of ions entering/leaving a given system is directly
proportional to the flux distribution of the given ion (mass is
conserved). If 0 <y < 1, this suggests that the amount of ion flux
into the system is not conserved, physically understood for
these systems that there is a distribution of energy sites upon
which diffusing ions can be trapped and rendered immobile.
This departure from ordinary diffusion is termed “anomalous”,
developed to describe transport through structurally complex
systems. A more detailed explanation is provided in the SI
section.

An anomalous diffusion model draws parallels to the
established electronic charge transport models in organic
semiconductors. Briefly, the distribution of the trap states is
related to the paracrystallinity of the polymer, with more
disordered polymers having higher amounts of trap states with
deeper energy wells.>2 Therefore, transport in the amorphous
regions of P3HT can be described by a multiple trapping and
release (MTR) mechanism,>35* that describes carriers as
hopping from state to state, some of which can trap charge
carriers.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: Example of an anomalous diffusion fit vs. ordinary diffusion fit for the
raw Nyquist EIS data of a P3HT film at 0.3 V vs. 0.01M Ag/Ag+. Electrochemical
cell is acetonitrile with 0.1 M TBAHFP supporting electrolyte.
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Figure 3 shows the raw data for a Nyquist plot of a spin cast
P3HT electrode at 0.3 V with both the ordinary and anomalous
diffusion fits. It has been shown previously that a simple
Randles’ circuit can be used to examine an electroactive
polymer,>> and to account for charge transfer across varying
interfaces, an extra parallel resistor and constant phase
element (R-CPE) in series is required,®® as shown in Figure S6.
From Figure 3, it is readily apparent that ordinary diffusion has
poor agreement with the lower frequency, mass diffusion
regime. Full EIS spectra with fits are shown in Figures S7-S13 and
full tabulated data can also be found in the supplementary
information as a .xs file.

Estimation of the diffusion coefficient assumes a reflecting
boundary (ions do not diffuse into the metal contact). Fick’s Law
can be solved with the fractional continuity equation to yield
the impedance of non-ordinary diffusion (Equation 4)

(iw)_B [(iw)‘ﬁ]
(4) Z=Ry,|—| coth||l—
Wq Wq

where Ry describes a diffusion resistance related to the
geometry of the film, w is the input frequency, wy is the
characteristic frequency, and B (0 < B < 1) is the anomalous
diffusion parameter. B is equal to 0.5 for ordinary Warburg
diffusion. The estimation of wy is used to extract the diffusion
coefficient D, with the thickness of the film L by equation 5:
D\g
5) wg= (E)
Figure 4 provides voltage-dependent diffusion coefficients
for the five different side chain films, where all exhibit highly
anomalous behaviors (B = 1), indicating ionic trapping effects.
We readily note in Figure 4 that we exclude values estimated
below 0.2 V (red box), where the films are still considerably
compact and we cannot justifiably separate diffusion in

electrolyte versus polymer. Previous potential-dependent

J. Name., 2013, 00, 1-3 | 5
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GIWAXS for P3HT shows no effect on crystalline regions up to
0.2V, which supports the ambiguity of these values.3! Exclusion
of this regime was determined due to the ion diffusion
coefficient in the solvent measured at ~107 cm?/s as well as the
sample to sample variability shown in Figure S16). In Figure 4, it
is evident that the diffusion coefficients are nearly independent
of voltage. Plots of the anomalous diffusion parameter B are
shown in Figure S17, with all being generally anomalous (B #
0.5). This suggests heterogeneous effects within the films (i.e.
microstructure) cannot be overcome with voltage, again
consistent with the proposed ion trapping mechanism of
anomalous diffusion. The results here are shown to vary over
half an order of magnitude about (4 £ 2) x 101* cm?sl. Despite
the changes in electronic properties and microstructure, there
is a weak dependence of diffusion coefficient on polymer chain
length, consistent with other polymer-electrolyte systems.30
Likewise, we observed no statistical trend in the differences in
molecular weight when considering all films (Figure S15). This
suggests that to design a polymer electrochemical system that
provides significant gains in mass transport, length of alkyl side
chains provide a lesser role in the absence of strong
intermolecular interactions between side-chain and solvent.
However, the effect of side chain length on ion transport may
be more impactful in polar solvents and/or in the presence of
heteroatoms, such as the effect of glycolated and/or alcohol
groups when water is used as the solvent.>”

Microstructure Effects in P3HT

As side chain was shown to have little effect and diffusion
was found to be anomalous in the regioregular polymers, we
then consider the role of microstructure on ionic transport. Of

particular  note, electrochemical  strain microscopy
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Figure 5: Cyclic voltammograms of three distinct microstructures of P3HT, with microstructure representations on the right. Scan rate of 50 mV/s,
in acetonitrile with 0.1 M TBAHFP supporting electrolyte. Reference electrode is Ag/Ag* with 0.01 M AgNOs.
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Figure 6: Diffusion coefficients for single films representing different

microstructures of P3HT vs 0.01 M Ag/A%f. These films were chosen as best
representations for the average of each film (Figure S16). Red box indicates
voltage independent data when diffusion is not occurring through polymer film.

measurements of P3HT in water show that upon oxidation, ions
travel in to regions with low elastic modulus, corresponding to
the amorphous regions of the film,*® which would suggest that
amorphous materials may have higher diffusion coefficients.
Additionally, there has been recent reports of reversible phase-
transformations in select systems focused on use in water.>8
Thus we next turn our consideration to microstructure effects
system, focusing on regioregular,
regiorandom, and electrodeposited P3HT. The latter was

in our comparing
included as electrochemically deposited films are grown in such
a way (as detailed in the Methods section) that during the
electro-synthetic process, the film remains relaxed,
electrochemically oxidized, and ions are retained.3”4%%6 |t is
postulated that the amorphous regions could behave similarly
to a molecularly imprinted polymer and will exhibit increased
ion transport over the spin cast films.

Redox properties were investigated by cyclic voltammetry
(Figure 5)
Regioregular P3HT has the lowest onset potential for oxidation,

and have been previously described.31,37:4041

from the presence of well-ordered aggregates evident in UV-Vis
spectra.3! Electrochemically deposited P3HT has the next
lowest onset potential for oxidation, and is shown through
GIWAXS to be mostly amorphous.*® Although regiorandom is
also amorphous, the electrochemically deposited films have the
presence of PFg ion pathways included during film fabrication,3”
which could contribute to having regions slightly easier to
oxidize than regiorandom films spun in air.

The potential-dependent diffusion coefficients for the three
microstructures are shown in Figure 6 for single films, estimated
using the anomalous diffusion model; Figure S16 provides
diffusion coefficients for three films and the average diffusion
coefficient with respect to potential for each microstructure.
Interestingly, the regiorandom and regioregular P3HT exhibit
statistically similar despite the
semicrystallinity of regioregular P3HT. This suggests that the

ion diffusion properties,

This journal is © The Royal Society of Chemistry 20xx
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limiting factor for apparent diffusion is associated with the
amorphous domains of the polymer, although these may not be
co-equal in regioregular and regiorandom films. In other words,
spin casting results in a considerably close-packed film (non-
porous) and ion diffusion is dominated by the structural
relaxation of the film in the amorphous domains, as ions
attempt to create volumetric void. Plots of B, which signifies
departure from Warburg diffusion (B = 0.5), are included in the
Si Figure S17. These plots show that highly anomalous diffusion
occurs for the spin coated films of regioregular P3HT, and that
electrochemically deposited films approach normal unimpeded
diffusion. Considering Bisquert’s description of ion movement
in polymer electrodes,>® this suggests that the electrochemically
deposited films have less traps.

Also evident in Figure 6 is that the electrochemically
deposited film has significantly larger ion diffusion coefficients
than the other two microstructures. Unlike conventional cyclic
voltammetry used for electrodeposition, the potential pulse
profile that was used retains the film under constant state of
high oxidation and is mass transfer limited for thiophene
monomer deposition. This results in a three-dimensional
nucleation and growth of the polymer film, where the PFg
anions are continuously incorporated into the film through ion
transport channels.37.90 We postulate that these ion channels,
formed during the combined synthesis and deposition, are what
are giving rise to the large ion diffusion coefficients. Diffusion
coefficients measured without any polymer are around 2 x 10”7
cm?/s, and these electrodeposited films approach those values.
Here we see the expected potential-dependent behavior of ion
diffusion consistent with Eyring rate theory extrapolated to
electrochemical systems, whereby an application of a voltage
results in a lowering of activation energy (here assumed to be
enthalpic). This can be interpreted as the change in the
electrochemical potential, associated with a change in the
voltage, modifies the film microstructure in such a way to allow
for more efficacious ion transport.

Diffusion coefficients at a potential of 0.8 V for three films
of each various microstructure are shown in Table 1. The results
from other studies of EIS of conducting polymer electrodes is
included in the table for reference, and interestingly show
similar diffusion coefficients for electrochemically deposited
polypyrrole?® and spin-coated films in one study. This may be a
result of differences in low-frequency analysis; Panero et al.5?
define diffusion during a “limiting capacitance” circuit element
as the film is fully oxidized, and do not consider the anomalous
diffusion effects outlined later by Bisquert.*®* There are also
differences by a few orders of magnitude in the Tanguy et al.3*
study, most likely due to differences in film fabrication, as their
films were drop cast from a chloroform solution. The ESCR
model has also been utilized by Otero et al. to analyse
electrochemically deposited polypyrrole and found values
~10° cm?/s which is similar to the electrochemically deposited
P3HT in this work.®2 The disparity of these results necessitates
a complementary technique to confirm the diffusion
mechanism in specific film microstructures and how well it can
be probed by various electrochemical techniques.

J. Name., 2013, 00, 1-3 | 7
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Table 1: Diffusion coefficients in electrochemical environments for various polymers in this work and literature for comparison.

Polymer, Anion Diffusion Coefficient [cm?/s] Ref.
RR-P3HT, PF¢- (7+1)x 101t This Work
RRa-P3HT, PF, (5+0.3) x 101t This Work
Echem Dep P3HT, PF; (2.2+2)x10F This Work
Echem Dep Polypyrrole, ClO, 2 x 1071 Panero et al 5%
P3HT, clo, 5x 101 Tanguy et al.28
P30T, ClO; 1022 Tanguy et al.2®
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