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Disorder-to-order transition of regiorandom P3HT
upon electrochemical doping†

Seth R. Jackson, Garrett W. Collins, Rand L. Kingsford, Perry W. Martin,
Jolene N. Keller and Connor G. Bischak*

The microstructure of organic mixed ionic–electronic conductors (OMIECs) plays a crucial role in their

functionality. OMIECs are generally polycrystalline conjugated polymers consisting of a complex

arrangement of disordered and ordered regions. While considerable research has focused on structural

transformations in the ordered regions of OMIECs upon ion insertion, the evolution of disordered regions

is difficult to probe. Here, we explore changes in the disordered conjugated polymer regiorandom (RRa)

poly(3-hexylthiophene) (P3HT), focusing on its response to repeated electrochemical doping/dedoping

cycles and thermal annealing. By performing a series of cyclic voltammograms (CVs) followed by grazing

incidence wide angle X-ray scattering (GIWAXS), we show how the molecular packing and microstructure

of RRa P3HT change. Additionally, we employ nanoscale infrared imaging via photoinduced force

microscopy (PiFM) to visualize the changes in polymer morphology and the distribution of ions within the

polymer matrix. Our results indicate that RRa P3HT experiences significant structural reorganization after

repeated doping/dedoping cycles. These large structural rearrangements lead to partially irreversible

doping due to ion trapping in electronically disconnected polymer regions. Moreover, we observe that

electrochemical cycling followed by thermal annealing promotes crystallinity in RRa P3HT, yielding

GIWAXS diffractograms akin to those of polycrystalline regioregular (RR) P3HT. Our research conclusively

shows that disordered conjugated polymers can undergo substantial structural and morphological

transformations through repeated electrochemical doping, leading to enhanced ordering and ion

trapping within the polymer matrix.

Introduction

Organic mixed ionic–electronic conductors (OMIECs) have
emerged as a versatile materials class due to their unique cap-
ability to transport both electronic charge carriers and ions.1–6 This
dual transport capability renders OMIECs highly suitable for a
diverse array of applications, such as organic electrochemical
transistors (OECTs) for bioelectronics and biosensing,7–10 neuro-
morphic computing,11–13 and thermoelectrics.14–16 Typically,
OMIECs are conjugated polymers that undergo electrochemical
doping. In electrochemical doping, electrons or holes are injected
into the polymer from an underlying electrode. These injected

charges are balanced by ions from an adjacent liquid electrolyte,
creating polaron–ion pairs.1,17 The process of electrochemical
doping is complex, involving couplings between ion motion,
electron transport, and structural changes within the polymer,

Connor G. Bischak

Dr Connor Bischak is an Assistant
Professor in the Department of
Chemistry at the University of
Utah. He received his PhD from
UC Berkeley (2017) with Prof.
Naomi Ginsberg. He then carried
out postdoctoral research at the
University of Washington with
Prof. David Ginger as a
Washington Research Foundation
Postdoctoral Fellow and a Cottrell
Postdoctoral Fellow. His research
interests include organic and
hybrid semiconductors, mixed

conductors, structural phase transitions, nanoscale imaging, and
self-driving chemical laboratories.

Department of Chemistry, University of Utah, Salt Lake City, UT 84112, USA.

E-mail: connor.bischak@utah.edu

† Electronic supplementary information (ESI) available: Continuous doping and
dedoping absorption spectra in 100 mM KTFSI (all solvents) and F4TCNQ, 50� 50
mm PiFM images of the continuous doping steps, FTIR for F4TCNQ and CV cycling
samples, Electrochemical quartz crystal microbalance data of CV cycling, addi-
tional GIWAXS data, additional PiFM images, full 50 CVs for each solvent and
electrolyte used, and spectroelectrochemistry wavelength comparisons between
each solvent and each electrolyte. (PDF). See DOI: https://doi.org/10.1039/

d4tc01029a

Received 14th March 2024,
Accepted 7th June 2024

DOI: 10.1039/d4tc01029a

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
0 

gi
ug

no
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

3/
02

/2
02

6 
09

:2
6:

18
. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-8883-6675
https://orcid.org/0000-0001-7963-613X
https://orcid.org/0000-0002-8480-9696
https://orcid.org/0000-0002-3071-4069
https://orcid.org/0009-0006-1972-7017
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc01029a&domain=pdf&date_stamp=2024-06-13
https://doi.org/10.1039/d4tc01029a
https://doi.org/10.1039/d4tc01029a
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01029a
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012026


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. C, 2024, 12, 9804–9813 |  9805

which depend on many factors, including the electrolyte identity,9,18

the chemistry of the polymer side chains,7,8,19 and the nanoscale
morphology of the conjugated polymer OMIEC.6,20,21 While the
impact of electrochemical doping on the crystalline regions of
OMIECs has been extensively characterized,6,22,23 the behavior and
evolution of the amorphous regions remain less explored.

Few studies have investigated changes in disordered con-
jugated polymers upon electrochemical doping. Notably, Neus-
ser et al. showed a significant increase in the conductivity of
regiorandom (RRa) poly(3-hexylthiophene) (P3HT) of over six
orders of magnitude upon electrochemical doping.24 More
recently, Cavassin et al. employed various spectroelectrochemis-
try techniques to reveal that different degrees of polaronic and
bipolaronic species form in regioregular (RR) P3HT versus RRa
P3HT with a propensity for bipolaron formation in disordered
regions.25 Baustert et al. showed that while the anion identity has
only a minimal impact on the oxidation potential of RRa P3HT,
large ions are effectively excluded from the crystalline domains of
RR P3HT.26 Additional studies indicate that disordered regions of
conjugated polymers are advantageous for ion transport.18,20,27,28

However, the specifics of how disordered regions evolve upon
electrochemical doping remains largely unexplored.

Several studies have shown that chemical doping can induce
ordering in disordered conjugated polymers. For instance, Lim et al.
investigated structural changes in blends of RRa P3HT and RR
P3HT using 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F4TCNQ) as the chemical dopant. Their findings revealed that
vapor phase doping enhances the organization of disordered
regions of P3HT thin films and improves the long-range con-
nectivity of the polymer.29 In a complementary study, Yee, P.
et al. further investigated disorder-to-order transitions in RRa
P3HT, uncovering that doping with F4TCNQ and FeCl3 not only
orders the structure of the film but does so through a charge
transfer mechanism.30 Adding a similar small molecule non-
dopant, tetracyanoquinodimethane (TCNQ), to RRa P3HT does
not induce a significant structural change. Although these
studies highlight the capacity of chemical doping to transform
disordered RRa P3HT into a more ordered structure, the ques-
tion remains whether electrochemical doping achieves a similar
effect in enhancing polymer order.

In this work, we investigate the disorder-to-order transition
of RRa P3HT upon electrochemical doping. Initially, upon apply-
ing a continuous doping potential to the RRa P3HT thin film in
an aqueous electrolyte, we detect minimal changes in the struc-
ture of the polymer. However, upon performing a series of
sequential cyclic voltammograms (CVs), we observe an expansion
of the lamellar spacing and, upon thermal annealing, a signifi-
cant ordering of RRa P3HT and a GIWAXS diffractogram that
resembles ordered RR P3HT. We also observe irreversible ion
trapping in the polymer film, coinciding with significant mor-
phological changes due to repeated electrochemical doping.
Employing nanoscale infrared imaging with photoinduced force
microscopy (PiFM),31,32 an atomic force microscopy (AFM) based
method previously used to map ion locations in OMIECs,18,20,23,33

and energy dispersive spectroscopy (EDS) we find that wrinkles
form that are rich in aggregated salts and that irreversible ion

trapping occurs throughout the thin film. Our findings conclu-
sively demonstrate that a combination of repeated electrochemi-
cal doping/dedoping cycles and thermal annealing facilitates a
disorder-to-order transition in RRa P3HT.

Results and discussion

Initially, we dope RRa P3HT at a constant potential to deter-
mine if electrochemical doping induces a disorder-to-order
transition in the polymer. Fig. 1(A) shows the chemical struc-
tures of RRa P3HT, the electrolyte species potassium trifluor-
omethanesulfonimide (KTFSI), and the chemical dopant
F4TCNQ.29,30 To determine whether electrochemical doping
induces ordering in RRa P3HT, we subject a thin film of RRa
P3HT (53 � 5 nm thick) to a doping potential of 0.7 V vs. Ag/
AgCl for 20 minutes in a 100 mM aqueous KTFSI electrolyte. We
chose 0.7 V vs. Ag/AgCl as the doping bias to avoid potential
water oxidation and minimize damage to the polymer (Fig. S1,
ESI†). Fig. 1(B) shows ex situ 2D GIWAXS diffractograms of three
RRa P3HT thin films: a RRa P3HT thin film immersed in a 100
mM KTFSI solution for 20 min without applying a bias, a RRa
P3HT thin film post electrochemical doping (0.7 V vs. Ag/AgCl
for 20 min), and a RRa P3HT sample immersed in a 10 mg mL�1

F4TCNQ acetonitrile (ACN) solution for the same duration.
Compared to the immersed RRa P3HT thin film, the doped
RRa P3HT thin film exhibits enhanced intensity of the ring
corresponding to the lamellar side chain stacking peak (100) of
the polymer at q = 0.39 Å�1 (15.9 Å). Contrastingly, the RRa
P3HT thin film immersed in the F4TCNQ solution exhibits a
notable expansion of the lamellar spacing (q = 0.36 Å�1, 17.5 Å)
as well as a narrowing of the corresponding diffraction peak,
aligning with previous observations of induced ordering of RRa
P3HT when doped with F4TCNQ.29,30

Fig. 1(C) shows background subtracted radially integrated
diffractograms, integrated from an angle of 301 to 551 to minimize
contributions from the indium tin oxide (ITO) background, for the
immersed RRa P3HT thin film, the electrochemically doped thin
film, and the thin film doped with F4TCNQ. The thin film doped
with F4TCNQ shows the characteristic (100) lamellar peak, along
with the higher order (200) and (300) lamellar peaks, showcasing a
diffractogram that closely resembles the one typically observed for
RR P3HT.29,30 Compared to the RRa P3HT thin film immersed in
the KTFSI electrolyte without a bias applied, the electrochemically-
doped thin film exhibits a slight expansion of the lamellar spacing
from 15.5 Å to 15.9 Å. Overall, chemical doping with F4TCNQ
results in a much higher degree of ordering of RRa P3HT
compared to electrochemical doping.

We next examine how electrochemical doping of RRa P3HT
changes its optical properties. Fig. S2 (ESI†) shows UV/Vis
absorption spectra of undoped RRa P3HT, RRa P3HT electro-
chemically doped in KTFSI at 0.7 V vs. Ag/AgCl, RRa P3HT
electrochemically in KTFSI at 0.7 V and then dedoped at �0.5 V
vs. Ag/AgCl, RRa P3HT doped with F4TCNQ, and RRa P3HT
dedoped by thermal annealing. Notably, the UV/Vis absorption
spectrum of RRa P3HT upon electrochemical doping and then
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dedoping shows a slight red shift, suggesting an increase in the
ordering of RRa P3HT upon electrochemical doping and sub-
sequent dedoping. We also observe irreversible polaron for-
mation, indicating that not all ions leave the polymer matrix
upon applying a dedoping potential. Fig. S3 (ESI†) shows
images of the undoped, doped, and doped/dedoped RRa
P3HT thin films, indicating that the higher absorbance is not
a result of increased scattering following doping and dedoping.
The F4TCNQ doped film exhibits absorption peaks appearing

around 800 and 400 nm appeared that indicate doping.34–36

Overall, the GIWAXS diffractograms show minimal differences
between the electrochemically doped RRa P3HT film and the
RRa P3HT thin film immersed in the electrolyte with no applied
bias, indicating the absence of induced ordering under con-
stant biasing when compared to F4TCNQ doped films. The
spectroelectrochemistry results, however, demonstrate irrever-
sible electrochemical doping of RRa P3HT.

To examine changes in the morphology of RRa P3HT and
the distribution of trapped TFSI� ions at the nanoscale, we
perform nanoscale infrared imaging with PiFM. We acquire PiFM
images at 1200 cm�1, which corresponds to the C–F stretching
vibrational mode of TFSI�.37 Fig. 2(A)–(C) show the AFM topo-
graphy and PiFM images of three samples: an undoped RRa
P3HT thin film, a doped RRa thin film (0.7 V vs. Ag/AgCl in
100 mM KTFSI for 20 min followed by 45 s at �0.5 V), and RRa
P3HT doped with F4TCNQ, respectively. The undoped RRa P3HT
exhibits a very smooth surface with a 0.36 nm root mean squared
(RMS) roughness. Following electrochemical doping in KTFSI,
the film develops elevated features that contain a high concen-
tration of TFSI�. Fig. S4 (ESI†) shows topography and PiFM
images of a larger field-of-view (50 � 50 mm), highlighting the
trapping of TFSI� in the electrochemically doped films. Com-
paratively, the topography image of the F4TCNQ doped thin film
shows an increase in roughness compared to the undoped RRa
P3HT thin film with a 0.55 nm RMS surface roughness. This
increase in surface roughness upon chemical doping is consis-
tent with prior studies.38,39 PiFM and Fourier transform infrared
spectroscopy (FTIR) spectra, shown in Fig. S5 (ESI†), confirm the
presence of F4TCNQ in the RRa P3HT matrix. While the applica-
tion of a constant potential to RRa P3HT indeed alters the
morphology of the polymer and leads to the irreversible trapping
of ions, it does not significantly induce ordering.

Rather than applying a constant potential, we next investi-
gate whether repeated electrochemical doping/dedoping cycles
induces a disorder-to-order transition in RRa P3HT. Fig. 3(A)
shows 50 consecutive CVs performed on a RRa P3HT thin film
(�0.5 to 0.9 V vs. Ag/AgCl at a scan rate of 0.1 V s�1). As we
acquire more CVs, the oxidation potential of RRa P3HT shifts
towards lower voltage, potentially indicating ordering of the
RRa P3HT thin film, as more ordered P3HT thin films exhibit a
lower oxidation potential.20,26 Fig. 3(B) shows a series of UV/Vis
absorption spectra acquired after every five CVs after applying a
dedoping bias of �0.5 V for 45 s. The repeated doping and
dedoping cycles lead to a redshift in the p–p* absorption peak
of RRa P3HT, further indicating an increase in the ordering of
the polymer like in F4TCNQ doped films.30 Furthermore, the
persistence of the polaron absorption peak, even after dedop-
ing, signifies the irreversible trapping of ions within the RRa
P3HT structure. Irreversible ion trapping is also supported by
electrochemical quartz crystal microbalance (EQCM) measure-
ments, showing an irreversible increase in the mass and
accumulated charge of the RRa P3HT thin film upon perform-
ing a series of 50 CVs (Fig. S6, ESI†). A series of thickness
measurements upon an increasing number of CVs agrees with
the EQCM data, as the film thickness increases from 53 � 5 nm

Fig. 1 2D GIWAXS diffractograms and radially integrated diffractograms
of RRa P3HT under different conditions. (A) Chemical structures of RRa
P3HT, F4TCNQ, and KTFSI. (B) GIWAXS diffractograms of a RRa P3HT thin
film immersed in 10 mg mL�1 F4TCNQ for 20 min (top), doped at 0.7 V vs.
Ag/AgCl for 20 min (middle), and immersed in an aqueous 100 mM KTFSI
electrolyte for 20 min (bottom). (C) Radially integrated and background
subtracted GIWAXS diffractograms of the RRa P3HT thin films.
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at 0 CVs to 105 � 12 nm at 50 CVs (Fig. S7, ESI†).
These observations provide evidence of changes in structural
ordering in RRa P3HT upon repeated electrochemical doping/
dedoping.

Based on the observed changes in the acquired CVs and
absorption spectra with repeated electrochemical doping, we
delve deeper into the potential induced structural ordering of
RRa P3HT by analyzing GIWAXS diffractograms as a function of

Fig. 2 PiFM images of RRa P3HT films that underwent electrochemical and chemical doping. AFM topography and PiFM nanoscale infrared images of (A)
an undoped RRa P3HT film, (B) a RRa P3HT thin film doped for 20 min in an aqueous 100 mM KTFSI electrolyte, and (C) a RRa P3HT film doped in a
F4TCNQ solution for 20 min.

Fig. 3 Impact of performing a series of CVs on the structure of RRa P3HT thin films. (A) A series of 50 CVs acquired of RRa P3HT from �0.5 to 0.9 V at a
scan rate of 0.1 V s�1. (B) UV/Vis spectra collected every 5 CVs after a 45 s dedoping step at �0.5 V vs. Ag/AgCl. (C) Background subtracted radially
integrated GIWAXS diffractograms of four RRa P3HT thin films: not annealed, annealed at 120 1C for 20 min, after performing 10 CVs in aqueous 100 mM
KTFSI, and after performing 10 CVs followed by a 20 minute 120 1C annealing step. (D) A series of 2D GIWAXS diffractograms of RRa P3HT after 0, 10, 20,
and 40 CVs. (E) A series of 2D GIWAXS diffractograms of RRa P3HT after 0, 10, 20, and 40 CVs followed by thermal annealing at 120 1C for 20 min.
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the number of electrochemical doping/dedoping cycles.
Fig. 3(C) shows the background subtracted radially integrated
GIWAXS diffractograms of four different RRa P3HT thin films:
an unannealed RRa P3HT thin film, an annealed RRa P3HT
thin film, a RRa P3HT thin film that underwent 10 CVs, and a
RRa P3HT thin film that underwent 10 CVs followed by a
20 minute 120 1C annealing step. Fig. 3(D) shows 2D GIWAXS
diffractograms of a series of RRa P3HT thin films after 0, 10, 20,
and 40 CVs and Fig. 3(E) shows 2D GIWAXS diffractograms of
the same series of films followed by a thermal annealing step at
120 1C for 20 min. Both the radially integrated diffractograms
and 2D GIWAXS diffractograms show a shift in the lamellar
spacing of RRa P3HT corresponding to a lattice expansion of
14.9 Å to 17.1 Å after 10 CVs. Upon thermal annealing at 120 1C
for 20 min, the intensity of the (100) peak increases significantly
and the higher-order (200) and (300) peaks become visible,
indicating significantly enhanced ordering in RRa P3HT upon
performing a series of CVs followed by thermal annealing.
Notably, annealing the RRa P3HT without first acquiring CVs
does not show a significant change in the GIWAXS diffracto-
gram, indicating that both repeated electrochemical doping/
dedoping and thermal annealing are required for the disorder-
to-order transition to occur. In addition to the increased order-
ing observed in the RRa P3HT thin film, additional peaks appear
in the GIWAXS diffractograms with an increasing number of CVs
that we attribute to the aggregation of KTFSI in the polymer
matrix. Fig. S8 (ESI†) shows a 2D GIWAXS diffractogram of a
dropcast KTFSI film that matches the GIWAXS diffractogram
that emerges with an increasing number of CVs. The observed
KTFSI aggregation upon repeated electrochemical doping/
dedoping cycles also occurs in RR P3HT to a lesser degree
(Fig. S9, ESI†).

To characterize the morphological changes in RRa P3HT as
well as ion trapping, we acquire AFM topography images and
PiFM images as a function of the number of CVs performed.
Before acquiring each topography and PiFM image, we dedope

the film for 20 minutes to focus only on the remaining trapped
ions. Fig. 4 shows a set of 50 � 50 mm topography and PiFM
images acquired at 1200 cm�1 of 0, 10, 30, and 50 CVs on RRa
P3HT films. Initially, the RRa P3HT film, without any CVs
performed, has a low surface roughness with only background
PiFM signal, indicating the lack of TFSI�. After 10 CVs, we
observe the formation of small wrinkles on the samples that
contain high concentrations of TFSI�. With an increasing num-
ber of CVs, the wrinkles become larger and the PiFM signal
increases, indicating higher ion concentrations in the wrinkled
regions. We note that we observe no significant changes in the
morphology of the thin films upon annealing at 120 1C for 20
min (Fig. S10, ESI†). The presence of high concentrations of
TFSI� in the wrinkled regions is further supported by nanoscale
PiFM spectra (Fig. S11, ESI†), which highlight the increased
concentration of TFSI� ions in the wrinkles (Fig. S12, ESI†). To
determine if the TFSI� signal detected by PiFM originates from
trapped TFSI� or KTFSI aggregates, we perform energy dispersive
spectroscopy (EDS) in a scanning electron microscope (SEM).
Our results support that a significant amount of KTFSI aggre-
gates form in the wrinkled regions. The TFSI� PiFM signal in the
non-wrinkled regions most likely comes from a combination of
small KTFSI aggregates and trapped TFSI� (Fig. S13, ESI†).

We next aim to understand the role of the electrolyte on the
disorder-to-order transition of RRa P3HT. To interrogate the
role of the electrolyte solvent, we performed 50 CVs in water,
acetonitrile (ACN) and propylene carbonate (PC) with 100 mM
KTFSI. We then probed changes in polymer structure with
ex situ GIWAXS and UV/Vis spectroelectrochemistry. Initially,
we doped RRa P3HT thin films in the three solvents at 0.7 V,
1.4 V, and 1.2 V (vs. Ag/AgCl) for 20 min in water, ACN, and
PC, respectively. The resulting GIWAXS diffractograms show
minimal changes after 20 min of doping in each electrolyte
(Fig. S14, ESI†). The UV/Vis absorption spectra show irreversi-
ble ion trapping in aqueous and ACN electrolytes but not in PC
(Fig. S15, ESI†). AFM topography and PiFM images of doped

Fig. 4 AFM topography and PiFM images of a RRa P3HT thin film upon increasing numbers of CVs performed in aqueous 100 mM KTFSI after a 40 s
�0.5 V (vs. Ag/AgCl) dedoping step. 50 � 50 mm AFM topography and PiFM images are collected of an undoped RRa P3HT thin film, as well as RRa P3HT
thin films that underwent 0, 10, 30, and 50 CVs.
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RRa P3HT films show significant changes in the morphology of
films doped in the water and PC electrolytes, yet the RRa P3HT
thin film doped in ACN retains a smooth surface after doping
(Fig. S16, ESI†).

We next performed a series of CVs in each electrolyte to
probe structural changes upon repeated electrochemical dop-
ing/dedoping cycles. Fig. 5(A) displays a CV performed in water,
ACN, and PC (100 mM KTFSI). We adjusted the electrochemical
window for each electrolyte to ensure RRa P3HT oxidation. Fig.
S17 (ESI†) shows the full 50 CVs for each solvent, demonstrat-
ing changes in the oxidation onset with an increasing number
of CVs, which is most significant for the aqueous electrolyte.
Fig. S18 (ESI†) displays the spectral changes, and the shift in
the peak absorption wavelength as a function of the number of
CVs applied, with neither ACN nor PC KTFSI resulting in a
significant red shift. The 2D GIWAXS diffractograms for each
solvent in Fig. 5(B) show a distinct difference in the amount of
ion trapping with water showing the highest amount of trap-
ping and ACN showing the lowest. Interestingly, the linecuts in
Fig. 5(C) indicate that there is a slightly greater degree of
ordering in PC KTFSI than in the other solvents. These results
demonstrate that the choice of electrolyte solvent has a major
impact on the morphology of RRa P3HT.

In addition to the electrolyte solvent, we also consider the
effect of the anion identity and investigated the impact of using
potassium perchlorate (KClO4), potassium hexafluorophosphate
(KPF6), and potassium trifluoromethanesulfonate (KOTf) as the

electrolyte salt. Fig. S19 (ESI†) shows the 50 CV sequences in
each aqueous electrolyte. We do not observe as significant a
shift in the oxidation onset with these other ions. Fig. S20 (ESI†)
shows GIWAXS diffractograms of RRa P3HT using each of these
electrolytes after 50 CVs. Here, we observe no significant differ-
ence between the GIWAXS patterns, yet the UV/Vis spectro-
electrochemistry data show differences in the magnitude of
the redshift of the absorption spectra as a function of the
number of CVs performed (Fig. S21, ESI†). Overall, the choice
of electrolyte has a minor impact on the structural ordering of
RRa P3HT upon repeated doping/dedoping cycles.

Conclusions

Our results suggest that repeated electrochemical doping/dedop-
ing has a significant impact on the crystallinity as well as the
microstructure of disordered conjugated polymers. In the case of
RRa P3HT in an aqueous electrolyte, electrochemical doping of
the polymer does not lead to enhanced order, yet a disorder-to-
order transition is observed upon performing consecutive CVs
followed by thermal annealing. The GIWAXS data shows that
the initial electrochemical doping/dedoping cycles expand the
characteristic lamellar spacing, allowing the polymer to reorga-
nize and become more ordered upon thermal annealing. Yet,
we find that these structural transformations depend on the
choice of ion and choice of electrolyte solvent, making these
parameters important factors in using OMIECs in operational
devices.

The spectroelectrochemistry and PiFM studies show that
irreversible ion trapping and doping is a major consequence of
the observed structural rearrangements upon repeated doping/
dedoping cycles. The observed irreversible ion trapping could
lead to electronically disconnected regions of the conjugated
polymer on repeated doping could have significant implications
on OMIEC-based technologies, as these regions could reduce the
overall volumetric capacitance of the polymer. Overall, under-
standing transformations in disordered conjugated polymers,
especially in electrochemical settings, could be the key to devel-
oping new structure–property relationships for efficient and
stable OMIECs.

Experimental section
Materials

Regiorandom P3HT was purchased from Rieke Metals (Lot BLS26-
15, Mw = 47 000 g mol�1). Regioregular P3HT (M1010 97.3%
Regioregular, Mw = 74 000 g mol�1)_and 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (F4TCNQ) were purchased from
Ossila. Potassium trifluoromethanesulfonimide (KTFSI) was pur-
chased from TCI America. Potassium hexafluorophosphate (KPF6),
potassium perchlorate (KClO4), potassium trifluoromethanesulfo-
nate (KOTf), anhydrous chlorobenzene, anhydrous acetonitrile,
propylene carbonate, acetone, and isopropyl alcohol were pur-
chased from Millipore Sigma. Acetonitrile (non-anhydrous) was
purchased from Fischer Chemical.

Fig. 5 Comparison between using different electrolyte solvents. (A) CVs
of RRa P3HT thin films in water, acetonitrile, and propylene carbonate
(100 mM KTFSI). (B) GIWAXS diffractograms of P3HT thin films after
undergoing 50 CVs in water (bottom), acetonitrile (middle) and propylene
carbonate (top) (100 mM KTFSI). (C) ITO background subtracted linecuts of
each thin film after undergoing 50 CVs.
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Preparation of regiorandom and regioregular P3HT solutions

All solutions were prepared in a N2 glovebox. P3HT was
dissolved in anhydrous chlorobenzene in a 3 mL amber vial
for a final concentration of 20 mg mL�1. P3HT solutions were
stirred overnight at 60 1C and filtered through a 0.2 mL syringe
filter (Acrodisk) before processing.

Preparation of electrolyte solutions

Each electrolyte was prepared using milliQ water and volu-
metric glassware to achieve a concentration of 100 mM. The
100 mM KTFSI solutions made in acetonitrile and propylene
carbonate were prepared the same way. Before each electro-
chemistry measurement, the electrolyte solutions were
degassed by bubbling N2 for 10 minutes.

Preparation of F4TCNQ solutions

F4TCNQ was dissolved in anhydrous acetonitrile to achieve a
concentration of 10 mg mL�1 inside the glovebox. The solution
was stirred for 30 minutes then filtered through a 0.2 mL syringe
filter (Acrodisk) before used for doping RRa P3HT.

Preparation of P3HT thin films

Glass coated with indium tin oxide (ITO) (MSE Supplies Inc.)
were diced to 0.75 cm � 5 cm for spectroelectrochemistry
measurements and 1.5 � 2 cm for GIWAXS and AFM measure-
ments. The substrates were then cleaned in an ultrasonicator
for 10 minutes in a 1% Alconox aqueous solution, milliQ water,
acetone, and isopropyl alcohol. The ITO glass substrates were
then dried with nitrogen and placed in a plasma cleaner
(Harrick Basic Plasma Cleaner) on high with ambient air for
10 minutes before spin-coating. A spin coater (Ossila) was used
to fabricate thin films on the ITO-coated glass substrates
spinning at 500 rpm for 5 seconds then 2000 rpm for 45
seconds. 50 mL of P3HT solution was deposited on the sub-
strates before spin-coating. After spin-coating, the P3HT thin
films were annealed on a hotplate at 160 1C for 10 minutes.

Preparation of electrochemically doped P3HT films

The P3HT thin film on ITO-coated glass was half-submerged in
100 mM KTFSI in an electrochemical cell with an Ag/AgCl
reference electrode (A–M Systems) and a Pt mesh counter
electrode (Millipore Sigma). The ITO-coated glass substrate
served as the working electrode. A potential was applied using
a Metrohm Autolab PGSTAT302N potentiostat for 45 s. The
sample was then washed with MilliQ water and dried with N2.

Preparation of chemically doped P3HT films

The P3HT thin film on ITO-coated glass was dipped in 10 mg mL�1

F4TCNQ dissolved in anhydrous acetonitrile for 20 minutes inside
the glovebox. The film was washed with anhydrous acetonitrile after
the 20 minutes, then the film was taken out of the glovebox.

Preparation of EQCM gold substrates

Au EQCM substrates (SRS QCM-200 Crystals, Phillip Technol-
ogies) were washed with acetone and isopropyl alcohol then

plasma cleaned for 10 minutes. A P3HT thin film was deposited
(70 mL) through spin coating using the same procedure as
described above. 50 CV cycles were applied to each EQCM
substrate sample from �0.5 to 0.9 V at a scan rate of 0.1 V s�1.
The CVs as well as the voltages, current, integrated charge, and
the change in mass as a function of time for the RRa P3HT
samples were collected on the NOVA program. All data analysis
was done on MATLAB.40 The mass calculations were obtained
using the Sauerbrey equation (eqn (1)):

Df = �Cf � Dm (1)

where Df is the observed change in frequency in Hz, �Cf is the
sensitivity factor of the crystal, which is �60.5 (Hz cm2) mg�1

for ours, and Dm is the observed calculated change in mass in
mg cm�2. The mass was multiplied by the substrate area to
obtain a Dmg calculation, which was 1.38 cm2.

GIWAXS measurements

Ex situ GIWAXS measurements were performed on an Anton
Paar SAX/WAXS/GISAXS/RheoSAXS laboratory beamline at the
University of Utah Nanofab using the GISAXS 2.0 stage. All
measurements were performed using extreme WAXS mode with
an alpha angle of 0.21 and an exposure time of 2 minutes. High-
resolution ex situ GIWAXS measurements were collected at the
Advanced Light Source (ALS) at the Lawrence Berkeley National
Labs on beamline 7.3.3 with an alpha angle of 0.21 and an
exposure time of 10 seconds.41 All diffraction images and data
reductions were processed on Igor Pro using the Nika package in
Igor Pro 9 and WAXTools42 software packages and MATLAB.40

GIWAXS ITO and X-ray noise background subtractions

With each linecut, peaks were selected based on where their
lamellar spacing peaks/rings were at (1st, 2nd, and 3rd degree
peaks) and any TFSI� trapping peaks (1st and 2nd degree
peaks). The width of each of those peaks were removed from
any polynomial fit (5th and 6th degree polynomial fits were
used in all linecuts). After fitting the curves without the peaks
to a polynomial fit, the original data is subtracted by that fit to
obtain flattened linecuts for each film used.

AFM measurements

Photoinduced force microscopy (PiFM) measurements were
collected using a molecular vista one atomic force microscope
(AFM) and NCH-PtIr PiFM cantilevers (molecular vista). We
prepared the OMIEC films using the same method as the
GIWAXS samples. Nanoscale infrared images were acquired at
1200 cm�1 using a scan rate of 0.1 lines per s and image sizes of
256 � 256 pixels. Smaller images in the 20 min continuous
doped scans were 1 � 1 mm and the large CV sequence scans
were 50 � 50 mm. Nanoscale IR spectra were collected on
both undoped and doped P3HT regions with a range of 1800
to 790 cm�1 with an exposure time of 10–15 seconds. All images
were processed on SurfaceWorks software (Molecular Vista) and
MATLAB.40 PiFM images were flattened and filtered to remove
line to line variations in intensity.
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Spectroelectrochemistry measurements

All electrochemistry and spectroelectrochemistry measurements
were performed using the Metrohm Autolab PGSTAT302N poten-
tiostat and Autolab Spectrophotometer UV/Vis/NIR kit. The work-
ing electrode is an ITO-coated glass substrate, the reference
electrode was an Ag/AgCl puck electrode (A–M Systems), and
the counter electrode was a Pt mesh (Millipore Sigma). For the
continuous doping measurements, each sample in water was
doped for 20 min at 0.7 V followed by 20 min at �0.5 V, each
sample in acetonitrile was doped for 20 min at 1.4 V then
dedoped for 20 min at �0.1 V, and each sample in propylene
carbonate was doped for 20 min at 1.2 V then dedoped for 20 min
at �0.3 V. The F4TCNQ doped and dedoped samples were placed
in the cuvette with no solvent and quick scans were taken. For the
CV cycling measurements in water, a 45 s�0.5 V step was applied
to get a background dedoped spectrum, then CV cycles were
applied to the sample from�0.5 to 0.9 V at a scan rate of 0.1 V s�1

for 50 CVs. A 45 s �0.5 V dedoping step at the end of every 5 CVs,
then a spectrum is taken. The same for acetonitrile and propylene
carbonate except with ranges of �0.1 to 1.4 V and �0.5 to 1.5 V,
respectively. This repeat occurs until 50 CVs is reached. Contin-
uous doping and CV cycling absorbance measurements were
collected with the NOVA 2.1.5 program and the data was pro-
cessed in MATLAB.40

EQCM measurements

EQCM measurements were performed using a Stanford QCM200 5
MHz Quartz Crystal Microbalance and the Metrohm Autolab
PGSTAT302N potentiostat. 50 CV cycles were applied to each
EQCM substrate sample from �0.5 to 0.9 V at a scan rate of
0.1 V s�1. CV, voltage, mass change, current, and charge as a
function of time for each of the P3HT films were collected with the
NOVA program. The resulting data was processed in MATLAB.40

FTIR measurements

FTIR measurements were performed on a Thermo Scientific
Nicolet iS-50 FTIR between 400 and 4000 cm�1 using attenu-
ated total reflection (ATR) mode. The thin films were prepared
by spin coating a P3HT solution on ITO-coated glass, starting at
a rate of 500 rpm for 5 seconds, then 2000 rpm for 45 seconds.
A blank ITO-coated glass substrate was used as a background.
FTIR measurements were processed in MATLAB.40

Energy dispersive spectroscopy (EDS) measurements

EDS measurements were performed using the FEI Teneo scan-
ning electron microscope (SEM) at the Utah Nanofab Electron
Microscopy and Surface Analysis Lab. The EDS attachment used
was the EDAX Octane Elite EDS System. RRa P3HT 50 CV thin
film were prepared the same as the GIWAXS measurements
except using 100 mM NaTFSI instead of 100 mM KTFSI as the
electrolyte. An SEM accelerating voltage of 10 kV and beam
current of 6.4 mA was used in selecting the field of view for EDS
analysis. The magnification was 5000�. EDS elemental maps
were collected with a dwell time of 50 ms (512 � 512 pixels) for a

total of 32 frames, which were summed to form the final
EDS map.
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