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Operational stability underpins the successful application of organic mixed
ionic-electronic conductors (OMIECs) in a wide range of fields, including
biosensing, neuromorphic computing, and wearable electronics. In this work,
both the operation and stability of a p-type OMIEC material of various
molecular weights are investigated. Electrochemical transistor measurements
reveal that device operation is very stable for at least 300 charging/discharging
cycles independent of molecular weight, provided the charge density is kept
below the threshold where strong charge—charge interactions become likely.
When electrochemically charged to higher charge densities, an increase in
device hysteresis and a decrease in conductivity due to a drop in the hole
mobility arising from long-range microstructural disruptions are observed. By
employing operando X-ray scattering techniques, two regimes of polaron-
induced structural changes are found: 1) polaron-induced structural ordering
at low carrier densities, and 2) irreversible structural disordering that disrupts
charge transport at high carrier densities, where charge—charge interactions
are significant. These operando measurements also reveal that the transfer
curve hysteresis at high carrier densities is accompanied by an analogous
structural hysteresis, providing a microstructural basis for such instabilities.
This work provides a mechanistic understanding of the structural dynamics
and material instabilities of OMIEC materials during device operation.

1. Introduction

enables ionic signals to be transduced into
electronic currents through the process of
volumetric doping, where changes in ion
concentration in the bulk of the material
modulate the electronic conductivity of
the semiconductor. The combination of
this transduction and volumetric doping
makes OMIECs attractive in a wide range
of fields including energy storage, neuro-
morphic computing, and bioelectronics.!]
The prototypical OMIEC device is the
organic electrochemical transistor (OECT),
which leverages the volumetric doping of
OMIEC materials to efficiently transduce
small ionic currents into large changes in
electronic conductivity, enabling the real-
time readout of biological signals.?! The
high transconductance of OMIEC materials
arises because of the large number of highly
mobile charges which can be stabilized on
the polymer backbone. The electronic car-
rier mobility, y, and the volumetric capaci-
tance, C*, along with the threshold voltage,
are the materials properties responsible
for this high transconductance. Recently, a
multitude of synthetic efforts have aimed
to enhance the performance of OMIEC
materials by increasing these values.
These efforts have ranged from increasing

Organic mixed ionic-electronic conductors (OMIECs) are organic
semiconductors capable of transporting both ionic and elec-
tronic charges. The dual-conducting nature of OMIEC materials

backbone planarity (to extend charge delocalization and improve
charge transport)l>®! to engineering side chain chemistry (to
facilitate ionic penetration thus increasing C* while enabling
processability).[6]
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While high carrier mobilities and capacitances are desirable
for enabling high-performance bioelectronic devices, the oper-
ational stability of OMIECs is also critically important and of-
ten overlooked. Stability is often defined from an operational
standpoint and thus can have many meanings depending on
the device requirements and desired application. For example,
the stability of charge transport pathways or polymer morphol-
ogy may be of less concern in applications like energy storage
or electrochromics, where the active material acts as an elec-
trode rather than a transistor. Functional stability and materi-
als stability may thus be distinct. OMIEC stability is commonly
investigated through repeated cyclic voltammograms (CVs) or
doping/dedoping of OECTs. CVs can show if capacitive charg-
ing is stable and determine the existence of instabilities, such
as faradaic side reactions which can be evidence of chemical
degradation.!®1% CVs however do not probe directly charge trans-
port or morphological stability. Conversely, repeated OECT oper-
ation can detect changes in conductivity, but transfer curves are
sensitive to a multitude of factors that cannot be easily separated
such as structural disorder, mesoscale connectivity, and the ac-
cessibility of electrochemically active sites.

Even in the absence of faradaic side reactions, performance
degradation in polymeric OMIEC-based devices has been linked
to volume changes and structural degradation from repeated dop-
ing/dedoping cycles. The charge densities reached in electro-
chemical doping are significantly higher than those reached in
field effect devices (~10% versus ~10' cm™), and, as a result,
the accompanying ionic flux moving into and out of the ma-
terial is substantial. In aqueous electrolytes, counterions pene-
trating the semiconductor can bring a hydration shell of water
molecules with them,[!112] leading to large volume changes (i.e.,
swelling) and potential thin film delamination.['*'* Indeed, ma-
terial swelling and mechanical stability are heavily dependent on
side chain polarity,>1¢] where long polar side-chains can lead
to complete film dissolution!'”:*®! and the introduction of nonpo-
lar alkyl groups into side chains can limit swelling and improve
film adhesion to the substrate.'”] There are thus two distinct but
not separable sources of instability: electronic charge density on
the conjugated backbone and insertion/expulsion of ions dressed
with solvent molecules. Finally, poor device or material stabil-
ity can also arise from low molecular weight batches of OMIEC
materials, though the mechanical degradation often associated
with low molecular weight materials limits meaningful material
characterization.[?) As any application of OMIECs will ultimately
be limited by device stability, understanding the origins of degra-
dation is of great practical importance.

In the present work, we use a suite of characterization tech-
niques to identify the origin of instabilities of an OMIEC molec-
ular weight series in electrochemical transistors. Our findings
show that operating OMIECs at high charge densities harms elec-
tronic charge transport in these materials by irreversibly decreas-
ing hole mobility. Using operando X-ray scattering, we examine
the microstructural rearrangements which occur during electro-
chemical charging and find a strong correlation between drop
of the hole mobility and structural disruptions within the crys-
tallites. Thus, while charge carriers initially induce order within
the crystallites at low charge densities — below the carrier den-
sity where polarons strongly interact — further increases to car-
rier density leads to a structural disordering of the crystallites,

irreversibly decreasing conductivity and mobility. Together, our
results provide a crucial link between the structural dynamics of
OMIEC materials as a function of charge density, and the stability
and performance of electrochemical devices.

2. Results and Discussion

2.1. Structural Characterization

We use a polythiophene homopolymer, p(g3T2), which consists
of a 3,3'-dialkoxybithiophene repeat unit with triethylene glycol
side chains as shown in Figure 1a. In comparison to more struc-
turally complex donor—acceptor copolymers, the chemical struc-
ture of these homopolymers is well-defined as the symmetric
repeat unit limits homocoupling and regioregularity defects.[?!]
To isolate possible effects of molecular weight on stability, the
material was fractionated using recycling preparative high per-
formance liquid chromatography (HPLC) with a size exclusion
column for polymers to generate a total of 4 fractions of differ-
ent molecular weights (Figure 1a). This procedure not only sep-
arates the material by molecular weight, but also acts to remove
trace metals and residual catalyst from synthesis, which has been
shown to impact the performance of OMIECs (Table S1, Support-
ing Information).[??! Polymer chains with the highest molecu-
lar weight are eluted in the first fraction (F1), whereas shorter
chains were eluted in the last fraction (F4), as confirmed by ma-
trix assisted laser desorption ionization time of flight (MALDI-
ToF) mass spectrometry (Figure S1, Supporting Information). 'H
nuclear magnetic resonance (NMR) spectroscopy was also used
to verify the chemical structure of the different fractions were
identical (Figure S2, Supporting Information), and thin film op-
tical absorbance was used to verify that the aggregation of the
fractions were similar (Figure S3 and Table S2, Supporting Infor-
mation).

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
employed to investigate the microstructure the different molec-
ular weights. Well-defined scattering peaks characteristic of a
semicrystalline microstructure were observed in all p(g3T2) frac-
tions. Lamellar (100) peaks indicate ordering along the side-chain
stacking direction, z-stacking (010) peaks indicate ordering aris-
ing from intermolecular z-orbital interactions, and the backbone
(001) peaks indicate ordering of conjugated backbones arising
from chain-to-chain registry along the chain axis. While all mate-
rials display a semicrystalline microstructure, the different frac-
tions yield changes in crystalline texture (Figure 1b). F3 is pre-
dominantly edge-on, while F1, F2, and F4 are face-on, with the
latter two fractions showing some mixed character. These tex-
ture changes are likely due to crystallization kinetics during the
spin-coating process and may arise from a multitude of factors
including the viscosity of polymer solutions, changes in polymer
solubility, and aggregation effects in solution—all of which are
strongly impacted by molecular weight.[?>-%] These changes in
film texture are evident in the GIWAXS lineouts where the pref-
erential orientation of the crystallites can be seen (Figure 1c,d).
In agreement with literature, the more thermodynamically stable
edge-on crystallites, found more abundantly in F3 and F4, exhibit
smaller lamellar spacings than the face-on crystallites (Table S3,
Supporting Information).l2%’ As expected, these denser crys-
tallites also exhibit increased small-angle scattering intensity
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Figure 1. Ex situ structural characterization of dry fractionated p(g3T2) films. a) Recycling HPLC trace showing the separation of different fractions (2"
cycle). b) 2D GIWAXS patterns of the fractioned polymer (F1-F4). c) In-plane and d) out-of-plane X-ray scattering lineouts. GIWAXS lineouts are offset

for clarity and peak labels are shown on the top trace.

(Figure S4, Supporting Information). Lastly, it is interesting to
note that the texture and lineouts of F3, the fraction from the
center of the recycling HPLC trace, most closely resemble that of
the as-received material (Figure S5, Supporting Information).

2.2. Charge Density Dependence on OECT Stability

OECTs were fabricated to investigate the operational stability of
the different molecular weight polymers in electrochemical de-
vices. The conductivity changes measured in a transfer curve
are a function of both the number of charges injected into the
material under the applied gate voltage as well as the mobil-
ity of each of those charge carriers. To separate these factors,
OECTs were operated in a bipotentiostat configuration which per-

forms simultaneous CVs at source and drain electrodes, with a
small potential offset (Vg = 10 mV) between the electrodes.®]
Due to the small source-drain bias, the doping state experienced
across the channel is essentially constant and the OECT oper-
ates in the linear regime. Although this regime results in lower
transconductances,?) the simultaneous measurement of con-
ductivity, o, and carrier density, p, enables mobility, u, to be deter-
mined as a function of electrochemical potential and is thus bet-
ter suited to fundamental transport studies. In the present work,
we use the term differential mobility, du = do /(edp) to refer to the
mobility of newly added charge carriers, whereas the mobility,
1= oc/(ep), refers to the average mobility of all carriers (see Note
S1 in the Supporting Information for details).

The transfer curves of the various fractions (Figure 2a) show
a clear separation in conductivity between the two highest



a) b) c)
20 | T T T T
{F1 {F2
E 15 - £
S CVCIE300 | Cydzoo e
> > k]
= 0 1 s 5
g 1 1 B
S 54 = S !
(&) (@] . $
1 1 0.0 4 Stable Regime | Unstable Regime-]
04 44 Charging to 300 mV | Charging to 500 mV
T T T T T T t ¥ ' v 1
6 T T T T T T T 1 d) T T T T T
s ]F3 ] ]F4 ] F4 ] i
E 1 1 € g
3] G} S
) 4 - Cycle - - Cycle ) - Cycle - €
> .1 1300 1 300 X { —600 S
£ 34 - - & — — 2
= 2 =
‘g ] H 1] H g ] H %
3 2- M4 11 =, 3 1 B304 =
5 ] 1] g ] %
O 14 v -4 o — o
4 /r’ 4 ]
0 = - 4 = g g
T L4 T ¥ T T . T ¥ T % F ° & v T & = §F T v T 4q T T T T T T T T T T 1
-02 00 02 -02 00 02 -0.2 0.0 02 04 -0.2 00 02 04 0 100 200 300 400 500 600

Electrochemical Potential (V vs Ag/AgCl)

Electrochemical Potential (V vs Ag/AgCl)

Cycle

Figure 2. OECT characterization of fractionated materials. Transfer curves measured up to a) 300 mV and b) 500 mV versus Ag/AgCl with 0.1 m NaCl
as the electrolyte. The cycle number is given by the colorbar inset in each panel, and only the forward scans are shown for clarity. OECT channels were
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all fractions, showing the stable and unstable regimes of operation.

molecular weight fractions (F1 and F2) and the lowest molecular
weight fractions (F3 and F4). This observation suggests that F1
and F2 are above the critical molecular weight required to form a
well-connected microstructure of crystallites joined by tie-chains,
whereas in F3 and F4 shorter polymer chains result in poor elec-
tronic mobilities due to a lack of such microstructural connec-
tion. These measurements highlight the importance of polymer
chain length on the operation of OMIEC materials: high carrier
mobility requires fast in-chain transport within crystallites con-
comitant with sufficient connectivity provided by tie chains.[30-32]

We find that the operational stability of the materials strongly
depends on the electrochemical potential upon oxidation, and
hence the maximum charge density that the film experiences,
and is largely irrespective of molecular weight. When charged
to 300 mV versus Ag/AgCl, the transfer curves of all fractions
are stable across 300 cycles indicating reversible electrochem-
ical charging with little changes to charge transport pathways
(Figure 2a). In this stable regime, the polymer is charged to just
below the point of maximum conductivity, and we estimate there
to be ~0.14-0.18 charge/monomer (Figure S6, Supporting Infor-
mation), where a monomer is comprised of two thiophene rings
(Figure 1a). We note that the carrier densities calculated for F4 are
consistently less than those of the other fractions; we believe this
to be an artifact due to partial dissolution of the material upon
electrolyte exposure as a result of the low molecular weight (Note
S2, Supporting Information). In this lower carrier density regime
(i-e., <300 mV versus Ag/AgCl) the mean hole mobility increases
as charge carriers are added. However, when moving to higher
carrier densities on the first charging cycle to 500 mV versus
Ag/AgCl, the conductivity peaks and then decreases as the elec-
trochemical potential is further increased (Figure 2b), exhibiting

a negative transconductance. This decrease in conductivity indi-
cates a decrease in the mean mobility of all charge carriers; thus,
the addition of holes at these higher charge densities decreases
the mobility of existing carriers (Figure S7, Supporting Informa-
tion). In F1-F3, the carrier density at which this occurs is be-
tween 0.15 and 0.25 charges/monomer, or &1 charge per 8-13
thiophene rings. This decrease in mobility at greater charge den-
sities is accompanied by a striking increase in hysteresis (Figure
S8, Supporting Information).

Upon repeated cycling to more oxidizing potentials (500 mV
versus Ag/AgCl), the transfer curves of the materials are un-
stable, and the conductivities decrease from their initial values
with each biasing cycle (Figure 2b). Despite these changes to the
transfer curves, the simultaneously measured CVs are very sta-
ble (Figure S9, Supporting Information), meaning that faradaic
side reactions or loss of capacitance cannot explain the changes.
We thus deduce that the conductivity rapidly decreases due to di-
minishing hole mobility (Figure 2d). The optical absorption of the
materials also remains remarkably consistent both before and af-
ter repeated cycling to 500 mV versus Ag/AgCl (Figure S10, Sup-
porting Information), indicating that short-range structural or-
der of aggregates and the amount of amorphous regions are not
dramatically impacted by charging the film to higher potentials.
Thus, optical and electrochemical characterization using CVs do
not reveal any of the dramatic instabilities observed in OECTs.

2.3. Structural Evolution During Electrochemical Doping

The decrease in carrier mobility while volumetric capacitance
and material short-range ordering remain unaffected suggests
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Figure 3. Operando cyclic voltammograms of a) a high molecular weight fraction (F1), and b) a low molecular weight fraction (F3) in 0.1 m NaCl. c—e)
Fit results from X-ray scattering peaks of F1 (green) and F3 (blue). The start and end of the first CV cycle is shown by the dotted lines in panel (d). The
'V symbol indicates the change in structural behavior at high charge densities. f) Electrochemical data measured during the operando X-ray scattering
experiment. g,h) Lineouts of the lamellar stacking peak of F1 and F3 during the forward scan of the 3rd cycle of the CV, with (left) low carrier densities
and (right) high carrier densities shown separately for clarity and to highlight the position inversion. The lineouts for each fraction are color-coded to

the carrier density, shown by the colorbar inset.

that the irreversible changes at high charge densities arise from
longer-range microstructural effects. To investigate such struc-
tural changes, we used operando GIWAXS to characterize the
structure of the polymer during operation while avoiding par-
asitic currents and faradaic side reactions. The latter is crucial
as it allows us to unequivocally link microstructural changes to
the carrier density in the organic semiconductor and to transport
properties (Figure 2). As a result, all our structural and transport
measurements are consistent with the elctrochemistry we mea-
sure ex situ. F1 and F3 were chosen as representative examples
of materials falling in two different regimes of crystalline texture,
carrier mobility, and overall OECT performance. We thus hence-
forth restrict our study to these two materials.

Upon electrolyte exposure (0.1 M NaCl) but prior to biasing,
the crystallites spontaneously expand by ~7 A in the lamellar di-
rection as the side-chains swell with water molecules and ions
(Figure S11, Supporting Information).**! Operando CVs were
then performed to track the structure of the material during the
first 3 oxidation and reduction cycles of these films (Figure 3a,b).
For both F1 and F3, charging of the polymer results in an ex-
pansion in the lamellar stacking distance (Figure 3d). Upon dis-
charging, only some of this lamellar strain is recovered, meaning
that the first charge—discharge cycle, denoted by the dotted lines
in Figure 3d, results in a permanent expansion of the crystallites
(1.4 A for F1 and 1.9 A for F3). This irreversible expansion from
“active swelling” of the crystallites is surprisingly analogous to
the hydration of side-chain free polymers like BBL,*] highlight-
ing the ubiquity of electrochemically driven hydration in OMIEC

materials. Interestingly, evidence of these first cycle irreversibil-
ity can also be found in the CVs where the peak current occurs
at greater electrochemical potentials in the first cycle, indicating
that more electrochemical work was required to charge the poly-
mer during the first scan.

We now turn our attention to the latter two cycles of the
operando CVs. F3 exhibits some “break-in” where the current in-
creases upon subsequent cycles (Figure 3b), indicating that more
of the film is electrochemically accessible. Indeed, the CV be-
havior provides context for the continued change in structure
upon charging, highlighting the importance of being able to
quantify injected charge and thus carrier density during in situ
and operando experiments in order to correctly interpret the ef-
fect of charge on structure (Figure S12, Supporting Informa-
tion). By the third cycle, this “break-in” is largely completed and
the CV resembles that of ex situ experiments. During charging,
the z-stacking distance in both F1 and F3 contracts and the co-
herence length increases, indicating ordering along this stack-
ing direction. This is accompanied by a simultaneous increase
in intrachain exciton coupling (Figures S13 and S14, Note S3,
Supporting Information), meaning the newly bleached chains
where newly added charges reside are predominantly in aggre-
gate regions and are becoming increasingly more planar. The
combination of increased order along the z-stacking direction
and simultaneous planarization of neutral chains indicates that
the presence of charge carriers planarizes polymer backbones
within the crystallites, which enables them to pack more closely
with less disorder. This mechanism was first observed in the



electrochemical charging of p(g2T-TT) in ionic liquid where crys-
tallites were found to dynamically order upon charging.**! This
dynamic ordering provides a structural basis for the reversible
rise in carrier mobility with charge density. We thus conclude
that this dynamic ordering phenomenon is independent of elec-
trolyte screening and ionic strength and is a general property of
redox-active conjugated polymers.

At higher charge densities, we observe a distinct change
in structural behavior: the intensity, spacing, and coherence
length of the lamellar stacking peak simultaneously decrease
(Figure 3c—e, ¥ symbol). The onset of this change occurs close to
300 mV versus Ag/AgCl, revealing that the irreversible mobility
degradation observed in OECT measurements is linked to these
structural changes within the crystallites (Figures S15 and S16,
Supporting Information). Evidence of this structural disruption
is also found in the crystalline directions responsible for charge
transport, namely the z-stacking and backbone directions. The
r-stacking, or (010), peak decreases in intensity and its coher-
ence length slightly decreases. Similarly, the “backbone” peak at
~0.8 A~ rapidly decreases in intensity (Figure S17, Supporting
Information), which signals a disruption of the chain-to-chain
registry within the crystallites. Because it is caused by chain-to-
chain registry, the backbone peak is a sensitive probe of crys-
talline order.(3%)

The onset of structural disruptions and concurrent decrease
in hole mobility occur at carrier densities where the area/charge
approaches the expected size of a polaron in these materials
(Note S4, Supporting Information),”*1] leading us to suspect
that charge-charge interactions (such as bipolaron formation
or polaron—polaron interactions) are responsible. Spectroelectro-
chemical measurements show a decrease in polaronic absorption
and general change in polaron spectral shape at more anodic po-
tentials (>0.25 V versus Ag/AgCl), supporting the presumption
that at high potentials the simple picture of neutral chains be-
ing progressively populated by polarons breaks down and that
interactions between polarons become relevant (Figure S13, Sup-
porting Information). We hypothesize that such polaronic inter-
actions increase the localization of charges (consistent with de-
creased hole mobility), giving rise to the maximum in mobility
and transconductance prior to their occurrence. Indeed, it is pos-
sible that strong coulombic interactions between holes may lead
to the opening of a coulomb gap in the polaron density of states
that results in a band of low mobility charges,!*?] in line with
work on electrochemically gated***4! and ion-exchange doped
polymers!*! at high carrier densities. It should be noted that elec-
trochemically gated poly(alkylthiophene) derivatives also show an
analogous peak in hole mobility at similar charge densities (one
hole per ~7-10 thiophene rings),[**#’] suggesting this behavior
is not specific to OMIECs in particular but rather conjugated
polymers in general. We also emphasize that the delineation be-
tween two strongly coupled polarons and a bipolaron is nontrivial
as the spectral signatures of these species are still debated.[*34]
Nevertheless, the present results show that at low carrier densi-
ties (when charges do not strongly interact) polarons induce or-
der within the crystallites and enhance transport. On the other
hand, at high charge densities (when polarons strongly inter-
act) significant structural perturbations occur within the crystal-
lites which permanently disrupt charge transport. For the pur-
poses of stable OMIEC device operation, excessive charge den-

sities should be avoided to minimize such effects. We note that
such “over-oxidation” is damaging due to structural effects rather
than chemical degradation as the optical absorption of the mate-
rial remains unchanged.

2.4. Structural and Electronic Hysteresis Resulting from
Charge—Charge Interactions

Having identified structural perturbations associated with high
electronic charge densities in the materials, we measured
operando OECT transfer curves to investigate the structural and
electronic reversibility of these effects. The electrochemical po-
tential of the films was stepped from a reduced state (0.2 V ver-
sus Ag/AgCl) to an oxidized state (0.6 V versus Ag/AgCl) while
applying a 50 mV bias between the source and drain contacts
to measure channel conductivity. The operando transfer curves
measured at the beamline, shown in Figure 4, are in agreement
with ex situ transfer curves, showing similar thresholds, con-
ductivity, and even the hysteresis noted previously (Figure S8,
Supporting Information). This hysteresis in conductivity arises
from a hysteresis in carrier mobility where charges are less mo-
bile on the reverse scan once high carrier densities have been
reached (Figure 4a,b). This drop in conductivity and increased
hysteresis is again consistent with the conversion of polarons
into less-mobile species such as bipolarons or strongly coupled
polarons.®!l The electronic hysteresis is accompanied by a
structural hysteresis in the coherence length (L) of the lamellar
stacking (100) peak (Figure 4c,d). The coherence length initially
increases up to 300 mV versus Ag/AgCl as polarons induce struc-
tural order within the crystallites, but then decreases at more pos-
itive potentials when higher carrier densities are reached. There
are also two contractions to the lamellar spacing which occur dur-
ing charging (Figure 4e,f). The first occurs at x—100 mV ver-
sus Ag/AgCl and is consistent with cation expulsion from the
crystallites.[®>>3] The second more pronounced contraction fol-
lows the lamellar expansion upon doping and coincides with
when the lamellar coherence length and channel conductivity de-
crease. Thus, the onset of strong charge—charge interactions in
the material gives rise to a structural disordering and contraction
of the crystallites. This contraction is reversible, but the disorder-
ing which occurs at high carrier densities is largely retained on
the reverse scan of the transfer curve, resulting in permanent dis-
ruptions to the crystalline order and providing a structural basis
for the rapid degradation of carrier mobility and film conductivity
seen in the stress cycling of OECTs (Figure 2b). This permanent
disruption and quartz crystal microbalance measurements lead
us to exclude cation expulsion as the origin of this lattice contrac-
tion at high anodic potentials.>2>3] A molecular weight depen-
dence on the hysteresis is also observed where F1 shows less elec-
tronic and structural hysteresis compared to F3 (Figure 4; Figure
S8, Supporting Information). This observation is consistent with
the OECT measurements which showed that the higher molecu-
lar weights (i.e., F1 and F2) could sustain greater charge densities
before mobility decreases (Figure S7, Supporting Information).
Together, these results suggest that longer chains could make
crystallites more resilient to the structural disruptions which de-
grade charge transport pathways, but conclusive evidence would
require a suite of materials to be investigated.
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The observed decreases in crystalline order at high carrier den-
sities are consistent with recent work based on time dependent
density functional theory calculations on P3HT which suggested
that as carrier density is increased polarons will first strongly
couple and eventually spin-pair to form bipolarons.[*! There,
the presence of bipolarons coincided with a decrease in P3HT
crystallinity, and we observe a similar decrease in relative de-
gree of crystallinity (rDOC) after charging and discharging the
polymer (Figure S18, Supporting Information). Hence, our find-
ings suggest that structural rearrangements necessary to stabi-
lize high charge densities in the crystalline domains permanently
disrupt the long-range ordering of the material. For example,
while counterions have been reported to reside close to the mid-
lamellae of OMIECs,** it is possible that counterion positions
change at higher charge densities to properly solvate and stabilize
multicharge complexes.[*¥%] While crystalline coherence length
is affected by electrochemical charging to high carrier density,
changes to the lamellar spacing are more reversible, with peak
positions reaching values after discharging that are close to those
measured when first exposing the polymer to the electrolyte.
Thus, it appears unlikely that the accumulation of ions or water
molecules in the crystallites accounts for the polymer’s structural
instability, because such accumulation would result in a perma-
nent expansion of the crystallites. Rather, such water accumula-
tion is expected to be localized in amorphous regions and thus
cannot account for the degradation of crystalline domains.!?]
This is confirmed by measuring F1 of p(g3T2) in the ionic liquid
1-Ethyl-3-methylimidazolium ethyl sulfate (EMIM:EtSO4) where

the same degradation in hole mobility and increased hysteresis
is observed in the absence of solvent molecules (Figure S19, Sup-
porting Information). Thus, the possible accumulation of wa-
ter or solvent molecules cannot account for the degradation of
charge transport or increased disorder in the crystalline domains.
Our data thus strongly suggests that the structural instabilities
we observe in p(g3T2) crystallites at high oxidation potential are
caused by backbone distortions originating from the high charge
density in the conjugated core rather than by “erosion” of crys-
talline order caused by ingress of solvent molecules. This degra-
dation is thus a fundamental consequence of the strong electron-
lattice coupling in organic semiconductors.

3. Conclusion

In the present work, we provide a direct link between the carrier
density in OMIECs and the resulting electronic and microstruc-
tural stability. We show that electronic transport and electrochem-
ical charging of a prototypical OMIEC material at various molec-
ular weights are stable when high carrier densities are avoided.
However, when repeatedly charged to carrier densities exceeding
~0.14 — 0.18 charges/monomer (or 1 charge per 11-14 thiophene
rings), irreversible decreases in conductivity and increased hys-
teresis are observed. We show that this decrease in conductivity
results from a drop in hole mobility and appears irrespective of
molecular weight. Operando X-ray scattering measurements fur-
ther reveal that irreversible structural disruptions occur within
the crystallites at high carrier densities, providing a structural



basis for the degradation of mobility, and increased hysteresis.
The onset of this structural disordering coincides with carrier
densities where polarons are likely to strongly interact with one
another, suggesting that coupled polarons, bipolaron formation,
or other multicharged complexes and the structural deforma-
tions that they induce are the reason for the observed microstruc-
tural instabilities rather than mechanical strain caused by the in-
sertion of solvated ions. The findings suggest on one hand that
OECTs should be operated at low carrier densities where mi-
crostructural changes are reversible, highlighting the importance
of developing polymers that achieve high mobilities at low car-
rier densities. On the other hand, our findings indicate that engi-
neering the molecular structure of the polymer (e.g., more rigid
molecules) might mitigate these instabilities and allow stable and
reversible high charge-density operation, which is extremely de-
sirable in energy storage applications for instance.

4. Experimental Section

Materials: p(g3T2) was synthesized as previously reported.[33! The
material was then separated into different molecular weight fractions as
follows. A’ 5 mg mL™" solution of p(g3T2) was prepared in chloroform,
filtered through a 0.45 pum syringe filter and loaded onto the Recycling
Preparative HPLC (LaboACE LC-5060) using a glass injection syringe. The
polymer was recycled for one cycle and collected into four fractions on
the second cycle, where each fraction corresponds to approximately a
quarter of the material. Molecular weight measurements were acquired
with a Micromass MALDI-ToF using matrix-assisted laser desorption ion-
ization (MALDI) techniques on linear acquisition operation mode and a
positive voltage polarity, using trans-2-[3-(4-tert-butylphenyl) —2-methyl-2-
propenylidene]-malononitrile (DCTB) as the matrix.

OECT Measurements: OECT devices (channel dimensions of width =
2 mm and length = 200 um) were lithographically patterned using a dry
peel-off method described previously.[°®! Device thicknesses were charac-
terized with a Bruker Dektak profilometer. OECTs were characterized with
a bipotentiostat with two working electrodes (connected to the source and
drain electrodes of the OECT), a counter electrode (Pt wire), and a refer-
ence electrode (leakless Ag/AgCl from eDAQ) using an Ar sat. 0.1 m NaCl
aqueous solution. Detailed information regarding has been provided in
previous work.[>7]

Ex Situ Grazing Incidence Wide-Angle X-ray Scattering: Grazing inci-
dence wide-angle X-ray scattering was performed at the Stanford Syn-
chrotron Radiation Lightsource on beamline 11-3 at an incidence en-
ergy of 12.7 keV and collected using an area detector (Rayonix MAR-
225). The distance between sample and detector was calibrated using
a LaB6 polycrystalline standard. The incidence angle (0.1°) was slightly
larger than the critical angle of Si. GIWAXS raw data was corrected for
the geometric distortion introduced by a flat, plate detector, normalized
by detector counts and film thickness, and reduced and analyzed using
a combination of Nika 1D SAXS and WAXStools software packages in
Igor Pro.[585]

Operando Grazing Incidence Wide-Angle X-ray Scattering: Porous ce-
ramic substrates (Newark) were cleaned in acetone and polished by hand
on a Buehler grinding and polishing wheel. Gold contacts were evaporated
onto the frits using a thermal evaporator in a nitrogen glovebox. p(g3T2)
films were prepared by drop casting polymer solutions from chloroform
(10 mg mL™") onto a sacrificial layer of Poly(diallyldimethylammonium
chloride) (Sigma Aldrich). The films were lifted off the sacrificial layer in
water and transferred to the ceramic substrates.

Operando grazing incidence wide-angle X-ray scattering was performed
at the Stanford Synchotron Radiation Lightsource on beamline 10-2a at
an incident energy of 12 keV and collected using an area detector (EIGER
1M). The collimated incident beam was ~50 um in height and ~500 um
wide. The distance between the sample and detector was calibrated us-

ing LaB6 powder, and the incidence angle was 0.1 or 0.2 degrees, de-
pending on which angle provided the best signal of the polymer. Mea-
surements were performed in a Helium chamber with polycarbonate win-
dows to minimize air scatter and oxygen side-reactions. The X-ray scat-
tering data were reduced in Python using the open-source pyFAl and py-
gix modules.[%081] A forked version of the pygix module was used (avail-
able at https://github.com/ctakacs/pygix) for compatibility with Python 3.
Scattering peaks were fit to Gaussian—Lorentzian lineshapes using the Im-
fit package in Python 3.7. To isolate the x-stacking peak of F1 for fitting,
the isotropic scattering from the substrate (in the q,, direction) was sub-
tracted from the scattering containing the z-stacking peak (in the g, direc-
tion). The isotropic scattering of F3 was not amenable to this background
removal process, so an iterative background removal approach was used
which is described in Note S5 (Supporting Information).

Electrochemical measurements were taken on a two-channel Biologic
SP-300 potentiostat in a three-electrode setup with a leakless Ag/AgCl
reference electrode (eDAQ) and a PEDOT:PSS (Clevios PH1000) counter
electrode, as described previously.[**] The electrolyte (0.1 m NaCl) was
continuously degassed with Helium to minimize side reactions with oxy-
gen. Operando transistor measurements were performed by separately
biasing the source and drain electrodes in a bipotentiostat configuration
with a source-drain bias of 50 mV. The carrier density was calculated from
the injected charge over the course of the CV or transfer curve and film
volume. Carrier densities were calculated based on the thickness of the
dry film.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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