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New concepts statement 

Our work provides insight into the operating mechanism of polymeric organic-mixed-ionic-electronic 
conductors (OMIECs) for electrochemical transistors (ECTs). By combining electrochemical and 
spectroelectrochemical measurements alongside electrochemical X-ray diffraction measurements, we 
demonstrate that holes and anions are placed in ordered polymer aggregates and crystallites at low charge 
carrier densities (< 2x1020 cm-3), giving rise to high device performance (transconductance and stability).  
Our results demonstrate that electrochemical charging of polymer thin films induces structural order along 
the polymer backbones. We interpret this structural ordering, where results suggest that polymer chains can 
form charge-transporting percolating networks, as the key factor for achieving high transconductance. 
Surprisingly, these dynamic rearrangements are highly reversible, but this reversibility only holds when 
high charge carrier densities are avoided. These findings challenge the current strategy for improving the 
performance of ECTs that focuses on designing OMIECs with high volumetric capacitance and high charge 
carrier mobility. Our results suggest that operating devices at high charge carrier densities results in the 
degradation of structurally-ordered aggregates, explaining operational device instabilities. We suggest that 
material chemistry should target OMIECs with a large number of electrochemical accessible aggregates, 
which form percolating networks at relatively low charge carrier densities where microstructural dynamics 
are largely reversible.  
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electronic-conductors on charge transport in electro-

chemical transistors†

Garrett LeCroy,a‡ Camila Cendra,a‡ Tyler J. Quill,a Maximilian Moser,b Rawad Hallani,c James

F. Ponder Jr.,d Kevin Stone,e Stephen D. Kang,a Allen Yu-Lun Liang, f Quentin Thiburce,a

Iain McCulloch,b,c Frank C. Spano,g Alexander Giovannitti,∗a,h and Alberto Salleo∗a

Synthetic e�orts have delivered a library of organic mixed-ionic-electronic conductors (OMIECs)

with high performance in electrochemical transistors. The most promising materials are redox-active

conjugated polymers with hydrophilic side chains that reach high transconductances in aqueous elec-

trolytes due to volumetric electrochemical charging. Current approaches to improve transconductance

and device stability focus mostly on materials chemistry including backbone and side chain design.

However, other parameters such as the initial microstructure and microstructural rearrangements

during electrochemical charging are equally important and are in�uenced by backbone and side chain

chemistry. In this study, we employ a polymer system to investigate the fundamental electrochemical

charging mechanisms of OMIECs. We couple in-situ electronic charge transport measurements and

spectroelectrochemistry with ex-situ X-ray scattering electrochemical charging experiments and �nd

that polymer chains planarize during electrochemical charging. Our work shows that the most e�ec-

tive conductivity modulation is related to electrochemical accessibility of well-ordered, interconnected

aggregates that host high mobility electronic charge carriers. Electrochemical stress cycling induces

microstructural changes, but we �nd that these aggregates can largely maintain order, providing in-

sights on the structural stability and reversibility of electrochemical charging in these systems. This

work shows the importance of material design for creating OMIECs that undergo structural rear-

rangements to accommodate ions and electronic charge carriers during which percolating networks

are formed for e�cient electronic charge transport.

1 Introduction

Redox-active conjugated polymers with polar side chains are a
promising class of materials for electrochemical devices such
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as organic electrochemical transistors (OECTs), polymer batter-
ies, chemical sensors, and synapses for neuromorphic comput-
ing1–4. In these devices, the key material functionality is elec-
trochemical volumetric charging, where electronic charges are
injected/collected at an electrode and transported through a π-
conjugated system within the bulk of the material, while ions
from the electrolyte stabilize electronic charges5. Given this in-
teraction, the molecular design of conjugated polymer backbones
and side chains profoundly affects material performance in elec-
trochemical devices6,7.

Recent advances in OMIECs, including controlling energy lev-
els (polymer backbone engineering) and attaching side chains
known to support ion transport (side chain engineering), have
enabled OECTs with high transconductances and stable operation
in aqueous electrolytes8–18. Backbone engineering has enabled
tuning of the apparent redox-potentials and, consequently, op-
erational voltages in electrochemical devices8,11. Similarly, side
chain engineering, such as attaching ethylene glycol side chains,
enhances solution processability, enables electrolyte and solvent
molecules to swell the material bulk, and improves ion mobil-
ity7,14.

Material nano-scale and microstructure are important fac-
tors for efficient electronic charge transport in organic semi-
conductors. However, complex structural rearrangements oc-
cur in OMIECs during electrochemical charging and discharg-
ing, and these structural dynamics have not yet been fully ex-
plored. Evidence for dynamic rearrangements in OMIECs have
been observed during operando x-ray scattering experiments that
show structural ordering of π-stacked chains in ionic-liquid gated
OMIECS upon electrochemical charging19. Additionally, in-situ
resonance Raman spectroscopy studies of poly(3-hexylthiophene-
2,5-diyl) (P3HT) and 3,4-Propylenedioxythiophene (ProDOT)
strongly suggest that backbone planarization occurs during elec-
trochemical charging due to the presence of hole polarons along
polymer backbones20,21.

Moreover, several studies highlight that exposure of OMIECs to
aqueous electrolytes and electrochemical charging produce volu-
metric swelling from ion and water penetration2,14–16,22–24. Re-
cent ex-situ and in-situ electrochemical X-ray scattering experi-
ments of OMIECs further demonstrated that this bulk volumetric
swelling coincides with crystalline lamellar expansion, suggest-
ing water and ions penetrate crystallites and facilitate electronic
charge placement in structurally ordered regions9,10,22,25–27.
Currently, chemical design guidelines that can yield OMIECs with
suitable electronic and ionic charge transport combined with re-
versible electrochemical charging remain largely unknown. Thus,
identifying chemical motifs for OMIECs that enable ionic and elec-
tronic charge placement with the formation of percolating charge-
transporting networks during electrochemical cycling will enable
rapid progress towards developing next-generation OMIECs.

In this work, we take advantage of two homopolymers with
hydrophilic side chains specifically selected to assess the role
of aggregates and microstructure of OMIECs on electrochemi-
cal charge transport properties. We vary the length of polymer
side chains to influence microstructural order, while avoiding ap-
parent changes of the chemical and physical properties of the

polymers (i.e., comparable backbone electron density of the re-
peat unit, monomer-to-monomer torsional angle, and steric in-
teractions). We find that optimal electrochemical device perfor-
mance is found in OMIECs that allow for sufficient ion inter-
calation into ordered aggregates accompanied by the uptake of
water molecules (swelling) during cycling. Our findings suggest
that hole transporting OMIECs undergo backbone planarization
where polymer chains can structurally order upon electrochemi-
cal charging. We suggest that polymer swelling plays an impor-
tant role in creating the structural degrees of freedom for polymer
chains to rearrange and accommodate counterions with minimal
microstructural disruption, enabling the formation of percolating
networks for efficient electronic charge transport.

2 Experimental

2.1 Synthesis

Polymer p(g3T2) and p(g2T2) were synthesized following pro-
cedures previously reported2,16. 1H Nuclear magnetic resonance
(NMR) spectra for p(g2T2) and p(g3T2) are shown in Figures S2
and S3, respectively.

2.2 Sample preparation

The polymers were dissolved in chloroform and stirred at 60 ◦C
for 1 h, followed by filtering the solution (at room temperature)
using a glass fiber filter (0.45 µm). Polymer thin films for elec-
trochemical and spectroelectrochemical measurements were pre-
pared on ITO substrates, bare Si substrates, or Si substrates with
patterned gold contacts (i.e. OECT substrates) by spin coating
polymer solutions of p(g2T2) and p(g3T2) at 1000 RPM for 60
s (5 mg mL−1 for OECT and ITO substrates, 10 mg mL−1 for Si
substrates).

2.3 Spectroelectrochemical Measurements

A home-built setup was employed to conduct UV-Vis absorp-
tion measurements using an Ocean Optics light source (Tung-
sten Halogen Light Sources) and detector (QEPro, Ocean Optics,
200 µm slit width, cooled to -25 ◦C), as previously reported2.
A quartz cuvette (20mm optical path length) was employed for
spectroscopy measurements. An Ivium CompactStat potentiostat
with an eDAQ leakless Ag/AgCl reference electrode and a Pt mesh
counter electrode in Ar sat. 0.1 M NaCl aqueous electrolytes were
employed for the electrochemical experiments. Optical absorp-
tion spectra were collected while performing cyclic voltamettry
(CV) experiments where potentials were scanned from ∼0.1 V (at
open circuit potential) to -0.5 V vs. Ag/AgCl and then followed by
scans from -0.5 V vs. Ag/AgCl to 0.5 V vs Ag/AgCl at a scan rate
of 50 mV s−1 where spectra were recorded every 100 ms. For
spectroelectrochemistry data, averages of spectra collected over
50 mV steps were used to estimate the spectrum at a given po-
tential vs. Ag/AgCl, representing the average of 10 individual
spectra.
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2.4 Optical absorption peak fitting

UV-Vis absorption spectra were fit with a model developed for
general homopolymer aggregates28. Additional fitting details are
provided in ESI† Sections S1.1 and S1.2.

2.5 OECT Measurements

We employed electrochemical transistors with channel dimen-
sions of Width = 2 mm and Length = 50 and 100 µm. The pat-
terning of the device was carried out by lift off with a parylene
sacrificial layer29,30. The thickness of the spin cast devices was
measured with a 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 reference electrode (leakless Ag/AgCl from eDAQ) us-
ing an Ar sat. 0.1 M NaCl aqueous solution. Details on this setup
are provided in ESI† Section S1.6. Devices were operated with an
offset of 10 mV (VD = 10 mV) and always started at the potential
from the open circuit voltage (OCV). The potential range of the
measurements were -0.5 V to 0.3 V or -0.5 V to 0.5 V vs. Ag/AgCl
with scan rate of 25, 50, 100 and 200 mV s−1 for five scans.

2.6 GIWAXS Measurements

Grazing incidence wide angle X-ray scattering (GIWAXS) was
performed at the Stanford Synchrotron Radiation Lightsource
(SSRL) on beam line 11-3. Samples were prepared on degener-
ately doped p++ silicon substrates with native oxide (ρ ≤ 0.005 Ω-
cm, Wafer Pro). Details of the beamline setup and data processing
are provided in ESI† Section S1.3.

3 Results and discussion

3.1 Structural and electrochemical properties of a glyco-
lated polythiophene system

We utilize two homopolymers based on a 3,3’-
dialkoxybithiophene repeat unit (gXT2) with methyl end-capped
diethylene (X=2, p(g2T2)) or triethylene glycol side chains
(X=3, p(g3T2)), as depicted in Figure 1a2,16. These polymers
are a useful model system to study structure-property rela-
tionships of OMIECs for electrochemical transistors, since they
are homopolymers with symmetric repeat units that have a
well-defined chemical structure. Data on matrix assisted laser
desorption ionization time of flight (MALDI-ToF) and gel per-
meation chromatography (GPC) are presented in Figures S4-S6.
The number average molecular weights (Mn) and dispersities (Ð)
of the polymers as found from GPC in DMF are summarized in
Table 1.

The polymer thin films spincoated from chloroform in this work
are mildly oxidized at ambient conditions, so a reducing poten-
tial of –0.5 V vs. Ag/AgCl was applied to thin films in 0.1 M
NaCl aqueous electrolyte to measure UV-Vis absorption spectra
of neutral polymer films (Figure 1b, and Figure S7 for absorp-
tion spectrum of pristine, oxidized polymers). In its neutral state,
polymer p(g3T2) displays two readily apparent vibronic transi-
tions: the 0-0 and 0-1 transition peaks centered at 1.75 eV and
1.93 eV, respectively. The presence of resolvable vibronic features
in p(g3T2) indicates increased aggregation relative to p(g2T2)31.

Fig. 1 A summary of structural and photophysical properties of p(g3T2)
and p(g2T2). a) Molecular structure of the polymer p(g2T2) and
p(g3T2). b) UV-Vis spectra of discharged, neutral polymer thin �lms
with �ts of a vibronic model for UV-Vis aggregate absorption as described
in the main text. Fits are shown as solid lines, with individual vibronic �t
components as shaded components. The 0-0 and 0-1 vibronic transitions
are labelled. 2D GIWAXS patterns of as-cast �lms of c) p(g2T2) and d)
p(g3T2).

Aggregate behavior results in a rich variety of photophysical fea-
tures, and can arise from intermolecular and/or intramolecular
interactions comprising as few as two chains, such as small do-
mains with local, short-range order along the π-stack32–34. In
this manuscript, we refer to “aggregates” as groups of interact-
ing conjugated chromophores giving rise to known photophysical
features35–38.

An H-aggregate vibronic absorption model was used to mea-
sure aggregate fraction and interchain exciton coupling from
solid-state absorption spectra of the homopolymers28,35. Details
on the model fitting are shown in ESI† Sections S1.1 and S1.2.
The photophysical aggregates probed with UV-Vis spectroscopy
are distinct from crystallites, as they need not have long-range
periodicity; consequently, crystallites contains aggregates but not
all aggregates are in crystallites31,39,40. Exciton coupling is quan-
tified by the interchain exciton bandwidth (W), with W = 4Jinter,
where Jinter is the interchain exciton coupling. W acts a sensitive
probe of material conjugation length, as W scales inversely with
conjugation length41. That is, excitons that are more delocalized
along a conjugated chain have a lower interchain bandwidth.

Fits of the neutral absorption spectra are presented in Figure
1b, and a summary of exciton bandwidth and film aggregate frac-
tion are shown in Table 1. The exciton bandwidth in p(g3T2)
(∼ 74 meV) is comparable to values found in ordered regioregu-
lar P3HT thin films, while the bandwidth of p(g2T2) (∼ 144 meV)
is comparable to more disordered P3HT thin films spun from low
boiling point solvents37,42. The estimated aggregate fractions,
as found from the integrated model fits in Figure 1b, reveal that
p(g3T2) contains more aggregates than p(g2T2) (57 ± 5% and
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Table 1 Properties of the polymers p(g2T2) and p(g3T2)

Polymer Mn [kDa] / EOx [V vs Ag/AgCl] W [meV] Aggregate Amount [%] Lamellar Spacing [nm] /
Ð Coherence Length [nm]

p(g2T2) 8.5 / 2.94 0.05 144 ± 3 32 ± 6 1.53 / 3.9
p(g3T2) 23.9 / 2.42 –0.20 74 ± 4 57 ± 5 1.73 / 13.2

32±6% respectively). Thus, not only does p(g3T2) have a higher
degree of aggregation than p(g2T2), but these aggregates also
exhibit a higher degree of intrachain order.

GIWAXS was used to investigate film microstructure. The X-
ray scattering pattern of as-cast p(g2T2) in ambient conditions
is composed of broad scattering peaks characteristic of poly-
mers exhibiting weak intermolecular order (Figure 1c). In con-
trast, p(g3T2) exhibits a semicrystalline microstructure charac-
terized by well-defined scattering peaks and streaks indicative
of increased intermolecular ordering (Figure 1d). The coher-
ence length (Lc) along the lamellar direction (h00) is shorter in
p(g2T2) compared to p(g3T2) (3.9 nm or ∼2.5 lamellar planes
compared to 13.2 nm or ∼7.6 lamellar planes) (Table 1). A peak
in the Qxy direction at ∼0.8 Å−1 is observed in both polymers and
attributed to ordering along the polymer backbone (001) planes
(additional discussion in ESI† Section S1.8).

The two polymers presented in Figure 1 have different molecu-
lar weights. To determine that the observed structural properties
are not purely a feature of molecular weight differences, a low
molecular weight batch of p(g3T2) was synthesized (Mn = 10.3
kDa, PDI = 2.2, see ESI† Table S4). This low molecular weight
polymer batch displays similar GIWAXS scattering patterns, CV
behavior, and thin film absorbance to the higher molecular weight
fraction (see ESI† Section 2.8). In this manuscript, we focused
on the higher molecular weight fraction of p(g3T2), as the high
molecular weight batch is more representative of most state-of-
the-art OMIEC materials. Nevertheless the remarkable similarity
of structural and photophysical properties of p(g3T2) between
the two molecular weight fractions highlights the stark contrast
between p(g3T2) and p(g2T2). Small alterations to side-chain
length induce changes in the long-range ordering of the two ma-
terials, with the longer side-chains of p(g3T2) producing a more
ordered, aggregated microstructure.

3.2 Electronic transport measurements

Due to the stark differences in structural and photophysical prop-
erties between p(g3T2) and p(g2T2), despite similar material
chemistry, we identified this system as a useful set of materi-
als for investigating the impact of microstructure and aggregate
formation on the characteristics of electrochemical charging and
charge transport properties, though we are careful to recognize
that molecular weight has a profound effect on conductivity and
carrier mobilities. We operate electrochemical transistors with
p(g2T2) or p(g3T2) as the channel material and extract charge
carrier density, n, while simultaneously measuring changes of the
electronic conductivities, σ , as described in ESI† Section S1.6.
Hole mobility, µ(E), as a function of charge carrier density is cal-
culated using σ(E) = n(E) µ(E) e, with the elemental charge,
e, at applied potential, E, vs a Ag/AgCl reference electrode. The

charge carrier density is calculated by integrating the current over
the applied gate potential range, accounting for the scan rate, ν .
CV measurements at various scan rates (25-200 mV s−1) were
performed to ensure that similar redox-states are accessible at in-
creasing scan rate (ESI Figures S19 and S20).

To quantify charge carrier density during electronic charge
transport measurements, we employ electrochemical transistors
with defined channel geometries and apply a source-drain volt-
age of VD = 10 mV. This allows us to limit parasitic electrochem-
ical side-reactions. Figure 2a presents the cyclic voltammograms
of the OECTs (channel dimensions of L = 100 µm and W = 2
mm) for p(g2T2) and p(g3T2) at a scan rate of 100 mV s−1. Poly-
mer p(g3T2) has two distinct redox-peaks (E1/2[1] = -0.1 V and
E1/2[2] = 0.15 V vs. Ag/AgCl) and oxidizes at potentials more
negative (a cathodic shift) in comparison to p(g2T2) which ap-
pears to have a broad oxidation peak (E1/2 = 0.40 V vs. Ag/AgCl).
The cathodic shift of p(g3T2) oxidation relative to p(g2T2) is con-
sistent in the low molecular weight p(g3T2) (ESI S28), highlight-
ing the redox behavior in these materials are strongly dependent
on side-chain design. Charge carrier density as a function of po-
tential (vs. Ag/AgCl) for both polymers is presented in Figure
2b. Figure 2c presents the relationship between the electronic
conductivity and charge carrier density for p(g2T2) and p(g3T2)
when cycling the polymer between -0.5 V to 0.5 V vs. Ag/AgCl.
Figure 2d shows the associated changes in the differential hole
mobility (dµ = 1

e
∂σ

∂n ) and thickness normalized transconductance

(gm = L
Wd

∂ ID
∂VG

) for p(g2T2) and p(g3T2)43,44. Mobility estimates

from a differential ( 1
e

∂σ

∂n ) approximate the contribution from in-
cremental carriers near the Fermi-level accessed at each gate volt-
age, as opposed to the average mobility of all carriers, which is
conventionally reported (ESI Figures S21 and S22).

Interestingly, the more ordered polymer, p(g3T2), has a con-
ductivity turn-on at lower charge carrier density compared to
p(g2T2) (Figure 2c). Moreover, the peak differential mobility
for p(g3T2) (0.26 cm2V−1s−1), which is reached at ∼0.16 V vs.
Ag/AgCl (n ∼ 2.4×1020cm−3), is more than one order of magni-
tude larger than values measured for p(g2T2) ∼0.009 cm2V−1s−1

which is reached at 0.5 V vs. Ag/AgCl (n ∼ 5.9× 1020cm−3, see
ESI† Table S2). p(g2T2) does not quite reach its peak mobility
in the applied voltage range, but applying potentials greater than
0.5 V vs. Ag/AgCl results in degradation of the polymer as shown
in ESI† Figure S21. Carrier mobility in conjugated polymers is
influenced by molecular weight31,45,46. Thus, the greater molec-
ular weight of p(g3T2) relative to p(g2T2) should be considered a
factor when comparing the magnitude of conductivity (and hence
mobility) between the two materials. However, the differences
in charge density at maximum conductivity and turn-on carrier
density in these materials still provides insights. The OECT per-
formance differences between p(g3T2) and p(g2T2) warrant fur-
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p(g3T2)
p(g2T2)

a)

b)

c)

d)

Fig. 2 OECT measurements of p(g2T2) and p(g3T2) in 0.1 M NaCl in
Ar sat. solution, with VD = 10 mV and a scan rate of 100 mV s−1. a)
Cyclic voltammogrammes of the polymers p(g2T2) and p(g3T2), show-
ing 5 charging/ discharging cycles, b) Charge carrier density (n) with
respect to potential vs. Ag/AgCl. c) Electronic conductivities and d)
calculated di�erential mobilities (dµ) (solid line) and thickness normal-
ized transconductances (gm) (dashed line) with respect to charge carrier
density (n). The channel dimensions of the devices are Width = 2 mm,
Length = 100 µm with thickness 199 nm for p(g2T2) and 149 nm for
p(g3T2). Data for L = 50 µm is presented in the Supporting Information
S18.

ther investigation to unravel the role of role of aggregates and
microstructure in charge transport.

3.3 Spectroelectrochemistry
To study aggregate features further, we use in-situ spectroelectro-
chemistry to correlate features of backbone and polaron optical
absorption (e.g. polymer aggregate fraction and exciton band-
width) to electronic charge density. Spectroelectrochemistry is
performed on ITO coated glass substrates, so CV measurements
were performed on these substrates to verify electrochemical be-
havior. CV measurements of polymer thin films on these sub-
strates show a cathodic shift of the oxidation onset for p(g3T2) in
comparison to (pg2T2) (Table 1, Figure 3a), in agreement with
the transistor data (Figure 2a). Spectroelectrochemistry (Figure
3b) shows bleaching of polymer backbone vibronic transitions at
photon energies above ∼1.7 eV and an increase in polaronic ab-
sorption features at lower photon energies upon oxidation. Po-
laron absorption features in p(g3T2) decrease at potentials higher
than 0.1 V vs. Ag/AgCl, (ESI Figure S9), consistent with re-
ported formation of bipolaronic species at high charge carrier
densities47.

Spectroelectrochemistry yields further insight on the local
structural order and location of charges (i.e. aggregate vs. amor-
phous regions) by looking at differential absorption, ∆A, where
∆A monitors features that are lost or gained during electrochem-
ical charging. Differential absorption is particularly informative
when stepping the potential in small increments, because it yields
structural information about charges added at specific energies
within the density of states and relates structural insights from
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Fig. 3 Investigation of the photophysical properties during electrochem-
ical charging of p(g2T2) and p(g3T2). a) CV measurements of polymer
thin �lms between -0.5 V to 0.5 V vs. Ag/AgCl on ITO coated glass
substrates with a scan rate of 5 mV s−1 in Ar sat. 0.1 M NaCl. b) Spec-
troelectrochemical measurements of p(g2T2) and p(g3T2), showing the
changes of the absorption spectra during charging from -0.5 V to 0.5 V
vs. Ag/AgCl (�rst charging cycle is shown) at a scan rate of 50 mV s−1.
Spectra shown represent average spectra over 50 mV steps. c) Two suc-
cessive absorbance spectra from spectroelectochemistry of p(g2T2) at
-0.125 V and -0.075 V vs Ag/AgCl are subtracted to yield a di�erential
absorbance spectrum. A representative �t based on Equations S2 and
S5 in the ESI† is shown, with vibronic and polaronic absorption features
highlighted. d) Exciton bandwidth and the fraction of charges that go
into aggregates (Fractional Agg. Charging) for di�erential absorbance
data. Error bars represent propagated standard deviation from model
�ts.

optical absorption to carrier electronic transport properties. A
representative example of these data for p(g2T2) is shown in Fig-
ure 3c. Fits for all potential steps are shown in ESI† Figures S10
and S11. Positive features in the differential spectra arise from
the absorption of polaron/bipolaron charge carriers, and nega-
tive features in differential spectra arise from loss of vibronic ab-
sorption features (i.e. backbone bleaching) from neutral polymer
chains that are becoming charged. Backbone bleaching features
are well-fitted using the vibronic model developed by Spano, pro-
viding insights on the effective conjugation length and amount of
aggregates charged at each charge carrier density following the
same spectral analysis as described in Section 3.1. Additional de-
tails on this analysis are given in ESI† S1.2. We note that this
differential data uncovers pronounced vibronic features that are
masked in the standard Absorbance10 measurements. Thus, the
differential measurement reveals the presence of ordered aggre-
gates in p(g2T2) that had gone undetected in conventional UV-Vis
spectroscopy. These "hidden" ordered aggregates in p(g2T2) are
indeed a feature of the material and not a molecular weight effect,
because the pronounced vibronic features in the differential data
of low molecular weight p(g3T2) are not masked in its standard
Absorbance10 data (ESI S29).

Despite the microstructural differences shown in Figure 1, ex-
citon bandwidth of charged aggregates in both systems decreases
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with increasing charge density, and reaches remarkably similar
values in both materials studied at comparable charge densities.
This suggests charges in both materials are being added to sim-
ilarly ordered polymer aggregates with increasingly more intra-
chain order. Furthermore, molecular weight of p(g3T2) does not
impact this observation, as the low molecular weight fraction dis-
plays a similar trend in bandwidth scaling with charge density
(ESI S32). In p(g3T2), this bandwidth decrease coincides with a
sharp increase in film conductivity (Figure 2). The bandwidth in
p(g3T2) approaches ∼3 meV at higher carrier densities. This ex-
ceptionally low interchain exciton bandwidth is indicative of rel-
atively long conjugated units with small interchain exciton delo-
calization. Though the exact bandwidth values depend on certain
fit parameter choices (such as the Huang-Rhys factor), the trends
observed in this work are robust to these choices (ESI Section
1.2)34. Analogous behavior has been observed in P3HT electro-
chemically doped with organic electrolytes, and, in these systems,
this can represent subtle structural adjustments and charging of
tie-chain regions between crystallites48,49. However, the glyco-
lated materials in this study are not exact analogues of P3HT,
as they have different backbone chemistry and swell significantly
in aqueous electrolytes and represent more structurally dynamic
materials with electrochemical charging16,21,26. That is, we leave
open the idea that there could be significant structural rearrange-
ment and even ordering in these swollen systems on electrochem-
ical charging where charges remain in crystallites undergoing dy-
namic structural ordering. Indeed, it would be expected from
energetic arguments that charges would occupy regions with the
longest conjugation length available upon charge injection, so the
evidence of charges occupying increasingly longer conjugation
segments could indicate that these segments are forming upon
doping as has been observed with ionic-liquid gated materials19.
This is also in line with spectroscopic studies on other electro-
chemically doped materials that show evidence of backbone pla-
narization upon electrochemical charging20,21.

In p(g2T2), vibronic features in the differential spectra are not
resolvable at n > 1.6×1020cm−3, but the comparison of differen-
tial spectra with p(g3T2) at lower carrier densities provides in-
sight on carrier mobility differences shown in Figure 2d, where,
at carrier densities less than 1020cm−3, p(g2T2) has little increase
in film conductivity with carrier density. Surprisingly, the exciton
bandwidths of charged aggregates in this carrier density regime
are similar to and even lower than that of p(g3T2), meaning that
electrochemically accessible aggregates in p(g2T2) actually pos-
sess comparable intrachain order to those in p(g3T2). Therefore,
the "quality" of aggregates does not explain the delayed onset
of conductivity increase in p(g2T2) as might be expected from
neutral absorbance spectra (Figure 1c). Rather, the amount of
charges that are occupying aggregates in p(g2T2) is lower than
that for p(g3T2) at comparable carrier densities. This suggests a
sizable amount (∼40%) of injected charges in p(g2T2) are going
to disordered, amorphous regions of the material, and potentially
contributing little to overall film conductivity. If charges need to
form a percolating network for high film conductivity, this obser-
vation of reduced aggregate charging in p(g2T2) may offer an
explanation for its delayed conductivity onset relative to p(g3T2)
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Fig. 4 Ex-situ electrochemical GIWAXS measurements of p(g2T2) and
p(g3T2). a) 2D GIWAXS patterns of a p(g3T2) �lm measured after
applying the indicated potential vs. Ag/AgCl (ex-situ charging) in Ar
sat. aqueous electrolyte. Extended views of the b) out-of-plane (Qz) X-
ray scattering lineouts for the (100) and (200) lamellar stacking peaks and
c) in-plane (Qxy) X-ray scattering lineouts of a �lm of p(g3T2) charged
to various potentials. Lineouts have been vertically o�set to accentuate
the peak shifts. d) Predominant lamellar lattice spacings of p(g3T2)
and p(g2T2) and estimated average number of Bragg planes along the
lamellar direction of p(g3T2). The lattice spacings and average number
of Bragg planes are extracted from �tting the di�raction peaks. Error
bars correspond to propagated standard deviation from peak �tting.

(Figure 2C).

3.4 Ex-situ GIWAXS
While spectroelectrochemistry yields insights on charge carrier
occupation of short-range aggregates, differences in charge trans-
port properties observed in Figure 2 also strongly depend on mi-
crostructure of the polymers. To probe microstructure, we con-
ducted ex-situ charging GIWAXS experiments (Figure 4), carry-
ing out amperometric charging measurements between -0.4 V to
0.6 V vs. Ag/AgCl with step size of 0.2 V (ESI Figure S16 for
p(g2T2) and Figure S17 for p(g3T2)). GIWAXS is a direct probe
of microstructural changes of crystalline regions (long-range or-
der) and complements aggregate analysis found from spectroelec-
tochemistry (short-range order). During the charging of thin films
of p(g2T2) and p(g3T2), we observe a shift in the peak center po-
sition of the lamellar (h00) stacking peaks to lower q-values, in-
dicating an increase in the lamellar spacing (Figure 4b and ESI†
Figures S24 to S26). This lamellar expansion is attributed to in-
tercalation of ions and solvent molecules in side chain regions of
the crystallites10,22,25,49–53. While we attempted to fabricate de-
vices with comparable charge injection properties during electro-
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chemical measurements to allow for a direct comparison with the
in-situ measurements, we observed a noticeable shift between ox-
idation potential on substrates for ex-situ GIWAXS measurements
(p++-doped silicon with native oxide) compared to those used
for OECT and spectroelectrochemical measurements (Au or ITO).
Observed differences in charge retention as well as shape of the
cyclic voltammogram are also linked to changes of the substrate
(see ESI† Figures S14 and S15 for comparison).

We attempt to quantify the structural disorder in polymer crys-
tallites by estimating changes in the average number of lamel-
lar Bragg planes that contribute to scattering peaks (i.e., co-
herence length divided by lattice spacing). Coherence length is
based on peak breadth, ∆q(h00) vs. diffraction order, h2, analysis
(see ESI† Section S1.8 for full details) of the lamellar peaks of
p(g3T2)54–56. After charging the polymer to potentials above 0 V
vs. Ag/AgCl, we observe a decrease in the average number of lat-
tice Bragg planes and increased disorder along the lamellar direc-
tion (Figure 4d). We also note that in p(g3T2) the π-stacking peak
becomes more prominent upon charging, signifying increased or-
der in this crystallographic direction (see the (010) peak label
in Figure 4b). Interestingly, at potentials greater than 0.2 V vs.
Ag/AgCl, the (001) backbone peak (Qxy ∼ 0.8 Å−1) decreases in
intensity, broadens, and develops an apparent shoulder at higher
Q, signaling a disruption of chain-to-chain registry that gives rise
to diffraction approximately along the backbone direction (ESI
Figure S27). However, full interpretation of the backbone peak is
difficult and remains outside the scope of this work as the poly-
mer unit cell would need to be known in more detail to correctly
interpret this peak. Though charge density cannot be reliably de-
termined in these ex-situ GIWAXS measurements, it is reasonable
to speculate that electronic charge-charge interactions, bipolaron
formation, counter-ion insertion, or a combination of all these ef-
fects can lead to this disruption of chain-to-chain registry.

3.5 Stability of Crystallites to Electrochemical Charging

The combination of OECT transport measurements, spectroelec-
trochemistry, and ex-situ GIWAXS suggest structurally ordered
microstructures that result in a large amount of redox-accessible
aggregates are beneficial for OECT electronic charge transport.
Thus, it is insightful for future materials design to probe the
disruption of these ordered microstructures by electrochemical
charging. We assess the stability and potential disruption of
long-range crystalline order during repeated electrochemical cy-
cling via ex-situ GIWAXS in p(g3T2). We examine these changes
in p(g3T2), since this material initially displays considerable
order with multiple orders of scattering peaks that allow us
to track their evolution on electrochemical cycling (Figure 5).
Williamson-Hall type disorder analysis (Figure 5c and ESI† Ta-
ble S3) shows that lamellar coherence decreases with continuous
cycling (13.4 nm to 9.0 nm), lamellar paracrystallinity increases
(9.4 % to 11.4%), and integration of partial lamellar pole figures
reveal that the relative degree of crystallinity, rDoC, decreases by
about half. Thus, we find that subjecting the material to these
large oxidizing potentials permanently disrupts crystallites (Fig-
ure 5 and ESI† Table S3), which also explains film conductivity

and mobility decreases on cycling to 0.5 V vs. Ag/AgCl (ESI Fig-
ure S23). Remarkably, the lamellar peak position is consistent
before and after electrochemical cycling, suggesting reversible
lamellar expansion from repeated ion intercalation. The edge-on
π-stacking (Q∼1.7 Å−1) also remains present after stress cycling.
There is a shift in the backbone scattering peak to lower spacing
with a simultaneous increase in peak asymmetry that suggests
some rearrangement of the polymer unit cell with electrochemi-
cal cycling (ESI Figure S27 shows (001) peak spacing). The pres-
ence of this backbone scattering and π-stacking peaks after elec-
trochemical cycling strongly suggests that some structural order
within crystallites is maintained. However, increased OECT trans-
fer curve hysteresis coupled with decreased electronic transport
properties (ESI S21-23) at potentials exceeding 0.3V and 0.5V
for p(g3T2) and p(g2T2) respectively signal that the structural
disruptions observed in ex-situ GIWAXS may indeed be enough
microstructural change to disrupt effective charge transporting
pathways.

Though we observe disruption of long-range microstructural
features with ex-situ GIWAXS, the interchain coupling and overall
amount of shorter-range photophysical aggregates is also of inter-
est to understand electronic charge transport. We use spectroelec-
trochemistry for both p(g2T2) and p(g3T2) to probe the stability
of these aggregates on electrochemical cycling. Surprisingly, both
materials have relatively stable spectral properties even after 50
electrochemical stress cycles to 0.5 V vs Ag/AgCl, suggesting that
aggregate regions are relatively unperturbed with electrochemi-
cal cycling, despite the disruption to lamellar crystalline coher-
ence observed from GIWAXS (Figure 5). This suggests that there
is excellent resilience of shorter-range order that can lead to pho-
tophysical aggregates but that does not contribute to longer-range
crystalline ordering.

3.6 Discussion of OMIEC electrochemical charging

This study of two redox-active conjugated polymers with iden-
tical backbones – yet significant differences in their degree of
solid-state structural ordering and electrochemical device perfor-
mance – provides a model system to study electrochemical charg-
ing mechanisms of polymeric OMIECs.

Monitoring structural changes in ordered regions of the poly-
mers via ex-situ electrochemical charging GIWAXS measurements
provides insights on stability and overall structural order of crys-
tallites during charging. As ions intercalate into side chains to
compensate for electronic charges, perturbations in the crystal-
lites are unavoidable (Figures 4 and 5 for polymer p(g3T2)).
However, the observed lamellar expansion during electrochemical
oxidation for p(g3T2) is mostly reversible upon reduction, show-
ing that structure in the crystallites can be maintained when an-
ions and water molecules are shuttling into and out of crystallites.
Electrochemical cycling causes minor disruption to the π-stacking
(Q∼1.7 Å−1) and backbone (Q∼0.8 Å−1) peaks. Remarkably, the
π-stacking peak in p(g3T2) becomes more prominent upon oxi-
dation (Figure 4b), signaling stronger π-π interactions for the oxi-
dized polymer chains (i.e. once occupied with hole polarons) and
suggesting the presence of hole polarons, counterions, or both can
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lead to some structural ordering of the material that is persistent
on repeated electrochemical stress cycling.

Spectroelectrochemistry and fitting of vibronic bleaching fea-
tures corroborate ex-situ GIWAXS measurements by demonstrat-
ing that most injected holes populate ordered H-aggregates in
crystallites at relatively low charge carrier densities and also ex-
tends the insights by showing that holes occupy regions of in-
creasing conjugation length (decreasing exciton bandwidth) as
charge density increases, suggesting backbone planarization. Fur-
thermore, these trends appear robust to molecular weight in this
study (ESI Section S2.8). Charge placement (aggregate vs. amor-
phous regions) and aggregate quality (high vs. low exciton band-
width) have remarkably similar scaling with charge density in
p(g3T2) and p(g2T2), but the decrease in exciton bandwidth
in p(g3T2) correlates to a steep increase in electronic mobil-
ity as seen in OECT transport measurements (Figure 2c). This
highlights a key difference in the behavior in these two materi-
als. While spectroelectrochemical measurements show that most
charge carriers (greater than 60%) are added to aggregates in
p(g2T2), significantly more charge carriers are added to aggre-
gates in p(g3T2) that also have increasing effective conjugation
length. The differences in charge population of aggregates can
explain the delayed onset of conductivity in p(g2T2) compared
to p(g3T2) (Figure 2), but the differences do not fully explain
the carrier mobility of p(g2T2) compared with p(g3T2) at n <

1.5× 1020cm−3. Even taking an upper bound estimate of ∼40%
of injected charges in p(g2T2) as occupying disordered polymer
regions (trap states) having no contribution to film conductivity,
the order of magnitude lower carrier mobility in p(g2T2) shows
that additional effects aside from charge placement in aggregate

vs. amorphous regions must be lowering carrier mobility.
To rationalize this finding, we note the contrasting electronic

and spectral behavior of p(g3T2) and p(g2T2). Holes added to
p(g3T2) at lower carrier densities (until n ∼ 2.4×1020cm−3) have
high mobility and mostly reside in ordered aggregates with large
effective conjugation length (ESI Figure S13). In contrast, charge
carriers added to p(g2T2) at lower carrier densities have several
orders of magnitude lower mobility, but still mostly occupy ag-
gregates with large effective conjugation length, meaning that
charge placement in the two materials is similar. This suggests
that the higher mobility in p(g3T2) arises from microstructural
effects. Likely, the differences in mobility magnitude can be ex-
plained as molecular weight effects, with the higher molecular
weight polymer having better connected aggregates. The overall
higher amount of aggregates and crystallites in p(g3T2) allows
charge transport paths through predominantly ordered regions,
suggesting that such connectivity is the key to high mobility.

We link the swelling capability of polymers to their ability to
change their microstructure upon electrochemical doping. We hy-
pothesize that swelling is beneficial for rearrangement of polymer
chains due to strong interactions between polymer chains and wa-
ter molecules. Water molecules may act as plasticizers to support
the reorganization of polymer chains upon hole and ion injec-
tion. The large difference between the swelling in aqueous elec-
trolytes prior to and upon electrochemical charging (27±10 and
245±21% for p(g2T2) and p(g3T2) respectively when charged to
0.5 V vs Ag/AgCl) provides one explanation for why more holes
and anions can be placed in aggregates of p(g3T2) in comparison
to p(g2T2) (Figure 3)16.

While polymer swelling may benefit ionic charge transport and
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facilitate rearrangements of polymer chains that improve elec-
tronic charge transport (e.g. backbone planarization), uptake
of solvent molecules and ions can also result in irreversible ex-
pansion of the lattice. This expansion can lead to disruption
of electronic charge transport properties and may even lead to
delamination or dissolution of the polymer film57,58. Conse-
quently, p(g3T2) is more operationally stable in aqueous elec-
trolyte OECTs when operated at low charge carrier densities up
to n ∼ 3.5× 1020cm−3 where the amount of swelling is limited.
When the device is operated at higher charge carrier densities, a
drop in the electronic conductivity is observed and transconduc-
tance decreases irreversibly by approximately a factor of two (ESI
Figure S23). Additionally, the differential mobility is observed
to drop below the mean mobility in this carrier density regime,
and we attribute this decrease in electronic mobility to decreas-
ing structural order from solvent molecules and ion insertion in
the polymer lattice (Figure 5) and possible structural effects of
bipolaron formation at high charge carrier densities.

4 Conclusions

Our findings show that an ordered microstructure with a large
fraction of aggregates is desirable for high transconductances in
electrochemical transistors. Differences in charge occupation of
aggregates between p(g3T2) and p(g2T2) can explain the dif-
ferences in conductivity turn-on, but mobility and conductivity
magnitude differences are linked to aggregate connectivity which
depends on molecular weight. Remarkably though, electronic
charges occupy similarly well-ordered aggregates in both mate-
rials studied, despite the large microstructural differences ob-
served. We suggest that polymer chains can undergo planariza-
tion in the electrolyte-swollen state during electrochemical charg-
ing, consistent with other studies of electrochemically charged
polymers19–21. Our study suggests that, provided aggregates are
sufficiently interconnected, the combination of electronic carriers
occupying aggregates and the proposed backbone planarization
results in high hole mobilities.

Our analysis of the electrochemical stability further suggests
that operating OMIECs at low charge carrier densities limits
degradation of electronic charge transport properties in OECTs.
More generally, our findings emphasize that side chain engineer-
ing has effects beyond facilitating solution processing and ion
mobility. Side chain design has profound effects on microstruc-
ture which impacts both electronic transport and electrochemical
charging processes. Future chemical design and device process-
ing strategies of OMIECs should target conjugated polymers that
form well-ordered microstructures with side chains that support
reversible uptake of solvent molecules and ions during device
operation in aqueous electrolytes. Furthermore, we argue that
side chain and backbone design can not be easily deconvoluted
and that understanding the subtle effects of side chain design
on microstructure, aggregate properties, and electronic transport
is necessary to rationalize materials design of next-generation
OMIECs for electrochemical devices with high transconductance
and operational stability.
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