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The Role of Side Chains and Hydration on Mixed Charge
Transport in n-Type Polymer Films

Jokūbas Surgailis, Lucas Q. Flagg, Lee J. Richter, Victor Druet, Sophie Griggs, Xiaocui Wu,
Stefania Moro, David Ohayon, Christina J. Kousseff, Adam Marks, Iuliana P. Maria,
Hu Chen, Maximilian Moser, Giovanni Costantini, Iain McCulloch, and Sahika Inal*

Introducing ethylene glycol (EG) side chains to a conjugated polymer
backbone is a well-established synthetic strategy for designing organic mixed
ion-electron conductors (OMIECs). However, the impact that film swelling
has on mixed conduction properties has yet to be scoped, particularly for
electron-transporting (n-type) OMIECs. Here, the authors investigate the
effect of the length of branched EG chains on mixed charge transport of n-type
OMIECs based on a naphthalene-1,4,5,8-tetracarboxylic-diimide-bithiophene
backbone. Atomic force microscopy (AFM), grazing-incidence wide-angle
X-ray scattering (GIWAXS), and scanning tunneling microscopy (STM) are
used to establish the similarities between the common-backbone films in dry
conditions. Electrochemical quartz crystal microbalance with dissipation
monitoring (EQCM-D) and in situ GIWAXS measurements reveal stark
changes in film swelling properties and microstructure during electrochemical
doping, depending on the side chain length. It is found that even in the loss of
the crystallite content upon contact with the aqueous electrolyte, the films can
effectively transport charges and that it is rather the high water content that
harms the electronic interconnectivity within the OMIEC films. These results
highlight the importance of controlling water uptake in the films to impede
charge transport in n-type electrochemical devices.
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1. Introduction

Organic mixed ion-electron conductors
(OMIECs) typically refer to conjugated
polymer films capable of conducting ionic
and electronic charges.[1,2] Not only do
OMIEC films conduct both types of car-
riers, but also facilitate their coupling, so
that the presence of one type of charge
influences the transport of the other,
establishing a transduction mechanism
between the electronic and ionic signals.
The organic electrochemical transistor
(OECT) has emerged as a prominent device
utilizing the coupled charge transport
properties of OMIEC films. In an OECT,
small ionic signals at the gate electrode
are transduced into readable electronic
currents at the OMIEC channel as a result
of mixed conduction. The key difference
between the OECT and a field-effect tran-
sistor (FET) is that under the application
of a gate-source voltage (VGS), the OECT
channel undergoes charging within its
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entire volume (referred to as bulk ion (de)doping), which is re-
flected in a capacitance scaling linearly with film volume, that is,
volumetric capacitance (C*). The large C*, when combined with
high electronic charge mobility of the channel material (μ), re-
sults in high transistor transconductance (gm) values expressed
as follows.[3]

gm =
𝜕IDS

𝜕VGS
= Wd

L
𝜇C∗ (VGS − VT

)
(1)

where IDS is the channel current, W, d, and L are the channel
width, thickness, and length, respectively, and VT is the thresh-
old voltage. The high gm and the low-voltage operation, inher-
ent to electrolyte gating, render OECTs attractive for numer-
ous applications (e.g., digital circuits,[4] biochemical sensors,[5,6]

wearable electronics,[7,8] neuromorphic computing[9,10]), espe-
cially considering the biocompatibility and solution processabil-
ity of OMIECs.

For blended polymeric systems, the conduction of two types
of charges happens in separate phases of the film, such as
in poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PE-
DOT:PSS), where electron/hole transport occurs in the PEDOT-
rich phase, while ion transport takes place in the percolating
PSS network.[11,12] For homogeneous, single-component sys-
tems, these separate phases can be considered analogous to the
amorphous and crystalline regions. It is commonly accepted
that a crystalline structure promotes electronic charge transport,
while a water-swollen amorphous network allows for hydrated
ion migration in the film.[13] However, it is unclear how these
phases generate a final morphology with the transport pathways
and which region governs or limits the transport. Moreover, while
μ and C* are normally considered intrinsic to a material, both are
non-trivially dependent on the morphology of the film at the elec-
trochemical doping conditions. This dependency stems from the
fact that, while an OMIEC may have its intrinsic material prop-
erties μdry and C*

dry in a dry state, adding water and ions to the
system (through passive exposure or active biasing) alters the sys-
tem equilibrium and essentially creates a new material, with new
intrinsic properties μwet/doped and C*

wet/doped. The way these proper-
ties vary depends on the interactions between the OMIEC and
the electrolyte and can be difficult to predict, necessitating var-
ious types of in situ measurements to establish a property-bias
dependency curve. Designing polymer structures that can maxi-
mize these two parameters and generate a morphology ideal for
the transport of both charges has, therefore, been challenging,
particularly for electron-transporting (n-type) OMIECs,[14–17] also
due to the oxygen reduction reactions that the n-type building
blocks undergo at OECT operation voltages.

The first n-type OMIEC and OECT were demonstrated by Gio-
vannitti et al., who synthesized a donor–acceptor type copolymer
based on the electron-deficient 2,6-dibromonaphthalene-1,4,5,8-
tetracarboxylic diimide (NDI) unit and the electron-rich bithio-
phene (T2),[18] namely p(gNDI-gT2). This polymer is reminiscent
of p(NDI2OD-T2) (or N2200), which is renowned for its use in
organic FETs.[19] The p(NDI2OD-T2) backbone could be utilized
as a mixed-conduction material when the branched alkyl side
chains on the NDI unit were replaced with linear ethylene glycol
(EG) ones. Non-polar alkyl chains are commonly tethered to the
backbone to ease processability by making the polymers soluble

in organic solvents but play no role in the OFET operation. On
the contrary, in addition to enabling polymer solubility in com-
mon organic solvents, polar EG side chains facilitate the inser-
tion of aqueous electrolyte ions in the film by increasing their
miscibility. The glycolated microenvironment takes up the elec-
trolyte (passive swelling), solvates ions, and allows their trans-
port within the film volume, leading to the volumetric nature of
charge coupling and, ultimately, enabling OECT operation. How-
ever, follow-up work has shown evidence of the adverse effect
that a high glycol side chain density in the polymer structure can
have on electronic charge transport.[20] A trade-off between C*

and μ was demonstrated by characterizing the electrochemical
and OECT performances of NDI-T2-based random block copoly-
mers bearing EG and alkyl side chains in different ratios.[20] Fur-
ther studies using this backbone found a correlation between the
volume changes that the films undergo during operation and the
device performance. By designing polymers that swell less (by in-
creasing the distance between the backbone and the EG units),
the charge transport ability improved at the expense of ion up-
take capability.[21] Another study modified the NDI moiety into a
core-extended NDTI unit that planarized the backbone and im-
proved film packing, which, in turn, reduced swelling and en-
hanced the OECT performance.[22] Jeong et al. investigated the
effects of varying the length and symmetry of branched EG side
chains on the performance of an NDI-T-based polymer.[23] Pas-
sive film swelling was directly proportional to the glycol density
per repeat unit, varying from 328% to 22% for the film with the
highest glycol content to the one with the lowest, respectively. The
work showed that reducing film swelling increased C*, suggest-
ing an enhanced electrochemical doping efficiency of the film
that takes up less water. Reducing the EG content and introduc-
ing asymmetry also changed the chain packing orientation from
face-on to edge-on, improving electron transport.

The effects of side chain composition and film swelling on
mixed conduction properties have also been observed with n-type
backbones other than NDIs. Chen et al. compared two lactam-
based, rigid, and planar n-type polymers, one bearing an EG and
an alkyl side chain (PgNaN) and one with only EG side chains
(PgNgN).[24] The balanced hydrophilic/hydrophobic character of
PgNaN was thought to hinder reduce over-swelling, with perfor-
mance over an order of magnitude higher than the PgNgN vari-
ant. Marks et al. expanded on the fused lactam n-type study by
varying the alkyl side chain length from 2 to 16 carbons (low-
est and highest hydrophobic fraction, respectively), hence tuning
the ratio of hydrophilicity/hydrophobicity.[25] Both μ and C* had
a non-monotonic dependence on the hydrophilic/hydrophobic
character of the polymers, where variants containing 10 and 8
carbons displayed the highest values for both. This study demon-
strates the non-trivial dependence of the OMIEC mixed conduc-
tance properties on the film’s hydrophilicity/hydrophobicity.

Although these studies suggest a link between lower hydration
and performance, they often compare polymers that exhibit dis-
tinct dry microstructures. This diversity in initial characteristics
restricts the ability to attribute all observed properties solely to
hydration. Nevertheless, it is clear that while swelling “enables”
OECT operation, it does not enhance device performance indefi-
nitely; therefore, simply increasing the hydrophilic content in an
OMIEC is not a viable design strategy. Active swelling, on the
other hand, which is normally a sign of ion and water uptake
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upon biasing, often leads to the decline of gm. The device gm (the
primary OECT figure of merit) often peaks at a certain polymer
swelling, beyond which it declines.[20,26,27] The non-monotonic
dependence of gm with respect to film swelling is the first hint
towards the complexity of device performance versus swelling.
Some studies have shown that μ and C* may also show a non-
monotonic dependency on swelling, where μ requires a certain
level of swelling before it reaches its optimal value, but C* appears
to plateau and roll over when the film swells too much.[28,29] High
active swelling has been associated with increased disorder of the
film structure and eventual disintegration of the electronic film
interconnectivity.[12,26,30] However, some studies have shown that
mixed conduction can and does happen in both amorphous and
crystalline regions, with electronic charges being carried across
disordered regions by so-called “tie chains” and ionic charges in-
tercalating within ordered domains of the film.[30–32] While the
malleability of the OMIEC film structure may be dubious for elec-
tronic charge transport, it is a prerequisite for the transport of sol-
vated ions and, ultimately, charge coupling. Another important
figure of merit affected by swelling is VT. While higher swelling
has mostly been associated with easier OECT switch-on due to
more readily injected ionic charges, it has been shown that VT has
a non-monotonic dependence on swelling, too, where beyond a
certain limit of hydrophilicity, switching the device on becomes
harder.[21] Considering all these findings and, still, the absence of
clear guidelines for n-type OMIEC design, understanding the full
scope of the effects swelling on the electrochemical and device
operation of OMIECs, including the underlying mechanisms, is
crucial for advancing OECT-based technologies.

In this study, we investigate the electrochemical properties
of four n-type polymers that contain an identical NDI-T2-based
backbone with branched EG side chains of varying lengths. The
main interest lies in how the varying side chains affect film
formation upon casting and its interactions with aqueous elec-
trolytes associated with charge injection and retention during
electrochemical operation. We first characterize the physical film
properties in the dry state using atomic force microscopy (AFM),
grazing-incidence wide-angle X-ray scattering (GIWAXS), and
scanning tunneling microscopy (STM). We then inspect how
the films behave upon exposure to the electrolyte solution us-
ing UV–vis spectroscopy and under biasing using quartz crystal
microbalance with dissipation monitoring (QCM-D) and in situ
GIWAXS. The results confirm the greater affinity of the longer
side chain variants to water and the varying degrees of electrolyte
insertion into the polymer films. We show that increasing side
chain length leads to an exponential increase in water uptake
with seemingly little increase in the number of cations compen-
sating the electrons. Additionally, we characterize micrometer-
scale OECTs bearing the polymers in the channel, followed by
independent measurements of C* and calculation of μ, which
are the material mixed conduction figures of merit. We find that
longer hydrophilic side chains lead to diminished device perfor-
mance before any tangible benefits can be gleaned. Shortening
the side chain length appears to maximize not only the μ but,
surprisingly, also the C*. The latter observation contradicts the
existing notion that the ion-electron coupling capability of poly-
mer films is improved by increased polymer hydrophilicity. In-
terestingly, we also find that even with disrupted crystallinity,
the devices remain operable and stable, suggesting charge trans-

port can still take place efficiently within the amorphous film
domains.

2. Results

2.1. Film Morphology and Microstructure in Dry State

The chemical structures of the polymers, p(1gNDI-T2), p(2gNDI-
T2), p(3gNDI-T2), and p(4gNDI-T2), are shown in Figure 1a.
The variants will henceforth be referred to as 1g, 2g, 3g,
and 4g, in accordance with the previously established naming
convention.[22] Before proceeding with operando characteriza-
tion, we first wanted to establish if there were any characteris-
tic differences between the four variants in their dry state. We
first probed the absorbance signals of each variant dissolved in
chloroform (Figure S1, Supporting Information) and in a dry
film state (Figure 1b). A slight trend can be observed in the solu-
tion spectra between the branched side chain variants, wherein
the intramolecular charge transfer (ICT) absorbance feature, lo-
cated around 600 nm, appears to decrease in intensity with re-
spect to the normalized 𝜋–𝜋* feature at 400 nm when increasing
side chain length. The lower intensity of the ICT peak suggests a
lower charge-transfer rate from the donor to the acceptor with in-
creasing side chain length. All thin film spectra show a red shift
compared to the solution state. The resultant dry films display
a red shift of 30 nm, going from 1g to 4g, with minimal differ-
ences observed between 2g and 4g. The apparent redshift might
be a result of altered vibronic transition ratios, where the shortest
side chain variant exhibits an increased 0–2 transition (≈650 nm),
whereas the longer side chain variant displays an increased 0-0
transition (≈800 nm), with the 0–1 transition placed in between
the two (≈700 nm). These vibronic peak transitions from 0-0 to
0–2 have been associated with a transition between form I and
form II packing, where the former exhibiting aligned stacking
(NDIn on NDIn -1) and the latter exhibiting mixed stacking (NDIn
on T2n-1).[33]

The surface morphology of all films is similar, with a root
mean square (RMS) roughness lower than 2 nm (Figure 1c). All
four films present some fibrillar structure with visible aggrega-
tion breaking out of the film plane, which has been observed for
similar OMIECs.[34,35] 4g displays a somewhat inhomogeneous
morphology compared to the rest of the films. Investigating the
phase scans (Figure S2, Supporting Information), we observe
that 3g and 4g display two distinguishable phase regions with
about 2 to 3 degrees of difference in the phase angle. On the
other hand, 1g and 2g present a more homogeneously distributed
phase contrast. Contact angle measurements suggest a trend of
almost monotonically increasing hydrophilicity with longer side
chain lengths, with the most significant difference observed be-
tween 1g and 4g (Table S1, Supporting Information).

GIWAXS measurements suggest that all four films have sim-
ilar crystal texture with a notable out-of-plane 𝜋-stacking fea-
ture near 1.7 Å−1, an in-plane lamellar spacing near 0.3 Å−1,
and a c-axis feature (periodicity along the backbone) near 0.5
Å−1 consistent with a face-on orientation, similar to other NDI
polymers[23,35] (Figure 1d). The lamellar spacing is shorter than
what would be expected if the side chains were fully extended
and the polymers were laterally packed by mere juxtaposition,
suggesting some form of side chain compacting, whether by
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Figure 1. a) Chemical structure of the p(R-NDI-T2) polymer and its side chain variants. b) Dry UV–vis spectra of the four polymer films. c) AFM
topography images. Images are of 5 × 5 μm film areas, and the scale bar corresponds to 1 μm. d) GIWAXS 2D images of dry films (the rings around
0.8 Å−1 are artifacts from silicone grease). e) The corresponding lattice d-spacing values were calculated from the locations of the (100) peak and (010)
peak (Table S2, Supporting Information) and are plotted as a function of side chain length. The reported GIWAXS distance values have an estimated
standard error of ± 0.01 nm. f) Large-scale (left) and high-resolution (right) STM images of low surface coverage areas of 1g (top row) and 3g (bottom
row). The imaging conditions are: V = 677 mV, I = 78 pA (top left image); V = 677 mV, I = 58 pA (top right image); V = 484 mV, I = 78 pA (bottom left
image); V = 176 mV, I = 90 pA (bottom right image).

interdigitation, overlap, or self-interaction. It was recently shown
that, unlike their alkyl counterparts, EG side chains tend to adopt
twisted/coiled configurations, leading to higher variability in how
the backbones pack.[36] As the side chain gets longer, the lamellar
spacing expands (Figure 1e, and Table S2, Supporting Informa-
tion). The expansion in the lamellar spacing when going from 1g
to 4g is accompanied by a slight (3%) expansion in the 𝜋-stacking
direction.

One caveat is the differences in the mass-average molecu-
lar mass (Mw) of the four variants. As measured by gel perme-
ation chromatography (GPC), 1g appears to have a significantly
greater Mw of 95.3 kDa, compared to the fairly intermediate Mw
of 2g and 3g (49.9 and 40.7 kDa, respectively), with 4g having
the lowest Mw (22.0 kDa). Considering that GPC may overesti-

mate the Mw of OMIECs due to aggregation of glycolated ma-
terials in solution,[37] we inspected the molecular lengths of 1g
and 3g using STM. This was achieved by depositing the poly-
mers onto an atomically clean and flat single crystalline Au(111)
surface through electrospray deposition under vacuum condi-
tions, followed by in situ ultrahigh vacuum STM imaging of their
microstructure.[36,38–41] From the large-scale STM images shown
in the left column of Figure 1f, the length of individual polymers
was measured, and the average length and mass were estimated
by a statistical analysis on a large number of chains. The anal-
ysis of the STM data revealed considerably lower masses when
compared with the GPC data, giving an estimated Mw for 1g and
3g of 31 and 18 kDa, respectively. The relative trend of the poly-
mer masses, however, remained unchanged, with 1g appearing
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Figure 2. a) UV–vis spectra of the polymer films in dry state (black) and wet state in 0.1 mol L−1 NaCl (red). b) Passive film swelling in 0.1 mol L−1 NaCl
calculated from QCM-D measurements. c) In situ GIWAXS (in-plane) taken in both dry states (black) and exposed to 0.1 mol L−1 NaCl (red). Relevant
features are highlighted with the orange box. The features around 0.4 Å−1 are artifacts due to the Kapton window and not film crystals.

to be about double the length of 3g. A recent report showed that
varying the Mw of an NDI-based OMIEC by up to a full order
of magnitude did not lead to any obvious changes in either μ or
C*.[42] Regardless, it is worth keeping in mind that since 1g has a
higher Mw than the others in the series, if we observe a transport
performance unique for this polymer, this may be a consequence
of its longer overall chain length. On the other hand, we can con-
fidently attribute the wet behavior differences between 2g and 3g
to their differing interactions with electrolytes, as these polymers
have similar morphologies in the dry state and molecular weight.

Close-up STM images (right column in Figure 1f) grant ac-
cess to the precise 2D microstructure of the polymers at the
sub-monomer scale. It is possible to discern the polymer back-
bones, characterized by continuous line-shaped features, which
are flanked on both sides by bright dots, indicating the start-
ing points of the polymer side chains. The distance between two
consecutive bright dots was measured to be 1.4 ± 0.1 nm for
both 1g and 3g, which is in good agreement with the theoret-
ically expected one (1.46 nm, see Figure S3, Supporting Infor-
mation). The STM images also show that the EG side chains
adopt a curly conformation,[36] giving a first indication of why
the lamellar spacing values observed by GIWAXS are shorter

than expected. At high polymer coverage, the distance between
neighboring backbones in closely packed regions can be mea-
sured directly from the STM images (Figure S4, Supporting In-
formation), showing an expansion of the 2D lamellar spacing
from 2.2 nm for 1g to 2.6 nm for 3g. These values are consistent
with the corresponding 3D lamellar spacing values obtained from
the GIWAXS measurements (Table S2, Supporting Information).
Recalling the previously observed red-shift from 1g to 4g in dry
UV–vis (Figure 1b), we do not observe the associated changes in
(00l) scattering, which were described for P(NDI2OD-T2) upon
the transition from form I to form II.[43] These findings suggest
a similar crystalline structure for all polymers, while for 1g, the
molecular weight might be affecting the overall structure of the
film, possibly giving rise to a blue-shifted ICT peak maximum
(Figure 1b).

2.2. Swollen Film Morphology and Microstructure

Figure 2a shows how the film UV–vis spectra change when the
films are immersed in an aqueous NaCl solution. All four vari-
ants exhibit a downward shift in intensity in the 500 to 1100 nm
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range, compared to the 𝜋–𝜋* transition. The absorbance of the
longer side chain variants (3g and 4g) in the 900 to 1000 nm
range is fully bleached, while the other two variants (1g and 2g)
retain their features. These results indicate greater structural re-
arrangements for the longer side chain variants induced by the
electrolyte. The observed changes in the spectrum when transi-
tioning from the dry to wet state are likely due to the higher affin-
ity of the longer side chains to water. We inspected film hydration
directly using quartz crystal microbalance with dissipation moni-
toring (QCM-D), which tracks the changes in vibration frequency
and decay of a quartz crystal sensor upon its exposure to an elec-
trolyte, enabling the mass and the viscoelastic property modeling
of polymer films coated on the sensor. We quantified how much
each polymer film swells in 0.1 mol L−1 aqueous NaCl solution by
exposing the dry films to the electrolyte and summarized these
results (referred to as “passive swelling”) in Figure 2b. Increas-
ing side chain length exacerbates film swelling, where the short-
est side chain variant, 1g, exhibits virtually no passive swelling
(0.7%), while the longest side chain variant, 4g, swells hugely to
the point that it is difficult to quantify the mass change accurately
(> 110%), most likely due to film hydrogelation. It is also very in-
teresting to observe the abrupt change in swelling when going
from 2g (∼6%) to 3g (∼77%), that are, polymers with very sim-
ilar molecular weight, and the only difference in their structure
being one oligoether unit in the side chain.

While dry film characterization did not reveal major differ-
ences between the microstructure of the polymers, the swollen
film GIWAXS images reveal changes in crystalline packing upon
the spontaneous uptake of the electrolyte (Figure 2c). While the
1g and 2g variants show some lamellar expansion in the wet
state (∼2% and ∼19%, respectively), the longer side chain vari-
ants show a complete disappearance of the crystal signals around
0.2 to 0.3 Å−1. The absence of crystal signals in 3g and 4g can
be interpreted as “melting”. We hypothesize that the polymer
crystals in the films bearing the long-branched side chains (3g
and 4g) become disordered by the ingress of aqueous electrolyte
molecules. These side chains have a greater affinity to water than
the intermolecular interactions keeping polymer chains packed
in crystallites. Importantly, there is no delamination of the films,
suggesting the films transitioned into an amorphous state. It is
worth noting that the transition from a persistent to a disappear-
ing crystal signal occurs between 2g and 3g, two polymers with
nearly identical molecular weights and dry microstructures but
distinctly different responses to electrolyte exposure, driven by
variations in their side chain lengths. Additionally, despite 1g hav-
ing a higher molecular weight than the other variants in the se-
ries, it exhibits the least swelling due to its shorter side chain
length. The crystallite expansion trends, as obtained from GI-
WAXS, are summarized in Table S3, Supporting Information.

2.3. Films under Electrochemical Biasing

The cyclic voltammetry (CV) curves in Figure 3a show that all
variants undergo reversible electrochemical doping in the n-type
regime and are fairly stable under subsequent cycles. The onset
reduction potentials in ambient conditions are roughly similar
for all polymers (approximately −0.28 V) with no clear correla-
tion to side chain length. The largest CV current density is that

of the shortest side chain variant, 1g, indicating the largest ex-
tent of electrochemical charging over the same potential range.
Furthermore, 1g displays the most defined redox peaks of all
the polymers, the most pronounced being the secondary peak
at around −0.7 V. From the remaining variants, only 4g shows
a distinguishable secondary reduction peak, but to a significantly
lesser degree. Performing the measurement in a deoxygenated
environment reveals “flatter” CVs with a more equal distribution
of cathodic and anodic currents as the Faradaic oxygen reduction
reaction (ORR) currents are eliminated (Figure 3a, and Figure S5,
Supporting Information).[44] The deoxygenated CV curves dis-
play a trend in onset potentials, which increase from −0.25 V
(4g) to −0.38 V (1g) with decreasing side chain length (Figure S5,
Supporting Information). Interestingly, the extent to which the
CVs were shifted by the presence of O2 seems to increase with
increasing side chain length, where 4g shows the most signifi-
cant difference between the two conditions, while the shift in 1g
appeared to be minimal. The apparent decrease in ORR currents
with decreasing side chain length suggests that there is a corre-
lation between the water affinity and the ORR rate of the OMIEC
film.

To understand how much the films expand or contract dur-
ing their reduction and oxidation, we used electrochemical QCM-
D (EQCM-D). We applied a series of doping and de-doping po-
tentials once the films reached equilibrium swelling in the elec-
trolyte, which caused the films to swell and de-swell, and es-
timated the extent of these mass changes (“active swelling”).
Figure 3b shows that with each increasing doping voltage
(> −0.2 V vs Ag/AgCl), the films take up additional mass and
release this mass partially when a de-doping voltage (0 V vs
Ag/AgCl) is applied. We do not display the swelling profile of 4g,
as the film exhibited swelling beyond what could be accurately
quantified using QCM-D. From the active swelling results, it be-
comes clear that increasing side chain length leads to exponen-
tially more swelling at corresponding doping potentials.

In situ GIWAXS allows us to see the changes induced in the
crystalline domains during doping-induced electrolyte injection
into the films. In Figure S6, Supporting Information, we show
the heatmaps of the in-plane scattering signal evolution of 1g
and 2g, noting that these are the only two films exhibiting in
situ diffraction as the other films no longer show any scattering
peaks in response to electrochemical cycling. While some modu-
lation in the scattering can be observed (see traced line), these
changes are marginal (5% for 1g and 7% for 2g when doped
at −0.9 V vs Ag/AgCl) compared to the swelling rates obtained
from EQCM-D (Table S4, Supporting Information). The discrep-
ancy suggests that the vast majority of the electrolyte permeates
the amorphous domains, interacting minimally with the crys-
talline ones. There is no significant decrease in 𝜋-packing dis-
tance (Table S4, Supporting Information), which has been ob-
served in p-type OMIECs upon electrochemical doping,[45] mean-
ing the backbone charging with ions has no beneficial impact on
crystalline packing, if not dissolving them completely, as we re-
vealed for 3g and 4g.

Further understanding can be obtained from the active
swelling process by considering the measured mass uptake as
a sum of ion and water mass. The ions enter the film with a
surrounding solvation shell and possibly additional stray water,
depending on electrolyte concentration, film morphology, and its
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Figure 3. a) Cyclic voltammetry curves of the films recorded at a 50 mV s−1 scan rate in ambient and deoxygenated electrolyte, along with electrochemical
onset potentials reported in each case. b) Relative active swelling in response to incrementally increased doping potentials, obtained using EQCM-D.
Inset shows a blown-up scale of the early stages of swelling. Decomposition of mass uptake into c) Na+ and d) H2O amount per polymer repeat unit,
using the current data recorded simultaneously.

water affinity.[26,28,46] The deconvolution of mass is done using
Faraday’s law of electrolysis, that is, the electronic charge injected
into the films is used to calculate the number of cations entering
the film, assuming that each cation couples with one electron.
Knowing the mass of injected cations from the measured cur-
rent allows us to assign the remaining mass to water and to ob-
tain the number of Na+ and H2O molecules per monomer unit
injected into the films during electrochemical doping. Note that
we do not consider any contribution from anions in these cal-
culations. Figure 3c shows that the four variants accommodate
a similar total amount of Na+ ions injected into the films until
−0.6 V, and the Na+ amount taken up increases with voltage.
However, among the three variants, a clear trend is seen where
the longer the side chain is, the more water enters the film
(Figure 3d). The amount of water that enters the film increases

with the doping voltage but appears to have little impact on ion
uptake ability. At a doping potential of −0.5 V, the four variants
take up around 0.9 to 1.1 Na+ ions per monomer unit. However,
the water amount ranges from 4 to 26 to 94 H2O molecules per
monomer unit, for 1g, 2g, and 3g, respectively, (4g not shown as
the total mass could not be quantified due to over-swelling). Evi-
dently, the longer side chain variants do not exhibit enhanced ion-
electron coupling; instead, the long side chains appear to cause
only an increased water uptake and overall film swelling.

2.4. Materials Mixed Conduction Figure of Merits

We next fabricated OECTs with these polymers as thin films in
microscale channels, gated using an Ag/AgCl reference electrode
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Figure 4. Geometry normalized a) transfer and b) transconductance curves of all four variants obtained from OECT characterization. Characterization
was done on interdigitated OECT channels, comprising equivalent width and length of 2500 and 5 μm, respectively. c) Threshold voltage and peak
transconductance value trends. d) Volumetric capacitance, obtained using electrochemical impedance spectroscopy performed using electrodes of
varying sizes, as a function of doping voltages. e) C* at gm(max) and corresponding ion content taken up by the film. f) Electronic mobility values,
calculated from gm(max), and the water content taken up by the film.

through an aqueous 0.1 mol L−1 NaCl solution. Figure 4a,b show
that the side chain length significantly affects the transfer and
gm characteristics of the n-type OECTs. Increasing the side chain
length leads to progressively lower ON currents and smaller max-
imum gm values, with the exception of 1g, which exhibits the
second to lowest values of IDS and gm. The higher molecular
weight of this film appears to offer no advantage for mixed trans-
port and may somewhat counteract the positive effect of a short
side chain length. With the polymer having higher hydrophilic-
ity, an earlier channel conductivity modulation is possible but not
guaranteed.[21] The VT shifts to lower voltages when going from
1g to 3g (Figure 4c) but increases again from 3g to 4g. While a
delayed turn-on is expected for a device consisting of a more hy-
drophobic channel due to the lack of pre-diffused ions, the simi-
lar onset of 4g with the 1g remains to be explained. On the other
hand, peak transconductance (gm(max)) is observed at increasingly
lower gate voltages with increasing side chain length, with 1g and
4g peaking at 0.51 and 0.33 V, respectively (Table 1).

To better understand the origins of the side chain-modulated
device performance, we separated the mixed conduction materi-

als figure of merit, μC*, into its components: μ and C*. We es-
timated the film capacitance using electrochemical impedance
spectroscopy (EIS) measurements performed at various doping
potentials using films with differing geometries. We investigated
C* as a function of doping biases to probe the different levels of
channel doping induced by the gate. Figure 4d shows that the side
chain length dictates the film capacitive response onset, where
the most hydrophilic polymer of the series, 4g, shows the earli-
est response and 1g shows the latest. This result suggests that
higher hydrophilicity allows the film to be charged at a lower po-
tential, which overall correlates with the OECT VT. We see a clear
trend of decreasing peak C* with increasing side chain length.
Specifically, 1g and 2g reach maximum values at 235.8 and
239.2 F cm−3, respectively, while 3g and 4g peak at 191.6 and
168.2 F cm−3, respectively (Figure 4e). We note that the largest
drop in C* (around 40 F cm−3) occurs when transitioning from
2g and 3g, despite these two polymers having almost identical dry
film features such as Mw, underscoring the significant impact of
swelling on the C* values. Note that the C* values cited here are
the maximum values as observed from EIS. Table 1 includes C*
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Table 1. OECT characterization summary for all four polymer variants (n = 4). The channel width (W) and length (L) were 2500 and 5 μm, respectively.

Metric Unit 1g 2g 3g 4g

VT
a) mV 267 ± 23 179 ± 7 175 ± 2 245 ± 2

On/off ratiob) 1.2 × 103 0.1 × 103 0.3 × 103 0.1 × 103

VGS (gm(max))
c) V 0.51 0.36 0.34 0.33

gm(max)/(Wd/L) mS cm−1 7.4 ± 0.5 30.0 ± 4.8 12.3 ± 3.2 5.9 ± 1.2

μC*d) mF cm−1 V−1 s−1 30.8 ± 2.0 166.5 ± 26.6 76.0 ± 26.6 73.7 ± 14.9

C*e) F cm−3 235.5 ± 25.5 168.4 ± 10.6 156.5 ± 10.8 134.3 ± 10.5

μf) cm2 V−1 s−1 (×
10−4)

1.29 ± 0.22 9.83 ± 2.19 4.76 ± 1.58 5.17 ± 1.45

Response timeg) ms 368.4 ± 33.6 99.2 ± 0.1 107.5 ± 30.5 97.2 ± 0.5

a)
Obtained from the slope of the √IDS versus VGS curve;

b)
Obtained by calculating IDS(max)/IDS(min);

c)
The VGS that maximizes gm;

d)
Calculated by dividing the gm(max)

with channel geometry Wd/L and overdrive voltage (VGS - VT);
e)

Obtained using EIS measurements performed on MEAs with varying electrode sizes; values shown are
corresponding to C* at VGS (gm(max));

f)
Calculated by dividing μC* by C*;

g)
Obtained from the first 10 pulses of the stability measurements for each polymer shown in Figure

S7, Supporting Information by calculating the time it took for the channel current to reach 95% of its final value.

values corresponding to the peak gm values, which occur at differ-
ent potentials than the peak C* values. The decrease in C* with
side chain length affirms that increasing hydrophilicity is not de
facto beneficial for ion uptake, a conclusion QCM-D results also
revealed. In fact, the increasing side chain length might be corre-
lated to the decrease in the electrochemically active film fraction,
causing a reduction in observed C* as shown here and in our pre-
vious study comparing the side chain-free BBL to a glycol bearing
NDI-T2.[35] However, although the decrease in C* appears to be
gradual and correlated to the increasing side chain length, it is
impossible to completely discount the potential impact of Mw on
C*, which is lowest for 4g and highest for 1g.

Finally, we calculated μ values from gm(max) using the corre-
sponding C* values at the same biasing conditions (see Exper-
imental Section in Supporting Information, Table 1). Figure 4f
shows that among 2g, 3g, and 4g, the shortest side chain facil-
itated the highest mobility. Surprisingly, despite its low suscep-
tibility to swelling, 1g exhibited the lowest μ (possibly due to its
high Mw, making it an outlier in the trend). Among the variants,
the 2g displayed the highest value of μ at 9.8 × 10−4 cm2 V−1 s−1,
which along with its high C*, led to the highest OECT perfor-
mance among the variants. The remaining 3g and 4g variants
show moderate but similar μ values despite exhibiting signifi-
cant water uptake, as well as crystallite dissolution in the elec-
trolyte. We also report the device response times in Table 1. While
1g showed the slowest response time at around 370 ms, corre-
lated with its high C*, the remaining three variants exhibited a
response time of around 100 ms, showing no correlation with
side chain length.

3. Discussion

We investigated the effect of side chain length and polymer over-
all hydrophilicity on the electrochemical operation and OECT
performance of four NDI-T2-based polymers. Starting with the
dry films, we observed slight side chain length-related differences
in film morphology and phase, apparent as higher surface in-
homogeneity manifesting in the more hydrophilic variants. Dry
film GIWAXS, on the other hand, revealed minimal differences
in crystalline packing, with a small expansion in the 𝜋 and lamella

directions, the latter being also confirmed by STM images of 2D
polymer films. The changes in packing can be explained by the
increased volume occupied by the longer side chains, which tend
to adopt a curled-up conformation, as shown by STM. Hence,
the dry film crystalline domains seem to be mostly unaltered by
changes in the side chain length.

The side chain length clearly affects how much the film swells
when immersed in the electrolyte. The increased affinity to water
by the longer side chains became obvious in the passive swelling
trends obtained from QCM-D. The full extent of this spontaneous
electrolyte insertion was revealed in the scattering signals, which
disappeared for the swollen 3g and 4g, suggesting a complete dis-
order of the crystalline domains.

Despite the stark differences discussed so far between the two
shorter and the two longer side chain variants, CV measurements
in Figure 3a showed a comparable n-type operation across the
series, with the exception of 1g, which exhibited considerably
higher currents which is in agreement with the higher C* ob-
tained for this film. For films with similar chain lengths, increas-
ing the side chain length only inflated the water content in the
film, with little apparent impact on ion uptake ability. The unen-
cumbered swelling, along with the fact that increasing side chain
length decreases the fraction of electrochemically active film vol-
ume, explains the decreasing C* from 2g to 3g. Once again, it
remains difficult to assign the decrease in C* when transition-
ing from 1b to the other variants to effects of side chain length
only, as the differences in Mw somewhat obscure these results.
However, keeping in mind that charge formation on NDI-based
polymers is localized on the acceptor moiety and does not ex-
tend beyond the monomer unit, one could claim that Mw may not
have a significant role on C*, but this has yet to be explored and
established.

The high water content in the film is definitely not beneficial
for charge transport; in fact, it disrupts the crystalline structure
for the long EG length variants. The low charge transport mo-
bility with the longer side chain variants lowers the device cur-
rent and transconductance. Nevertheless, it is noteworthy that
3g and 4g still displayed moderate OECT operation despite ap-
parently retaining none of their crystallinity upon exposure to
the electrolyte, as shown by GIWAXS. Retained OECT operation
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despite high film swelling has been previously observed in
p(g3T2), where the film was shown to swell nearly 250%, while
still displaying comparable OECT metrics and electronic mobil-
ity of up to 0.9 cm2 V−1 s−1.[47] Szumska et al. demonstrated that
excessive electrolyte uptake of NDI-T2-based polymers led to film
instability and degradation during electrochemical cycling.[27]

We, on the other hand, show that excess swelling has no impact
on operational stability (Figure S7, Supporting Information). The
film that swells to a level that disrupts scattering peaks demon-
strates virtually full retention of its channel current after 3 h of
cycling (over 500 on–off cycles).

The persistent operation of the crystallite-deprived 3g and 4g
suggests that the amorphous regions play an important role in
charge transport, even in the absence of a crystalline phase within
the film. Conversely, the short side chains and long backbones of
1g may have led to improved device performance, but a lack of in-
terconnectivity across the amorphous regions may be the reason
for low mobilities, leading to an inability to utilize the potential
benefits of the higher crystallite packing in the wet state. Note also
that reduced electronic mobility with increased film crystallinity
has been observed in P3MEEMT, where the annealed film could
not sustain electronic transport upon hydration, as the crystalline
region interconnectivity was disrupted by swelling.[30] Electronic
mobility is highest in 2g, moderate in 3g and 4g, and severely
diminished in 1g. The observed behavior in μ suggests that i)
crystallite retention is non-essential for electronic transport, as
evidenced by 3g and 4g, and ii) crystallite presence alone does
not guarantee efficient electronic transport, which also relies on
the transport capability of the amorphous regions.

While the results presented in this study provide valuable in-
sights into the potential adverse effects of film hydrophilicity
and swelling on n-type mixed conduction properties, it is impor-
tant to note that the scope of this research has been limited to
NDI-T2 derivatives. Future investigations exploring the impacts
of side chain length and film hydration on n-type mixed con-
duction and OECT properties would greatly benefit from exam-
ining newer and higher performance n-type backbones synthe-
sized in recent years, such as the ones based on fused bithio-
phene imide dimer,[48] isoindigo,[49] and fused lactam.[25] Lever-
aging these high-performance n-type OMIECs to advance funda-
mental research is sure to yield deeper insights into n-type mixed
conduction mechanisms.

4. Conclusion

In this study, we explored the ramifications of uncontrolled wa-
ter uptake on n-type OECT operation, by varying the oligoether
length in the side chains of the NDI-T2-based backbone. While
water uptake is inevitable during electrochemical and OECT op-
eration, unconstrained water permeation harms electronic con-
duction. While intrinsically semi-crystalline, past a sufficient side
chain length, the OMIEC films became disordered upon contact
with the aqueous electrolyte. However, the dissolution of the crys-
talline domains did not lead to a breakdown of electronic mo-
bility. The films that swell have lower OECT performance but
can be reliably operated in the OECTs despite the loss of crys-
talline structure within the bulk. An important finding was that,
in addition to severely diminishing electronic mobility, increas-
ing side chain length did not improve the volumetric capacitance,

suggesting that ion-electron coupling does not benefit from in-
creased OMIEC hydrophilicity. While the full extent of the effects
of water content, molecular weight, and volumetric capacitance
is yet to be elucidated and warrants a dedicated study on its own,
we expect that the findings given here will be pertinent to OECT
materials that fall in the category of hydrophilic OMIECs.
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