
The Effect of Alkyl Spacers on the Mixed Ionic-
Electronic Conduction Properties of N-Type Polymers

Item Type Article

Authors Maria, Iuliana P.; Paulsen, Bryan D.; Savva, Achilleas; Ohayon,
David; Wu, Ruiheng; Hallani, Rawad; Basu, Aniruddha; du,
weiyuan; Anthopoulos, Thomas D.; Inal, Sahika; Rivnay, Jonathan;
McCulloch, Iain; Giovannitti, Alexander

Citation Maria, I. P., Paulsen, B. D., Savva, A., Ohayon, D., Wu, R., Hallani,
R., … Giovannitti, A. (2021). The Effect of Alkyl Spacers on
the Mixed Ionic-Electronic Conduction Properties of N-Type
Polymers. Advanced Functional Materials, 2008718. doi:10.1002/
adfm.202008718

Eprint version Publisher's Version/PDF

DOI 10.1002/adfm.202008718

Publisher Wiley

Journal Advanced Functional Materials

Rights This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is
properly cited.

Download date 24/05/2023 08:00:00

Item License http://creativecommons.org/licenses/by/4.0/

Link to Item http://hdl.handle.net/10754/667200

http://dx.doi.org/10.1002/adfm.202008718
http://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/10754/667200


www.afm-journal.de

2008718 (1 of 10) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

Full PaPer

The Effect of Alkyl Spacers on the Mixed Ionic-Electronic 
Conduction Properties of N-Type Polymers

Iuliana P. Maria,* Bryan D. Paulsen, Achilleas Savva, David Ohayon, Ruiheng Wu, 
Rawad Hallani, Aniruddha Basu, Weiyuan Du, Thomas D. Anthopoulos, Sahika Inal, 
Jonathan Rivnay, Iain McCulloch, and Alexander Giovannitti*

Conjugated polymers with mixed ionic and electronic transport are essential 
for developing the complexity and function of electrochemical devices. Cur-
rent n-type materials have a narrow scope and low performance compared 
with their p-type counterparts, requiring new molecular design strategies. 
This work presents two naphthalene diimide-bithiophene (NDI-T2) copoly-
mers functionalized with hybrid alkyl-glycol side chains, where the naphtha-
lene diimide unit is segregated from the ethylene glycol (EG) units within the 
side chain by an alkyl spacer. Introduction of hydrophobic propyl and hexyl 
spacers is investigated as a strategy to minimize detrimental swelling close 
to the conjugated backbone and balance the mixed conduction properties of 
n-type materials in aqueous electrolytes. It is found that both polymers func-
tionalized with alkyl spacers outperform their analogue bearing EG-only side 
chains in organic electrochemical transistors (OECTs). The presence of the 
alkyl spacers also leads to remarkable stability in OECTs, with no decrease in 
the ON current after 2 h of operation. Through this versatile side chain modi-
fication, this work provides a greater understanding of the structure-property 
relationships required for n-type OECT materials operating in aqueous media.

DOI: 10.1002/adfm.202008718

1. Introduction

Conjugated polymers that allow simultaneous transport of 
ionic and electronic charge carriers have experienced a surge 
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of interest for a wide range of applica-
tions,[1] including energy storage,[2–4] neu-
romorphic computing,[5,6] electrochromic 
devices,[7] and organic bioelectronics.[8–11] 
A particular device which has benefitted 
from their mixed conduction properties 
is the organic electrochemical transistor 
(OECT). Due to their soft nature and com-
patibility with living systems, conjugated 
polymers have emerged as ideal channel 
materials for OECTs employed to trans-
duce signals at the interface with bio-
logical media.[12] For many applications, 
OECTs operate as amplifying transducers, 
converting small changes in the gate 
voltage into large changes in the channel 
current, with an efficiency given by the 
transconductance, gm.[13] The transcon-
ductance shows a direct dependence on 
the volumetric capacitance (C*) and the 
charge carrier mobility (µ) of the active 
material, as well as the channel thickness 
(d), length (L) and width (W), the gate 

voltage (VG), and the threshold voltage (VT). In the saturation 
regime, the transconductance is given by µ= −( )*

T Gg W d
L

C V Vm .  
With both ionic and electronic elements captured, the µC* 
term is the key parameter for evaluating the mixed conduction 
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properties of the active material and establishing structure-
property relationships for high performing OECTs.[14]

A successful approach to promote OECT operation in 
aqueous media is to exchange the hydrophobic alkyl side 
chains of solution-processable conjugated polymers with hydro-
philic ethylene glycol (EG) units. Several studies have demon-
strated that EG side chains endow conjugated polymers with 
the ability to swell in aqueous electrolytes and facilitate the 
transport of hydrated ions.[15–21] Through careful engineering 
of the side chain length and density, p-type polymers can now 
operate in aqueous-based OECTs with µC* products higher 
than 100 F cm−1 V−1 s−1.[15,16,22] The first example of a n-type 
OECT operating in aqueous electrolytes[18] was accomplished by 
functionalization with a polar EG-based side chain of a widely 
studied n-type backbone motif, the naphthalene tetracarboxylic 
diimide-bithiophene (NDI-T2),[23] forging new directions for 
OECT-based technologies. One research area that has greatly 
benefited from electron-transporting OECT materials is enzy-
matic sensing of metabolites such as lactate or glucose.[24,25] 
Additionally, access to n-type polymers enabled the develop-
ment of complementary circuits based on electrochemical oper-
ation in aqueous media, with prospects for signal amplification 
with low power consumption.[26]

However, despite recent progress, n-type OECT materials 
still suffer from low electron mobilities and show µC* prod-
ucts approximately three orders of magnitude lower than their 
p-type counterparts. As applications for n-type polymers con-
tinue to mature, there is a growing need for strategies that 
can optimize both their ionic and electronic transport proper-
ties and hence improve the gm of the device. The lower elec-
tronic charge carrier mobilities of n-type OECT materials can 
be attributed to several reasons. For instance, localization of the 
electronic charges on the acceptor units of the polymer back-
bone[27] may lead to strong electrostatic interactions with the 
counterions, in contrast with p-type analogues where charges 
are often delocalized over several repeat units. Additionally, sev-
eral investigations of both p- and n-type materials have shown 
that electrochemical doping can lead to drastic morphological 
changes as the polymer film reorganizes to accommodate ions 
and water molecules from the electrolyte.[28–32] Excessive hydra-
tion of the film can lead to disproportionate swelling of the 
amorphous and ordered domains, disrupting the interconnec-
tions between crystallites and negatively impacting the trans-
port of electronic charges.[31,32]

To improve the performance of OECTs, several strategies 
have been explored to limit the swelling of the channel mate-
rial and to balance the ionic and electronic transport properties. 
These include optimization of the processing conditions of the 
channel material,[31] variations in the concentration and nature 
of the aqueous electrolyte[28,29,32] and chemical design strate-
gies.[19,20] In a previous study, we showed that the swelling of a 
n-type channel material could be tuned by synthesizing random 
polymers bearing both hydrophilic EG and hydrophobic alkyl 
side chains in different ratios.[19] EG percentages higher than 
50% were required for OECT operation in aqueous electrolytes, 
while polymers with lower EG percentages could only perform 
moderately well in organic field-effect transistors (OFETs). It is 
noteworthy that increasing the EG side chain density impaired 
the electron mobility of the conjugated polymer, although a 
higher capacitance could be obtained. A good balance between 

these two factors was achieved for the polymer with a EG per-
centage of 90%, which showed the highest µC* and normal-
ized gm within the series.[19] While this approach elucidated 
key design principles, the use of random copolymers as bench-
mark materials for OECT-based technologies is not ideal due to 
potential batch-to-batch variations.[33]

In the study presented herein, the alternating NDI-T2 back-
bone motif is functionalized with hybrid alkyl-glycol side chains. 
The length of the alkyl unit is varied to control the swelling of 
the polymer and improve the electronic charge transport prop-
erties while maintaining sufficient ionic charge transport. A 
similar side chain engineering approach was recently employed 
for the design of p-type copolymers,[17,34] however is yet to be 
investigated for n-type OECT materials. The relative position 
of the alkyl unit with respect to the conjugated backbone has 
been shown to have significant impact on the electronic trans-
port properties. Specifically, the polymers with the hydrophobic 
alkyl unit adjacent to the backbone showed improved long-
range ordering and electron mobility in OFETs.[35] For poly-
mers designed for aqueous-based OECTs, this may also prevent 
encroachment of ions at the location of polaron delocalization 
along the backbone, avoiding charge trapping and thus poten-
tially increasing the charge carrier mobility.

Motivated to explore this design strategy in electrochemical 
devices, a series of NDI-T2 copolymers functionalized with 
hybrid alkyl-glycol chains, attached via an alkyl spacer, were 
investigated. Starting from the previously reported n-type 
polymer p(gNDI-gT2),[18] two derivatives featuring either a 
propyl (C3) or a hexyl (C6) spacer were prepared (Figure 1a) 
and their electrochemical properties were studied in aqueous 
electrolytes. Our findings show that the introduction of alkyl 
spacers can be used to limit detrimental swelling in the 
aqueous environment, improve the performance and long-term 
stability of the n-type polymer during operation in OECTs.

2. Results and Discussion

The synthetic route to p(C3-gNDI-gT2) and p(C6-gNDI-gT2) 
is shown in Figure  1a. Monomers C3-gNDI and C6-gNDI 
were prepared from 2,6-dibromonaphthalene-1,4,5,8-tetracar-
boxylic dianhydride using a one-pot procedure as previously 
reported,[18] which allowed both functionalization with the alkyl 
spacer at the imide position and extension with the EG unit via 
an ester linkage in one step. 2,6-Dibromonaphthalene-1,4,5,8-
tetracarboxylic dianhydride was treated in turn with 3-amino-
1-propanol and 6-amino-1-propanol, followed by an excess of 
2-[2-(2-methoxyethoxy)ethoxy]acetic acid to afford monomers 
C3-gNDI and C6-gNDI, respectively as detailed in the Sup-
porting Information. Purification of C3-gNDI (36% yield) 
and C6-gNDI (44% yield) was achieved by preparative gel per-
meation chromatography, whereas column chromatography 
resulted in lower yields (<15%), most likely due to cleavage of 
the ester group when using methanol-containing solvent mix-
tures as the eluent. This observation is in agreement with recent 
findings describing the synthesis of other NDI-T2 copolymers 
with polar side chains containing an ester linkage.[36] Copolym-
erization via Stille coupling was carried out following an opti-
mized protocol, which has been previously shown to increase 
the yield of the chloroform soluble fractions for p(gNDI-gT2).[37] 
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Accordingly, C3-gNDI and C6-gNDI were reacted with equi-
molar quantities of the stannylated comonomer gT2 in DMF 
at 80 °C to give p(C3-gNDI-gT2) and p(C6-gNDI-gT2) in a yield 
of 83% and 70%, respectively. The polymer bearing EG-only 
side chains, p(gNDI-gT2), used for comparison in this study 
was synthesized as previously reported.[37] The presence of the 
ester linkage within the polymer side chain following purifica-
tion was confirmed by IR spectroscopy (Figure S5, Supporting 
Information). All polymers showed good solubility in chlo-
roform at room temperature and moderate solubility in chlo-
robenzene at 80 °C.

Gel permeation chromatography was employed to estimate 
the molecular weights of the polymer series, using polysty-
rene standards and chloroform as the eluent at 40  °C. The 
number-average molecular weights (Mn) were found to be in 
the 16.8 to 32.4  kDa range with dispersities (Ð) between 2.27 
and 3.04, as summarized in Table 1. It should be noted that 
all polymers showed bimodal molecular weight distributions, 
most likely due to aggregation in solution (Figure S6, Sup-

porting Information) which may lead to overestimation of 
the molecular weights. To further investigate the molecular 
weight distributions, matrix-assisted laser desorption/ioniza-
tion time-of-flight spectrometry (MALDI-ToF) measurements 
were carried out, showing polymer chains up to 7–9 repeat 
units (Figure S7, Supporting Information). Due to discrimina-
tion of high molecular weight species in polydisperse polymers 
by MALDI-ToF,[38] the number-average molecular weight of the 
polymers is expected to be an intermediate value between the 
two techniques. Similar findings have been previously reported 
when attempting to determine the molecular weight distribu-
tion of polymers with polar side chains by GPC or MALDI-ToF 
measurements.[19,36,39] All polymers show good thermal stability 
with 5% weight-loss temperatures above 300 °C, as determined 
by thermogravimetric analysis under inert atmosphere (Table 1; 
Figure S8, Supporting Information).

The optoelectronic properties of the polymer series are sum-
marized in Table 1. Photoelectron spectroscopy in air measure-
ments were employed to determine ionization potentials (IP), 

Figure 1. a) Synthesis and chemical structures of the polymers. b) Normalized UV–vis–NIR absorption spectra of the polymer thin films on glass 
substrates (measurements of the polymers in solution are presented in the Supporting Information). GIWAXS of neat as-cast films showing c) the 
out-of-plane (qz) and d) the in-plane (qr) line cuts of each polymer.

Table 1. Properties of the copolymers.

Polymer Mn [kDa] [Ð]a) Repeat unitsb) Eg [eV]c) EA [eV]d) IP [eV]e)

p(gNDI-gT2) 16.8 [3.04] 7 0.8 4.0 5.1

p(C3-gNDI-gT2) 32.4 [2.27] 9 0.9 4.1 5.2

p(C6-gNDI-gT2) 20.2 [2.68] 8 0.9 4.0 5.1

a)Number-average molecular weight (Mn) and dispersity (Ð) (GPC vs polystyrene standards in chloroform); b)Determined by MALDI-ToF; c)Optical band gap estimated 
from the thin film absorption onsets; d)Determined by cyclic voltammetry of the polymer thin films on ITO coated glass substrates in acetonitrile with 0.1 m tetrabutylam-
monium hexafluorophosphate as the supporting electrolyte; e)Measured by photoelectron spectroscopy in air.
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which were found to be comparable (≈5.1 eV) across the series. 
Similarly, the electron affinities (EA) were found to be ≈4.0 eV 
for all polymers, as determined by cyclic voltammetry (CV) of 
the thin films in 0.1 m tetrabutylammonium hexafluorophos-
phate (TBAPF6) in acetonitrile (Table 1; Figure S9, Supporting 
Information). As expected, due to the electronic decoupling of 
the NDI core and the substituents at the imide position, modu-
lation of the side chain structure gave negligible differences in 
the EA.[40]

The UV–vis absorption spectra of the polymers as thin 
films and in solution are shown in Figure  1b and Figure S10, 
Supporting Information, respectively. All polymers show a 
dual-band absorption profile characteristic of donor-acceptor 
polymers,[41,42] with a high energy band ascribed to the π–π* 
transition (λmax  ≈ 450  nm) and a low energy band ascribed 
to intramolecular charge transfer (ICT, λmax  ≈ 1050  nm). The 
optical band gaps were estimated from the absorption onset of 
the thin film spectra, resulting in similar values of 0.8–0.9 eV 
across the series (Table  1). Interestingly, the p(C3-gNDI-
gT2) thin film shows aggregation features with a low energy 
shoulder peak at 1172  nm, suggesting enhanced interchain 
interactions.[43]

To investigate the changes of the polymer microstructure 
upon introduction of hybrid alkyl-glycol side chains, grazing 
incidence wide angle X-ray scattering (GIWAXS) measure-
ments were carried out. The line-cuts of the as-spun thin films 
are presented in Figure  1c,d, while the 2D GIWAXS patterns 
and relevant peak parameters are included in the Supporting 
Information (Figure S18, Tables S1–S3, Supporting Informa-
tion). The general microstructure is similar to previously 
reported NDI-T2 analogues,[19,44,45] showing a mixture of edge-
on and face-on crystallites with varying degrees of isotropic 
character. The enhanced out-of-plane π-stack scattering and 
in-plane backbone scattering indicate a predominantly face-
on orientation across the series. Notably, the polymer having 
a short C3-alkyl spacer, p(C3-gNDI-gT2), shows stronger out-
of-plane π-stack scattering compared to p(gNDI-gT2) and 
p(C6-gNDI-gT2).

All films show evidence of three orders of out-of-plane 
lamellar scattering. As expected, p(C3-gNDI-gT2) with the 
shortest overall length of the side chain shows a contracted 
lamellar d-spacing, both in- and out-of-plane, compared with 
the rest of the series. Increasing the fraction of alkyl units led to 
an increase in in-plane lamellar scattering and the emergence of 
a second order lamellar peak. Conversely, introduction of alkyl 
spacers led to a decrease in the magnitude of in-plane backbone 
scattering peaks. In particular, the (001) scattering magnitude 
is indistinguishable for p(C6-gNDI-gT2), while the (001)′ peak 
persists. Previous studies have shown that NDI-T2 based poly-
mers display two polymorphs that represent two cases of cofa-
cial registration: Form I (noted as (001)) where the chains align 
with a segregated alternating NDI-to-NDI and T2-to-T2 cofacial 
registration producing a longer backbone periodicity, and Form 
II (noted as (001)′) where the chains align with a mixed NDI-
to-T2 cofacial registration producing a shorter backbone perio-
dicity.[46] Here, it appears that introduction of a C6-alkyl spacer 
within the side chain produced a preference for Form II and 
disrupted Form I. Interestingly, the presence of only Form II 
stacking did not result in a transition to predominately edge-on 

orientation, as it was previously reported for analogous alkyl-
substituted polymers.[47]

To quantitatively assess the molecular packing order, Fourier 
transforms of the in-plane pseudo-Voigt peak fits were fit to 
extract estimates of the non-cumulative disorder due to lattice 
parameter fluctuations (erms), the cumulative paracrystalline 
disorder (g) and the disorder associated coherence length (ξ) 
in both backbone and lamellar directions (Tables S1–S3, Sup-
porting Information).[48] Across all series, cumulative paracrys-
talline disorder dominated. Notably, p(C3-gNDI-gT2) crystallites 
showed the largest lamellar and backbone ξ values of 213 and 
345 Å, calculated from the (100) and (001)′ peaks, respectively.

The electronic charge transport properties of the polymers 
were first assessed in their dry state by fabricating OFET 
devices with a bottom-gate (Si) bottom-contact (Ti/Au) archi-
tecture (Figure S11, Supporting Information) and extracting the 
electron mobility in the linear regime. As previously reported 
for other NDI-T2 copolymers functionalized with EG side 
chains,[18,19] the OFET mobilities were found to be up to four 
orders of magnitude lower than that of their alkylated analogue, 
p(NDI2OD-T2).[23] Both polymers bearing alkyl spacers show an 
improvement in the OFET mobility compared with the EG-only 
analogue. The derivative functionalized with a short C3-alkyl 
spacer, p(C3-gNDI-gT2), was found to have the highest electron 
mobility of 9.2 × 10−4 cm2 V−1 s−1 relative to p(gNDI-gT2) (2.2 × 
10−4 cm2 V−1 s−1) and p(C6-gNDI-gT2) (6.3 × 10−4 cm2 V−1 s−1). 
This is likely attributed to its longer coherence length in both 
the backbone and lamellar directions and larger π-stack scat-
tering intensity relative to the rest of the series. The enhanced 
coherence length along the backbone direction is expected to 
be particularly important as NDI-T2 copolymers have previ-
ously shown anisotropic charge transport that favors the back-
bone direction over the lamellar direction,[47] though the OFET 
mobilities of p(gNDI-gT2) and p(C6-gNDI-gT2) do not correlate 
with ξ along the backbone direction.

Several studies have demonstrated a correlation between the 
mixed ionic-electronic transport properties of OECT channel 
materials and their extent of swelling when exposed to aqueous 
electrolytes.[19,20,32] The effect of functionalization with alkyl 
spacers on the swelling ability of the polymers was investi-
gated using quartz crystal microbalance with dissipation moni-
toring (QCM-D). In agreement with previous findings,[19,20] the 
largest degree of passive swelling was observed for the polymer 
with the largest fraction of hydrophilic side chains (p(gNDI-
gT2), 44%), followed by the polymer bearing a short C3-alkyl 
spacer (p(C3-gNDI-gT2), 28%) and an extended C6-alkyl spacer 
(p(C6-gNDI-gT2), 13%) (Figure S12, Supporting Information).

The influence of the alkyl spacers on the electrochemical 
activity of the polymers in aqueous electrolytes was further 
investigated by CV and spectroelectrochemistry measure-
ments. As shown in Figure 2a, all polymers can be oxidized 
and reduced within the electrochemical stability window of the 
electrolyte. Polymers p(gNDI-gT2) and p(C3-gNDI-gT2) show 
comparable reduction onsets of ≈−0.1 V versus Ag/AgCl. Upon 
extending the spacer to a C6-alkyl unit, the reduction onset 
shifts by ΔV = 0.1 V to more negative values. As the polymers 
have similar EAs, this shift is most likely a result of the lower 
degree of swelling and potentially a lower ionic mobility for 
p(C6-gNDI-gT2).[19,20] Although oxidative processes can be also 
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observed (Figure  2a), the current response is lower compared 
to that measured for reduction. The electrochemical activity 
of the polymers in aqueous electrolytes was further evaluated 
by monitoring the evolution of the UV–vis spectra during the 
reduction of the polymers between 0 and −0.8  V versus Ag/
AgCl. All polymers showed a gradual reduction in the intensity 
of the ICT band and a simultaneous increase in the intensity of 
new absorption features between 810–830 nm and 500–650 nm 
(Figure 2b; Figure S14, Supporting Information). These spectral 
changes are consistent with the formation of a polaronic spe-
cies upon electrochemical reduction, as described previously.[2] 
In agreement with the findings from the CV measurements, 
p(C6-gNDI-gT2) requires a higher bias to achieve similar 
degrees of charging and polaron formation with respect to the 
other polymers (Figure 2c).

During the electrochemical reduction of the polymer thin 
film, cations migrate into the polymer film to compensate 
for the electronic charges on the polymer backbone.[2] As in 
aqueous media the dopant ions are surrounded by a hydration 
shell, the polymer is also expected to uptake several molecules 
of water during the charging process.[28,29,32] The changes in 
the mass of the polymer films during charging (active swelling) 
were investigated using electrochemical QCM-D measure-
ments in aqueous electrolytes. As expected, all polymers show 

mass uptake during the reduction of the polymer and mass 
loss during the oxidation of the reduced polymer (Figure  2d). 
Interestingly, partial retention of the accumulated mass is 
observed for all polymers after completing the charging/dis-
charging cycle, indicative of strong binding of water molecules 
to the polymer backbone or side chains. The magnitude of 
the swelling triggered by charging follows the same trend as 
the passive swelling, decreasing in the order p(gNDI-gT2) > 
p(C3-gNDI-gT2) > p(C6-gNDI-gT2). For instance, at a bias 
of −0.3  V versus Ag/AgCl, the mass accumulated within the 
p(C6-gNDI-gT2) film is half of the mass accumulated within 
p(gNDI-gT2). A similar trend is observed upon monitoring the 
mass uptake for two additional doping cycles (Figure S13, Sup-
porting Information). In agreement with previous studies,[19,20] 
decreasing the density of hydrophilic EG units, in this case cor-
related with introduction of alkyl spacers within the side chain, 
leads to a lower swelling ability in aqueous electrolytes. In addi-
tion, due to a higher onset for reduction, p(C6-gNDI-gT2) most 
likely achieves a lower degree of charging at −0.3 V versus Ag/
AgCl and shows a lower number of injected hydrated cations 
relative to p(gNDI-gT2) and p(C3-gNDI-gT2).

The findings from the swelling analysis with and without 
applying a bias show that the inclusion of alkyl spacers is a 
successful strategy for modulating the degree of swelling of 

Figure 2. a) Cyclic voltammetry of the polymer films on ITO coated glass substrates with a scan rate of 100 mV s−1 and a Ag/AgCl electrode reference 
in a 0.1 m NaCl aqueous solution with a low O2 concentration, showing the second scan. Arrow indicates the direction of the scan. b) Evolution of 
the UV–vis absorption spectrum of p(C3-gNDI-gT2) during charging between 0 and −0.8 V versus Ag/AgCl with a scan rate of 50 mV s−1 in a 0.1 m 
NaCl aqueous solution at low O2 concentration. The spectroelectrochemical measurements for p(gNDI-gT2) and p(C6-gNDI-gT2) are included in the 
Supporting Information (Figure S14). c) Relative changes of the absorption spectrum showing the difference between the absorbance of the ICT peak 
recorded with bias and the neutral polymers for charging between 0 and −0.6 V versus Ag/AgCl in steps of 50 mV. d) EQCM-D for the polymer films 
for one doping cycle (between 0.6 and −0.40 V vs Ag/AgCl) in a 0.1 m NaCl aqueous solution. The second and third charging/discharging cycles are 
included in the Supporting Information (Figure S13).
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polymer films. Previous work has shown that employing redox-
active polymers with low swelling abilities can hinder ion 
penetration into the bulk of the material, leading to undesirable 
high reduction potentials.[19] Notably, the hybrid side chains 
with C3- or C6-alkyl spacers provide an appropriate balance 
between hydrophilic and hydrophobic units for controlling the 
swelling of the polymer, whilst also achieving electrochemical 
reduction at low potentials.

After identifying the impact of side chain substitution on the 
redox-potentials and swelling behavior, we analyzed the perfor-
mance of the polymers in OECTs. Figure 3a shows the transfer 
curves of the OECTs in a 0.1 m NaCl aqueous solution in 
ambient conditions (see Figure S15, Supporting Information for 
output curves) and Table 2 summarizes the OECT parameters. 
Notably, both polymers functionalized with alkyl spacers show a 
higher thickness-normalized peak transconductance compared 

with p(gNDI-gT2), as shown in Figure 3b. The derived products 
of the material-dependent parameters (µC*) follow the same 
trend, increasing from 0.06 to 0.13 and 0.16 F cm−1 V−1 s−1 when 
going from p(gNDI-gT2) without a spacer to p(C3-gNDI-gT2) 
and p(C6-gNDI-gT2). While p(C3-gNDI-gT2) and p(C6-gNDI-
gT2) show a comparable peak gm and µC*, increasing the 
length of the alkyl spacer shifts the potential required to achieve 
these to higher values. The threshold voltages (VT) follow the 
same trend as the reduction onsets determined by CV, with a 
higher VT of 0.37  V for p(C6-gNDI-gT2) bearing an extended 
spacer relative to both p(C3-gNDI-gT2) and p(gNDI-gT2)  
(0.25 and 0.26 V, respectively).

The trends in the µC* products across the series were further 
investigated by performing electrochemical impedance spec-
troscopy (EIS) to determine the volumetric capacitance (C*) at 
an offset potential of −0.6  V versus Ag/AgCl in a 0.1 m NaCl 

Figure 3. Performance of the OECTs with device dimension (W = 100 µm, L = 10 µm) and a sweep rate of 0.6 V s−1 in 0.1 m NaCl aqueous solution 
in ambient conditions comprising p(gNDI-gT2) (d = 55 nm), p(C3-gNDI-gT2) (d = 57 nm), and p(C6-gNDI-gT2) (d = 46 nm) in the channel showing  
a) n-type transfer curve at VD = 0.6 V and b) thickness-normalized transconductance versus gate voltage. c) Stability pulsing measurements with alter-
nating gate potentials between VG = 0 and 0.6 V for the polymer series with a pulse duration of 5 s for OECT channels biased at VD = 0.6 V in a 0.1 M 
NaCl aqueous solution in ambient conditions.

Table 2. OECT performance of polymers.

Polymer gm [S cm−1]a) VT [V]b) [µC*] [F cm−1 V−1 s−1]c) C* [F cm−3]d) µe (OFET) [cm2 V−1 s−1]e)

p(gNDI-gT2) 0.13 0.26 0.06 221 2.2 × 10−4

p(C3-gNDI-gT2) 0.34 0.25 0.13 72 9.2 × 10−4

p(C6-gNDI-gT2) 0.37 0.37 0.16 59 6.3 × 10−4

a)OECT peak transconductance measured at VG = 0.5 V for p(gNDI-gT2) and p(C3-gNDI-T2) and VG = 0.6 V for p(C6-gNDI-gT2) normalized by thickness; b)Threshold 
voltage extracted from the √ID versus VG plot; c)[µC*] estimated from the transfer characteristics of the OECT with known channel dimensions and biasing conditions; 
d)Determined from the electrochemical impedance spectra of the polymers coated on Au electrodes (500 µm × 500 µm) in a 0.1 m NaCl aqueous solution (V = −0.6 V vs 
Ag/AgCl); e)OFET electron mobility extracted from bottom-gate bottom-contact transistors in the linear regime.
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aqueous solution (Figure S16, Supporting Information). The 
polymer with the highest density of EG units, p(gNDI-gT2), 
shows the largest C* of 221 F cm−3. The C* decreases upon 
functionalization with alkyl spacers, with values of 72 F cm−3 for 
p(C3-gNDI-gT2) and 59 F cm−3 for p(C6-gNDI-gT2) (Table  2). 
Interestingly, the C* decreases by a factor of three when going 
from p(gNDI-gT2) to p(C3-gNDI-gT2) and greater than three 
for p(C6-gNDI-gT2), which is most likely correlated with the 
decrease in the fraction of hydrophilic side chains and swelling 
ability.[19] However, due to its higher reduction potentials 
(Figure 2a), p(C6-gNDI-gT2) requires a higher bias to achieve a 
comparable degree of charging, which is expected to contribute 
further to lowering its C*. It should be noted that although 
bandwidth measurements were employed to extract the OECT 
electron mobility independently,[49] no accurate values could 
be determined due to the low currents typically observed for 
thin n-type OECTs. However, as both p(C3-gNDI-gT2) and 
p(C6-gNDI-gT2) show a lower C* relative to p(gNDI-gT2), the 
higher µC* product is indicative of an increase in the OECT 
electron mobility upon introduction of alkyl spacers.

In addition to the performance of the device, an important 
requirement for OECT-based applications is long-term sta-
bility during operation. Stability measurements were carried 
out for all polymers by monitoring the drain current upon 
applying gate voltage steps over 150 min. The current response 
of p(gNDI-gT2) and p(C3-gNDI-gT2) was first recorded at 
ΔVG  = 0.5  V, which represents the gate voltage at which their 
peak gm was measured (Figure S17, Supporting Information). 
The ON current of p(gNDI-gT2) decreases by ≈7% after the first 
60 min of operation, after which it recovers partially toward the 
end of the measurement. Polymer p(C3-gNDI-gT2) shows a 
steady increase in the ON current, with a total increase of ≈19% 
over 150 min. When the gate voltage is increased to ΔVG = 0.6 V, 
p(gNDI-gT2) shows much lower operational stability, retaining 
only 67% of the ON current after 150 min (Figure 3c). The cur-
rent response of p(C3-gNDI-gT2) at ΔVG  = 0.6  V is similar to 
the recordings at ΔVG  = 0.5  V with a total increase of ≈19%, 
indicative of improved stability at higher biases upon function-
alization with the C3-alkyl spacer. Although no deterioration in 
the current is observed, the steady change in the ON current 
shown by p(C3-gNDI-gT2) at both ΔVG  = 0.5 and 0.6  V could 
hinder its use for long-term sensing applications, where these 
fluctuations in current could interfere with the response of the 
device to biological events or detection of analytes. Remark-
ably, p(C6-gNDI-gT2) shows very stable operation, with no 
change in the original current for over 2 h of on-off switching 
at ΔVG = 0.6 V, corresponding to the bias at which the peak gm 
is observed (Figure  3c). The more stable current response of 
p(C3-gNDI-gT2) and p(C6-gNDI-gT2) compared with p(gNDI-
gT2) is most likely attributed to their lower extent of swelling 
during charging, as determined by EQCM-D. These results 
demonstrate that optimization of the length of the alkyl spacer 
within the side chains is a successful strategy for improving the 
long-term operational stability of OECT materials.

Given the distinct differences in swelling and OECT 
behavior across the series, it was predicted that the nature of 
the side chain would also influence the structural changes that 
the material undergoes in contact with the electrolyte. To inves-
tigate this, thin films that had undergone ex situ electrolyte 

exposure or n-type doping in the aqueous media were analyzed 
by GIWAXS. It should be noted that while EQCM-D allows 
for a quantitative determination of the bulk swelling behavior 
of the polymer, summing swelling of both ordered crystallites 
and disordered regions, GIWAXS selectively probes the ordered 
crystallites.

The 2D GIWAXS patterns, line cuts, and peak parameters 
are included in the Supporting Information (Figures S18 and 
S19, Tables S1–S3, Supporting Information). All polymers 
exhibit minimal (>2%) changes in the out-of-plane (010) π-stack 
and the in plane (001)/(001)′ backbone d-spacings upon electro-
lyte exposure and electrochemical reduction, while the in- and 
out-of-plane lamellar d-spacing showed some fluctuations. Ana-
lyzing the in-plane backbone scattering, p(gNDI-gT2) shows 
low lattice parameter fluctuations (erms ≤ 1.0%) and fairly steady 
paracrystalline disorder at ≈7% and ≈9% for the (001) and (001)′ 
peaks, respectively. This was contrasted with large lamellar 
lattice parameter fluctuations (≈4%) and even larger lamellar 
paracrystalline disorder (≈20%), both of which increased upon 
electrolyte exposure, resulting in a decrease in the lamellar ξ 
by ≈15%. Electrolyte exposure expanded the in-plane lamellar 
d-spacing by 1.2 Å, while electrochemical reduction suppressed 
in-plane lamellar ordering such that only a (100) shoulder in 
the low q background remained. All combined, p(gNDI-gT2) 
showed a microstructure with anisotropic disorder, having 
relatively long-range order along the direction of the polymer 
backbone that was stable across film conditions, contrasted 
with much shorter-range order in the direction of lamellar 
stacking (in-plane) that deteriorated upon electrolyte exposure 
and doping.

As observed for p(gNDI-gT2), p(C3-gNDI-gT2) presented a pic-
ture of anisotropic disorder, with a larger decrease in the ξ along 
the lamellar stacking direction (−42%) than the backbone direction 
(−18%) upon electrochemical doping. Though diminished in rela-
tive intensity following electrolyte exposure, the in-plane lamellar 
scattering intensity recovered with electrochemical reduction, 
showing a lamellar d-spacing expansion of only 0.5 Å.

The d-spacing and relative in-plane lamellar scattering intensity 
in p(C6-gNDI-gT2) were insensitive to electrolyte exposure and 
electrochemical reduction. Type I crystallite backbone (001) scat-
tering was absent, while type II ξ extracted from the (001)′ peak 
was lower than both p(gNDI-gT2) and p(C3-gNDI-gT2). Across 
conditions, the lamellar structure of p(C6-gNDI-gT2) showed less 
non-cumulative disorder (erms) compared with p(gNDI-gT2) and 
p(C3-gNDI-gT2), but still lower ξ. Furthermore, disruption of 
molecular packing was more uniform in p(C6-gNDI-gT2), with 
both the lamellar and backbone ξ decreasing by ≈18% between as 
cast and electrochemically reduced, compared with the anisotropic 
disruption in the rest of the series.

Through GIWAXS analysis, it was therefore shown that 
the degree of distortion of the lamellar lattice spacings and 
the coherence within crystallites was influenced by the nature 
of the side chain, where introduction of an alkyl spacer leads 
to less pronounced lamellar lattice changes but decreased 
backbone coherence. Interestingly, the structural benefits that 
seemed to impart improved electron mobility in OFETs did not 
result in improved performance in OECTs. While p(C3-gNDI-
gT2) showed the highest OFET electron mobility and struc-
tural features associated with efficient charge transport (larger 
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lamellar and backbone ξ), its OECT performance was com-
parable to p(C6-gNDI-gT2). These structural benefits were 
likely eclipsed by disruption of inter-aggregate transport due 
to a larger extent of swelling for p(C3-gNDI-gT2) relative to 
p(C6-gNDI-gT2). Similarly, the C6-alkyl spacer, which imparted 
the lowest swelling with electrolyte exposure and doping, also 
exhibited the most stable current response during extended 
operation in OECTs.

Comparing with previously reported n-type materials, both 
polymers containing hybrid side chains show enhanced device 
stability relative to fullerene-based small molecules[50] and com-
parable stability to the current top-performer, BBL.[26] When 
considering their performance as OECT channel materials, 
the thickness-normalized gm of both polymers is more than 
one order of magnitude lower than those typically recorded for 
BBL.[26] This is most likely a result of the significantly lower 
C* (59 or 72 F cm−3 vs ≈930 F cm−3 for BBL) and the presence 
of side chains in these polymers. However, polar side chains 
play an important role in promoting efficient ion migration 
and hence achieving fast response times in devices.[18] When 
comparing with the previously reported polymer with opti-
mized EG side chain density and identical backbone (P-90),[19] 
both p(C3-gNDI-gT2) and p(C6-gNDI-gT2) achieve a higher 
thickness-normalized gm by a factor of ≈1.6 in devices oper-
ated under similar conditions. Therefore, this study validates 
the need for side chain engineering and tuning of swelling 
ability for improving the performance of n-type OECTs. We 
envisage that applying the strategy presented herein to alterna-
tive backbone motifs, such as more rigid systems,[51] could lead 
to higher electron mobilities and hence improve the µC* and 
gm even further.

3. Conclusions

In this work, we study the effect of functionalization with alkyl 
spacers on the redox activity, OECT performance, and stability 
of n-type polymers by synthesizing two NDI-T2 derivatives con-
taining either a propyl- or a hexyl-spacer within their side chains. 
Our findings show that the addition of alkyl spacers limits det-
rimental swelling of polymers in aqueous media while enabling 
reversible redox-reactions at low potentials. When tested as 
active materials in n-type OECTs, both polymers show a higher 
µC* and enhanced stability compared to the polymer containing 
exclusively polar side chains. Ex situ GIWAXS analysis revealed 
that the nature of the side chain influences the static disorder 
and coherence length within the crystallites upon exposure and 
biasing of the polymers in aqueous electrolytes. This study dem-
onstrates the importance of side chain engineering for devel-
oping redox-active polymers and presents an effective strategy to 
improve the performance and stability of n-type OECT materials.

4. Experimental Section
Polymer Synthesis: The synthesis and characterization of the 

monomers and polymers are outlined in the Supporting Information.
Electrochemical Analysis: Cyclic voltammograms were recorded using 

a standard three-electrode setup connected to a Metrohm Autolab 
PGSTAT101 potentiostat. A platinum mesh (active area 25 mm × 35 mm) 

and a Ag/AgCl electrode (3 m NaCl/H2O) were used as the counter and 
reference electrodes, respectively. The polymers were deposited by spin-
coating from chloroform solutions (5 mg mL−1) at 1500  rpm for 1 min 
on ITO-coated glass substrates. The measurements were carried out 
in either an anhydrous 0.1 m acetonitrile solution of TBAPF6 or a 0.1 m 
NaCl aqueous solution as the supporting electrolyte at a scan rate of 
100 mV s−1 under nitrogen. The electrolyte solutions were degassed with 
nitrogen for 15 min prior to the measurements.

Spectroelectrochemical measurements were carried out using the 
same three-electrode configuration in a 0.1 m NaCl aqueous solution 
under nitrogen. In this case, the ITO-coated glass slides with spun cast 
polymer were immersed in a quartz cuvette containing the electrolyte 
solution. The electrochemical measurements were performed while 
simultaneously recording the optical spectra using an OceanOptics USV 
2000+ spectrometer, which collected the transmitted light through the 
cuvette from a tungsten lamp used as a probe light source.[2]

EIS was performed using polymer films cast on gold substrates 
(500 µm × 500  µm) as the working electrode, a Pt mesh as the 
counter, and an Ag/AgCl reference electrode coupled to a potentiostat 
(Metrohm Autolab). The measurements were carried out in a 0.1 m NaCl 
aqueous solution in ambient conditions. The spectra were recorded for 
frequencies from 0.1 Hz to 100 kHz. The volumetric capacitance for each 
system was extracted by determining the value of the capacitance at 
0.1 Hz and dividing it by the film volume (area × thickness).

Grazing Incidence Wide Angle X-Ray Scattering: GIWAXS 
measurements were carried out at the Advanced Photon Source at 
Argonne National Laboratory on beam line 8-ID-E at room temperature 
under vacuum with 10.92 keV (λ = 1.135 Å) synchrotron radiation with a 
0.14° incident angle and measured with a Pilatus 1M hybrid pixel array 
detector during 5 s exposures. The 2D GIWXAXS patterns were collected 
from films spin coated (600 rpm for 60 s) from chloroform (5 mg mL−1) 
on p+ doped Si wafer substrates with resistivity of ≈1–100  Ohm cm−1. 
Multiple exposures were averaged to create 2D images. Averaged 
images with different detector z-position were stitched together to fill 
the vertical gaps between detector chips. Data analysis was carried out 
with GIXSGUI Matlab toolbox and custom curve fitting code. Ex situ 
electrolyte exposure of GIWAXS samples was accomplished by covering 
the film with a large droplet of 0.1 m NaCl aqueous solution for ≈30 min, 
then rinsed, and blown dry. Ex situ electrochemical reduction was carried 
out in a similar fashion except with −0.66 V potential applied between 
the film (contacted via a silver paste back contact) and a Ag/AgCl pellet 
in contact with the electrolyte drop as previously reported.[29] In order to 
avoid dedoping and ion expulsion, the electrolyte was removed while a 
reductive bias was still applied. The samples were then rinsed in DI and 
blown dry without any electrical connection such that electrons cannot 
escape and coulombic forces were assumed to maintain the retention 
of dopant ions.

Organic Electrochemical Transistor Fabrication and Characterization: 
The OECTs were fabricated using previously reported photolithographic 
procedures.[13,16] All the channels studied in this work had the same 
geometry, with a width of 100  µm and length of 10  µm. The polymer 
solutions (4 mg mL−1) were deposited by spin-coating at 1000  rpm for 
45 s before sacrificial peel off of Parylene C after drying. All measurements 
were performed using an external Ag/AgCl pellet electrode as the 
gate in a 0.1 m NaCl aqueous solution in ambient conditions. The I–V 
characteristics were recorded using a dual-channel source-meter unit 
(NI-PXI) with a custom-written control code in LabVIEW.
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