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ABSTRACT: We study the organic electrochemical transistor
(OECT) performance of the ladder polymer poly-
(benzimidazobenzophenanthroline) (BBL) in an attempt to better
understand how an apparently hydrophobic side-chain-free
polymer is able to operate as an OECT with favorable redox
kinetics in an aqueous environment. We examine two BBLs of
different molecular masses from different sources. Regardless of
molecular mass, both BBLs show significant film swelling during
the initial reduction step. By combining electrochemical quartz
crystal microbalance gravimetry, in-operando atomic force micros-
copy, and both ex-situ and in-operando grazing incidence wide-
angle X-ray scattering (GIWAXS), we provide a detailed structural
picture of the electrochemical charge injection process in BBL in the absence of any hydrophilic side-chains. Compared with ex-situ
measurements, in-operando GIWAXS shows both more swelling upon electrochemical doping than has previously been recognized
and less contraction upon dedoping. The data show that BBL films undergo an irreversible hydration driven by the initial
electrochemical doping cycle with significant water retention and lamellar expansion that persists across subsequent oxidation/
reduction cycles. This swelling creates a hydrophilic environment that facilitates the subsequent fast hydrated ion transport in the
absence of the hydrophilic side-chains used in many other polymer systems. Due to its rigid ladder backbone and absence of
hydrophilic side-chains, the primary BBL water uptake does not significantly degrade the crystalline order, and the original
dehydrated, unswelled state can be recovered after drying. The combination of doping induced hydrophilicity and robust crystalline
order leads to efficient ionic transport and good stability.

■ INTRODUCTION
Conjugated polymers showing mixed ionic−electronic trans-
port,1−4 more generally organic mixed-ionic electronic
conductors (OMIECs), have emerged in the past few decades
as promising materials for applications in bioelectronics,5−8

energy storage,9,10 logic circuit elements,11,12 and neuro-
morphic computing.13−15 Organic electrochemical transistors
(OECTs) are widely used as a model testbed to study mixed
ionic−electronic transport in OMIECs.16−18 Unlike conven-
tional organic field-effect transistors (OFETs), an OECT’s
source−drain current (ID) is modulated by the gate (VG)
through voltage-driven redox processes and associated ion
uptake from the electrolyte into the entire volume of the
semiconductor channel, resulting in bulk doping/dedoping.
Hence, the efficiency of this modulation, described by the
transconductance (gm ≡ ∂ID/∂VG), is governed by the carrier
transport mobility (μ) and the volumetric capacitance (C*) in
the channel.19 Tremendous progress has been achieved in
developing high-performance p-type (hole transport) materi-
als, with μC* value on the order of hundreds of F cm−1 V−1

s−1.20,21 However, n-type organic materials have generally

lagged behind.22−26 The lack of n-type materials limits
applications such as biosensors involving cations, comple-
mentary circuit logic, and electrochemical energy storage.

In recent years, considerable effort has been devoted to the
design and synthesis of novel n-type OMIECs, mainly based
on donor−acceptor (D−A) copolymers.23 The most popular
molecular design strategy is to use hydrophilic side-chains to
help ionic transport in aqueous electrolyte, for both p-
type27−30 and n-type4,22,30,31 materials. However, studies
suggest that excessive water uptake harms the electronic
mobility and stability when adding hydrophilic glycol side-
chains.4 ,32 ,33 In this context, the polymer poly-
(benzimidazobenzophenanthroline) (BBL, structure shown in
Figure 1A) stands out as a notable exception that functions
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without glycol side-chains.11,34,35 Indeed, its electron mobility
in OECTs has been reported as an order of magnitude higher
than D−A-based n-type polymers, presumably due to the
planar, rigid BBL backbone.6 Recently, Fabiano et al.
demonstrated that increasing the molecular mass yields an
improvement of electronic mobility.34 Furthermore, Inal et al.
reported that the side-chain-free BBL accommodates a higher
density of cations and water, compared to the more
conventional naphthalenediimide (NDI)-based glycolated
polymer, P-90.35 As a result, BBL shows a record high
volumetric capacitance in n-type OMIECs and somehow
overcomes the ubiquitous μ-C* trade-off that commonly
plagues p-type materials. Nevertheless, a detailed under-
standing of how water and cations are able to enter such a
hydrophobic film is still lacking.

Here, we explore the electrochemical doping process using a
wide range of complementary analytical methods on both
commercial low molecular mass BBL (BBLL) and in-house
synthesized high molecular mass BBL (BBLH). In both
versions of BBLs, we observe an irreversible water mass
uptake during the first electrochemical doping step via
electrochemical quartz crystal microbalance (eQCM), which
agrees with the in-operando atomic force microscopy (AFM)
film thickness change. Furthermore, we probe the nanoscale
structure change by electrochemical strain microscopy (ESM)
in-operando. Finally, we characterize the BBL crystalline
structure changes using both ex-situ and in-operando grazing
incidence wide-angle scattering (GIWAXS). In contrast to
previously reported ex-situ GIWAXS, which showed minimal
structure changes,35 we observe significant lamellar expansion
using in-operando GIWAXS. By combining these complemen-
tary results, we propose a unique film hydration behavior in the
side-chain-free ladder polymer BBL during the electrochemical
reduction. In the absence of electrochemical bias, the
hydrophobic BBL film shows resistance to water uptake in
both crystalline and amorphous regions. However, during the

initial electrochemical doping, BBL undergoes an ≈31%
lamellar expansion upon water injection, which remains
persistent across the subsequent doping/dedoping cycles. We
propose this retention of water between the lamellar structure
creates a hydrophilic microenvironment for fast ion movement
at the molecular level, changing our understanding of how BBL
incorporates water from being one of microvoids to being one
that also includes significant changes to the molecular packing
to the incorporation of waters into the crystalline regions of the
film. Importantly, this expansion is not observed in ex-situ
samples, which suggests the water uptake is reversible upon
film drying. These results provide guidance for designing new
OMIEC polymers that can overcome the trade-off between
ionic and electronic transport and achieve a high μC*.

■ RESULTS AND DISCUSSION
Figure 1A shows the repeat unit chemical structure of the BBL
polymer we studied. In this report, we studied two different
BBLs, one synthesized in house by the Jenekhe group (BBLH,
Mv = 60.5 kDa),36 and one purchased commercially from
Sigma-Aldrich (BBLL, Mv = 6.15 kDa). The molecular mass
difference was also observed by dynamic light scattering (DLS)
as shown in Figure S2.

First, we evaluated the OECTs’ performance of both
versions of BBLs. In these OECT measurements, we used a
Ag/AgCl pellet as the gate electrode and 100 mmol/L
degassed aqueous potassium chloride (KCl) as the electrolyte.
Figure 1B,C show a typical transfer curve along with
transconductance, gm, and output curves for both BBLL and
BBLH, respectively. The drain current and transconductance of
the BBLH OECTs are consistently 2 orders of magnitude
higher than the BBLL OECTs, and the peak transconductance,
gm,peak, appears at a lower gate voltage for the BBLH. Also, the
threshold voltage is slightly more negative (≈100 mV) for the
BBLH (Figure S3) A similar threshold voltage shift was
observed in other BBL OECT studies.34 The shift in both peak

Figure 1. (A) The chemical structure of BBL repeat unit. (B) Typical OECT transfer curves with calculated transconductances and (C) output
curves for both BBLL and BBLH OECTs in 100 mmol/L KCl (channel width = 100 μm, channel length = 10 μm, channel thickness ≈ 120 nm).
(D) The peak transconductance gm,peak of BBL OECTs as a function of operating conditions and channel geometry. Each data point represents one
OECT measurement. The linear slope of the data determines the OECT figure of merit μC*. Dashed lines denote constant μC* product.
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transconductance and threshold voltage suggests that the
BBLH is energetically easier to be electrochemically doped in
KCl. This difference also agrees with the observed onset
voltage difference in cyclic voltammetry (CV) measurements
of the two BBLs (Figure S4).

Compared to OFETs, OECTs have the advantage of
volumetric capacitance, wherein the entire bulk of the active
OMIEC film, instead of the surface, can accommodate ions
and electronic carriers.37 After rewriting the conventional field-
effect transistor equation to replace the gate capacitance, C,
with the effective volumetric capacitance, C*, the trans-
conductance of OECTs in the saturation regime is given by19

g
I
V

Wd
L

C V Vm
D

G
G T= = *| |

(1)

where W, d, and L are the channel width, thickness, and length,
respectively, μ is the OECT channel carrier mobility, C* is the
OECT channel volumetric capacitance, VG is the operating
gate voltage, and VT is the threshold voltage. Following eq 1,
we extracted the μC* products of the two different BBLs from
a linear regression between peak transconductance gm,peak and

( ) V VWd
L G T| | obtained from a series of devices with different

Wd/L ratios. Figure 1D shows that our BBL OECT data are
well fit to eq 1, with μC* increasing more than 30 times going
from BBLL ((0.28 ± 0.01) F cm−1 V−1 s−1) to BBLH ((9.27 ±
0.03) F cm−1 V−1 s−1).

For an OECT, especially in the applications of sensors and
complementary circuits, response time is also a crucial
property, which relates to the ion migration from the
electrolyte to the active polymer film. With such high
volumetric capacitance, the BBL transistors can still be
switched ON/OFF in tens of milliseconds, which suggests an
unexpectedly fast ion transport in such hydrophobic films
(Figure S5). In addition, we also examine the stability of both
BBL devices with continuous pulse gate potential over 100
cycles, and both BBLs show a good stability without significant
current degradation (Figure S6). Compared to other n-type
polymers with glycol side-chains,4 the side-chain-free backbone
structure avoids possible film degradation even doped to the
bipolaron region (detailed calculation in the Supporting
Information about UV−vis spectra).

To further study the contribution of the carrier mobility (μ)
and volumetric capacitance (C*) separately, we next measured
the volumetric capacitance using electrochemical impedance
spectroscopy (EIS). We fit the EIS spectra using a modified
Randles circuit: Rs(CPE//Rct), where Rs is the electrolyte
resistance, CPE is a constant phase element, and Rct is the
charge transfer resistance (Figure S7 and Figure S8). The
constant phase element (CPE) can be interpreted as arising
from the distribution of counterion−polaron pairs in the bulky
polymer films.38 We observed an improvement in the
volumetric capacitance C* with the BBLH, which suggests
that the BBLH film has a higher density of ion-accessible sites

(Figure S8). Taking the threshold voltage shift into account to
get a fair comparison, the BBLH and BBLL films show average
C* values of 1007.1 ± 172.8 F/cm3 and 539.8 ± 85.8 F/cm3 at
0.7 and 0.8 V, respectively. The higher C* of BBLH is also
consistent with its higher CV current level, indicating more
electronic charge injection (Figure S4). Based on the μC* from
the transistor measurements and the C* from EIS, we
determined the electron mobilities of both BBLs. We calculate
that BBLH ((9.2 ± 1.6) × 10−3 cm2 V−1 s−1) has a mobility
that is over an order of magnitude higher than that for BBLL
((0.52 ± 0.08) × 10−3 cm2 V−1 s−1). Notably, considering the
presence of water in the films, which may hinder electronic
transport, the polymer OECT mobility is normally lower than
its OFET mobility. Therefore, the mobility we measure for
BBL is in good agreement with the mobility of 10−2 to 10−3

cm2 V−1 s−1 previously reported for both solid-state
OFETs39,40 and wet OECTs.11,34,35 The difference in mobility
implies that the BBLH with a higher molecular mass results in
an enhanced electron transport process.34 In conjugated
polymers, the relationship between mobility, molecular mass,
and morphology is complicated,41−43 but the enhanced
mobility of BBL follows the trend seen for many other
materials.34,44,45 A comparison of the OECT performance of
two BBLs is summarized in Table 1 and the additional
discussion in Supplementary Note 1. We note that, in addition
to higher mobility and volumetric capacitance, BBLH shows
faster switching times for both turning ON and turning OFF
processes.

To further understand the difference in volumetric
capacitance values, we used spectroelectrochemistry and
coulometry to characterize the polaron/bipolaron formation.
The pristine films show similar UV−vis absorption spectra,
while the π−π* transition peak (≈560 nm) redshifts as the
molecular mass increases (Figure S9). This peak shift suggests
that the BBLH has a longer effective conjugation length, which
agrees with the electronic mobility enhancement in
BBLH.

46−48Figures S10−S12 show the spectra change for the
two polymers upon the electrochemical doping process under
different bias. When a positive bias is applied to the gate, the
BBL films are electrochemically reduced. The π−π* transition
of the ground-state intensity first quenched at a low voltage
(below 0.5 V) in the range of 450 to 650 nm, accompanied by
two isosbestic points at 435 and 670 nm. Simultaneously, a
broad absorption peak grows in the range of 700 to 900 nm,
indicating a transition from the neutral BBL into a charged
BBL.35,39 Following previous studies, we assign the peak
around 880 nm (labeled as B) as a polaron and the peak
around 460 nm (labeled as A) as a bipolaron.36 At the same
potential, the polaron and bipolaron densities formed in the
BBLL are always lower than the BBLH, which is consistent with
the smaller volumetric capacitance value of BBLL (Figure S11).
We also cross-checked these doping densities determined via
spectroelectrochemistry by using coulometry. Although the
spectroelectrochemistry measurement was carried out in a

Table 1. Summary of BBL OECTs’ Performancea

ON/OFF ratiob VT
b [V] gm

b [mS] τ
on
b [ms] τ

off
b [ms] μC*c [F cm−1 V−1 s−1] C*d [F cm−3] μe[cm2 V−1 s−1]

BBLH 1.59 × 104 0.17 10.8 80.3 6.5 9.27 ± 0.03 1007.1 ± 172.8 9.2 ± 1.6 × 10−3

BBLL 1.23 × 104 0.28 0.41 142 181 0.28 ± 0.01 539.8 ± 85.8 0.52 ± 0.08 × 10−3

aAll error bars represent the standard error of the mean. bAverage data extracted from a channel with a width of 4000 μm and a length of 10 μm.
cExtracted from eq 1 with peak gm,peak (shown in Figure 1D). dObtained from EIS measurements for various electrode areas. eObtained via dividing
μC* by C*.
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degassed electrolyte, the whole setup is exposed to ambient air
during measurements. Since the oxygen reduction reaction
(ORR) may then contribute to the current,35,49 we note that
the electron densities in BBLs via coulometry need to be
interpreted with caution. To minimize the impact of ORR, we
calculated the number of electrons in the reduced BBL by
integrating the dedoping current after the UV−vis spectra
measurements were taken and normalized it to the film
volume. (See detailed discussion on the impact of ORR on the
electrochemical doping in Supplementary Note 2.) With this
coulometry approach BBLH shows an ≈2-fold higher doping
level than the BBLL, reaching 2 electrons per repeat unit at 0.9
V shown in Figure S11. This result agrees with our volumetric
capacitance data from the EIS fitting.

When interacting with aqueous solutions, the swelling of
conjugated polymer films is commonly divided into two
classifications: (1) passive swelling: the hydration of a dry film
by the electrolyte without applied potential; (2) active swelling:
water injection that occurs during active redox processes.
Previous work has shown that polymers with a large fraction of
glycol side-chains can undergo significant water uptake and
retention, even in the absence of applied potential.4,17,20,32 On
the other hand, more hydrophobic polymers with few
hydrophilic side-chains, which can behave like OECTs, often
only exhibit active swelling.4,32,50 As mentioned, BBL lacks
such side-chains; therefore the conventional description of
aqueous operation does not apply. We therefore need to
understand what physical processes allow BBL to operate as an
OECT as well as what doping mechanisms are affected by
molecular mass.

In this context, we further investigate the film swelling of the
two BBLs during the electrochemical doping process using

gravimetric measurements with eQCM. We first probe the
passive swelling, which relates to the film hydration after
contact with the aqueous solution without bias. The mass of
the BBL film is determined by the Sauerbrey equation in both
air and aqueous solution since BBL films are sufficiently thin
and exhibit a low degree of swelling (less than 0.1% change of
the resonance frequency) such that viscoelastic corrections are
not needed.35,51−53 It is not surprising that without any
hydrophilic side-chains both BBL films show minimal swelling,
whereas other n-type polymers with alkyl-glycol side-chains
show massive swelling, up to ≈100%.4

We then characterized active swelling. In previous p-type
polymer studies, it is known that the ions are injected into (or
removed from) the film surrounded by a hydration shell with
some number of water molecules and perhaps additional bulk
water.4 With the simultaneous recording of current, we
calculate the mass of the injected cations by integrating the
charges, assuming these are the only charged species getting
into the film. We then calculate the water mass by subtracting
the cation mass from the total mass, thus providing an estimate
of the number of waters dragged into the film during cation
injection. Interestingly, in contrast to other OMIEC polymers
with alkyl-glycol side-chains showing continuous retention of
mass accumulation during active swelling,28,54 the mass change
in BBL shows two distinct phases. During the very first cycle
from neat wet films, both molecular mass versions BBL films
show a dramatic mass retention (82% for BBLH and 74% for
BBLL) that is not reversible upon subsequent cycles (Figure
2A). However, the mass of ions remaining in the dedoped films
after the first cycle is only about 3.4% for BBLH and 2.8% for
BBLL, respectively. Thus, we propose that the electrochemi-
cally irreversible mass gain is mainly caused by water

Figure 2. (A) The irreversible total mass uptake measured by QCM during the f irst cycle of CV sweep (solid lines), the mass of potassium cations
estimated from charge accumulated in the film (colored area), and the difference attributed to water uptake (gray area). (B) The reversible mass
changes measured by gravimetry during subsequent doping/dedoping cycles. Top: Voltage profile of scan cycles. Scan rate: 10 mV/s; the shadowed
sections indicate the doping process. Middle: Mass changes of both BBL films. Bottom: Current density during CV cycles. (C) The normalized
mass change of BBLL, BBLH, P3HT, and P3MEEMT over the first four doping/dedoping cycles. Each polymer mass change was normalized to its
maximum mass change and offset by 1.1.
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molecules, not the cations. Notably however, this electro-
chemically irreversible first step in water uptake could be
regenerated on the same crystal after drying under a vacuum,
suggesting that it does not permanently change the film
morphology.

During subsequent electrochemical cycles, the film shows a
reversible mass change with a stable baseline (Figure 2B). As
expected, Figure S14 shows that upon electrochemical doping
the BBLH incorporates more charges, along with more mass
uptake, which agrees with the volumetric capacitance differ-
ence. In addition, BBLH takes up not only more cations (16%
for BBLH and 7.7% for BBLL) but also more water molecules
compared to the BBLL. We convert this mass into the number
of water molecules per cation. Considering the onset shift
between the two BBLs, we still observe that more water
molecules are dragged into the film per cation in the BBLH (20
to 30 waters) than in the BBLL (5 to 7 waters) at a doped
state. According to previous studies of the hydration shell in
aqueous solutions,55,56 a potassium ion normally has a shell of
≈6 waters. From this we conclude that the mass uptake in
BBLH must involve free/bulk water uptake upon doping, apart
from the waters in the cation hydration shells.

Furthermore, we investigate the same process in two other
conjugated polymers, poly(3-hexylthiophene-2,5-diyl) (P3HT)
and poly(3-thiophene-2,5-diyl) (P3MEEMT) (Figure 2C). We
choose P3HT and P3MEEMT to exemplify the typical swelling
behavior: P3HT has been reported as an OECT material
without hydrophilic side-chains in chaotropic anion electro-
lytes,16,32 while P3MEEMT is a derivative with the same

backbone with glycol side-chains which exhibits appreciable
passive swelling.17,32,57 In contrast to BBLs, neither P3HT nor
P3MEEMT shows an irreversible mass retention after its first
doping/dedoping cycle, even though maximum mass uptake of
P3MEEMT in the first cycle is slightly different from the
others.

Thus far, we have shown that both the commercial lower
molecular mass and in-house synthesized higher molecular
mass BBL polymers facilitate fast, efficient bulk electrochemical
doping along with a drastic ion/water mass uptake. Addition-
ally, both BBLs, regardless of molecular mass, undergo a film
hydration step driven by the first electrochemical doping cycle
that is irreversible upon subsequent doping cycles but that is
reversible upon drying the films. It is likely that BBL, as a side-
chain-free ladder polymer, undergoes a unique hydration
mechanism to overcome the trade-off of ionic and electronic
transport. To further investigate the morphology and structural
changes that accompany the hydration process of BBL, we
focus on the high-performing BBLH and employed both AFM-
based techniques and GIWAXS measurement. First, we
measured the film thickness changes with in-operando AFM
upon passive and active swelling. Figure 3A,B show the AFM
images and height histograms of the pristine film before and
after exposure to the electrolyte solution, without external bias.
As probed via tapping mode AFM on the BBLH under liquid,
we observe negligible (≈5%) swelling. This result of minimal
swelling agrees with the previous QCM data showing a small, if
any, mass change. On the other hand, Figure 3C,D show that
when the doping potential (500 mV) is first applied during the

Figure 3. (A) AFM height images and (B) height histogram of the BBLH dry film (top) and wet film (bottom) of the same area at the scratch edge
on Au substrates (left side). (C) AFM height images and (D) height histogram of the BBLH dry film (top), in-operando doped film (middle, 500
mV), and in-operando dedoped film (bottom, −300 mV) of the same area during the first doping/dedoping cycle at the scratch edge on Au
substrates (left side). The dry films were measured in air. The wet and in-operando doped/dedoped films were measured in 100 mmol/L KCl
electrolyte. All height profiles were fitted to Gaussian distributions. Note that AFM images (A) and (B) were measured on different samples, which
introduces the thickness variance of dry films.
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Figure 4. (A) Topography and ESM amplitude images of the BBLH films in 100 mmol/L KCl at a 500 mV AC drive voltage. ESM images were
taken with the tip at different DC potentials over the threshold (as labeled). The measurements were taken in a random potential order to avoid
artificial shift of the baseline. (B) Histograms of the ESM amplitude of the same area under different bias conditions. (C) The ESM amplitude of
BBLH as a function of VDC−VT taken in difference electrolyte concentrations. The dashed lines are used to guide the eye. The error bars represent
one standard deviation of ESM amplitude distribution.

Figure 5. (A) Out-of-plane (OOP) linecut profiles of in-operando GIWAXS patterns of BBLH thin films under different film conditions. The dashed
lines are used to guide the eye. (B) Schematic showing the polymer hydration mechanism during the electrochemical doping for BBL. The purple
spheres are hydrated K+, and cyan molecules are free waters. (C) The (100) lamellar spacing changes along the in-operando (solid) and ex-situ
(open) GIWAXS doping/dedoping cycle steps. Purple traces/markers: doped states; green traces/markers: dedoped states.
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initial cycle, the film swells over ≈90% and becomes rougher.
After dedoping the film back to the neutral state at −300 mV,
the height of the film only decreases minimally by a few
nanometers. Based on our previous eQCM result, we believe
that the dramatic thickness increase observed here is a result of
the initial film hydration during the first cycle, and the minimal
shrinkage corresponds to the reversible active swelling.

Next, we investigate nanoscale morphology changes during
active swelling using the AFM-based technique known as
electrochemical strain microscopy (ESM). ESM has been used
for probing nanoscale swelling due to the ion uptake in systems
ranging from Li-ion battery materials58−60 to conjugated
polymers.3,16 We have previously applied it to reveal the
spatial anticorrelation between ion uptake and the local
crystallinity in p-type materials.3 In ESM, an AC voltage is
applied between the conductive tip and the polymer film in an
electrolyte solution. Ion uptake due to the reduction/oxidation
results in a local swelling, which is monitored at the contact
resonance of the tip−sample interface. Because the frequency
of the applied AC drive voltage is usually much faster than the
full doping time for films, the observed local swelling under AC
ESM is smaller than the swelling under DC conditions.61−63

However, we can use ESM to probe the films under dynamic
AC ion uptake at a range of different DC offset voltages.

Figure 4A and Figure S16 show the ESM amplitude of the
BBLH, along with its topography image. Around the reduction
onset potential, both films barely swell with an average
amplitude of ≈500 pm. As we increase the tip bias, the ESM
amplitude exhibits a larger swelling due to the ion/water
injection into the film (Figure 4B). At the highest potential
(300 mV over threshold), the BBLH swells by an average
amplitude of 5.83 nm (4.9% swelling), which is a relatively
large amount of AC swelling compared to other hydrophobic
polymers like P3HT.3 After doping at positive bias, then we
scanned the DC tip bias offset to the dedoping condition and
observed the amplitude decreasing back to a low level (<1%).
This strong asymmetry in the ESM signal as a function of DC
offset potential (i.e., swelling is observed only when the AC
voltage takes the sample into a regime of electrochemical
doping at one sign) confirms that the induced swelling is
indeed the result of redox processes. Furthermore, we also
operated the ESM measurements under different ionic
concentrations (Figure 4C and Figure S17). As expected, the
swelling tends to be greater (larger ESM amplitude) in a more
concentrated electrolyte. The swelling over the film becomes
large and more heterogeneous with increasing bias, but the
distribution of swelling volumes remains unimodal at all biases
(Figure 4B). This behavior contrasts notably with our previous
study on P3HT films, which showed heterogeneous swelling
according to the local degree of crystallinity and a clear
bimodal distribution of swelling heights.3 We interpret this
result as a reflection of both more consistent uniformity in BBL
films and penetration of water and ions into the film on the
nano- to molecular scales.

To probe molecular-level changes in film morphology upon
ion injection and water uptake, we next carried out GIWAXS
on BBLH samples. Previous research by Inal and co-workers
has explored the structural changes that occur upon doping
with ex-situ GIWAXS.35 However, Paulsen et al. and Flagg et
al. have revealed that ex-situ GIWAXS, which probes the crystal
structure under a dry film condition, may not capture the
details of electrolyte swelling during operation.64−66 Based on
our previous eQCM data, we observed that BBL film

undergoes a unique film swelling compared to typical
conjugated polymers, which is exactly why the electrochemical
doping mechanism remains unresolved.

Thus, we investigate the crystalline structure changes using
in-operando GIWAXS on BBLH. We utilize a modified blade
coater to apply a potential and draw electrolyte across the
sample as described elsewhere.66 In Figure 5A, we show the
(100) lattice peaks as a function of electrolyte exposure and
doping state. Before applying a bias, we first took the GIWAXS
on the dry and wet BBL films after electrolyte exposure. The
black trace (“dry”) shows the initial out-of-plane (OOP)
scattering of the dry film. Next, we performed one rolling drop
passage while applying zero bias. As seen by the gray trace
(“exposed”), exposure to the 100 mmol/L KCl does not
change the lamellar spacing. However, upon application of a
doping bias the lattice constant expands dramatically (≈31%),
from 8.3 to 10.9 Å. This expansion is consistent with both our
eQCM and in-operando AFM measurements showing that
significant film swelling only occurs upon doping, not due to
initial electrolyte exposure. Continued cycling of the film
between doped (purple traces) and dedoped (green traces)
does modulate the lamellar spacing, where the doped form of
the polymer has a more expanded lattice than the undoped
form, which is consistent with other doped polymers.66,67 Also,
the lamellar spacing change between the doped and dedoped
states in multiple cycles is reversible and reproducible (Figure
5C). Nevertheless, as long as the films remain wet, the (100)
spacing never returns to the spacing of the initial exposed film,
again consistent with the eQCM data, which suggests
irreversible water uptake on the first cycle. We note that the
π−π lattice only minimally changes during this process (see
Figure S18 and Figure S19). Quantifying the swelling, we see
the crystals only swelling ≈31% volume by crystal expansion.
However, we know the whole film is swelling ≈90% in
thickness; we therefore conclude that the majority of the
swelling must be in the more amorphous regions of the BBL
that are not scattering strongly. In contrast to in-operando
GIWAXS, we also operated ex-situ GIWAXS on the BBLH
(Figure 5C, also Figure S20). The d-spacing values extracted
from both ex-situ and in-operando GIWAXS are summarized in
Table 2. The ex-situ GIWAXS results show minimal structural

change (<5% expansion/contraction), which agrees with
previous study on the commercial BBL.35,68 Obviously, the
ex-situ GIWAXS significantly underestimates the lamellar
expansion upon doping and fails to observe the ≈2.5 Å
expansion due to water injection.

Taking all these data together, we now propose a mechanism
for how a hydrophobic ladder polymer like BBL performs as a
fast operational OMIEC material (Figure 5B). Upon exposure
to the electrolyte, the hydrophobic BBL is resistant to water
uptake and undergoes little if any passive swelling. However,

Table 2. D-Spacings Measured via ex-situ and in-operando
GIWAXS (Unit: Å)

pristine doped dedoped

In-Plane (010)
ex situ 3.4 3.3 3.4
in-operando 3.4 3.3 3.3
Out-of-Plane (100)
ex-situ 8.3 8.5 8.3
in-operando 8.3 10.9 10.0
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when the film is electrochemically doped under an applied
potential for the first time, the counterions are accompanied by
a large number of free water molecules and injected into both
crystalline and amorphous domains in the film. Specifically in
the crystalline regions, the lamellar spacing expands (≈31%)
much more than has been previously realized in BBL
(≈1.1%),35 facilitating ion and water injection. When the
film gets dedoped, the cations leave the films, along with some
of the water molecules. However, a large amount of the water
remains in the film, resulting in an irreversible mass gain, film
thickness increase, and crystalline lamellar spacing expansion.
We further performed in-operando Raman spectroscopy to
probe the chemical structure changes of BBL films during and
after the first doping/dedoping cycle (Figure S21). We observe
no significant peak changes after the first doping/dedoping
cycle, suggesting that any chemical reactions of the BBL with
remaining waters are minimal. This model suggests that due to
the hydrophobic backbones and absence of side-chains, BBL
film first needs to get hydrated with the help of the cation
movement driven by an electric field. After the waters are
dragged in by cations, the carbonyl and amine groups along the
backbones are sufficiently polar to retain the free water upon
dedoping, which may not occur in a less polar backbone
polymers. Even though the remaining waters slightly decrease
the electronic mobility as verified by the OFET study in Figure
S22, they create a more hydrophilic microenvironment,
facilitating a fast ion/water migration during the following
doping/dedoping cycles. As a result, we see the switch ON or
OFF time in milliseconds (Table 1). Furthermore, due to the
rigid backbone of the ladder polymer, even after ≈31% lamellar
expansion, the crystal structure is not significantly damaged
such that the crystalline order is preserved on cycling to the
dehydrated state after dedoping and drying, which enables
good charge transport in a swelled film condition and good
stability (Figure S6). To our knowledge, this is the first report
of the unique film hydration activation process in a ladder
polymer.

■ CONCLUSIONS
We explore the electrochemical doping process of the side-
chain-free n-type ladder polymer BBL, comparing two different
molecular mass versions: in-house synthesized BBLH and
commercial BBLL. Like other conventional hydrophobic
polymer films, BBL shows a minimal passive swelling when
in contact with electrolytes. Surprisingly, without side-chains,
BBL facilitates cation injection along with significant water
uptake during active swelling. This water uptake occurs via a
unique electrochemically irreversible swelling during the first
doping step, followed by a reversible swelling/deswelling
accompanying the subsequent doping/dedoping cycles. With
the combination of in-operando AFM and ex-situ and in-
operando GIWAXS, we studied the detailed structural change
that occurs during electrochemical redox reactions in BBL.
Importantly, these data provide concrete evidence that BBL
incorporates water directly into the crystalline regions of the
film via significant lamellar expansion of the BBL. We propose
that, during the first doping step, the BBL film hydrates with
the help of ion movement and then maintains a hydrophilic
environment due to the water retention in both amorphous
and crystalline domains. The first hydration step of BBL helps
explain why the hydrophobic BBL polymers could still allow
ion injections during doping. Except for the first cycle, the
mass uptake in the following cycles shows no retention. As a

result, BBL retains advantages of good reversibility and
connectivity due to the lack of large-volume water-side-chain
interactions. We also propose that some modest film swelling,
separated from hydrated ion injection, may be beneficial for
overcoming the trade-off between ionic and electronic
transport for many applications ranging from biosensor to
neuromorphic computing devices and thus may provide a
design template for the synthesis of next-generation OECT
materials based on the lessons of BBL.
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