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ABSTRACT: Doping of organic semiconductors is a powerful tool to optimize the
performance of various organic (opto)electronic and bioelectronic devices. Despite
recent advances, the low thermal stability of the electronic properties of doped
polymers still represents a signiﬁcant obstacle to implementing these materials into
practical applications. Hence, the development of conducting doped polymers with
excellent long-term stability at elevated temperatures is highly desirable. Here, we
report on the sequential doping of the ladder-type polymer poly(benzimidazobenzophenanthroline) (BBL) with a benzimidazole-based dopant
(i.e., N-DMBI). By combining electrical, UV−vis/infrared, X-ray diﬀraction, and
electron paramagnetic resonance measurements, we quantitatively characterized the
conductivity, Seebeck coeﬃcient, spin density, and microstructure of the
sequentially doped polymer ﬁlms as a function of the thermal annealing
temperature. Importantly, we observed that the electrical conductivity of NDMBI-doped BBL remains unchanged even after 20 h of heating at 190 °C. This ﬁnding is remarkable and of particular interest for
organic thermoelectrics.
KEYWORDS: conjugated polymers, sequential doping, n-doping, organic thermoelectrics, ladder-type polymers, thermal stability

■

INTRODUCTION
Conjugated polymers have attracted a great deal of attention as
a class of semiconducting materials that hold promise for the
development of a wealth of traditional as well as unconventional low-cost and distributed technologies.1−9 Their versatile
chemical synthesis and inexpensive solution processability
enable cost-eﬃcient large-scale production of light, ﬂexible,
and even biocompatible electronic devices which would
otherwise be diﬃcult to realize using traditional inorganic
semiconductors.10−12 The electronic and electrical properties
of π-conjugated polymers, and thus, the performance of the
resulting (opto)electronic devices, depend strongly on the
charge carrier concentration, which can be tuned by the socalled electrical doping.13 Both p-doping and n-doping are
needed to optimize various electronic devices, including
organic solar cells, ﬁeld-eﬀect transistors, and thermoelectric
generators.14−22 This is typically achieved via an electron or
proton/hydride transfer between the dopant molecule and the
polymer backbone, a process that increases the charge carrier
density and hence improves the electrical properties.23
Conjugated polymers and molecular dopant molecules can
either be coprocessed using a common solvent or sequentially
processed by exposing the polymer ﬁlm to the dopant
vapors24−26 or the dopant dissolved in an orthogonal
solvent.27,28 The advantage of sequential doping over
© 2020 American Chemical Society

coprocessing doping is that the morphology of the doped
ﬁlms remains to a large extent undisturbed,28 thus yielding
electrical conductivities that are superior to those commonly
reached with coprocessing methods.29
Besides a high conductivity, the thermal stability of the
electronic properties of doped polymers is a crucial parameter
for many applications where high temperature operation is
required, as in the case of solar cells and thermoelectrics.
Although there exist many doped polymer systems that are
stable upon mild thermal annealing, high temperature
operation induces unfavorable diﬀusion and sublimation of
the dopant molecules,30 which eventually degrade the electrical
properties and yield reduced device performance.31−33 This is,
for instance, the case of poly(3-hexylthiophene) (P3HT) pdoped with 2,3,5,6-tetraﬂuoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ), which shows poor thermal stability above
90 °C because of the sublimation of F4TCNQ.34 Possible
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Figure 1. Chemical structures of (a) BBL and (b) N-DMBI. (c) Schematic illustration of the sequential doping process: (i) spin-coating of BBL;
(ii) spin-coating of N-DMBI; (iii) resulting bilayer; and (iv) thermal annealing at diﬀerent temperatures.

Figure 2. (a) Electrical conductivity of sequentially doped BBL as a function of thermal annealing temperature. (b) Temperature dependence of
the electrical conductivity for the best doped BBL samples (annealed at 210 °C for 60 min). (c) Seebeck coeﬃcient and (d) power factor of
sequentially doped BBL ﬁlms as a function of thermal annealing temperature.

as well as electrochemically43 doped to a high extent, thus
reaching conductivity values that are larger than 1 S/cm. The
high electrical conductivity derives from an extended charge
carrier delocalization in the planar polymer backbone, which
favors fast charge transport.42 The main drawback is the
limited solubility of BBL in common organic solvents that
impede coprocessing with most of the typically used n-type
dopants. For this reason, doping of BBL has most commonly
been achieved by sequential processing via exposure to the
volatile tetrakis(dimethylamino)ethylene (TDAE) dopant.
However, because of the high surface pressure of TDAE and
its reactivity with molecular oxygen,44 the electrical properties
of vapor-doped BBL ﬁlms are typically not stable under
ambient conditions and degrade quickly at elevated temperatures.35
Here, we report on the sequential doping of BBL with the
air-stable benzimidazole derivative N-DMBI as a promising

strategies to improve the thermal stability of doped polymers
are the use of conjugated polymeric dopants35 or polyelectrolyte counterions36 as well as the insertion of polar side
chains in the polymer backbone to enhance the miscibility and
compatibility of the dopant/polymer systems,37,38 thus
extending the operating temperature range.39 However, the
introduction of oligoethylene glycol side chains in the polymer
backbone signiﬁcantly lowers the polymer glass transition
temperature, an eﬀect which is known from solar cells to
promote diﬀusivity of the acceptor molecule,40 thus resulting
in poor long-term stability. In this respect, the use of laddertype conjugated polymers with a rigid and planar backbone
might promote long-term stability at higher temperature.
Poly(benzimidazobenzophenanthroline) (BBL) is the most
notable example of electron-transporting ladder-type conducting polymers which shows an exceptionally high glass
transition temperature (>500 °C).41 BBL can be chemically42
53004
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Figure 3. (a) EPR spectra (volume normalized), (b) spin density, and (c) linewidth of sequentially doped BBL ﬁlms annealed at diﬀerent
temperatures.

conductivity is about 2.8 (±0.9) × 10−3 S cm−1 and
dramatically increases up to 1.1 ± 0.3 S cm−1 for T = 210
°C. These values are comparable to those reported for TDAE
vapor-doped and electrochemically reduced BBL ﬁlms (1−2 S
cm−1),42,46 suggesting a successful sequential doping process.
Note also that the temperature range at which the conductivity
reaches a maximum is compatible with most commercial,
ﬂexible plastic substrate materials such as polyether ether
ketones, polyimides, and polyarylates.47 At higher thermal
annealing temperatures, the conductivity starts to decline,
dropping to 0.7 ± 0.4 and 0.2 ± 0.03 S cm−1 for T = 230 and
250 °C, respectively (Figure 2a). We further compared the
conductivities of samples annealed for diﬀerent times (Figure
S1a). The temperature-dependent conductivity has a similar
trend for all annealing times (10, 60, and 180 min), except for
temperatures starting at 210 °C, above which the longer
annealing times result in a more pronounced loss of
conductivity. We attribute this to the diﬀusion and evaporation
of N-DMBI, which becomes more pronounced above 215 °C,
as indicated by the mass loss observed by TGA (Figure S2).
Variable-temperature conductivity measurements were performed on the N-DMBI sequentially doped BBL ﬁlms
annealed at 210 °C for 60 min, which yielded the highest
conductivity (Figure 2b). The activation energy for charge
transport was determined to be 112 ± 18 meV, which is
comparable to the value previously reported for TDAE vapordoped BBL (∼120 meV).42
We then measured the Seebeck coeﬃcients (S) of the
sequentially doped BBL ﬁlms annealed at diﬀerent temperatures in an inert environment. Figure 2c shows that S
decreases monotonically upon increasing the thermal annealing temperatures from 70 to 210 °C, going from −212 ± 20
μV K−1 for T = 70 °C to −112 ± 14 μV K−1 for T = 210 °C.
The negative sign of S agrees with the n-type nature of the
sequentially doped ﬁlms. The Seebeck coeﬃcient of BBL ﬁlms,
annealed for diﬀerent times, follows a similar but inverted
trend as the conductivity, with longer annealing times at
temperatures higher than 210 °C resulting in increased S
(Figure S1b). Because the electrical conductivity and S are
inversely interrelated, the power factor (PF = S2σ) of
sequentially doped BBL reaches a maximum at 1.5 ± 0.3
μW m−1 K−2 for an intermediate thermal annealing temperature of 190 °C (Figure 2d).
Thermal Analysis. TGA of N-DMBI indicates mass loss
above 200 °C, with 5 wt % mass loss at 215 °C during heating
at 10 °C min−1 (Figure S2a), which we assign to evaporation
of the dopant. A diﬀerential scanning calorimetry (DSC) ﬁrst
heating thermogram of neat N-DMBI solidiﬁed by casting

method for the development of thermally stable n-type organic
conductors. We observe that the doping level and thermoelectric properties of N-DMBI sequentially doped BBL ﬁlms
can be tuned by simply varying the thermal annealing
temperature. Although the electrical conductivity of N-DMBI
sequentially doped BBL is on par with that achieved with
TDAE vapor doping (i.e., 1.1 ± 0.3 S cm−1), N-DMBI
sequentially doped BBL ﬁlms exhibit far superior thermal and
air stability as compared to the TDAE vapor-doped counterpart. Insights into the eﬀect of processing conditions on the
thermoelectric properties were gained through a combination
of electrical measurements (electrical conductivity and Seebeck
coeﬃcient), electron paramagnetic resonance (EPR), UV−
vis−NIR, and Fourier transform infrared (FTIR) spectroscopies, grazing incidence wide-angle X-ray scattering (GIWAXS), fast scanning calorimetry (FSC), and thermogravimetric analysis (TGA). Alongside achieving greatly improved
stability with N-DMBI sequential doping when compared to
TDAE vapor-doped BBL, we also attain a better understanding
of the doping process and the polymer−dopant interactions in
BBL.

■

RESULTS AND DISCUSSION
Electrical Measurements. Initially, we attempted to carry
out doping of BBL by coprocessing with N-DMBI. Because
BBL is only soluble in highly acidic solvents, N-DMBI and
BBL were dissolved and blended in methanesulfonic acid
(MSA). After spin-coating, the ﬁlms were dipped into
deionized water to remove residual MSA and then thermally
annealed at 110 °C for 1 h. Very low conductivity values (<1 ×
10−3 S cm−1) were observed for all of the coprocessing doped
BBL ﬁlms, regardless of the N-DMBI-to-BBL monomer unit
molar ratio (3−100%). Because N-DMBI is a weak base and
the n-doping process progresses via either hydrogen removal or
a thermally activated hydride transfer process,45 we ascribe the
low conductivity of the coprocessed ﬁlms to ineﬃcient doping
with N-DMBI in the strongly acidic MSA solution.
Because of the marginal solubility of BBL in conventional
organic solvents, sequential doping can be conveniently
performed by choosing a suitable orthogonal solvent for the
molecular dopant. Here, N-DMBI was dissolved in chloroform
and spin-coated on top of the annealed dry BBL ﬁlms, as
schematically illustrated in Figure 1c. The ﬁlms were then
thermally annealed at diﬀerent temperatures, as speciﬁed
below. Figure 2a shows the evolution of the electrical
conductivity of sequentially doped BBL ﬁlms after thermal
annealing for 60 min at temperatures ranging from 70 to 250
°C. When BBL ﬁlms are thermally annealed at 70 °C, the
53005
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Figure 4. (a) UV−vis−NIR spectra, (b) diﬀerential UV−vis−NIR spectra, (c) diﬀerential FTIR spectra, and (d) stacked diﬀerential FTIR spectra
of the same sequentially doped BBL ﬁlm annealed progressively for 10 min at the indicated temperature. The diﬀerential spectra in b, c, and d are
calculated by subtracting the spectrum of the sequentially doped BBL ﬁlm annealed at 70 °C from the spectra measured after annealing at higher
temperature. The spectrum labeled N-DMBI 70 °C in (d) is an inverted and scaled reference spectrum of an N-DMBI ﬁlm annealed at 70 °C for
reference.

This further increase at T > 210 °C is accompanied by a surge
in the EPR linewidth (Figure 3c), which we ascribed to an
increase in energetic disorder induced by the decomposition of
dopant molecules into radicals.48 These immobile radicals
could act as Coulomb scattering centers and negatively impact
the charge carrier mobility, thus contributing, together with the
evaporation of the dopant molecules, to the reduction in
electrical conductivity observed in Figure 2a.
Optical Absorption Spectroscopy. We then used UV−
vis−NIR absorption spectroscopy to investigate the optical
absorption of pristine and sequentially doped BBL ﬁlms on
glass slides upon thermal annealing at diﬀerent temperatures
(Figure S4). The spectrum of pristine BBL features an intense
absorption peak at ∼580 nm, assigned to the π−π*
transition.42 After sequential doping with N-DMBI, a broad
absorption band centered around 800 nm appears, indicating
the formation of negative polarons.42 Compared to pristine
BBL, the absorption of sequentially doped BBL is slightly blueshifted. To study the optical changes arising from sequential
doping of BBL in more detail, we deposited BBL on CaF2
windows, which due to their wide transparency range enable
transmission measurements with both UV−vis−NIR and FTIR
spectroscopies of the same ﬁlm. The UV−vis−NIR and
diﬀerential UV−vis−NIR spectra in the range 500−2500 nm
are presented in Figure 4, along with the diﬀerential FTIR
spectra in the range 4000−900 cm−1 (see Figures S5 and S6 in
the Supporting Information for the combined and raw FTIR
spectra, respectively). The diﬀerential spectra were calculated
by subtracting the spectrum of the N-DMBI/BBL ﬁlm
annealed at 70 °C from the spectra of the same ﬁlm measured
after annealing at higher temperatures.
Three wide polaronic absorption bands are visible for the
sequentially doped BBL after annealing, located at 800, 1330,
and 3600 nm (Figure S5). After the N-DMBI layer is deposited

from chloroform shows a distinct melting peak at Tm = 110 °C
(Figure S2b). Cooling and second heating thermograms
indicate that N-DMBI does not recrystallize but instead
displays a distinct glass transition temperature Tg = −3 °C. We
also carried out FSC to investigate the thermal behavior of NDMBI/BBL bilayer ﬁlms (see the Experimental Section for
details). Repeated heating up to 195 °C results in ﬂat and
reproducible FSC thermograms (Figure S3), which indicates
that no new thermal transitions arise because of contact of the
dopant and polymer. Instead, heating up to 245 °C leads to a
change in the slope of FSC thermograms, that is, a change in
heat ﬂow with temperature, which we explain with mass loss
because of evaporation of the dopant (cf. Figure S3). Overall,
our thermal analysis experiments allow us to rationalize the
observed changes in conductivity upon annealing of N-DMBI/
BBL ﬁlms. We argue that annealing up to 200 °C leads to a
strong increase in conductivity (cf. Figure 2a) because of
diﬀusion of the dopant into the underlying BBL layer, which
can readily take place above the Tm of N-DMBI. At
temperatures above 210 °C, the dopant instead starts to
evaporate, which correlates well with the optical and scattering
analyses reported below (vide infra).
EPR Analysis. To shed light on the eﬀect of thermal
annealing on the charge density of sequentially doped BBL
ﬁlms, we performed EPR spectroscopy at room temperature.
The samples were ﬂame-sealed inside EPR quartz tubes ﬁlled
with N2. As shown in Figure 3a, an EPR signal arising from
polarons was observed in the sequentially doped BBL ﬁlm
annealed at 70 °C. The extracted spin density continuously
increases with increasing annealing temperature from 70 to
210 °C (Figure 3b), which agrees with the increases in
conductivity observed over the same temperature range.
Interestingly, however, unlike conductivity, the spin density
continues to rise even at annealing temperatures above 210 °C.
53006
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Figure 5. 2D-GIWAXS patterns of pristine and sequentially doped BBL thin ﬁlms annealed at various temperatures.

increase in the polaronic absorption bands. No further loss of
N-DMBI is observed after annealing at higher temperatures,
suggesting that only N-DMBI that has reacted with BBL
remains in the ﬁlm. In order to track the amount of N-DMBI
in sequentially doped BBL, we integrated the N-DMBI peaks
in the C−H vibration and aromatic ring stretching regions after
annealing at various temperatures (Figure S7). This shows that
the amount of N-DMBI decreases drastically after annealing at
190 °C, with only a small amount (∼10%) remaining after
annealing the ﬁlm at 210 °C because of the evaporation of NDMBI on top of the BBL ﬁlm. This is in line with the observed
decreases in conductivity and matches also with the observed
weight loss in the TGA measurements of N-DMBI (Figure
S2). Furthermore, we see a progressive decrease in the
polaronic absorption band at 1250 cm−1. This is a clear
indication that sequential doping of BBL with N-DMBI works
progressively when annealed until 210 °C, after which we
observe a loss in N-DMBI content. Note that both UV−vis−
NIR and FTIR measurements indicate a reduction in the
polaron concentration for T > 210 °C, suggesting that the
radicals contributing to the EPR signal (cf. Figure 3) do not sit
on BBL chains.
Film Microstructure and Molecular Packing. GIWAXS
was performed to investigate the microstructure evolution of
sequentially doped BBL ﬁlms annealed at various temperatures. The 2D-GIWAXS diﬀraction images are shown in
Figure 5, with the corresponding line-cut plots in Figure S8
and the variation of the (100) and (010) d-spacings of the
pristine and doped BBL ﬁlms in Figure S9. Undoped BBL has
a preferential edge-on orientation with a lamellar (100) peak in
the qz plane at 0.79 Å−1 (d-spacing = 7.92 Å) and an in-plane
π−π stacking (010) peak at qxy = 1.83 Å−1 (d-spacing = 3.43
Å). This is in good agreement with the previously reported
diﬀraction pattern of undoped BBL thin ﬁlms.35,50 Sequential
doping decreases the out-of-plane lamellar stacking of BBL
(Figure S9a), whereas the π−π stacking is slightly increased
(Figures S9b). Several peaks that are attributed to the
diﬀraction of N-DMBI aggregates (Figure S10) are also visible
for the samples annealed between 70 and 190 °C (Figure 5).
When annealed at 210 °C, the N-DMBI peaks largely
disappear, corresponding well with the FTIR data indicating
a sharp decrease in the amount of N-DMBI because of
evaporation, along with a sharp increase in the intrachain
stacking and gradual decrease in the interchain stacking. This

on top of the BBL layer, the polaronic band located at 1330
nm experiences a red shift of ∼200 nm because of interference
caused by the N-DMBI layer on top of the BBL ﬁlm, gradually
blue-shifting back to the original value after annealing at higher
temperatures (see Table S1 in the Supporting Information for
the peak wavelengths of this band at diﬀerent annealing
temperatures). The gradual blue-shift back to the value of
pristine BBL is consistent with our argument that N-DMBI
ﬁrst gradually diﬀuses into the BBL ﬁlm with the excess being
expelled from the surface at the highest annealing temperatures
(230 and 250 °C). Because of the red shift, we present the
diﬀerential spectra for samples annealed at higher temperatures
by subtracting the spectrum of sequentially doped BBL
annealed at 70 °C in Figure 4. From the diﬀerential UV−
vis−NIR spectra in Figure 4b, it can be seen that higher
annealing temperatures increase the polaronic absorption
bands until 210 °C, after which the polaronic absorption
begins to decrease. This decrease coincides with the above
discussed decomposition and evaporation of N-DMBI, and
indicates that the doping level of BBL decreases at the highest
annealing temperatures.
Vibrational Spectroscopy Characterization. The FTIR
spectra in the range 4000−900 cm−1 are shown in Figure S6,
with the corresponding diﬀerential FTIR spectra shown in
Figure 4c,d. The spectra in Figures 4d and S6b are stacked for
clarity. The FTIR spectrum of sequentially doped BBL is a
superposition of the vibrational absorption bands of BBL and
N-DMBI (see Table S2 in the Supporting Information for
vibrational band assignment). In the diﬀerential spectra in
Figure 4, only small changes are observed when the sample is
annealed at 110 °C, which corresponds to the melting
temperature of N-DMBI (Figure S2). Annealing the sample
at 150 °C makes the changes more visible, with the formation
of two new absorption bands between 1350 and 1250 cm−1
that we assign to polaronic absorption in BBL. At 190 °C, a
shift in the BBL CO vibration at 1700 cm−1 becomes visible,
with the splitting of this band, forming a new absorption at
1650 cm−1 at higher annealing temperatures. We have
previously shown that the CO absorption splitting is the
spectral ﬁngerprint of polarons in the BBL structure.49
The annealing at 190 and 210 °C progressively decreases the
N-DMBI absorption in the aromatic and methylamino C−H
stretching absorptions around 3000 cm−1 and in the aromatic
ring stretch between 1600 and 1500 cm−1 along with an
53007
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suggests that N-DMBI is removed from the sequentially doped
BBL ﬁlms when annealed at T ≥ 210 °C.
Electrical Stability Measurements. Finally, we tested the
thermal and ambient stability of BBL sequentially doped with
N-DMBI and compared it to that of TDAE vapor-doped BBL.
As shown in Figure 6a, the electrical conductivity of TDAE

state-of-the-art TDAE vapor-doped BBL. Sequential doping
with N-DMBI is thermally activated, and the doping level can
be reproducibly tuned by simply changing the annealing
temperature. Optical spectroscopy measurements show that
the polaron concentration in the doped ﬁlms follows the same
trend as the conductivity, and the doping level increases until
the evaporation temperature of N-DMBI is reached. Our work
oﬀers feasible guidelines for developing eﬃcient n-type organic
electronic devices with improved stability.

■

Research Article

EXPERIMENTAL SECTION

Thin-Film Preparation and Sequential Doping. All thin ﬁlms
were deposited on top of glass substrates, which were cleaned by
sonicating in water, acetone, and isopropanol, for 10 min each,
followed by drying with nitrogen. BBL (purchased from SigmaAldrich) was dissolved in methanesulfonic acid (MSA) at a
concentration of 7.5 mg/mL. To ensure full dissolution of BBL, the
solution was stirred at 70 °C for 2 h. The warm solution (70 °C) was
deposited onto the glass substrates by spin-coating at 500 rpm for 30
s. Immediately after spin-coating, the BBL ﬁlms were dipped into
deionized water to remove residual MSA. The obtained BBL ﬁlms
were dried ﬁrst in an oven at 100 °C to remove the water and then
thermally annealed on a hot plate at 200 °C in a glovebox ﬁlled with
nitrogen for 1 h, yielding ﬁlms with a thickness of 40 nm. To
sequentially dope the BBL ﬁlms, solutions of N-DMBI (purchased
from Sigma-Aldrich) were ﬁrst dissolved in CHCL3 at 10 mg/mL and
deposited on top of pristine BBL thin ﬁlms by spin-coating at 1500
rpm. To tune the doping levels, the sequentially doped BBL ﬁlms
were annealed on a hot plate at various temperatures ranging from 70
to 250 °C inside the glovebox.
Electrical Characterization. Electrical conductivity and Seebeck
coeﬃcient were measured inside a nitrogen-ﬁlled glovebox using a
Keithley 4200-SCS. For measurements reported in Figures 2a,c,d and
S1b, Au electrodes with a Ti adhesion layer (Au/Ti = 25 nm/5 nm,
L/W = 0.5 mm/15 mm) were deposited on top of glass substrates
prior to polymer layer deposition. For conductivity measurements in
Figures 2b and S1a, we fabricated electrodes with a shorter channel
length (L/W = 30 μm/1000 μm). The temperature gradient (ΔT)
across the sample was applied with two Peltier modules, and the
thermovoltage (ΔV) was measured between two separate electrodes
(L/W = 0.5 mm/15 mm). The S was calculated from the slope of ΔV
measured at six diﬀerent ΔT values. It is worth to mention that we
used an electrode conﬁguration (aspect ratio of the electrodes We/Le
= 30) which takes the eﬀect of the contact geometry into
consideration.52 This conﬁguration enables minimizing the error in
determining S, resulting in smaller sample-to-sample variation.
Spectroscopy Characterization. Optical UV−vis−NIR spectra
of pristine BBL and sequentially doped BBL ﬁlms were measured
under a nitrogen atmosphere at room temperature with PerkinElmer
Lambda 900. FTIR spectra in the mid-IR region were measured inside
an air-tight sample holder with a N2-purged Bruker Equinox 55 FTIR
spectrometer in the transmission mode between 4000 and 900 cm−1
with a resolution of 4 cm−1 and a zero-ﬁlling factor of 2 using 200
scan averaging.
Quantitative EPR experiments were carried out at the Swedish
Interdisciplinary Magnetic Resonance Centre (SIMARC) at Linköping University, using a Bruker Elexsys E500 spectrometer operating
at 9.8 GHz (X-band). All spectra were recorded in the dark at room
temperature. Quantitative spin counting was calibrated with a
standard sample. All EPR spectra were normalized using an eﬀective
detection volume of the samples.
Thermal Analysis. TGA was carried out under nitrogen ﬂow
between 25 and 500 °C with a scan rate of 10 °C/min using a Mettler
Toledo TGA/DSC 3 + instrument. Diﬀerential scanning calorimetry
(DSC) measurements were carried out under nitrogen ﬂow between
−50 and 150 °C with a scan rate of 10 °C/min using a Mettler
Toledo DSC2 calorimeter. The sample weight for both TGA and
DSC was 4 mg. FSC was carried out under nitrogen ﬂow between

Figure 6. Electrical stability test of TDAE vapor-doped and N-DMBI
sequentially doped BBL ﬁlms (a) annealed at 190 °C for 20 h in N2
and (b) exposed to air.

vapor-doped BBL ﬁlms dropped by 2 orders of magnitude
upon heating the samples at 190 °C for 10 h. In contrast, the
electrical conductivity of N-DMBI sequentially doped BBL
remained unchanged even after 20 h of heating, revealing the
remarkable thermal stability of these ﬁlms. Furthermore,
although both N-DMBI sequentially doped BBL and TDAE
vapor-doped BBL ﬁlms are stable in a N2 atmosphere, the
former exhibits signiﬁcantly higher stability in air, which we
attributed to the higher ambient stability of N-DMBI as
compared to TDAE. As shown in Figure 6b, after exposing the
ﬁlms to ambient conditions for 5 h, N-DMBI sequentially
doped BBL shows conductivities 2 orders of magnitude higher
than TDAE vapor-doped BBL. The conductivity of N-DMBI
sequentially doped BBL did not decrease further after 24 h of
exposure. Although N-DMBI is a relatively air-stable n-type
dopant,51 TDAE is inherently unstable in ambient and
undergoes chemiluminescence in the presence of oxygen.44
We believe that this is at the origin of the improved ambient
stability of N-DMBI-doped BBL. Our results show conclusively
that N-DMBI sequentially doped BBL is more stable than
TDAE vapor-doped BBL under ambient conditions and
especially at high temperatures, even though the conductivities
of both were similar before exposure.

■

CONCLUSIONS
In conclusion, we show that N-DMBI sequential doping of
BBL is an eﬀective way to obtain highly conductive ﬁlms while
achieving ambient and thermal stability far superior to those of
53008
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−30 and 195 or 245 °C at a scan rate of 4000 °C/s using a Mettler
Toledo Flash DSC 1 instrument. Samples for FSC were prepared by
spin-coating the BBL thin ﬁlm on top of a layer of polymethyl
methacrylate (PMMA) and dissolving the PMMA in acetone to
release the BBL ﬁlm. The BBL thin ﬁlm was deposited on a Mettler
Toledo MultiSTAR UFS1 sensor, followed by sequential doping
through spin-coating with a solution of N-DMBI with a concentration
of 10 mg/mL in CHCl3.
Grazing Incidence Wide-Angle X-ray Scattering. GIWAXS
was measured at Argonne National Laboratory at Beamline 8-ID-E at
the advanced photon source (APS). The substrate surface was aligned
at an incident angle of 0.130−0.140° with regard to the incoming Xray beam. The samples were irradiated with a 10.915 keV X-ray beam
in air for 2 summed exposures of 3 s (altogether 6 s). The scattered
beam was recorded with a Pilatus 1 M detector located 228.165 mm
away from the sample. Finally, the captured images were processed by
employing the GIXGUI software. The background was subtracted by
ﬁtting the curves to an exponential decay, and the peaks were ﬁtted to
Gaussian functions.
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Designing thermoelectric generators for self-powered wearable
electronics. Energy Environ. Sci. 2016, 9, 2099−2113.
(6) Rivnay, J.; Inal, S.; Salleo, A.; Owens, R. M.; Berggren, M.;
Malliaras, G. G. Organic electrochemical transistors. Nat. Rev. Mater.
2018, 3, 17086.
(7) Ohayon, D.; Nikiforidis, G.; Savva, A.; Giugni, A.; Wustoni, S.;
Palanisamy, T.; Chen, X.; Maria, I. P.; Di Fabrizio, E.; Costa, P. M. F.
J.; McCulloch, I.; Inal, S. Biofuel powered glucose detection in bodily
fluids with an n-type conjugated polymer. Nat. Mater. 2020, 19, 456−
463.
53009

https://dx.doi.org/10.1021/acsami.0c16254
ACS Appl. Mater. Interfaces 2020, 12, 53003−53011

ACS Applied Materials & Interfaces

www.acsami.org

(8) Andersson Ersman, P.; Lassnig, R.; Strandberg, J.; Tu, D.;
Keshmiri, V.; Forchheimer, R.; Fabiano, S.; Gustafsson, G.; Berggren,
M. All-printed large-scale integrated circuits based on organic
electrochemical transistors. Nat. Commun. 2019, 10, 5053.
(9) Fuller, E. J.; Keene, S. T.; Melianas, A.; Wang, Z.; Agarwal, S.; Li,
Y.; Tuchman, Y.; James, C. D.; Marinella, M. J.; Yang, J. J.; Salleo, A.;
Talin, A. A. Parallel programming of an ionic floating-gate memory
array for scalable neuromorphic computing. Science 2019, 364, 570−
574.
(10) Facchetti, A. π-Conjugated Polymers for Organic Electronics
and Photovoltaic Cell Applications†. Chem. Mater. 2011, 23, 733−
758.
(11) Root, S. E.; Savagatrup, S.; Printz, A. D.; Rodriquez, D.;
Lipomi, D. J. Mechanical Properties of Organic Semiconductors for
Stretchable, Highly Flexible, and Mechanically Robust Electronics.
Chem. Rev. 2017, 117, 6467−6499.
(12) Pappa, A. M.; Ohayon, D.; Giovannitti, A.; Maria, I. P.; Savva,
A.; Uguz, I.; Rivnay, J.; McCulloch, I.; Owens, R. M.; Inal, S. Direct
metabolite detection with an n-type accumulation mode organic
electrochemical transistor. Sci. Adv. 2018, 4, No. eaat0911.
(13) Salzmann, I.; Heimel, G.; Oehzelt, M.; Winkler, S.; Koch, N.
Molecular Electrical Doping of Organic Semiconductors: Fundamental Mechanisms and Emerging Dopant Design Rules. Acc. Chem. Res.
2016, 49, 370−378.
(14) Zhang, Y.; Zhou, H.; Seifter, J.; Ying, L.; Mikhailovsky, A.;
Heeger, A. J.; Bazan, G. C.; Nguyen, T.-Q. Molecular Doping
Enhances Photoconductivity in Polymer Bulk Heterojunction Solar
Cells. Adv. Mater. 2013, 25, 7038−7044.
(15) Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.;
Giordano, A. J.; Li, H.; Winget, P.; Papadopoulos, T.; Cheun, H.;
Kim, J.; Fenoll, M.; Dindar, A.; Haske, W.; Najafabadi, E.; Khan, T.
M.; Sojoudi, H.; Barlow, S.; Graham, S.; Bredas, J.-L.; Marder, S. R.;
Kahn, A.; Kippelen, B. A Universal Method to Produce Low-Work
Function Electrodes for Organic Electronics. Science 2012, 336, 327−
332.
(16) Kroon, R.; Mengistie, D. A.; Kiefer, D.; Hynynen, J.; Ryan, J.
D.; Yu, L.; Müller, C. Thermoelectric plastics: from design to
synthesis, processing and structure-property relationships. Chem. Soc.
Rev. 2016, 45, 6147−6164.
(17) Lu, G.; Blakesley, J.; Himmelberger, S.; Pingel, P.; Frisch, J.;
Lieberwirth, I.; Salzmann, I.; Oehzelt, M.; Di Pietro, R.; Salleo, A.;
Koch, N.; Neher, D. Moderate doping leads to high performance of
semiconductor/insulator polymer blend transistors. Nat. Commun.
2013, 4, 1588.
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