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ABSTRACT: Molecular doping of conjugated polymers is extremely (?\m“z' o E:[ﬁ:;
desirable to control charge density gradients and shape the electric field ot . et gf@ -
across polymer electronic devices, including highly eflicient organic solar 90 il U R i &,
cells. It is also a fundamental requirement for organic thermoelectrics and a SO

powerful strategy to boost charge injection and transport properties in % ) ° H/s‘/wii; . Ao g
transistors. Yet, currently available doping approaches are far from offering a Ciar \y\"CH\IQ\,‘(cm ity (7\{; o
suitable level of control, particularly in the case of n-type doping. We here o oot R
reveal that part of this limitation lies in the lack of understanding of Up to 5 - fold increase in conductivity
dominant factors in doping efficiency. In particular, we highlight the key role

played by very small amounts of a specific decomposition product formed P e - <=

during processing of the widely used molecular dopant 4-(2,3-dihydro-1,3- 2 ol L

dimethyl-1H-benzimidazol-2-yl)-N,N-dimethylbenzenamine (DMBI-H) in
influencing the n-type conductivity in polymer blends. We show that such
an overlooked decomposition product acts as a nucleating agent for a new crystalline phase of DMBI-H, with the overall effect of
boosting the electrical conductivity of the final doped polymer films. Such results, confirmed by control experiments performed with
a different nucleating agent, focus on the crucial role played by the solid-state microstructure in molecular doped semiconductors
and offer ground for a significant change in design guidelines for molecular doping strategies.
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B INTRODUCTION challenging. Suitable dopants should feature HOMO levels
higher than —3.8 eV, the energy more or less corresponding to
the lowest unoccupied molecular orbital (LUMO) level of
high-electron-mobility semiconductors like [6,6]-phenyl Cg,
butyric acid methyl ester (PC4BM) or poly{[N,N’-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5'-(2,2/-bithiophene)} (P(NDI20D-T2), Figure
la).”' 7> This clearly poses serious problems of air stability,
not only for the doped polymer but also for the dopant itself. A
valuable approach to overcome this problem is the develop-
ment of kinetically air-stable dopant precursors, which, after
incorporation into the host material, can be thermally or
photochemically converted in more reductive species through
bond formation/cleavage. DMBI-H (Figure la) is by far the
most widely studied “masked” dopant, particularly in the
emerging field of OTEGs.”***™** Per se, DMBI-H is a fairly
electron-rich molecule (HOMO energy level at —4.4 eV), yet

The development of molecular doping has a major impact on
boosting the performances of nearly all plastic (opto)electronic
devices." The capability to tune the conductivities of both p-
and n-type-doped organic semiconductors over orders of
magnitude, while at the same time improving energy-level
alignments between different organic materials and metallic
contacts, proved to be groundbreaking for vacuum-processed
organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), and organic photovoltaic (OPV)
devices.” > More recently, the same approach demonstrated
also critically improved performances in the more challenging
solution-processed OPVs®™” and organic thermoelectric
generators (OTEGs).'"~" Key to the success of the approach
was the development of p- and n-dopants having a broad
application window encompassing most of the already
developed, hi%h-mobility polymeric, and small-molecule
materials.” °™"® The p-type doping of hole-transporting ————
semiconductors is energetically simpler due to the relatively Received:  December 13, 2021 * o ;
high-lying highest occupied molecular orbital (HOMO) levels Accepted: January 13, 2022 5’
of materials like polythiophenes. Fluorinated tetracyanoquino- Published: January 27, 2022 E
dimethane derivatives like F4TCNQ _can be handled in air and m
provide very efficient p-type doping in solution and in solid =
state.'””” The n-type-doped organic semiconductors are more
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Figure 1. (a) Chemical structures of the molecular dopant DMBI-H, its main decomposition product DMBI-Ox, the nucleating agent oPDA, and
the n-type polymer P(NDI2OD-T2). (b) Possible cleavage mechanisms of DMBI-H, with the formation of different reducing species: hydride
(heterolytic cleavage, path A) and DMBI® radical (homolytic cleavage, path B).

Scheme 1. Literature Routes toward the Synthesis of DMBI-H (in black) and Improved Synthesis of Amine 3 and DMBI-H
Proposed in This Work (in Green)
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still energetically incapable of doping neither PC4,BM (LUMO fully capable of n-type doping essentially all organic semi-
level at —3.9 eV) nor P(NDI2OD-T2) (LUMO level at —3.8 conductors (Figure 1b, path B).*

ev).” Yi very recently disclosed that the energetics for the
The details of the doping mechanism upon which DMBI-H heterolytic (hydride donation) and homolytic (hydrogen
donates one electron to an organic semiconductor are very donation) C—H bond cleavage for the isolated molecule are
much dependent upon the specific counterpart. In a series of essentially the same. Conversely, either one of the two
very detailed papers, Marder and Bao convincingly demon- competing processes can become dominant, when assisted by
strated that the doping process in the case of fullerene the target n-dopable semiconductor. The specific chemical
derivatives is triggered by the donation of a hydride from nature of the semiconductor and the details of the interaction
DMBI-H, with the formation of the DMBI" cation (Figure 1b, geometry determine the preferential pathwzi)7.26’29’31’32
path A). In other cases, the hydride donation is competitive Regardless of the details of the doping mechanism(s), the
with the homolytic cleavage of the C—H bond and the two main attractive features generally attributed to DMBI-H
formation of a highly electron-rich carbon-centered radical, are generality and air stability. The former is demonstrated, but

having a SOMO typically placed around —2.40 eV and thus the latter is questionable. Very recently, Wang and Demadrille,
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among others, disclosed the limited stability of DMBI-H while
dissolved in organic solvents, including those commonly
employed for processing.”> > Such observation is somewhat
surprising as it is apparently conflicting with the fact that most
authors carry out doping experiments in air with commercially
available samples of DMBI-H and without mentioning s;)eciﬁc
purification and/or preliminary characterizations.””*°~>

In this paper, we reveal the impact of known concentrations
of the DMBI-H degradation byproduct in blends with
P(NDI2OD-T2). To do so, we characterized the evolution
over time of the nuclear magnetic resonance (NMR) spectra of
solutions of carefully purified samples of DMBI-H, prepared in
the deuterated analogue of the processing solvent. We
characterized and isolated the most relevant byproduct thus
formed, confirming the amide structure (DMBI-Ox, Figure
1a).>*** Our findings show that the presence of very small
amounts of DMBI-Ox triggers the nucleation of DMBI-H in a
new crystalline phase with the effect of sizably improving
performances, particularly at low doping levels. We interpret
the unexpected behavior as seeded crystallization of DMBI-H
in very small crystallites within P(NDI20D-T2). To
substantiate this hypothesis, we tested a series of P-
(NDI2OD-T2) blends with an electrochemically inert
nucleating agent, o-phenylenediaminebispivaloylamide
(oPDA, Figure la). We show that the presence of oPDA
enables a 2- to S-fold increase in the blend electrical
conductivity with respect to control experiments having the
same dopant concentration. What we report offers the ground
for rethinking molecular doping strategies of semiconducting
polymers, approached so far only as optimization of a binary
system, but revealing itself as a ternary problem in the relevant
case of n-type doping based on benzimidazole derivatives.

Bl SYNTHESIS AND PURIFICATION OF DMBI-H

DMBI-H is an established and commercially available
molecular dopant. Scheme 1 shows that the literature
approaches for its synthesis are straightforward but require
several steps, limiting yield and sustainability. The most
popular route starts from N,N’-dimethyl-1,2-phenylenediamine
3.7 The latter is commercially available but rather expensive
and prone to oxidative degradation. 1,2-Phenylenediamine is
converted into the corresponding sulfonanilide 1 by reaction
with tosyl chloride in dichloromethane (DCM). The
deprotonation of 1 in dimethylformamide (DMF), followed
by alkylation with methyl iodide, gives product 2. Hydrolysis in
concentrated sulfuric acid at a high temperature, followed by
neutralization, gives 3 after chromatographic purification. The
final step in the preparation of DMBI-H is the acid-catalyzed
condensation between 3 and 4-(dimethylamino)benzaldehyde.
The process is in some cases described to be assisted by
ultrasound. DMBI-H precipitates and is collected by filtration
(Scheme 1, path A). The overall yield is just above 18%.
Alternatively, it is possible to react directly 1,2-phenylenedi-
amine with 4-(dimethylamino)benzaldehyde to give the 2-
arylbenzimidazole 4 in moderate yield. The same gives iodide
S after double alkylation with methyl iodide under alkaline
conditions, later converted into the correspondin§ triflate 6 by
metathesis with the corresponding silver salt.”” This inter-
mediate finally gives the desired final product after treatment
with NaBH, with an overall yield of almost 23%.

The main advantage of pathway B is the possibility to
change the substitution pattern on the benzimidazole residue
using alkylating agents other than methyl iodide. If it were not

2423

for the expensiveness of 3, path A would be preferable. We
thus developed an alternative synthesis of 3, more respectful of
atom economy, and improved the subsequent condensation.
As it is shown in Scheme 1, inexpensive benzimidazole can be
alkylated in an essentially quantitative yield with methyl
iodide/K,CO; to give iodide 7. High-temperature alkaline
hydrolysis of 7 affords 3 in 75% yield after vacuum distillation.
To the best of our knowledge, the preparative application of
such a protocol is original.”® The usual acid-catalyzed
condensation gives analytically pure DMBI-H, after a short
silica gel filtration. The overall yield of the protocol is still
around 24%, but the improvements in atom economy and
waste reduction are very significant.

During purification, we realized how delicate DMBI-H is in
solution, especially under a standard laboratory atmosphere.
This finding prompted us to challenge the numerous reports
describing the pretended ambient stability of DMBI-H,
particularly when dissolved in chlorinated solvents.

B CHARACTERIZATION OF DMBI-H STABILITY

Pure DMBI-H is a pale yellow crystalline solid that darkens
upon storage in air. Commercial samples might be already
significantly darkened at first opening. In our experience, pure
samples kept under argon and in the dark can be stored for
months without hints of degradation, but samples left under
laboratory atmosphere darken in a few days (see the
Supporting Information). As already observed by Wang, the
scenario changes significantly when the dopant is in solution.”
Being interested in the degradation kinetics under the exact
experimental conditions used for processing, we monitored the
evolution of a 10 mg/mL solution in ds-chlorobenzene
(deuterated analogue of the most common solvent used in
doping experiments) by room-temperature 'H NMR both
under argon atmosphere (sample Ar) and under standard
laboratory atmosphere (sample O,). Such a study was
necessary to evaluate the composition of solutions used in
doping experimental campaigns often requiring a few days to
be complete.

The degradation in air is fast and leads to the formation of
two products: the amide DMBI-Ox (90 mol %) already
isolated by Demadrille’ and the cation DMBI* (10 mol %).
The mechanistic details of the degradation process are not fully
clear, but the far higher stability of the sample prepared under
Ar confirms that molecular oxygen plays a role. As it is shown
in Figure 2B, after 2 days, the O, sample is already 50%
decomposed while the Ar one is still barely showing
appreciable evolution. Later, even the Ar sample decomposed,
likewise because of the reaction with O, traces in the glovebox
(O, and H,O concentrations, respectively, in the 1—5 and
0.1—0.5 ppm levels during the experiment). In principle, the
decomposition of DMBI-H could be due to a reaction with
both oxygen and water; we thus repeated the experiment using
deuterated chlorobenzene saturated with deuterated water. As
it is shown in Figure 1B, the presence of water (orange trace)
significantly slows down the degradation kinetics. There could
be different explanations for such a phenomenon. On the one
side, the presence of water could stabilize one or more of the
charged intermediates that Demadrille hypothesized, thus
slowing down the reaction.”> Conversely, water could react
with one of the transient species, again leading to more stable
intermediates. Without any further mechanistic evidence, it
suffices to say that the degradation products with and without
water are the same and that the presence of a certain level of

https://doi.org/10.1021/acsaem.1c03893
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Figure 2. (A) Time evolution of the "H NMR spectra of a solution of
DMBI-H in ds-chlorobenzene under laboratory atmosphere. Peaks at
6.96, 6.99, and 7.14 ppm are solvent residual signals. Gray rectangles
highlight the peaks of the forming species DMBI-Ox. (B) Degradation
over time of DMBI-H in ds-chlorobenzene estimated by "H NMR for
a sample prepared under laboratory atmosphere in the presence
(orange circles) and absence (green squares) of deuterated water and
under Ar (dark red triangles). The inset (C) shows the structure of
the principal identified degradation product, DMBI-Ox.

moisture in the environment somewhat stabilizes DMBI-H
solutions in chlorinated solvents.

Our quantitative data complement and confirm those
reported in the literature, demonstrating that DMBI-Ox is
produced in non-negligible amounts during the timespan
normally necessary for sample handling in doping experi-
ments.”> Nonetheless, DMBI-H has been used successfully
under a variety of experimental conditions with comparable
performances.””**™%

To explicitly investigate the role played by DMBI-Ox in
influencing the electrical properties of DMBI-H-doped
polymers, we performed a series of comparative tests using
DMBI-H samples aged for progressively increasing time and
compared the results with control samples intentionally
contaminated with known quantities of DMBI-Ox.

2424

B ELECTRICAL CHARACTERIZATION OF
DMBI-H/P(NDI20D-T2) BLENDS

We prepared blends of DMBI-H/P(NDI20OD-T2) at 1, 3, 5,
10, and 30 wt % compositions, all of which dissolved at
identical polymer concentrations in chlorobenzene under an
inert atmosphere in the glovebox. The samples were stored
under conditions identical to those of the NMR-Ar previously
discussed, and at precise time intervals, thin films were made
by spin coating and thermally annealed under the same
conditions (see the Supporting Information). We thus
compared electrical conductivity () values as a function of
time and dopant concentration (Figure 3). The dopant

3P j: : 30%
107F 10%
‘TE 10k
o
2
o
10°f
% 1%
10_6 " 3 3 2 M
0 100 200 300 400
Time (h)

Figure 3. Electrical conductivity as a function of the aging time for
DMBI-H/P(NDI20OD-T2) blends of different compositions (from 1
to 30 wt %).

concentration dependence was very much in line with our
previous experience with DMBI-H/P(NDI20D-T2) blends.”’
On the contrary, the time dependence was unexpected. For the
first 250 h of aging, we did not monitor any decrease in the
conductivity. Only after 400 h, some weak variations are
measurable, but the only obvious decrease concerns the 1 wt %
sample.

According to the decomposition kinetics we measured
(Figure 2A,B), after 250 h of aging in the glovebox, half of the
DMBI-H originally dissolved should be decomposed, and yet
no effect is apparent from the electrical data. Of course, the
assumption that the new samples behave identically to the
NMR one, irrespectively of the presence of the polymer, might
be totally off target. We thus prepared a sample intentionally
contaminated with an amount of DMBI-Ox even larger than
that expected to be contained in the 250 h aged sample. In
detail, we doped P(NDI2OD-T2) at a 10 wt % level with a 4:1
molar ratio mixture of DMBI-Ox and DMBI-H, corresponding
to an active DMBI-H concentration of 2 wt %. According to
the data in Figure 3, the corresponding conductivity value is
expected to be within 9 X 107 S/cm recorded for the 1 wt %
doped sample and 2 X 107> S/cm obtained for the 3 wt %
sample. Instead, we obtained 9 X 107* S/cm, a value almost 2
orders of magnitude higher than expected, and consistent with
the conductivity of blends containing a 10 wt % amount of
pure DMBI-H. According to such data, the net impact of the
formation of DMBI-Ox is an improvement rather than a

https://doi.org/10.1021/acsaem.1c03893
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Figure 4. DSC plots for successive heating cycles of a DMBI-H sample (A, B), a DMBI-H:DMBI-Ox 99:1 sample (C, D), and a DMBI-H:0PDA
99:1 sample (E, F). The inset of (E) shows the structure of the oPDA nucleating agent. Measurements carried out at 10 °C/min heating rate and
under N, flux. Arrows point at the onset of the respective phase transition. Gray dashed lines are a guide to the eye.

decrease in conductivity. DMBI-Ox, an oxidation product of B THERMAL CHARACTERIZATION OF

DMBI-H, is not expected to contribute to the doping process DMBI-H/DMBI-OX BLENDS

directly. We performed a cyclic voltammetry characterization Differential scanning calorimetry (DSC) can give insight into
of such derivative, leading to a HOMO level of —5.15 eV (see the nature of the DMBI-H/DMBI-Ox interaction and helps
Figure S9), a value that makes the electron transfer to the shedding light on our surprising results. Figure 4A,B shows the

thermograms we obtained by repeatedly melting and solid-
ifying an analytically pure sample of DMBI-H. We carried out
the experiments under N, flux and at a heating rate of 10 °C/
min. The cooling curves are omitted as no transition was
evident in all of the cases. The first scan, carried out between

polymer not energetically feasible. Nonetheless, we performed
a control experiment using a 30 wt % blend of DMBI-Ox/
P(NDI2OD-T2). After the standard thermal treatment, we
obtained a conductivity of 6 X 107® S/cm, still a very small

value yet an order of magnitude higher than the 3 X 1077 §/cm 25 and 150 °C, shows only the sharp peak associated with the
given by pure P(NDI2OD-T2). As conductivity is the product melting of DMBI-H at 108 °C. The second scan shows an
of mobility and carrier density, such an increase could be exothermic peak at 74 °C, associated with cold crystallization

independent of doping phenomena. Indeed, mobility in of the sample, followed again by fusion at a slightly higher

polymers as P(NDI20D-T2) is known to be influenced by temperature of 109 °C. In the third heating cycle, the cold
crystallization peak shifts at 60 °C and a new sharp

.. 41 ..
the degree of crystallinity.” Regardless of the origin, the endothermic peak appears at 98 °C, followed by the fusion

influence of DMBI-Ox alone on conductivity is too small to of DMBLH at 109 °C. In the fourth run, the exothermic
explain the results shown in Figure 3. The effect must thus be crystallization peak is unchanged, but the only endothermic
related to a cooperative effect of both DMBI-H and DMBI-Ox. peak still visible is the one at 99 °C, while the original one at

DMBI-H is poorly miscible with P(NDI2OD-T2); indeed, 109 °C is no longer visible. Suspecting a role played by
the improvement of the mutual compatibility between n-type thermally induced formation of DMBI-Ox, we first tested by

'H solution NMR if the first heating cycle does induce the
formation of DMBI-Ox. As it is shown in Figure S7, peaks
associated with the DMBI-Ox impurity are indeed visible at a

b d d . d vol . ) concentration that increases with the number of thermal cycles.
area between dopants domains and polymer matrix, only a We then prepared a sample having a DMBI-H/DMBI-Ox 99:1

semiconductors and DMBI-like molecules represents a
recognizable trend in the dedicated literature.”>*”** There is
also a general consensus that, because of the limited interface

fraction of the dopant molecules can efficiently dope the molar composition using carefully purified materials, and we
polymers and contribute to the increase in the conductivity."’ compared the obtained DSC results. As observable in Figure
DBMI-Ox is far less soluble than DMBI-H. Its presence during 4C, in the first scan, the thermogram is identical to that of pure
solvent evaporation could trigger the heterogeneous nucleation DMBI-H, as expected, given that pure DMBI-Ox melts at 170

°C (see the Supporting Information). In the second scan
(Figure 4D), the thermogram of the blend features the cold
crystallization exothermic peak—in this case at 52 °C—and

of smaller domains of DMBI-H, possibly even promoting the
formation of new crystalline phases. The consequent enhance-

ment of the. interph.ase area betwe-en dop a.nt and polymer both the endothermic peaks at 99 and 109 °C. The behavior is
could explain the improved doping efficiency and thus very similar to that observed in the third scan of pure DMBI-
conductivity. To prove such a hypothesis, we performed a H. The first-order endothermic transition observed at 99 °C is
detailed thermal analysis of DMBI-H/DMBI-Ox blends. the melting of a new phase that could be related to two distinct
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phenomena: (a) the formation of a eutectic mixture between
DMBI-Ox and DMBI-H or (b) the seeded crystallization of a
different polymorph of pure DMBI-H. On the basis of the
thermal characterization alone, a clear-cut assignment is not
possible. We thus performed an XRD analysis of carefully
purified DMBI-H (Figure 5B), and we compared the results

A Calculated XRD powder pattern

(from single crystal data)

P — A
1

I - I

DMBI-H experimental powder XRD

Nucleated DMBI-H powder XRD

s
25 30
20()

— T T

35

10 15 20

Figure 5. XRD patterns: (A) calculated DMBI-H diffraction powder
obtained from the single-crystal data.** (B) Experimental pure DMBI-
H powder diffraction. (C) Powder diffraction of DMBI-Ox nucleated
DMBI-H.

with the calculated XRD pattern obtained starting from the
single-crystal data recently published by Demadrille.” The two
plots are essentially identical, thus confirming that the
crystalline phase of the pure materials we obtained by solvent
evaporation was the same as that previously described in the
literature. We then prepared a sample by heating at 140 °C
under N, atmosphere a 3 mol % mixture of DMBI-Ox in
DMBI-H. At such a temperature, DMBI-H melts and a
homogeneous liquid phase forms.

We let the sample cool down to room temperature (the
process required about 20 min), obtaining an amorphous glass.
Thermal annealing at 60 °C prompted the formation of crystals
that we recovered and analyzed by XRD and NMR. While the
NMR spectrum still showed essentially pure DMBI-H (see
Supporting Information Figure S8), with ~3% DMBI-Ox, the
XRD pattern (Figure SC) was sizably different, thus
confirming the formation of a new polymorph seeded by
DMBI-Ox.

B ROLE OF NUCLEATING AGENTS IN
DMBI-H/P(NDI20D-T2) BLENDS

To further explore the role of nucleation seeds in influencing
the morphology of DMBI-H/polymer blends, we replaced
DMBI-Ox with oPDA (Figure 1A)—a very simple nucleating
agent soluble in the processing solvent—and we repeated the
DSC characterization, while keeping constant the ratio
between DMBI-H and impurity. As visible in Figure 4F, the
oPDA/DMBI-H blend has a second scan thermogram
essentially identical to that we obtained for the fourth scan
of pure DMBI-H. We observed the exothermic seeded
crystallization at SO °C (slightly lower than the 52 °C
recorded in the case of the DMBI-Ox-containing sample) and
the sharp endothermic melting at 98 °C. The melting
temperature of the new phase, as obtained in the presence of
DMBI-Ox vs oPDA, is essentially identical. The observed shift
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toward lower temperatures of the onset of the cold
crystallization exotherm (from SS °C of pure DMBI-H to
44—45 °C of the blend) also supports the hypothesis of an
increasingly efficient heterogeneous nucleation as such
characteristic (more commonly observed on the cooling
scan) is a literature-accepted way to compare the efficiencies
of different nucleating agents.***

The remarkable analogy in the behavior of oPDA and
DMBI-Ox as contaminants in DMBI-H is also mirrored in the
results of electrical characterization. Table 1 summarizes the

Table 1. Electrical Properties of oPDA:DMBI-H/
P(NDI2OD-T2) Blends as a Function of the Respective
Composition

oPDA:DMBI-H conductivity
entry (mol/mol) wt % (S/cm) enhancement”

1 pure oPDA 30 15 x 107
2 80:20 10 1.1 x 1073
3 1:99 3 83 x 107° 3.6
4 1:99 5 3.9 x 107 4.7
S 1:99 10 3.1x 1073 32
6 1:99 30 5x 1073 2.5
7° 1:99 5 92 % 107
8v 1:99 10 9.5 x 107
9 1:99 30 1.8 x 1073

“Calculated as the ratio with respect to a DMBI-H/P(NDI20OD-T2)
blend having the same wt % concentration of pure DMBI-H.
bAnnealed at 90 °C instead of 150 °C.

results we obtained while measuring the electrical conductivity
of a series of oPDA:DMBI-H/P(NDI2OD-T2) blends we
prepared, thermally annealed, and characterized under
conditions identical to those employed for DMBI-H stability
campaign. First, we tested (entry 1) a 30 wt % oPDA blend in
the polymer obtaining a conductivity of 1.5 X 107 S/cm. This
value is like that obtained for the 30 wt % DMBI-Ox blend and
is likely connected to the same effect. We then tested (entry 2)
a 10 wt % concentration of a 4:1 molar mixture of
oPDA:DMBI-H, obtaining a conductivity of 1.1 X 1073 S/
cm. The value is again in staggering agreement with the one we
obtained using DMBI-Ox under the very same (molar)
concentration(9 X 107* S/cm).

According to the DSC data, a 1 mol % amount of oPDA
over DMBI-H is enough to achieve efficient nucleation of the
new phase. We consequently used a 99:1 mixture in the doping
of P(NDI20OD-T2), and we compared the results obtained at
the very same DMBI-H concentration, but in the absence of
oPDA.

In all of the cases, we obtained a clear boosting effect on the
electrical conductivity values, particularly evident for the 3 wt
% (entry 3) and S wt % (entry 4) samples achieving 4- and S-
fold enhancements, respectively. The 30 wt % sample gave a
conductivity of S X 107 S/cm, which is among the highest
ever reported under similar experimental conditions for the
DMBI-H/P(NDI20OD-T2) system. The observed conductivity
enhancement could be attributed to an improved charge
mobility, an increased doping efficiency, or both. To
understand if the presence of the nucleating agent imparts
any change in P(NDI2OD-T2) crystallinity, we performed
GIWAXS analysis on P(NDI20D-T2)/DMBI-H-annealed
films, both in the absence and presence of oPDA (Figure
6A,B, respectively). P(NDI20D-T2) adopts face-on orienta-
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Figure 6. (A) 2D grazing-incidence wide-angle X-ray scattering
(GIWAXS) patterns of the P(NDI20D-T2) film doped with 10 wt %
of DMBI and (B) GIWAXS pattern of the P(NDI20D-T2) film
doped with 10 wt % of the DMBI:oPDA 99:1 mixture. (C) Sector-
averaged 1D profiles along OOP (dashed line) and IP (full lines).

tion in both films, as evidenced by the presence of in-plane
(IP) (h00) lamellar stacking peaks, IP (001) backbone repeat
peaks, and out-of-plane (OOP) m—x stacking peaks in the
sector-averaged profiles. Very weak OOP (h00) lamellar
stacking peaks indicate minority edge-on orientation. The
measurements showed no noticeable differences in the
polymer crystallinity in the two samples, indicating that the
presence of oPDA does not alter the molecular packing within
the ordered polymer phase. Such an observation is in favor of a
more efficient doping process, rather than an enhanced carrier
mobility. As a further confirmation of the role played by
heterogeneous nucleation, we repeated 5, 10, and 30 wt % tests
reducing the annealing temperature at 90 °C. Under such
conditions, the nucleation of the new phase is not possible as
this would require melting of DMBI-H at 110 °C.
Consistently, the conductivity values we observed are
essentially identical to those obtained with pure DMBI-H.
Figure 7 shows a cartoon highlighting the proposed role of
DMBI-Ox in influencing the microstructure of the blend.

B CONCLUSIONS

Summing up the results of our electrical/thermal combined
characterization, we can conclude that the formation of DMBI-
Ox during handling of DMBI-H at a low concentration does
not negatively affect the electrical conductivity of the blend.
On the contrary, once realized the very peculiar role played by
DMBI-Ox in the complex ternary blend, it is even possible to
exploit its presence to enhance performances. We believe that
our findings significantly change the design guidelines for new
doping strategies involving DMBI-H-like compounds and n-
type polymers like P(NDI20OD-T2). Rather than focusing
exclusively on increasing the mutual miscibility of the two

‘ Seeded blend

Pure blend

Figure 7. Cartoon highlighting the proposed role of DMBI-Ox in
influencing the microstructure of P(NDI20D-T2)/DMBI-H blends.
Left: DMBI-H (yellow) forms domains within the structure of the
semicrystalline polymer (blue). The green lines show the hetero-
junction between dopant and polymer, where doping happens. Right:
the presence of DMBI-Ox (red dots) triggers the nucleation of
DMBI-H in smaller domains pertaining to the heterogeneously
nucleated new phase highlighted by the DSC traces.

components, a characteristic helping doping efliciency but
negatively affecting charge carrier mobility, attention should be
focused on the solid-state microstructure of such blends and
the nature of the phases and interphases involved. Indeed, our
data show that the very same dopant can be present in two
different phase-segregated forms, one melting at 108—110 °C
and the other at 98—99 °C. The data also suggest that
nucleation of the latter is strongly enhanced in the presence of
nucleating agents in the form of decomposition products
(DMBI-Ox) or an exogenous additive (o0PDA). Such seeded
nucleation appears to have a striking effect on the doping
process. Although no conclusion can be currently drawn in this
respect, such an observation hints at an interfacial doping
mechanism between two different phases rather than on a
more simplistic dissolution of the dopant into the polymer
phase. In such a scenario, heterogeneous nucleation is expected
to play a key role in the extension of phase segregation,
microstructure, polymorphism, and reactivity during doping.46
We believe that our findings—albeit so far limited to the case
of DMBI-H in P(NDI20D-T2)—will prompt a rigorous
screening of different nucleating agents, aiming at achieving
both higher electrical performances and a deeper under-
standing of the underlying phenomena in complex blends of
polymers and molecular dopants.
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