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Enhanced N-Type Doping of a Naphthalene Diimide Based
Copolymer by Modification of the Donor Unit
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Christopher R. McNeill, Yong-Young Noh, Yun-Hi Kim, Chiara Bertarelli,

and Mario Caironi*

Doped conjugated organic semiconductors are suitable materials to be used
as building blocks of flexible and cost-effective thermoelectric generators.
While several efficient solution-processable p-type organic thermoelectric
materials are reported, n-doped materials are fewer because of lack of good
electron-transporting materials and stable n-dopants. Here, n-doping process
is investigated on a relevant n-type class, namely naphthalene-diimide-
based copolymers. Among these, copolymer incorporating bithiophene

(T2) donor units, largely studied poly{N,N"-bis(2-octyl-dodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl}-alt-5,5’-(2,2’-bithiophene)} (PNDI-T2), is
one of first polymers reported to achieve good solution-based n-doping. By
substituting T2 with thienylenevinylene-thienylene (TVT), resulting PNDI-TVT
copolymer exhibits improvements on both structural and transport proper-
ties, offering a suitable basis to improve thermoelectric properties upon
doping. When doped with 1H-benzimidazoles, PNDI-TVT achieves maximum
in-plane electrical conductivity at room temperature of 2.4 X 102 S cm™,
being the highest value for PNDI-T2 solution-doped derivatives excluding
those with oligoethylene-glycol chains. Electron paramagnetic resonance
and variable temperature electrical conductivity measurements relate this
enhancement to more efficient charge-transfer between n-dopant molecules
and host polymeric matrix, and easier charge carrier transport within the
system. This electrical conductivity large enhancement also improves
in-plane power factor of almost three times with respect to similar doped
PNDI-T2 films.

1. Introduction

Thermoelectric (TE) devices are able to
convert thermal energy into electrical
power and vice versa, by exploiting the
Seebeck and the Peltier effect, respec-
tively.'”] Thus, depending on the device
configuration, this technology can be
used as TE generators (TEGs) or solid-
state coolers (TECs), presenting several
important advantages, such as pollution-
free energy conversion, low-maintenance
needs (due to the absence of moving
fluids or mechanical parts in the system),
long operational lifetime, no working
noise, and easy scalability in size and
power.B ™ Despite these positive fea-
tures, the widespread usage of the TE
technology is limited since the building
blocks of current commercial devices are
based on inorganic materials,>'% which
are more efficient, but also heavier, rigid,
more expensive, and mostly based on rare
and/or toxic elements.?% In this frame-
work, solution-processable doped conju-
gated polymers gained the interest of the
TE research community,?*3% since they
are based on abundant nontoxic elements,
possess easy tunable chemical structure,
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low weight, mechanical robustness, and flexibility, thus being
suitable as building blocks of flexible, light-weight, and cost-
efficient organic thermoelectric generators (OTEG) fabricated
on large scale by printing techniques.l?%33-3¢ The TE conver-
sion efficiency of a given material is assessed through the
dimensionless figure-of-merit: zT = (S?0)T/(k. + ki), where S
is the Seebeck coefficient, o is the electrical conductivity, %, is
the charge carrier thermal conductivity, x; is the lattice thermal
conductivity of the material, and T is the absolute temperature.
Compared to inorganic materials, organic semiconductors pos-
sess very low total thermal conductivity (x), typically lower than
1 W m™ K173 due to the intrinsic material structural dis-
order, suppressing the phonon component (ki).2% Thus, the
enhancement of organic TE performance is mainly related to
the increase of the numerator of zT, namely the power factor
(PF = S20).1)

Undoped organic materials show low electrical conduc-
tivity (in the range of 107® — 10® S cm™), corresponding to
electrical resistances that are too high for the development
of commercial devices.?8! However, by tuning the material
charge carrier density through suitable doping processes,
the material electrical conductivity can be enhanced.[3”38 At
the same time, the material Seebeck coefficient decreases
upon doping as the Fermi energy level approaches the trans-
port energy level *#I leading to a necessary compromise
between high material electrical conductivity and power
factor. Efficient and air stable p-type doped organic semicon-
ductors based on doped poly(3,4-ethylenedioxythiophene)
have been already widely reported, possessing a high in-
plane PF of over 100 uW m™ K72, leading to a promising zT
of greater than 0.1.*] Many efforts are still concentrated
on the development of printable, efficient and air stable
organic n-type doped materials whose performances remain
below their p-type counterparts.*08-30 The difficulties lay
on the very limited availability of efficient and environmen-
tally stable electron-donating doping species,'=° as well
as solution-doping strategies that are effective on electron-
transporting organic semiconductors.>>-]

Since the 1990s, studies on the n-doping process of semi-
conducting small molecule materials have been reported,
investigating the correlation between the increase of the PF
and both the doping conditions and the obtained material
nanostructure.[*%8-0 Recently, an effective increase of the
dopant miscibility was demonstrated through the replacement
of the butric acid ester group with more polar oligo ethylene
glycol side chains in solution processable n-doped [6,6]-phenyl-
Cer-butyric acid methyl ester, leading to superior values
of both in-plane ¢ (7 S cm™) and PF (=47 uW m™ K3)[®I
and also to an enhancement of the thermal stability of the
doped materials.*>®Y Nonetheless, the ease of process-
ability and printability from common organic solvents
makes polymers more suitable for the fabrication of printed
OTEGs. Among them, the most widely studied class of n-type
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organic material is the family of the naphthalene diimide
(NDI)-based copolymers,32%74  with the donor-acceptor
(D-A) copolymer  poly{N,N"-bis(2-octyl-dodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl]-alt-5,5’-(2,2"-bithiophene)},
here referred as PNDI-T2, being the most well-known
example.”7? In several different studies, this copolymer was
blended in solution with environmentally stable and solution-
processable 1H-benzimidazole n-dopants, such as (4-(1,3-dime-
thyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl) (DMBI),/3-7¢l
or n-doped by exposing to the vapor of strong reducing agents
such as tetrakis(dimethylamino)ethylene (TDAE)"” and highly
branched polyethylenimine.”®] These strategies have led to
values of in-plane o in the range of 10™* to 102 S cm™, but
have achieved only moderate maximum in-plane PF values of
=102 uW m™ K2, Such low PF values, compared to p-type
doped organic semiconductors, were initially ascribed to a
limited dopant miscibility into the polymeric host caused by
both the strong tendency of both to aggregate in solution and
its semicrystalline nature.337472-81 Further studies related the
limited doping efficacy to the presence of both a strong charge
carrier intrachain localization on the distorted copolymer
backbonel®77l and to an intermolecular structural disorder,8
typical of the D-A polymers.[82-8% As a result, torsion free poly-
mers, characterized by a higher degree of delocalization, have
been proposed as promising candidates for high performing
n-type TE materials.””l Moreover, since the lowest unoccupied
molecular orbital (LUMO) of PNDI-T2 lies at an energy higher
than the highest occupied molecular orbital (HOMO) of ben-
zimidazole-derived dopants, 7858 such as DMBI, the electron
transfer process is hindered by an energy barrier which could
be reduced by either slightly increasing the dopant HOMO or
by reducing the polymer LUMO.

To overcome these issues, different structural modifica-
tions of the copolymer on the NDI-acceptor and/or T2-donor
unit were reported. In particular, as in the case of small
molecules, a large enhancement of ¢ was also reported in
DMBI-doped-PNDI-T2 bearing polar oligoethylene-glycol side
chains on both the NDI-acceptor® and the T2-donor unit.!%®!
The replacement of the polymer nonpolar alkyl side chains
enhanced the compatibility of the organic semiconductors with
the dopant molecules,®’ leading to a larger incorporation of
the DMBI dopants and to an increased values of the in-plane o
of 0.17 S cm™, and in-plane PF of =0.4 uW m™ K2®] A large
enhancement of the o was also achieved by replacing the NDI-
core unit with perylene-diimide (PDI) unit, resulting in both
a longer polaron delocalization length and a more electron-
egative value of the polymer LUMO. The PDI-T2 copolymer,
as doped with DMBI, reaches an in-plane ¢ values as high
as 0.45 S cm .1 The T2-donor unit has also been modified
with the bithiazole (Tz2) moiety.’” Since Tz2 units possess a
larger electron affinity than T2 units, this modification reduces
the D-A character of the structure, lowering the LUMO of the
polymer, but leaving the charge mobility similar to PNDI-T2.
Furthermore, the lower steric hindrance of Tz2 reduces the tor-
sion angle between NDI and Tz2 units, leading to a more planar
and conjugated structure. In fact, when doped with TDAE
vapors, the PNDI-Tz2 copolymer exhibits higher values of both
in-plane o and PF of around 0.1 S cm™ and 1.5 pyW m™ K2,
respectively.*0-%2

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

Herein, the n-type doping process of poly{(E)-2,7-bis(2-
decyltetradecyl)-4-methyl-9-(5-(2-(5-methylthiophen-2-yl)vinyl)
thiophen-2-yl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone} (PNDI-TVT)®¥ is investigated as a viable solution
processable and highly electrical conductive n-type doped
organic TE material. With respect to the parent moiety PNDI-
T2, the presence of the thienylene-vinylene-thienylene (TVT)
donor units leads to an increase of the crystalline structure of
the copolymer films, resulting in a higher electron mobility
value and a reduced bandgap, due to a large increase of the
HOMO,”! but leaving the LUMO almost unchanged.l>%
The improved charge transport properties can be beneficial to
overall enhance the electrical conductivity of the PNDI-TVT
copolymer in the doped state compared with PNDI-T2 doped-
copolymer. Thus, a different approach is here proposed in com-
parison with previous reports on solution-doped NDI-based
copolymers where, in some cases, the structure of the backbone
of the copolymer was specifically modified to enhance the inter-
action with the dopant,3*¢% and, in others, alkyl chains were
modified by inserting for example polar oligoethylene-glycol
side chains.[#921 While in the case of the polar side chains
a much higher PF is found, due to an enhanced carrier den-
sity, in both cases the carrier mobility results not improved with
respect to PNDI-T2. Additionally, the n-doping process, car-
ried out with benzimidazole derived dopants with linear and
branched alkyl chain substituents,”® results to be more efficient
in PNDI-TVT n-doped films than in PNDI-T2 counterparts’®
as revealed by both electron paramagnetic resonance (EPR)
spectroscopy measurements and by a detection of a lower elec-
trical conductivity activation energy. As a result, a maximum
value of the in-plane o of 2.4 X 1072 S cm™ at room tempera-
ture (RT) is achieved which is almost four times larger with
respect to both similar n-doped PNDI-T2®! and to DMBI-doped
PNDI-Tz2.°% Furthermore, a threefold improvement in the
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in-plane PF of 3.9 x 1072 pW m™ K2 with respect to PNDI-T2
doped-films is also achieved.”® This work evidences how a
subtle effect of molecular structure can positively influence the
thin film TE properties of doped polymers for a representative
class of good electron transporting and printable materials, i.e.,
NDI-based copolymers. From understanding the relationship
between molecular structure and doping, successful doping
and processing strategies can be devised providing a pathway
toward efficient and cost-effective OTEGs. In fact, although the
here presented results are still limited, our work demonstrates
clear advances in both the performance and the comprehension
of more effective strategies to enhance thermoelectric proper-
ties of the NDI-based polymers.

2. Results and Discussion

Figure 1 shows the molecular structure of the PNDI-TVT
copolymer and the four different 1H-benzimidazole-based
molecules used as n-dopants in this work. DMBI is a well-
known and well-studied molecule.9001 N, N-dibutyl-4-(1,3-
dimethyl-2,3-dihydro-1H-benzo[d]imidiazol-2-yl)aniline (DBuBI)
is a derivative of DMBI possessing long linear n-butyl sub-
stituent chains, while 4-(1,3-dimethyl-2,3-dihydro-1H-benzo|d]
imidazole-2-yl)-N,N-diisopropylaniline (DiPrBI) and 4-(1,3-dime-
thyl-2,3-dihydro-1H-benzo[d]imidazole-2-yl)-N, N-diisobutylani-
line (DiBuBI) possess branched alkyl substituents of different
size.’®l In order to investigate the effects of the dopants on the
electrical, optical, and morphological properties of the polymer,
aliquots of each dopant, dissolved in anhydrous dichloroben-
zene (DCB), were separately added to PNDI-TVT solutions,
thus varying systematically the dopant molar ratio. The dopant
molar ratio (mol%) is defined as the moles of dopant divided
by the number of polymer repeating units. The films were then

O::?_Q,\( DMBI
. >7 DiPrBI
C[N>_Q )—

\
/
N
(:E >_®,N DBuBI
N\ —_
DiBuBI

o
O

Figure 1. Molecular structure of PNDI-TVT and N-alkyl substituted 1H-benzimidazole dopants.
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Figure 2. a) In-plane electrical conductivity (o) versus dopant molar ratio (mol%) of PNDI-TVT doped with N-alkyl substituted 1H-benzimidazoles. b)
Temperature dependence of the in-plane o between 190 and 300 K for PNDI-TVT doped with the four different dopants with the dopant concentration
showing the best value, namely 106% for DMBI, 48% for both DBuBI and DiBuBlI, and 52% for DiPrBI. c) EPR signal intensity (double integral) averaged
for three orientations of the substrate with respect to the external magnetic field (0°, 45°, and 90°) obtained for PNDI-T2 doped with 46 mol% DiPrBI
(black square), PNDI-TVT doped with 106 mol% DMBI (red circle) and with 52 mol% DiPrBI (blue triangle). d) UV—vis—near-IR absorption spectra of
PNDI-TVT thin films doped in solution with different concentration of DiPrBI.

prepared with a procedure identical to that reported by Saglio
et al., used for the investigation of doped PNDI-T2 films with the
same dopant molecules series,”! allowing then a direct compar-
ison of the values of both o and S here measured. First, to con-
firm the good transport properties of the PNDI-TVT material
batch used in this work, the copolymer charge carrier mobility
was measured in a top-gate, bottom-contact field-effect tran-
sistor (FET) configuration, achieving a value of 1.5 cm? V1 57},
similar as the value reported in literature using an identical
geometryl®! (see Figure S1, Supporting Information).

Figure 2a reports the values of the in-plane o of the
doped PNDI-TVT films with four different dopant mole-
cules, for a concentration ranging from 0 to 200 mol%.
The values were extracted through the method reported
in the Supporting Information. The maximum detected ©
values are (9.7 + 0.9) x 107 S ecm™ for 106% DMBI, corre-
sponding to a 25% concentration expressed as weight ratio
of the dopant-to-polymer w/w, (1.1 + 0.2) x 102 S cm™ for

Adv. Electron. Mater. 2021, 7, 2100407 2100407 (4 of 10)

48% DBuBI, (1.3 £ 0.2) X 1072 S cm™ for 48% DiBuBI, and
(24 £ 0.3) x 102 S cm™! for 52% DiPrBI, all corresponding
to 15% w/w concentration. These results confirm the higher
doping efficiency of the molecules carrying longer alkyl linear
chains, as in case of DBuBi, and bearing alkyl branched chains,
as for DiBuBi and DiPrBi, with respect to DMBI molecules, as
also reported by Saglio et al.”® for the doped PNDI-T2 films.
Moreover, the o detected in DiPrBI-doped PNDI-TVT presents
a value which is ten times greater than the reported for DMBI-
doped PNDI-T2 (=1.8 x 10 S cm™),"® and almost four times
greater than for both DiPrBi-doped PNDI-T2®l and DMBI-
doped PNDI-Tz2 (=7 x 1073 S cm™),° being the highest o value
achieved by solution-doping of PNDI-T2 derivatives without
carrying polar oligoethylene-glycol side chains. Moreover, the o
values as a function of the dopant concentration follow a sim-
ilar trend for all the four different dopants: ¢ initially increases,
reaching a maximum in between 48% and 106% dopant con-
centration, and then decreases for higher mol%. This decrease

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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can be related to the dopant phase segregation in the system,
hindering hinders the further enhancement of o as increasing
the dopant concentration in the system,’ and an investigation
of this possible effect is later reported.

First, to better understand this enhancement, the trans-
port properties of the doped thin films were investigated by
evaluating the activation energy (E,) of the in-plane o. This
was obtained by measuring the temperature dependence of o
for the different doped films between 190 and 300 K, reported
in the Arrhenius plot in Figure 2b. As notable, in all cases o
decreases as the temperature drops, with the best fit following
a temperature dependence as In o{T)<T 3 (see Figure S2, Sup-
porting Information), typical of a 2D variable range hopping
transport regime.®? Such simple fitting should be considered
only indicative, and not evidence for a precise physical model,
for which at least coulombic effects related to presence of
dopant counterions should be considered.*>1921 Nevertheless,
the Arrhenius plot strongly suggests that both the conduction
regime and the energetic structure remain identical for all the
doped systems, thus not affected by the different dopant mole-
cules, despite the differences in o. In fact, using the best fit,
the E, of the doped systems is estimated('3l =270 x 107 eV in
all cases. This evidence suggests that the differences in the o
values are related to an increase of the charge carrier density (n)
as a function of the dopant. Similar measurements performed
on PNDI-T2 doped with the same molecules reported higher
value of E, of =330 x 1073 eV, thus suggesting a more efficient
charge transport in PNDI-TVT systems.[9>104

To corroborate the hypothesis of a different charge carrier
density in differently doped PNDI-TVT films, samples doped
with 52% DiPrBI and with 106% DMBI were then investigated
by continuous-wave EPR spectroscopy. Furthermore, to com-
pare the results with the parent material, PNDI-T2 films doped
with 46% DiPrBI (25% w/w concentration), percentage at which
the maximum of ¢ was detected,’® were also analyzed. Gener-
ally, the double integral of the original, first-derivative cw-EPR
signal is proportional to the number of paramagnetic centers
in the sample. The results of the semiquantitative analysis
averaging over three orientations of the substrate with respect
to the external magnetic field (0°, 45°, and 90°) are reported in
Figure 2c. As visible, the EPR signal intensity is larger in both
the PNDI-TVT doped systems with respect to the PNDI-T2 films
(see also Figure S3, Supporting Information), achieving the
highest value for the sample doped with DiPrBI, consistent with
the o measurements. Comparing the results for the TVT-based
copolymer, the larger signals detected for the DiPrBi doped
system with respect to the DMBI film confirm the increased
polymer-dopant interaction for the bearing alkyl branched
chains dopants,”® leading to a higher carrier density (n) in the
former doped film (see also Figure S4, Supporting Information).
Thus, the larger measured values of o for PNDI-TVT doped
samples with respect to PNDI-T2 adding similar percentage of
DiPrBi molecules are related to both the system higher detected
charge carrier density, revealing a more efficient charge transfer
between the n-dopant small molecules and the host polymeric
matrix, and the improved charge transport properties.*?!

To get more insights into these results, the polymer confor-
mation/microstructure evolution of the doped PNDI-TVT as
a function of the dopant concentration for the four different

Adv. Electron. Mater. 2021, 7, 2100407 2100407 (5 of 10)
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molecules was analyzed first by UV-vis measurements on the
thin films prepared with same procedure as for the ¢ meas-
urements, with the data of the DiPrBI doped system reported
in Figure 2d. All the spectra show the two main peaks associ-
ated to a 77—z transition, at 403 nm, and to an intramolecular
charge transfer (ICT), at 716 nm, caused by the D-A structure
of the copolymer.”>1%] Increasing the dopant concentration in
the system causes mainly a reduction of the intensity of both
the detected peaks, leading to an overall reduction of the inten-
sity for both the 7—z* and ICT transition, and a decrease of
the relative intensity of the ICT peak over the m—n* peak, as
already reported in 4-(1,3-dimethyl-2,3-dihydro-1H-benzoimi-
dazol-2-yl)-N,N-diphenylaniline doped PNDI-T2 films.®¢ Analo-
gous results were obtained also using the other dopant mole-
cules (see Figure S5, Supporting Information), suggesting the
absence of any evolution of the molecular microstructure as a
function of any used benzimidazole derivative dopants. There-
fore, similar to DMBI-doped PNDI-T2 films,”® the inclusion
of dopant molecules does not appear to significantly alter the
local molecular environment, and by extension is not expected
to significantly modify the molecular packing.” To further
investigate this result, synchrotron-based grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements were
performed on PNDI-TVT thin films doped with an increasing
amount of DiPrBI. The 2D GIWAXS data plots with the corre-
sponding 1D profiles are reported in Figure 3. The pristine film
is characterized by a series of lamellar stacking reflections (h00)
up to the fifth order, scattering primarily in the out-of-plane
direction, indicating a predominantly edge-on orientation of the
crystallites. However, a distribution of crystallites orientations is
evident by the “arcing” of the detected peaks as well as a back-
bone reflection (001) which is detected in the in-plane direc-
tion at a g-value of ~4 nm™. All these features are consistent
with previous GIWAXS results reported for undoped PNDI-
TVT films.® For doping with DiPrBI molecules at 17%, the
peak width of the lamellar stacking peak increases, indicating
a decrease in crystals size and/or an increase in crystalline dis-
order. Table S1 in the Supporting Information summarizes the
parameters obtained from fitting of the (100) lamellar stacking
peak confirming that doping leads to a decrease in the coher-
ence length from =400 to =300 A along with a slight increase in
d-spacing from 272 to =276 A. In the doped film, a prominent
in-plane lamellar stacking peak is also seen, indicating that in
doped samples there is the copresence of both edge-on and
face-on crystallites, though the predominant crystal orienta-
tion remains edge-on. The presence of this mixed morphology
is reported to enhance the transport properties of the system
compared to the 100% edge-on configuration. As increasing
the dopant concentration to 52%, new peaks appear in the in-
plane line profile, indicating the probable phase-segregation of
the dopant molecules. Despite this effect, the positions of the
PNDI-TVT peaks remain constant for all the samples, con-
firming that the dopant does not induce any changes of the
packing of PNDI-TVT chains, in agreement with the UV-vis
measurements, although the presence of the dopant molecule
does affect the crystallites size/order and orientation.

To collect data about the possible dopant phase-segregation
in the PNDI-TVT system, the film microstructure was fur-
ther analyzed by atomic force microscopy (AFM) through the

© 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. (Left) 2D GIWAXS data plots of PNDI-TVT films doped with DiPrBI at different dopant concentrations (mol%): a) 0%, b) 17%, c) 52%, and
d) 87%. (Right) The corresponding 1D GIWAXS line profiles taken along e) the out-of-plane and f) the in-plane scattering directions.

imaging of sample surface topography. The images are reported
in Figure 4 along with the relative root mean square roughness
(Rrwms). The pristine PNDI-TVT film in Figure 4a exhibits the
typical fiber-like morphology, similar to pristine PNDI-T2,/®!
with a value of Ryys of about 0.9 nm. By adding DiPrBI and
DiBuBI dopants to the system, the surface presents round fea-
tures, as visible in Figure 4D,c, and an increased value of (Rgys)
of 1.83 and 1.27 nm, respectively, providing more evidences for
the presence of dopant segregation, which could help to explain
the observed decrease of o at high dopant concentration meas-
ured in all the doped systems.

Finally, Figure 5 reports the measurements of the in-plane
S, 0, and PF of the DiPrBi-doped PNDI-TVT films as a func-
tion of the doping concentration from 17% to 70% at 413 K,
considering possible applications at slightly higher tempera-
ture than RT. The ¢ measurements confirm the trend of the
RT values, with the 52% sample being the most conductive film
with a value of (0.12 + 0.02) S cm™. The measured S values
are always negative, as expected for systems dominated by elec-
trons, thus confirming the n-doping effect of the 1H-benzimi-
dazole molecules on the copolymer. In particular, the values

12.0 nm

drop from -129 to —12 uV K™ as the dopant concentration
increases, confirming the increase of the charge carrier den-
sity n in the system. However, the theoretical inverse propor-
tionality between S and o, i.e., S<o7%*, where s is equal to 3
or 4 in most cases in polymer system,**#188] due to shifting of
the Fermi level toward the conduction band as a consequence
of the doping,1%17] is not observable for the sample doped at
70%. In this case, the presence of the dopant phase segregation
leads to an overall decrease of the total o, but this is not cor-
related with the expected increase of S.1%! This behavior sug-
gests a dominant role of the reduced mobility in the drop of o
at such high doping concentration, not affecting S.1°617] The
calculated PF of the DiPrBi-doped PNDI-TVT at 413 K achieves
a maximum value of 0.103 uW m™ K2 for the lowest investi-
gated dopant concentration due to the highest detected value of
the Seebeck coefficient.

Moreover, for the 52% DiPrBI-doped system, o and S were
also measured at 353 K, giving as results (4.9 £0.9) x 102 S cm™
and —(24 £ 8) uV K7, respectively, leading to a total PF of
(2.9 £ 0.8) X 103 uW m' K2, This value is almost three times
higher than the best PF obtained in PNDI-T2 films with 76%

10.4 nm
100

14.3n0m

Figure 4. Atomic force microscopy (AFM) scans of the a) undoped PNDI-TVT, b) PNDI-TVT doped with 48 mol% DiBuBI, and c) with 52 mol% DiPRBI,
with the relative measured values of the root mean square roughness (Rgyms)-
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Figure 5. In-plane electrical conductivity (o), Seebeck coefficient (S), and
power factor (PF) versus dopant molar ratio (mol%) of PNDI-TVT doped
films with different concentrations of DiPrBI (from 17 to 70 mol%) at
413 K.

DiPrBI, (=1.1 X 1073 uW m™ K2), measured at similar tem-
perature,”® confirming the enhancement of the TE proper-
ties in doped-PNDI-TVT. In particular, this increased value
of PF is related to the larger o values achieved in PNDI-TVT
n-doped samples compared to the PNDI-T2 n-doped films,"®!
since slightly higher values of S were measured in the n-doped
PNDI-T2 system." The larger o values measured for PNDI-
TVT doped samples with respect to PNDI-T2 ones, adding
similar percentage of DiPrBi molecules, are then related to
both the larger charge carrier density detected by EPR meas-
urements, revealing a more effective n-doping process with
1H-benzimidazoles small molecules than in PNDI-T2 polymer,
and the improved electron transport properties characterizing
PNDI-TVT.PY Such increase in o, without largely sacrificing
the system S, results in an overall enhancement of the PF.
These results also underline the not trivial interdependence
between the transport properties of the systems, namely the
electron mobility and electrical conductivity, and the Seebeck
coefficient.1]

3. Conclusions

In summary, the TE properties of PNDI-TVT copolymer thin
films n-type doped with 1H-benzimidazoles dopants carrying dif-
ferent N-alkyl substituents have been here investigated. Thanks
to the presence of the TVT donor unit, modified with respect
to the PNDI-T2 parent moiety, PNDI-TVT presents superior
charge transport mobility in the pristine form, offering a suit-
able basis for improved TE properties upon doping. In fact, the
copolymer achieves a maximum in-plane ¢ of 2.4 X 1072 S cm™
at RT, which is almost ten times greater than the reported for
DMBI-doped PNDI-T2,/® and almost four times greater than
for both DiPrBi-doped PNDI-T2/®l and DMBI-doped PNDI-
Tz2,°% making it the highest o value achieved by solution-
doping in PNDI-T2 derivatives excluding those carrying polar
oligoethylene-glycol side chains. From EPR and variable tem-
perature electrical conductivity measurements this enhance-
ment is related to a more efficient charge transfer between the
n-dopant molecules and the host polymeric matrix as well as to
the improved transport properties of the charge carriers in the
PNDI-TVT system. However, as expected, the increase of the
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charge carrier concentration in the PNDI-TVT doped-films leads
to a slightly lower Seebeck coefficient, in comparison to doped
PNDI-T2 films at similar temperature.’®l Nevertheless, the
large enhancement of the electrical conductivity also improves
the in-plane power factor of PNDI-TVT doped-films by almost
three times with respect to PNDI-T2 doped-films at similar tem-
perature,V® achieving a value of (2.9 £ 0.8) x 107> uW m™ K.
These results confirm that superior electrical properties can be
achieved in D-A copolymers by appropriate structural modifica-
tion, promoting both the polymer transport properties and effi-
cient n-doping process.

4. Experimental Section

Materials: PNDI-TVT were synthesized according to published
procedures.®l The PNDI-TVT batch used in this experiment possessed
the same molecular weight (M, = 70 kDa), dispersity (M,,/M, = 1.98)
and chemical composition as previously reported.”® The molecular
weights and the dispersity of the copolymers were determined by gel
permeation chromatography (GPC) analysis with polystyrene standard
calibration (Waters high-pressure GPC assembly Model M515 pump,
u-Styragel columns of HR4, HRS5, with 2414 refractive index detectors,
solvent: CHCl3). All the 1H-benzimidazoles with the N-alkyl substituents
were synthesized according to published procedures.®!

Solutions  Preparation: PNDI-TVT were dissolved in 1,2-DCB at
a concentration of 5 g L™ at RT and used after 12 h of dissolution.
1H-benzimidazoles dopants were prepared at concentration of 5 g L™
and used after 12 h of dissolution at RT. Aliquots of polymer and dopant
solution were mixed and stirred for 10 min at RT just before the deposition.

Thin Films Preparation: Low-alkali 1737F Corning glasses were
used as substrate and they were cleaned in ultrasonic bath of Milli-Q
water, acetone, and isopropyl alcohol, 10 min for each step. Then, the
substrates were exposed to O, plasma at 100 W for 10 min. By a shadow
mask, electrodes of a 1.5 nm thick Cr adhesion layer and 25 nm thick
Au film were obtained by thermal evaporation. Thin polymer films were
then spin-cast from solutions onto the substrates, in a nitrogen filled
glovebox at 1000 rpm for 60 s and annealed at 150 °C for 6 h in inert
atmosphere, with an average thickness of (43 £ 7) nm, not apparently
influenced by the different dopants and dopant concentrations, as
visible in Figure S6 in the Supporting Information.

Electrical Characterization: The -V curves were measured at RT in N,
atmosphere in two-point contact method with a Wentworth Laboratories
probe station with a semiconductor device analyzer (Agilent BIS00A). The
I-V curves detected at low temperatures were measured in N, atmosphere
in two-point contact method with a Keysight Technologies semiconductor
parameter analyzer. The in-plane electrical conductivity was then calculated
through the linear fit of the |-V data, the thin films geometry, and
thickness, obtained with an alpha-step 1Q profilometer from KLATencor.

FET: Bottom gold contacts (30 nm) were fabricated on glass substrates
using conventional photolithography, yielding transistor channels with a
length L =20 um and a width W =10 mm. The semiconducting polymer
was dissolved in chlorobenzene at a concentration of 10 mg mL™, and
spin coated at 2000 rpm for 60 s. After deposition the samples were
annealed at 180 °C for 10 min starting from RT and gradually increasing
the temperature by 10 K min~' and then slowly cooled down to RT. Then
poly(methylmethacrylate), dissolved in n-butyl acetate (concentration
80 mg mL™"), was spin coated at 2000 rpm for 60 s, yielding to 600 nm
thick dielectric layer, followed by an annealing at 80 °C for 2 h to
remove the solvent residuals. Finally, a 50 nm thick aluminum layer was
deposited on the channel area by thermal evaporation. Devices were
then annealed at 130 °C in nitrogen atmosphere for 12 h. The samples
were fabricated and measured in a nitrogen atmosphere.

UV-vis—Near IR Measurements: UV-vis—near IR measurements were
carried out on a PerkinElmer 41050 spectrophotometer, using a tungsten
lamp as source.
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EPR Measurements: Thin films were prepared in inert atmosphere by
spin-coating 10 UL of solution (concentration of 5 g L™') onto synthetic
quartz glass substrates (Ilmasil PS, QSIL GmbH) with dimensions of
3 x 25 mm?, followed by annealing at 150 °C for 4 h. Then, the annealed
films were placed into synthetic quartz glass tubes (llmasil PS, QSIL
GmbH) with 3.8 mm outer and 3.0 mm inner diameters and the tubes
sealed afterward. EPR spectra were recorded at RT on an Elexsys 580
(Bruker Biospin GmbH) spectrometer equipped with a 4119HS-W1
(Bruker) cavity: microwave frequency, 9.800 GHz; microwave power,
150 pW (30 dB attenuation, 150 mW source power); modulation
frequency, 100 MHz; modulation amplitude, 0.1 mT. Semiquantitative
analysis has been performed by doubly integrating the original first-
derivative data and by averaging over the signal intensities obtained for
three orientations of the substrate with respect to the external magnetic
field (0°, 45°, and 90°).

Atomic Force Microscopy: The thin polymer investigated by AFM
was prepared using the same procedure described in the Experimental
Section. The surface morphology of the films was detected by an Agilent
5500 atomic force microscope, operating in acoustic mode.

GIWAXS: GIWAXS experiments were conducted at the SAXS/WAXS
beamline at the Australian Synchrotron®® using 12 keV photons,
with the 2D diffraction patterns collected by a Dectris Pilatus 2M
detector. Images taken at the critical angle were used for further
data analysis, with the critical angle identified by scanning the X-ray
angle of incidence from 0° to 0.15° with intervals of 0.01°. The X-ray
exposure time was chosen as 1's to maximize signal to noise ratio and
in the same time minimize beam damage. Gapless mode of Pilatus
2M detector was utilized to eliminate the blank gap intrinsic to the
detector. The Pilatus 2D detector was under vacuum in a flight tube.
The sample stage was set within a separate vacuum chamber. Silver
behenate was used as the diffraction standard to calibrate the physical
dimension of detector-sample distance and beam center position.
Data analysis is performed in Igor pro with a customized version of
the Nika code.?]

Seebeck Measurements: The in-plane Seebeck coefficient as well as
the electrical resistance of the thin films was measured in a homemade
setup reported by Beretta et al.""% The measurements were performed
at 107 mbar vacuum, to avoid convection phenomena and to preserve
the polymer electrical properties. The in-plane electrical conductivity was
then calculated through the thin films geometry and thickness, obtained
with an alpha-step 1Q profilometer from KLATencor.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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