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Air-assisted Reversible Orbital Polarity

ABSTRACT: We demonstrate a new method to reverse the polarity and charge transport
behavior of naphthalenediimide (NDI)-based copolymers by inserting a vinylene linker
between the donor and acceptor units. The vinylene linkers minimize the intrinsic steric
congestion between the NDI and thiophene moieties to prompt backbone planarity. The o
polymers with vinylene linkers exhibit electron n-channel transport characteristics under
vacuum, similar to the benchmark polymer, P(NDI20OD-T2). To our surprise, when the
polymers are measured in air, the dominant carrier type switches from n- to p-type and yield
hole mobilities up to 0.45 cm® V' s™! with hole to electron mobility ratio of three (u,/ e,
~3), which indicates that the hole density in the active layer can be significantly increased
by exposure to air. This increase is consistent with the intrinsic more delocalized nature of
the highest occupied molecular orbital of the charged vinylene polymer, as estimated by
density functional theory (DFT) calculations, which facilitates hole transport within the
polymer chains. This is the first demonstration of an efficient NDI-based hole
semiconducting polymer, which will enable new developments in all-polymer solar cells,
complementary circuits, and dopable polymers for use in thermoelectrics.
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B INTRODUCTION

Conjugated donor—acceptor copolymers (D—A) have proven
to be one of the most successful high performance semi-
conductors in organic electronic devices.'™® For example,

copolymers based on diketopyrrolopyrrole (DPP), isoindigo,

as the extent of electronic (de)localization of 7-electrons, which
can be tuned by molecular design.'>'® Although the rylene
diimide materials have been successfully modified, mostly at the
N-imide positions, to improve device performance by side chain

engineering, this approach usually effects the solubility and

and rylene diimides as acceptors and thiophene derivatives as
donors, have shown remarkably high carrier mobilities and
efficiencies in organic transistors and solar cells.”™*° However,
several challenges related to D—A copolymers remain to be
addressed. For example, most polymer semiconductors are
single-type charge carrier transporting materials. Balanced
ambipolar semiconductors, which transport both holes and
electrons in one device, are highly desirable due to their
application in complementary-like circuits and in light-emitting
diodes and transistors.'"'” Additionally, in organic photo-
voltaics, tuning the energy levels to maximize the open-circuit
voltage while maintaining a high short-circuit current, remains
to be improved.'”'* These factors are strongly influenced by
the ionization potential (IP) and electron affinity (EA) as well
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thin-film morphology, but not the electronic structure, such as
IP, EA, and conjugation length, which have significant impact
on transport properties.ls_18

In general, the electronic structure related to the 7-
conjugated backbone can be modified by careful combinations
of the donor and acceptor subunits, which allows a fine-tuning
of the energy levels and molecular orbital topology of D—A
copolymers.”'*~' Alternately, the incorporation of 7z-spacers
(e.g, vinylene linker or acetylenic linker) into the polymer
backbone is another feasible option to tune their electronic
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Figure 1. Typical design strategies for incorporating a vinylene linker into the backbone of conjugated polymers and representative polymers with
vinylene linkers in the backbones: (A) vinylene linker in homopolymers, (B) vinylene linker in donor moiety only, and (C) vinylene linker between
donor and acceptor moieties in this study, and the chemical structure of commercial P(NDI2OD-T2).

properties.'” " It has been verified that such z-spacers along
the polymer backbone limit the rotational disorder between
consecutive bulky aromatic units, leading to extended
conju§ation and increased intermolecular interactions (Figure
1A)."7%° For example, the acetylenic linker has been
extensively used to improve the electron transport in D—A
copolymers by planarizing the molecular backbone.'””" More
recently, several reports have shown that incorporation of a
vinylene linker along the backbone can strongly alter the
electronic properties of materials and result in promising device
performance (Figure 1B).”*~>* The most popular approach to
extend conjugation length of D—A copolymers is the
incorporation of vinylene linkers within the donor segments
only (Figure 1B).** However, this raises a very intriguing
question: How does the vinylene linker between donor and
acceptor units affect the conjugation length, molecular
topology, and electron distribution of the D—A copolymers?
Unfortunately, the conventional Heck coupling reaction,
McMurry reaction, and Horner—Wadsworth—Emmons reac-
tion, which have been widely used for oligomers and
homopolymers with double bonds in the backbones, are very
limited in their application for D—A copolymers, since the
monomers with suitable functional groups are unstable and/or
unavailable,”*%3%%

Because of their chemical accessibility, high stability, and high
electron affinity, naphthalenediimides (NDIs) have served as
one of the most important building blocks to construct
semiconductors for organic devices.*”*® In 2009, Facchetti
reported a novel n-type polymer based on NDI and
bithiophene, P(NDI20D-T2), that showed a large electron
field-effect mobility and much attention has been paid to its
physicochemical properties and thin-film morphology.*~* In
separate reports, a range of NDI—thiophene copolymers were
developed systematically by changing donor strength to
investigate the structure—property relationships.”"* =
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Although some of the materials show ambipolar behavior, n-
channel behavior is predominantly observed due to the high
electron affinity of NDL** ™ A few studies have investigated
the effect of the donor units on the electronic properties of the
NDI-containing copolymers, but it is difficult to draw any
conclusion on the influence of donor moieties on transport
properties, due in part to significant difference in molecular
weights, backbone planarity, solid-state packing, degree of
crystallinity, and thin-film morphologies.**~>*

Very recently, we demonstrated that incorporation of a
vinylene linker between two NDI units can minimize steric
effects and induce core planarity, with such molecules showing
promising performance as electron acceptors in organic
transistors and solar cells.”* Herein, we report the synthesis
and characterization of two new polymers based on NDI
connected via a vinylene spacer to two thiophene donor units,
instead of incorporation of vinylene linker into donor segments
only (Figure 1C). To understand the optical and electronic
properties of these polymers, density functional theory (DFT)
calculations were performed to offer insights into P(NDI20OD-
1-T2), P(NDI20D-»-TVT), and P(NDI20D-T2) (Figure 1
C). We discovered that the vinylene linker between NDI and
thiophene can minimize steric interactions, which leads to a
smaller reorganization energy relative to the non-vinylene
(P(NDI20OD-T2) benchmark polymer. Moreover, the vinylene
linker significantly alters the charge transport behavior in NDI
and thiophene copolymers, leading to hole mobilities as high as
045 cm® V7' 57

B RESULTS AND DISCUSSION

Synthesis and Electronic Structure. From a synthetic
chemistry viewpoint, it remains challenging to achieve electron-
deficient building blocks (acceptors) functionalized with
trialkylstannyl and boronate groups because they are sensitive
to common chromatographic purification processes, thus
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Scheme 1. Synthetic Steps for Producing NDI-Related Polymers with Vinylene Linkers
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Figure 2. Torsional potential energy of NDI—thiophene subunits as determined by tuned-wB97X/6-31+G(d) level of theory with the corresponding
molecular structures shown on the right. Single-point energies using spin component scaled MP2 with the cc-pVTZ basis set are included for
comparison. See the Supporting Information for computational details.
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Figure 3. (A) UV—vis of the polymers in the solid state, (B) UPS spectra of the secondary electron cutoff region and the HOMO region, and (C)
energy diagram for the three polymers (EA estimated from CV, and IP from UPS).

limiting their versatility for use as acceptor building blocks. In conductor materials.”> >’ Here, we report a new stannyl-
2012, Marder and Iverson reported the synthesis of stannyl functionalized NDI with vinylene linkers, prepared by a Stille
functionalized naphthalene diimide derivatives, which are key coupling of the dibrominated NDI (compound 1) and
intermediate n-type building blocks for NDI-related semi- bis(tributylstannyl)ethylene, as shown in Scheme 1. Surpris-
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Figure 4. Cation radical geometry with hole-polaron wave function plotted for P(NDI20OD-T2) (A), P(NDI20OD-1-T2) (C), and P(NDI20OD-v-
I'VT) (E). Anion geometry with electron-polaron wave function plotted for P(NDI20D-T2) (B), P(NDI20D-1-T2) (D), and P(NDI20D-1-TVT)
(F). Orbitals plotted using an isovalue of 0.02 electrons'/?/bohr*2. All results obtained at the tuned-wB97X/6-31+G(d) level of theory.

ingly, the resulting 2,6-ditributylstannyl ethylene naphthalene-
diimide (compound 2) was very stable and could be
successfully isolated by silica gel chromatography in moderate
yields (~50%). Importantly, the stannylated NDI—vinylene
building block can react with other aryl halides to broaden the
reaction scope for NDI-based materials, particularly for the
synthesis of conjugated molecules with vinylene linkers along
the backbone. It should be noted that, in contrast to the single-
bond linker, the vinylene linker can minimize the steric effect
from the oxygen atoms in NDI and hydrogen atoms in aryl
rings and in principle facilitate electronic coupling between
adjacent conjugated units.

The desired polymers, P(NDI2OD-v-T2) and P(NDI2OD-v-
TVT), were synthesized by Stille polymerization with different
thiophene derivatives. These polymers were purified by
successive Soxhlet extraction in methanol, acetone, and hexane
to remove the catalyst and low molecular weight oligomers.
The final polymers were dissolved in chloroform, precipitated
in methanol, and characterized by "HNMR spectroscopy and
gel permeation chromatography (GPC). The number-average
molecular weight (Mn)/dispersity (D) is 35.0 kg mol™'/1.70
for P(NDI20OD-1-T2) and 38.0 kg mol™!/1.52 for P(NDI20OD-
v-TVT), as determined by GPC. P(NDI2OD-T2) was
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synthesized as described previously, with Mn of 40.0 kg
mol™, and P of 1.74°7*" A detailed description of the
synthesis is available in the Supporting Information (SI).
Molecular Geometry and Electronic Structure. DFT
calculations were carried out on a series of the subunits of
P(NDI20D-T2), P(NDI20D-1-T2), and P(NDI20D-»-TVT)
to investigate the influence of the vinylene linker on planarity of
the conjugated backbones (Figure 2). The torsional potential of
thio-NDI leads to a nearly perpendicular arrangement of the
two components with an optimized dihedral angle of 68° and
low energy access (less than ca. 1 kcal/mol) to torsions of 40—
150° in the gas phase. Thus, 7-electron conjugation is strongly
interrupted between the thio-NDI units. In contrast, in
vinylene—ND], the optimized dihedral angle, which is strongly
favored, is 145° or 35° away from planarity. The steric effects in
thio-NDI between the sulfur/C—H of thiophene and oxygen
atom in NDI promote a larger out-of-plane twist than the
hydrogen atom in the vinylene linker and oxygen atom in
vinylene—NDI. Thus, the inclusion of vinylene spacers between
the NDI and thiophene is expected to increase the effective 7-
electron conjugation length in P(NDI20D-1»-T2) and P-
(NDI20OD-1»-TVT) as compared to P(NDI2OD-T2).

DOI: 10.1021/acs.chemmater.6b03379
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Figure S. Analysis of the contribution of each unit to the HOMO (neutral structure), LUMO (neutral structure), hole polaron (cation), and electron
polaron (anion) wave functions as well as partial charges on each unit in the neutral and charged geometries. Results from tuned-wB97X/6-31+G(d)

DFT calculations.

Figure 3A shows the optical absorption spectra of the
polymers in the solid state. In films, P(NDI20D-T2),
P(NDI2OD-1-T2), and P(NDI20OD-v-TVT) exhibit low
energy absorption maxima of 704, 741, and 745 nm,
respectively. There is a red shift of the absorption spectra in
the solid state with an increasing number of vinylene linkers in
the backbones, reinforcing the hypothesis of more planar
conformations and more extended conjugation. In comparison
to P(NDI20D-v-T2), P(NDI20OD-T2) displays a blue shift of
Amax Of 37 nm (0.088 eV), whereas P(NDI2OD-v-TVT) shows
a very small additional red shift of 4 nm (0.008 eV). This result
indicates that the vinylene linker between donor (thiophene)
and acceptor (NDI) units play a more important role in
enhancing backbone conjugation than the vinylene linker
between bithiophene (donor—donor). The second absorption
band of P(NDI20OD-T2) exhibits a maximum at 380 nm,
whereas this band is shifted to longer wavelengths for
P(NDI20OD-»-T2) (to 479 nm) and P(NDI20OD-»-TVT) (to
489 nm). Interestingly, the vinylene linker does not significantly
affect the absorption onset, with the optical gaps obtained from
the absorption edge onsets only varying from 1.46 to 1.41 eV
for the three polymers.

Cyclic voltammetry (CV) studies were performed in
acetonitrile with 0.1 M TBAPF, as the supporting electrolyte
at a scan rate of 100 mV/s. Onset oxidation potentials were
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determined relative to Fc/Fc* (4.8 eV). The three polymers
showed two reversible reduction waves (see SI). According to
their onset potentials, electron affinities (EAs) were estimated
as 3.93, 3.76, and 3.71 eV for P(NDI2OD-T2), P(NDI20OD-v-
T2), and P(NDI20OD-v-TVT), respectively.

The IPs were measured by ultraviolet photoelectron
spectroscopy (UPS). From the secondary electron cutoff, the
work function of UV-ozone treated Au measured to be 4.66 ¢V,
while the work functions of the polymers were measured to be
4.56, 4.51, and 4.52 eV for P(NDI2OD-T2), P(NDI20OD-v-
T2), and P(NDI20D-»-TVT), respectively. From the magni-
fied low binding energy region (Figure 2B), the ionization
onsets of the polymers were 1.08, 0.92, and 0.85 eV. Therefore,
the ionization energies (=WF + lowest binding energy) of the
polymers were determined to be 5.64, 5.43, and 5.37 eV for
P(NDI20D-T2), P(NDI20D-1-T2), and P(NDI20D-»-TVT),
respectively. Typically, for NDI-based polymers, the IPs appear
to be largely influenced by the donor strength with the EAs
essentially unaffected. The vinylene linker between donor and
acceptor can decrease both the IP and EA energies with a shift
of about 0.21 eV as compared to the benchmark P(NDI20OD-
T2). However, P(NDI20D-y-T2) and P(NDI2OD-»-TVT)
have very similar energy levels with a difference of ~0.06 eV.
Similar to the optical absorption, the vinylene linker between
donor and acceptor can increase the IP and EA energies more

DOI: 10.1021/acs.chemmater.6b03379
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Table 1. Molecular Weights, Ionization Potentials, Electron Affinities, and DFT-Calculated Molecular Reorganization Energies
of the NDI-Related Polymers (tuned-wB97X/6-31+G(d) level of theory)
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Polymer M,,/M," (kg/mol) A (nm) 1P° (eV) EAY (eV) E,,(eV) Cation (eV) Areorg Anion (V) reorg
P(NDI20OD-T2) 40/23 394, 704 5.64 3.93 1.46 0.73 0.42
P(NDI20D--T2) 35/20 456, 741 543 3.76 143 0.38 0.29
P(NDI20D-»-TVT) 38/25 469, 745 5.37 3.71 141 0.34 0.27

“GPC molecular weights were determined with a polystyrene standard in trichlorobenzene. bUV—absorptions were measured in thin films on glass.
“IPs were determined by UPS (IP = WF + lowest binding energy). “EA were determined by thin-film CV on a Pt electrode. The potentials were
determined with ferrocene (Fc) as standard by the formula: EA = —(EQ® — Eg. /FC+1/ % +4.8) eV, wherein Eg, /FC+1/ 2= 0.60 eV. “Estimated from thin-
film absorption onset.
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Figure 6. 2D GIWAXS scattering patterns of P(NDI20D-1-T2) and P(NDI20D-»-TVT) spun on OTS-SiO, from chlorobenzene. (A) P(NDI20OD-
v-T2), as cast, (B) P(NDI2OD-v-TVT), as cast, (C) P(NDI20D-v-T2), annealed at 200 °C, (D) P(NDI20D-v-TVT), annealed at 200 °C, (E) in-

plane (horizontal), and (F) out-of-plane (vertical) scattering extracted from the 2D GIWAXS scattering patterns.

than the vinylene linker between the bithiophene donor unit
(~0.21 versus ~0.06 eV). By combining thin-film optical and
electrochemical data, which neglect the binding energy of the
electron—hole pair,60 the IPs are estimated to be 5.39, 5.19, and
512 eV for P(NDI2OD-T2), P(NDI20D-»-T2), and D-
(NDI2OD-1»-TVT), respectively. These approximate values
are in good agreement with the trend discussed above. As the
number of vinylene linkers increase, the ionization potentials of
the polymers decrease, which should facilitate hole injection
from gold electrodes.

We now turn to a discussion of the DFT results for the
electronic and geometric structures of the tetramers, taken as
representative models for the polymer. The DFT calculations
were carried out at the tuned-wB97X/6-31+G(d) level. The
results are displayed in Figures 4 and S. In the case of the
neutral structures, there is little qualitative difference in the
HOMO and LUMO characteristics for the three polymers. This
situation markedly changes when considering the cation and
anion relaxed geometries. Indeed, when comparing the charged
structures, Figure 4 clearly illustrates that the hole- and
electron-polaron wave functions are more localized in
P(NDI20D-T2) than in P(NDI20D-»-T2) and P(NDI20OD-
v-TVT). Figure S highlights that the hole-polaron molecular
orbital in particular is more localized for P(NDI2OD-T2) with
82% being localized on one bithiophene unit whereas the
largest contributing bithiophene—vinylene unit is 68% and 77%
for P(NDI2OD-v-T2) and P(NDI20D-»-TVT), respectively.
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Interestingly, the additional vinylene linkers in P(NDI2OD-v-
TVT) lead to a more localized hole polaron as compared to
P(NDI20OD-1-T2). Likewise for the negatively charged polar-
on, the largest contribution from an NDI unit is 92%, 67%, and
65% for P(NDI20D-T2), P(NDI20D-1-T2), and P(NDI20D-
v-TVT). Thus, the negative polaron appears to be much more
delocalized upon adding vinylene bridges. It is interesting to
note that there occurs a charge-alternation pattern between
positively charged bithiophene units and negatively charged
NDI units, which is especially significant in the case of the
cation and anion structures of the vinylene-containing
oligomers, as a result of the longer overall conjugation of the
backbones.

To explore other parameters that can affect charge transport
in the context of a hopping regime, which is likely the situation
in these polymers because the field effect mobility is less than 1
em?/(V™'s71) (vide infra), we have explored the intramolecular
reorganization energy in these systems.”’ " The calculated
values are expected to represent an upper limit to the actual
intramolecular reorganization energy, because in the solid state,
the backbones can be restricted by packing forces.”®

The reorganization energy of the P(NDI2OD-T2) cation
[0.73 eV, see Table 1] is about double that of P(NDI2OD-v-
T2) [0.38 eV] and P(NDI20D-»-TVT) [0.34 eV]. This very
large reorganization energy is attributable to the large
geometric changes, notably the ring rotations leading to
increased planarity between NDI and bithiophene, which

DOI: 10.1021/acs.chemmater.6b03379
Chem. Mater. 2016, 28, 8580—8590


http://dx.doi.org/10.1021/acs.chemmater.6b03379

Chemistry of Materials

Table 2. Summary of Crystallographic Parameters from GIWAXS and the Average Tilt Angles Determined From NEXAFS

(100) d-spacing (100) coherence length (010) d-spacing (010) coherence length PEY (y) TEY (y)
Polymer nm (nm) (nm (nm) (deg) (deg)
P(NDI20OD-1-T2) as-cast 2.34 + 0.02 92 +0.2 0.370 + 0.002 3.1+ 0.6 68.1 + 0.5 60.5 + 0.2
P(NDI20OD-v-T2)annealed 240 + 0.02 153 + 0.2 0.372 + 0.002 42 +£ 0.5 61.3 + 0.3 51.8 + 0.2
P(NDI2OD-v-TVT) as-cast 2.34 £ 0.02 8.0+ 0.2 0.372 + 0.002 2.7 £ 0.5 66.8 + 0.4 589 + 0.2
P(NDI2OD-v-TVT) 2.34 + 0.02 14.8 + 0.2 0.370 + 0.002 47 + 0.5 56.9 + 0.3 47.8 £ 0.2
annealed

_301A) 1B)

3

& 2.5 g

2

 20- ]

2

£ 15 1

3

S 1.0 4

[ =

o

8 054 g

o 0 P(NDI20D-v-T2) As-cast P(NDI20OD-v-TVT) As-cast

s 19

3 25/ ]

2

20 ]

Qo

< 15 i

@

o

G 1.0 i

[ =4

2

& 0.5 g

0 P(NDI20D-v-T2) Annealed P(NDI20D-v-TVT) Annealed
280 290 300 310 320280 290 300 310 320

Energy (eV)

Energy (eV)

Figure 7. Angle-resolved partial electron yield (PEY) NEXAFS spectra of NDI-related polymers: (A) P(NDI20OD-v-T2) as cast, (B) P(NDI20D--
['VT) as-cast, (C) P(NDI2OD-v-T2) annealed at 200 °C, and (D) P(NDI20OD-v-TVT) annealed at 200 °C.

occur upon removing an electron. The anionic reorganization
energies are also markedly reduced upon inclusion of the
vinylene linkers, with that of with P(NDI20OD-1-T2) being 0.13
eV less than that of P(NDI2OD-T2), and that of P(NDI20OD-
v-TVT) being 0.15 eV less than P(NDI20OD-T2).

The ionization potentials, both vertical and adiabatic, are
reduced upon adding vinylene groups, which is consistent with
the experimental data shown in Table 1. Decrease in the
electron affinity is also seen, though to a lesser extent, with the
difference in electron affinity between P(NDI20OD-T2) and
P(NDI20D-v-TVT) being 0.09 eV.

Morphology Determination. To investigate the micro-
structure of the new polymers, grazing incidence wide-angle X-
ray scattering (GIWAXS) measurements were performed on
thin-film samples. Figure 6 shows the 2D GIWAXS scattering
patterns of P(NDI2OD-»-T2) and P(NDI2OD-v-TVT) on
OTS-treated SiO, substrates. Table 2 summarizes the d-spacing
and coherence lengths observed for the in-plane alkyl stacking
and out-of-plane 7—n stacking peaks. From the GIWAXS
images, it is apparent that both polymers exhibit a preferential
face-on orientation of crystallites in as-cast films similar to that
observed for P(NDI20OD-T2). Key peaks are indexed on the
1D in-plane and out-of-plane scattering profiles with the alkyl
stacking peak located at g ~ 0.267 A corresponding to a
lamellar stacking distance of ~2.34 nm for both polymers,
which is shorter than that of P(NDI2OD-T2) (~2.54 nm).***°
A prominent 7—7x stacking peak is observed at ¢ = 1.7 A
corresponding to a 7—7 stacking distance of ~0.37 nm for both
polymers, slightly shorter than that of P(NDI20D-T2) (0.39
nm).***> Thermal annealing leads to a significant increase in
the coherence length of crystallites with the coherence length of
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the in-plane lamella stacking peak increasing from ~8 nm to
~15 nm with annealing. A similar increase in the coherence
length of the z—n stacking peak (out-of-plane) is observed
increasing from ~3 to 4—5 nm with annealing, corresponding
to a 7—x stacking of ~10 chains. In addition to increased
coherence length, the increased scattering intensity both in-
plane and out-of-plane (Figure 6E,F) indicates that annealing
leads to an increase in crystallinity and the growth of a
significant population of crystallites scattering out-of-plane,
indicating an edge-on orientation.

Angle-resolved near-edge X-ray absorption fine-structure
(NEXAFS) spectra of P(NDI20D-v-T2) and P(NDI20OD-v-
TVT) are presented in Figure 7. Both partial electron yield
(PEY) and total electron yield (TEY) (SI) measurements were
performed, which have surface sensitivities of ~1 and ~3 nm,
respectively. Figure 7 presents the PEY spectra. NEXAFS
spectra were taken at different incidence angles, where 90°
indicates normal incidence. From the dichroism at the #*
absorption peaks (located around 285 eV), we determine the
average tilt angle of the polymer backbone, (y), where (y) =
90° corresponds to fully edge-on and (y) = O corresponds to
fully face-on.”* Note that NEXAFS is directly sensitive to
molecular orientation (orientation of aromatic units) rather
than crystalline planes and is equally sensitive to amorphous
and crystalline polymer chains. Table 2 summarizes the average
tilt angles of the conjugated backbone.

For all as-cast films, a preferential edge-on orientation ({y) >
45°) at the top surface of the films is observed. The very top 1
nm of the film as probed in PEY measurements is also more
edge-on than the subsequent 3 nm of the film as probed by
TEY measurement. These observations combined with the
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Table 3. Carrier Mobility, Current on/off Ratio, and Threshold Voltage of the Indicated NDI-Based Polymers

p-channel n-channel

Polymer Device geometry wy (em® V1 s7h) Ve (V) Io/Iog de (ecm? V' s7h) Vi (V) I/Log
P(NDI20D-»-T2) BGBC” 0.43 + 0.02 ~15 ~107 0.15 + 0.02 ~2 10°-107
BGBC” 0.005 + 0.001 ~10 ~10* 0.28 + 0.014 ~2 10’-10*

P(NDI20D-v-TVT) BGBC* 0.12 + 0.01 ~20 ~10° 0.08 + 0.01 ~10 10°-10°
BGBC” 0.004 + 0.001 ~10 ~10* 0.11 + 0.02 ~10 10°-10°

P(NDI20D-T2) BGBC* NA NA NA 0.007 + 0.01 ~10 10°-10*
BGBC” NA NA NA 0.17 + 0.02 ~2 10°-107

“BGBC: bottom-gate bottom-contact devices measured at ambient condition. *BGBC: bottom-gate bottom-contact devices measured under
vacuumy; all the thin films were annealed at 200 °C for 20 min in glovebox and performance tested for 6 devices.
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Figure 8. Transfer characteristics in the saturated region of the BGBT thin-film transistors: (A) P(NDI20D-v-T2) in air, (B) P(NDI20D-v-T2)
under vacuum, (C) P(NDI2OD-v-TVT) in air, and (D) P(NDI2OD-v-TVT) under vacuum.

GIWAXS observations indicate that, similar to P(NDI20OD-
T2), a distinct edge-on surface layer on top of a face-on bulk
layer is found.”® Thermal annealing leads to the average tilt
angle decreasing indicating a rearrangement of the chains to a
more face-on orientation. Interestingly, higher average tilt
angles are observed for as-cast P(NDI2OD-v-T2) (up to 68.1°)
and P(NDI2OD-v-TVT) (up to 66.8°) than for P(NDI20D-
T2) (~55°), with the measured tilt angles for as-cast
P(NDI2OD-1-T2) and P(NDI2OD-»-TVT) being similar to
that observed for PBTTT.°®®” The larger tilt angles observed
for P(NDI20D-1-T2) and P(NDI20D-»-TVT) compared to
P(NDI2OD-T2) are consistent with an increased backbone
planarity, with the significant dihedral angle in P(NDI20OD-T2)
serving to reduce the average tilt angle of the conjugated
backbone as probed by NEXAFS spectroscopy.”®

Charge Transport Properties. Bottom gate bottom
contact (BGBC) OFET devices were fabricated in a glovebox
and tested under air. The charge carrier mobility of all devices
investigated in this study was calculated in the saturation
regime according to standard MOSFET equations.” Major

8587

OFET performance parameters including the threshold voltage
and the current on/off ratio are summarized in Table 3. Devices
based on P(NDI2OD-T2) exhibited electron transporting-
dominant characteristics with a mobility of 0.007 cm* V™' 57!
and no hole mobility was observed. However, the devices based
on P(NDI20D-1-T2) showed typical ambipolar characteristics
with impressive average hole/electron mobilities of 0.43/0.15
cm® V' 57! (Figure 8). Although P(NDI20OD-»-TVT) has
stronger donor strength than P(NDI20D-»-T2), it also
exhibited ambipolar characteristics but with slightly lower
average mobilities for holes/electrons of 0.12/0.08 cm? V7lgTL
Compared to most of the electron dominant NDI-based
polymers, P(NDI20D-1-T2) and P(NDI20D-v-TVT) exhibit
hole dominant transport characteristics, which were remarkably
improved by the vinylene linker(s).

To evaluate the influence of air or oxygen on the device
performance, the devices were also measured under high
vacuum (~107° Torr) and the electron mobilities increased to
0.28 cm? V7! 57! for P(NDI20D-1-T2), 0.11 cm* V™! s7* for
P(NDI2OD-»-TVT), and 0.17 cm® V! s7! for P(NDI20D-
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T2), respectively. The increase of electron mobility is likely due
to water and oxygen removal, which have been established as
universal electron traps in organic semiconductors, that
otherwise penetrate into the channel regions of the active
film when tested in ambient conditions.””*>**~"* Surprisingly,
the measured hole mobilities for P(NDI2OD-v-T2) and
P(NDI20D-v-TVT) were also found to be sensitive to
environmental testing conditions, dropping from ~107' to
~107° cm? V™! 57! when measured under vacuum.

In addition to increased hole mobility, current on/off ratios
are also increased in the presence of the vinylene linkers. This
fact eliminates the possibility of active layer doping which
typically lowers current on/off ratios.”" Considering that the
vinylene linker between donor and acceptor units leads to
lower ionization potentials, P(NDI20D-v-T2) and P-
(NDI2OD-v-TVT) likely interact with oxygen molecules,
which might stabilize the HOMO level of the polymer and
lead to hole accumulation, as established by Sirringhaus et
al.”%’>7* When molecular oxygen is present, residual electrons
in the channel get trapped so that the injected holes can be
transported. Indeed, DFT calculations showed that the hole
polaron densities of charged structures of P(NDI20D-1-T2)
and P(NDI2OD-v-TVT) are more delocalized over the
skeletons than that of neutral structures. This result is
consistent with the observation of ambipolar transport in air
and unipolar properties under vacuum.

B CONCLUSION

We synthesized two new NDI-based polymers with vinylene
linkers inserted between donor and acceptor moieties. We
found that the vinylene linkers minimize steric congestion
between the NDI and thiophene units, leading to an extended
conjugation length. We also discovered that when the vinylene
polymers are measured in air, the carrier type switches from n-
to p-type with dominant hole carrier. The reversible mobility is
observed with hole/electron mobilities of 0.005/0.28 cm?> V™!
s7! under vacuum, and 0.45/0.15 cm? V™! s7! under air, which
is among the highest hole mobility in NDI-based copolymers.
DFT calculations indicate the vinylene polymers form a
charged structure with hole-polaron molecular orbitals more
delocalized, which facilitate the distribution of hole-polaron
densities over the backbones, in contrast to P(NDI20OD-T2)
with the electron density mainly confined on the acceptor unit.
These findings indicate that the vinylene linkers between the
donor and acceptor units provide a new strategy for controlling
polarity of organic semiconductors, which are critical to device
performance.74 In addition, the new compound, 2,6-ditributyl-
stannyl ethylene NDI, is a promising building block for the
development of novel organic semiconductors with tunable
polarity for use in organic electronic applications.
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