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ABSTRACT: We report the synthesis of a novel naphthalene
diimide (NDI) monomer containing two (tributylstannyl)vinyl
groups. The utility of this building block is demonstrated by its
copolymerization with five different electron-rich comonomers
under Stille conditions. The resulting high molecular weight
polymers show red-shifted optical absorptions in comparison
to the analogous polymers without the vinylene spacer and a
significant increase in the intensity of the low-energy
intramolecular charge transfer band. The polymers all exhibit
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ambipolar behavior in bottom-gate, top-contact organic thin-film transistors. The insertion of a solution-processed barium
hydroxide layer between the polymer and the gold electrode led to unipolar behavior with improved electron mobilities.

Bl INTRODUCTION

Solution-processed conjugated polymers have attracted wide-
spread interest due to their potential applications in a range of
organic electronic devices. Among those polymer-based
devices, organic thin-film transistors (OTFTs) are of special
interest as the building blocks of c1rcu1ts for potential use in
printed electronic devices and displays.”” Classified by the
polarity of the dominant charge carriers in the transistor
channel, conjugated polymers are typically categorized as p-
type (hole dominant), n-type (electron dominant), or
ambipolar (both carriers). Compared to the well-developed
p-type polymers, the emergence and development of
complementary n-type polymers for OTFTs has been less
rapid, with fewer examples reported.”™® The n-type organic
semiconductors typically contain strongly electron-deficient
building blocks in their structures in order to facilitate the
injection of electrons as well as to stabilize the resulting
negative polaron.””"* However, the variety of building blocks
with the requisite high electron affinity and solubility to prepare
processable n-type conjugated polymers is relatively limited.”
One building block that has been extensively investigated is
1,4,5,8-naphthalene diimide (NDI), which is composed of a
planar conjugated naphthalene core with two electron-with-
drawing diimide groups.'*”'® The imide groups act to both
increase the electron affinity of the monomer as well as
providing a convenient site for the attachment of the necessary
solubilizing side chains. Copolymers of NDI constitute some of
the first reported classes of n-type polymers,'” " although the
transistor performance of early examples was relatively modest.
A significant breakthrough was reported by Facchetti and co-
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workers, who found that the copolymer of NDI and 2,2'-
bithiophene, poly{[N,N’-bis(2-octyldodecyl)naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5"-(2,2'-
bithiophene) } (P(NDI20D- TZ)), exhibited an electron mobi-
lity up to 0.85 cm? V7! s7! in TFT devices.”® Since then, a
variety of NDI-based polymers have been explored by
copolymerization of NDI with a range of electron-rich and
electron-deficient comonomers in order to adjust the energy
levels and polymer mlcrostructure for the purpose of
performance improvement.””***

Interestingly, a close look at the structure of the repeat unit
of P(NDI2OD-T2) by density functional theory (DFT)
calculations demonstrates that there is a significant torsion
angle between the NDI unit and the adjacent thiophene ring.
The reported angle varies from 40° to 47° depending on the
specifics of the computation®®**** and has been calculated to
reduce to 34° upon stacking of the aromatic backbones.”®
Replacing the adjacent thiophene ring with furan helps to
reduce the torsion angle, to somewhere between 20° and 30°.%
Nevertheless, this is a significant twist which might potentially
hamper backbone delocalization and z—7 stacking of the
polymer backbones, thereby hindering interchain charge
transport. Previously, we found that the introduction of a
vinylene group in a polymer backbone could effectively reduce
the torsion angle between two adjacent thiophene comono-
mers, enhancing backbone delocalization and increasing TFT
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Figure 1. Energy-minimized structures of a methyl-substituted T-NDI-T (a) and T-V-NDI-V-T (b). All calculated using DFT at the B3LYP/6.31G*

level.

Scheme 1. Synthetic Route to Monomer and Polymers”
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“Polymerization conditions were 0.02 equiv of Pd,(dba);, 0.08 equiv of P(0-Tol);, and CB in all cases.

performance.‘m’41 Therefore, we were interested to see if a
similar strategy could be used to reduce the torsion angle in
NDI copolymers. To predict the effect of the vinyl spacer on
the twist angle between thiophene and NDI fragments, DFT
calculations were performed on thiophene-NDI-thiophene (T-
NDI-T) and thiophene-vinyl-NDI-vinyl-thiophene (T-V-NDI-
V-T) model systems, and the minimum-energy conformations
are shown in Figure 1. The calculations on the T-NDI-T unit
agree with the large twist angle previously reported, although in

this simple monomeric example the angle is slightly larger than
the previous studies which used oligomeric materials.
Importantly, the calculations show that insertion of the vinyl
spacer between thiophene and NDI significantly reduces the
torsional twist predicted.

Following these calculation results, we herein report the
preparation of a new NDI-based building block, 2,7-bis(2-
octyldodecyl)-4,9-bis((E)-2-(tributylstannyl)vinyl)benzo[ lmn]-
[3,8]-phenanthroline-1,3,6,8(2H,7H)-tetraone, by a facile
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Figure 2. UV—vis absorption spectra of monomer 1 and 2 (a) and PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT in dilute

0-DCB (b) and as spun-cast thin films (c).

Table 1. Physical Properties of PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT

polymer M," (kDa) M,” (kDa) D Aabsmax (s0) (nm) Ao o (flm) (nm) Ay (film) (nm) Eg_optb (eV) HOMOS (eV) LUMO? (eV)
PNDIV-TT 32 78 24 406,455, 699, 736 411, 458, 690, 731 809 153 —5.58 —4.05
PNDIV-BT 117 337 2.9 403, 460, 737 405, 463, 736 824 1.50 —5.55 —4.05
PNDIV-BS 20 102 S.1 403, 464, 710, 754 411, 471, 712, 74§ 850 1.46 —5.50 —4.04
PNDIV-TVT 47 230 4.8 403, 471, 733 405, 470, 701, 746 846 1.48 —5.46 —-3.98
PNDIV-DTT 21 S1 24 408, 464, 720 408, 462, 718 852 1.45 —5.46 —4.01

“Measured using gel permeation chromatography (against polystyrene standards) in chlorobenzene at 80 °C. bOptical band gap estimated from the
low-energy band edge in the optical spectrum. SHOMO estimated as the inverse of ionization potential measured by UV-PESA (error +0.0S eV).

FLUMO = HOMO + Eg,.

method. We demonstrate its copolymerization with five
different donor comonomers by the Stille coupling reaction.
We chose five donor comonomers to investigate, partly on the
basis that their respective copolymers with NDI have all
previously been reported, which facilitates comparison to
previous results. Thus, the donor comonomers included 2,2'-
bithiophene (BT),””***>*%** 3>’ biselenophene (BS),*
thieno[3,2-b]thiophene (TT),”®** dithieno[3,2-b:2,3-d]-
thiophene (DTT),”*** and thienylene—vinylene—thienylene
(TVT).>**” Here we report the optoelectronic properties of
these novel vinylene-containing copolymers and their behavior
in organic thin film transistor devices.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Monomer and
Polymers. The synthetic route to the monomer and polymers
is shown in Scheme 1. Starting material 4,9-dibromo-2,7-bis(2-
octyldodecyl)benzo[lmn][3,8 ] phenanthroline-1,3,6,8(2H,7H)-
tetraone (1) was synthesized according to the reported
method.”” The key monomer 2 was readily synthesized by
palladium-catalyzed Stille coupling of 1 with 4 equiv of

commercially available (E)-1,2-bis(tributylstannyl)ethene. The
product was readily purified by column chromatography over
normal phase silica in a good yield of 72%. All polymers were
synthesized by Stille coupling of monomer 2 and the
appropriate dibromo monomers under reflux conditions in
chlorobenzene (CB). The resulting polymers were purified by
precipitation and Soxhlet extraction to remove the low-weight
oligomers and catalyst residues. PNDIV-TT, PNDIV-BT,
PNDIV-BS, PNDIV-TVT, and PNDIV-DTT were obtained
as dark green solids in yields of 54—85%. PNDIV-TT and
PNDIV-DTT could be dissolved in common solvents such as
chloroform and chlorobenzene at room temperature, whereas
PNDIV-BT, PNDIV-BS, and PNDIV-TVT were less soluble
and could only be dissolved in hot chlorobenzene.

The structures of all polymers were confirmed by a
combination of 'H NMR and elemental analysis. The
number-average molecular weights (M,) were measured by
gel permeation chromatography (GPC) in hot (80 °C)
chlorobenzene against polystyrene standards. PNDIV-TT,
PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT had
a M, of 32, 117, 20, 47, and 21 kDa, respectively. The dispersity
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(D) of the polymers was in the range of 2.4—S5.1. We note that
the measurements on PNDIV-BT, PNDIV-BS, and PNDIV-
TVT were complicated by the reduced solubility and tendency
to aggregate in solution, which may explain the relatively high
dispersities observed. The thermal stability properties of those
polymers were evaluated by thermal gravimetric analysis
(TGA) (Figures S1—SS). The polymers all exhibited excellent
thermal stability, with a 5% weight loss occurring at
temperatures higher than 400 °C in nitrogen, suggesting that
the introduction of the vinylene group does not have a
detrimental impact on polymer stability.

Optical Properties. The UV—vis absorption spectra of
starting material 1 and product monomer 2 in dilute
chloroform and as a film are shown in Figure 2a. Compared
to that of 1, the absorption band of 2 was red-shifted from 410
to 460 nm, in both solution and film. This red-shift of the
absorption band can be attributed to the extension of the
conjugation length by introduction of vinyl group to the main
NDI unit. The UV—vis absorption spectra of the polymers in
dilute o-dichlorobenzene (0-DCB) and as thin films are shown
in Figures 2b and 2c, with the data summarized in Table 1. All
polymers exhibit two main broad absorption bands. The high-
energy region (400—S00 nm) can be assigned to m—n*
transitions of the main backbones, while the low-energy region
(530—900 nm) can be attributed to intramolecular charge
transfer (ICT) from the thiophene or selenophene based
electron-rich units to the electron-deficient NDI units. PNDIV-
BT exhibits absorption peaks at 403, 460, and 737 nm in
solution. These absorption peaks are red-shifted compared to
those of P(NDI20D-T2) in 0-DCB by ca. 50 nm,**** which
can be explained by the extension of the conjugation length of
the main backbone by the additional vinyl groups. Although
solution comparisons are complicated for the other polymers
due to differing solvent systems, in all cases a red-shift of 20—50
nm in A, is observed for thin films of the NDIV-TT, -DTT,
-BS, and -TVT copolzrmers compared to the their respective
NDI copolymers.”>*>** In addition, it is clearly apparent that
all the vinylene copolymers have much more intense ICT
transitions with respect to the high-energy absorption band
than their NDI analogues, in both thin film and solution,
indicating a more efficient intramolecular charge transfer in the
vinylene copolymers. The absorption peaks of polymers in film
are similar to those in solution, suggesting the polymers are
aggregated even in dilute 0-DCB. Replacing the donor unit in
the backbone does not make a dramatic difference to the
maximum absorption wavelength, but it subtly affects the band
gap. The absorption onsets of PNDIV-TT, PNDIV-BT,
PNDIV-BS, PNDIV-TVT, and PNDIV-DTT in the solid
state are 809, 824, 850, 846, and 852 nm, corresponding to
the optical band gaps of 1.53, 1.50, 1.46, 148, and 1.4S eV,
respectively.

The ionization potential (IP) of thin films of PNDIV-TT,
PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT were
measured by photoelectron spectroscopy in air (PESA) to be
5.58, 5.55, 5.50, 5.46, and 5.46 eV, respectively, and the highest
occupied molecular orbital (HOMO) was approximated as the
negative of the measured IP. The LUMO levels of polymers
were estimated to be —4.05, —4.05, —4.04, —3.89, and —4.01
eV, respectively, by subtracting the optical band gap from the
measured IPs (see Table 1). We note that this estimation does
not account for the exciton binding energy but does allow a
comparison among this series of materials. The data suggest
that the most noticeable effect of changing the electron-rich

donor unit is to influence the HOMO level of the copolymers,
whereas the LUMO remains relatively constant throughout the
series. We have not attempted to compare the IP of these
vinylene copolymers to those reported for the analogous NDI
copolymers due to the different measurement techniques used
to measure IP.

Structural (X-ray) Characterization. The ordering of thin
films of PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT,
and PNDIV-DTT was investigated by wide-angle X-ray
scattering (WAXS), as shown in Figure 3. Films were prepared
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Figure 3. X-ray diffraction patterns of PNDIV-TT, PNDIV-BT,
PNDIV-BS, PNDIV-TVT, and PNDIV-DTT drop-cast films after
annealed at 300 °C for 30 min under N, (offset for clarity).

by drop-casting hot 0-DCB solutions onto crystalline silicon
substrates, followed by annealing at 300 °C for 30 min under
N,. For PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT,
and PNDIV-DTT, there is a distinct diffraction peak (100) at
4.02, 4.08, 4.16, 4.12, and 4.12° (26) corresponding to an
interlayer d-spacing of 22.96, 21.64, 21.22, 21.43, and 21.43 A,
respectively. In accordance with earlier studies,”*” we attribute
this to a lamellar-like packing of the conjugated polymer
backbones. The lamellar stacking distances of PNDIV-BT and
PNDIV-TVT are shorter than those of their nonvinyl spacer
analogues P(NDI20D-T2) and PNVT 8 with identical side
chains,”® which indicates a denser packing of the polymer
backbones along the (x00) direction as a result of the
introduction of the vinylene spacer between NDI and
thiophene units.*> PNDIV-TT exhibits the longest lamellar
stacking distance among these five polymers, which is possibly
related to an increased steric hindrance of side chains on
adjacent NDI molecules due to the TT being the shortest
aromatic spacer used.”® Apart from the first-order lamellar
stacking peak (100), a progression of peaks up to the fourth
order (400) is also observed in the PNDIV-BT and PNDIV-BS
films, suggesting that in this direction the structural coherence
is more ordered for these two polymers. We note that both of
these polymer displayed a tendency to also aggregate in
solution, as evident from the high apparent M,, measured by
GPC. The films of PNDIV-BT, PNDIV-TVT, and PNDIV-
DTT also show a clear diffraction at 25.7, 25.7, and 25.8° (26),
corresponding to a d-spacing of ca. 3.5 A, respectively, which is
likely related to the m—sm stacking distance of the aromatic
polymer backbones. The appearance of both lamellar and 7—=
peaks for these three polymers suggests they may have a
mixture of face-on and edge-on orientation packing with
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Figure 4. Transfer (a, c) and output (b, d) characteristics of PNDIV-BT-based BG/TC configuration OTFT device under positive and negative bias.
The width and length of the transistor channels are W = 1000 ym and L = 40 um, respectively.

Table 2. Summary of OTFT Performance of Devices of PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT in

Bottom-Gate Top-Contact Configuration

electron hole
Hesatay (Hesat mac) Hin Hisat, (Hi ot me) L

polymer [em® V' s7] [em® V7' s7'] Ve [V] Von/ Vost [em* V7 s7] Hnjin [em® Vs 1] Vi [V] Lon/Logs
PNDIV-  0.008 + 0.001 (0.009) 0.009 + 0.0008 257 + 0.8 (2—3) X  0.0001 + 0.00001 0.00005 + 0.00001 —440 +21 <10

TT 10* (0.0001)
PNDIV-  0.05 + 0.004 (0.06) 0.03 + 0.009 119+ 09 (1-2) x  0.008 + 0.003 0.007 + 0.004 -325+37 <10

BT 10* (0.009)
PNDIV-  0.02 + 0.001 (0.02) 0.01 + 0.003 27.6 £29 (9-10) X  0.0008 + 0.0003 0.0008 + 0.0002 —423+£31 <10

BS 10 (0.001)
PNDIV-  0.04 + 0.002 (0.04) 0.016 =+ 0.003 266+ 06 (1-2) X  0.009 + 0.0009 0.004 + 0.0005 -305 +24 (1-2) X

TVT 10* (0.01) 10?
PNDIV-  0.01 + 0.0003 (0.01)  0.01 + 0.0006 187 + 03  (1-2) X 0.002 + 0.0002 0.0008 + 0.0003 —446 +07 <10

DTT 10* (0.002)

respect to the substrate. To the best of our knowledge, 3.5 A is
the shortest 7—r stacking distance reported for a NDI-based
polymer and suggests that the reduction of backbone torsion by
the introduction of a vinyl spacer may help to facilitate packing
of the conjugated backbones. Despite the evidence of thin film
crystallinity, we could see no evidence for a backbone melt for
PNDIV-BT by differential scanning calorimetry (DSC), even
heating above the decomposition temperature to 450 °C using
flash DSC (Figure S6, with a heating/cooling rate of S00 °C
s™!). We note that the backbone melt of PNDIV-BT appears to
therefore be significantly higher than that of the analogous
nonvinylene polymer P(NDI20OD-T2), which is around 320
°C,*” as would be expected for a more coplanar backbone.
OTFT Characterization. The electrical properties of all
polymers were studied using electrical field-effect measure-
ments at room temperature under inert atmosphere. For this
purpose bottom gate, top contact (BG/TC) OTFTs were
fabricated and used throughout this study. All devices were
fabricated by spin-casting from 10 mg/mL 0-DCB solution
onto Si/SiO, substrates pretreated with trichloro(octadecyl)-
silane (OTS). As-spun films were then dried and further

annealed at 300 °C for 30 min followed by the deposition of
the Au source/drain electrodes via vacuum sublimation. High-
temperature postannealing was employed since it has
previously been shown to promote electron transport via the
reduction of electron traps."® We also performed a preliminary
investigation the effect of annealing temperature on PNDIV-
BT, using annealing temperatures of 100, 200, and 300 °C. The
transfer characteristics in the saturation regime are shown in
Figure S7, and the mobility and threshold parameters against
temperature are plotted in Figure S8. The best device
performance was observed at 300 °C, and as such this was
the temperature chosen to investigate all polymers.

Figure 4 and Figures S9—S12 show the transfer character-
istics of all five polymers under positive gate bias (V). As can
be seen, all polymers exhibited ambipolar transfer character-
istics with a dominant electron transporting character. This
characteristic ambipolar behavior is not surprising from the
polymer energy levels and is most likely attributed to the work
function of the Au electrodes (~5.0 eV), which enables
injection of both holes and electrons into the HOMO and

DOI: 10.1021/acs.macromol.6b01423
Macromolecules XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01423/suppl_file/ma6b01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01423/suppl_file/ma6b01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01423/suppl_file/ma6b01423_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.6b01423/suppl_file/ma6b01423_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.6b01423

Macromolecules

a
( )10"-
10°1
< <7
= 107
=
10°-
107
* = - 2 . i : Lo ; . . - -
410 0 10 20 30 40 50 60 0 10 20 30 40 50 60
V, IV vV IV
(d)
)
b
5 SilSiO,
= —Hein (Vo =10V) 'Ba(OH)2
10" _“e,sattvnzso V) ’ OTS

0 10 20 30 40 50 60
Vv, IV

Figure S. Transfer (a) and output (b) characteristics of PNDIV-BT-based BG/TC configuration OTFT device with Ba(OH), layer between
polymer and Au electrode. (c) Mobility calculation based on first derivative of the linear regime transfer curve and first derivative of the square root
of the saturation regime transfer curve. (d) Transistor device configuration. The width and length of the transistor channels are W = 1000 ym and L
= 40 pm, respectively.

Table 3. Summary of OTFT Performance of Devices of PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT in
Bottom-Gate Top-Contact Configuration with Ba(OH), Layer between Polymer and Au Electrode

polymer Hesatay [cm® V71 s7'] Hejinay [em® V71 7] Vi [V] Ton/ Ly
PNDIV-TT 0.03 + 0.00082 0.024 + 0.0013 127 + 1.1 (2-3) x 10°
PNDIV-BT 0.07 + 0.0029 0.056 + 0.0013 8.1+ 0.6 (6=7) x 10°
PNDIV-BS 0.02 + 0.0044 0.019 + 0.0022 155 + 0.9 (1-2) x 10°
PNDIV-TVT 0.04 + 0.0019 0.025 + 0.0022 109 + 0.5 (8—9) x 10?
PNDIV-DTT 0.02 + 0.0031 0.017 + 0.0017 139 + 05 (5-6) x 10°

LUMO, respectivelyfw’50 The various transistor parameters

extracted from these measurements are summarized in Table 2.

Comparing between materials, the electron mobility varies by
less than 1 order of magnitude for all polymers, suggesting that
the choice of donor has a relatively small impact on the device
performance (Table 2). Among the polymers studied, PNDIV-
BT exhibited the highest electron mobility, with a maximum
value of 0.06 cm* V™! s™!, which may relate to its more ordered
microstructure and high tendency to aggregate as discussed
above. With the exception of PNDIV-BT-based OTFTs, all
devices exhibited large threshold voltages (V,), suggesting a
significant injection barrier, as expected from the work function
of the Au electrode. Although all polymers exhibited ambipolar
transport behavior, the hole mobility values extracted are
significantly lower than those of electrons for all five polymers
studied. To this end, significant carrier injection issues are
evident and are most likely at least partly responsible for the
high threshold voltages observed. This highly unbalanced
ambipolar behavior results in the relatively low current I, /I ¢
ratios that are typically in the range of ~10%.

In an effort to suppress hole transport and obtain pure
unipolar n-type transistor behavior, we investigated the
incorporation of a thin layer of barium hydroxide (Ba(OH),)
between the polymer semiconductor film and Au S/D

electrodes. Ba(OH), has previously been shown to be useful
as solution-processed electrode modifier for the purpose of
enhancing electron injection.”’ Depositing Ba(OH), onto
bottom contact Au electrodes prior to semiconductor
deposition was shown to modify the work function to ca. 3.5
eV, facilitating electron injection into the LUMO of P-
(NDI20OD-T2) and suppressing hole injection into the
HOMO compared to unmodified Au. In our case methanolic
solutions of Ba(OH), were drop-cast directly onto the annealed
polymer film prior to the evaporation of Au contacts.
Gratifyingly, the addition of the Ba(OH), interlayer signifi-
cantly improved the transistor characteristics (Figure S and
Figures S13—516), with all polymers exhibiting strictly unipolar
n-type transport characteristics. Noteworthy is the fact that the
operating hysteresis observed between forward and reverse
scans is negligible. The transistor parameters extracted from
these measurements are summarized in Table 3. Importantly,
insertion of Ba(OH), was found to enhance the device
performance of all polymers, with PNDIV-BT again showing
the highest electron mobility of 0.07 cm® V™' s7*. Similarly, the
threshold voltage in all polymer OTFTSs reduces by more than
10 V, suggesting that the injection barrier for electrons is the
main source of the large threshold voltages observed in the
polymer OTFTs without Ba(OH),. The on-current of all
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Figure 6. Topography images of PNDIV-TT, PNDIV-BT, PNDIV-BS, PNDIV-TVT, and PNDIV-DTT in bottom-gate top-contact configuration
without Ba(OH), layer (a—e) and with Ba(OH), layer (f—j) between polymer and Au electrodes.

Ba(OH),-modified devices is found to increase, which together
with the reduced off-current results in a significantly increased
channel I,,/I ¢ ratio by up to S0 times. Although the use of the
injection layer only results in a modest increase in electron
mobility, we note that the transistors now exhibit close to ideal
behavior.” In particular, the extracted mobility based on the
first derivative of the linear regime transfer curve and first
derivative of the square root of the saturation regime transfer
curve is almost gate voltage-independent (Figure Sc), in
excellent agreement with the gradual channel approximation
model employed.”

We note that as a control experiment, methanol was drop-
cast onto the annealed PNDIV-BT film prior to the evaporation
of Au electrodes to investigate the influence of methanol on the
performance of transistors while using methanolic solution of
Ba(OH),. As shown in Figure S17, posttreatment with
methanol alone gave no obvious hole blocking/electron
enhancing effect. We conclude therefore that the improvement
of device performance was due to the presence of Ba(OH),.

Film Morphology. Atomic force microscopy (AFM) was
employed to probe the surface morphology of the thin films,
both before and after treatment with Ba(OH),. To accurately
reflect the surface states of the polymers in transistors, AFM
samples were prepared via identical procedures to the devices,
except that no top contacts were evaporated. The AFM images
of these polymer films are shown in Figure 6 and Figure S18.
PNDIV-TT, PNDIV-BT, PNDIV-BS, and PNDIV-TVT all
formed continuous and smooth films on OTS-modified SiO,
substrates, with root-mean-square surface roughness (RMS) of
1.66, 3.16, 1.87, and 1.27 nm, respectively. PNDIV-DTT,
however, formed films with more pin holes and hence
obviously higher roughness of 8.00 nm, which may account
for the slightly reduced OTFT performance. To determine
whether the pin holes were formed due to the high annealing
temperature (300 °C), a PNDIV-DTT film annealed at a lower
temperature of 100 °C for 2 min was investigated. As shown in
Figure S19, those pin holes were already developed at low
temperature and likely form during the coating process. Hence,
increasing the annealing temperature to 300 °C improved the
performance of transistors without introducing extra pin holes.

In all cases the films appear composed of fibrillar networks at
the nanometer scale, similar to some other NDI-containing
polymers described in the literature.”****> After the surface

treatment with methanolic Ba(OH),, clear particles were
observed on the surface of the annealed polymer, with length
scales up to tens of nanometers. Surface roughness increased
accordingly to 3.99, 5.83, 3.39, and 6.78 nm for PNDIV-TT,
PNDIV-BT, PNDIV-BS, and PNDIV-TVT, respectively.
Though the surface roughness remained similar after drop-
casting of Ba(OH), on PNDIV-DTT film, salt particles were
clearly observed in both topography and phase images. In all
cases, the underlying film structure did not appear significantly
different after deposition of Ba(OH), interlayer.

B CONCLUSIONS

In summary, we have reported a simple and readily scalable
synthesis for the preparation of a new NDI monomer flanked
by two vinyl stannyl groups. A series of five copolymers
comprising this novel monomer and different thiophene or
selenophene based donor units were synthesized and
characterized. Soluble polymers of high molecular weight
were obtained by the Stille coupling reaction in all cases. In
comparing the optical properties of the new vinylene
copolymers to the previously reported analogues without the
vinylene spacer, the most apparent effect was a red-shift of 1,
and a significant increase in the intensity of the low-energy
intramolecular charge transfer absorption in comparison to the
high-energy absorption. The choice of donor comonomer was
shown to have only a subtle effect on the polymer energetics.
All polymers exhibited ordered packing in the solid states with
PNDIV-BT, PNDIV-TVT, and PDNIV-DTT exhibiting close
n—n stacking distances of 3.5 A, which are shorter than those
reported for analogous NDI-based polymers. These polymers
exhibit ambipolar behavior in bottom-gate, top-contact OTFT
devices. The insertion of a solution processed Ba(OH), layer
between the polymer and the gold electrode led to unipolar
behavior with improved electron mobilities. Among these
polymers, PDNIT-BT exhibited the highest electron mobility of
0.07 em? V7! s7}, which we attribute to its enhanced packing
structure. In general, the combination of good electron mobility
and enhanced optical absorption in the near-IR region might
make these polymers interesting candidates for solar cell
applications.
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B EXPERIMENTAL SECTION

General. All reactions were carried out under Ar using solvents and
reagents as commercially supplied, unless otherwise stated. 4,9-
Dibromo-2,7-bis(2-octyldodecyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (1), 2,5-dibromothieno[3,2-b]thiophene,
5,5’-dibromo-2,2'-bithiophene, 5,5'-dibromo-2,2'-biselenophene, (E)-
1,2-bis(S-bromothiophen-2-yl)ethane, and 2,6-dibromodithieno[3,2-
b:2',3'-d]thiophene were synthesized by the reported methods.

'H and "*C NMR spectra were recorded on a Bruker AV-400 (400
MHz), using the residual solvent resonance of CDCl; or d,-1,1,2,2-
tetrachloroethane and are given in ppm. Number-average (M,) and
weight-average (M,,) molecular weight were determined by Agilent
Technologies 1200 series GPC running in chlorobenzene at 80 °C,
using two PL mixed B columns in series, and calibrated against narrow
polydispersity polystyrene standards. Flash DSC was performed on a
Mettler Toledo Flash DSC 1 at a scan rate of 500 K s ~.
Thermogravimetric analysis (TGA) was carried out using a
PerkinElmer Pyris 1 TGA machine, with heating from 25 to 700 °C
at a heating rate of 10 °C/min under N,. UV—vis spectra were
recorded on a UV-1601 Shimadzu UV-—vis spectrometer. Flash
chromatography was performed on silica gel (Merck Kieselgel 60 F254
230—400 mesh). Photoelectron spectroscopy in Air (PESA) measure-
ments were recorded with a Riken Keiki AC-2 PESA spectrometer
with a power setting of 5 nW and a power number of 0.5. Samples for
PESA were prepared on glass substrates by spin-coating. X-ray
diffraction (XRD) measurements were carried out with a Panalytical
X'Pert-pro MRD diffractometer equipped with a nickel-filtered Cu Kar
source and X'Celerator detector, using current I = 40 mA and
accelerating voltage V = 40 kV. Samples were prepared by drop-casting
on silicon substrates. Atomic force microscope (AFM) images were
obtained with a Picoscan PicoSPM LE scanning probe in tapping
mode. Samples were prepared following the same procedures for
fabrication of transistors, except that Au contacts were not applied.
DFT calculations were modeled using Gaussian at the B3LYP/6-31G*
level. The side chains were modified to methyl groups in order to
simplify the calculations.

OTFT (Organic Field Effect Transistor) Device Fabrication.
Bottom gate/top contact devices were fabricated on heavily doped n*-
Si (100) wafers with 400 nm thick thermally grown SiO,. The Si/SiO,
substrates were cleaned using acetone, Decan-90, deionized water, and
isopropanol for 15 min under sonication. The nitrogen blow dried
substrates were then treated with UV-ozone for 15 min and immersed
in trichloro(octadecyl)silane (OTS) solution in anhydrous toluene (1/
1000 v/v) overnight to form a self-assembled monolayer before
deposition of polymers. The modified substrates were then immersed
in clean toluene under mild sonication, followed by rinsing with
acetone to remove excess and physically absorbed OTS. Polymers
were dissolved in o-dichlorobenzene (10 mg/mL) and spin-cast at
2000 rpm for 60 s before being annealed at 300 °C for 30 min. Au (40
nm) source and drain electrodes were deposited onto the polymer film
under vacuum through shadow masks. The channel width and length
of the transistors are 1000 and 40 ym, respectively, unless otherwise
specified. Transistor characterization was carried out under nitrogen
using a Keithley 4200 parameter analyzer. Linear mobility was
calculated according to the equation

_ 1 Olplin
Mo = e\ ov,

and saturation mobility was extracted from the slope of I"/? vs Vg:

2L [ 0y Ipsat :
Hsat = WCI ()VG

For transistors with Ba(OH), hole blocking layer, polymer solutions
were spin-cast onto OTS modified substrates and annealed following
the above procedures. 250 uL of Ba(OH), solution in methanol (0.1
mg/mL) was drop-cast on the polymer films (2 X 2 cm?®) and dried at

50 °C for 10 min. Au source and drain contacts were then evaporated
as mentioned above.
2,7-Bis(2-octyldodecyl)-4,9-bis((E)-2-(tributylstannyl)vinyl)benzo-
[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (2). 4,9-Dibromo-
2,7-bis(2-octyldodecyl)benzo[lmn][3,8]phenanthroline-1,3,6,8-
(2H,7H)-tetraone (1) (2.0 g, 2.0 mmol), (E)-1,2-bis(tributylstannyl)-
ethane (4.9 g, 8.0 mmol), Pd,(dba); (93 mg, 0.1 mmol), and P-(o-
tol); (120 mg, 0.4 mmol) were added into an oven-dried two-neck
flask under Ar. Degassed anhydrous toluene (200 mL) was added, and
the mixture was heated at 90 °C overnight. The mixture was allowed
to cool to room temperature and eluted through a 5 cm thick silicon/
KF (4/1, w/w) plug with DCM. The solvent was removed, and the
residue was purified by chromatography (eluent: DCM/hexane = 1:2)
to afford 2 as a yellow oil (2.1 g, yield: 72%). 'H NMR (CDCl,, 400
MHz) & (ppm): 8.94 (s, 2H), 8.39 (d, J = 19.5 Hz, 2H), 7.36 (d, ] =
19.5 Hz, 2H), 4.13 (d, ] = 7.2 Hz, 4H), 2.01-1.92 (m, 2H), 1.72—1.56
(m, 12H), 1.43—1.16 (m, 76H), 1.08 (m, 12H), 0.94 (t, ] = 7.3 Hz,
18H), 0.88—0.83 (m, 12H). 3C NMR (CDCl,;, 100 MHz), § (ppm):
163.8, 144.5, 143.7, 142.2, 132.3, 1269, 125.7, 120.0, 44.8, 36.6, 31.9,
30.1, 29.7, 29.4, 29.3, 29.1, 27.4, 26.5, 22.7, 14.1, 13.8, 10.0.
Polymer Synthesis. Poly{(E)-2,7-bis(2-octyldodecyl)-4-(2-
(thieno[3,2-b]Jthiophen-2-yl)vinyl)-9-vinylbenzo[Imn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone} (PNDIV-TT). Compound 2
(1344 mg, 0.092 mmol), 2,5-dibromothieno[3,2-b]thiophene (27.5
mg, 0.092 mmol), Pd,(dba); (1.8 mg, 0.0019 mmol), and P-(o-tol);
(2.3 mg, 0.0076 mmol) were added into an overdried 20 mL high-
pressure microwave reactor tube. The tube was sealed and flushed with
Ar, and then degassed chlorobenzene (4 mL) was added. The mixture
was thoroughly degassed under Ar, and then the argon inlet was
removed. Then the tube was heated to 140 °C (oil bath) and stirred
for 1 day. Tributyl(thiophen-2-yl)stannane (10 L) and 2-
bromothiophene (10 uL) were added successively at a time interval
of 4 h to end-cap the end groups, respectively. The polymer was
precipitated in methanol (100 mL) and filtered through a Soxhlet
thimble. The polymer was extracted using Soxhlet apparatus with
methanol, acetone, hexane, and chloroform. The chloroform solution
was concentrated in vacuo and reprecipitated into methanol. Vacuum
filtration followed by drying under vacuum afforded PNDIV-TT as a
dark-green solid (80 mg, yield: 85%). '"H NMR (1,1,2,2-tetrachloro-
ethane-d,, 130 °C, 400 MHz), § (ppm): 8.55 (broad, 4H), 7.28
(broad, 4H), 4.32 (broad, 4H), 2.15 (broad, 2H), 1.43—1.35 (broad,
64H), 0.95 (broad, 12H). Anal. Calcd (CgHgoN,0,S,),: C, 75.69; H,
8.93; N, 2.76. Found: C, 75.48; H, 9.01; N, 2.71.
Poly{(E)-4-(2-([2,2'-bithiophen]-5-yl)vinyl)-2,7-bis(2-octyldodec-
yl)-9-vinylbenzo[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone}
(PNDIV-BT). PNDIV-BT was prepared as described for PDNIV-TT
above using compound 2 (138.2 mg, 0.094 mmol), S,5'-dibromo-2,2'-
bithiophene (30.7 mg, 0.094 mmol), Pd,(dba); (1.8 mg, 0.0019
mmol), and P-(o-tol); (2.3 mg, 0.0076 mmol). The crude polymer was
extracted using Soxhlet apparatus with methanol, acetone, hexane,
chloroform, and chlorobenzene. The chlorobenzene solution was
concentrated in vacuo and reprecipitated into methanol. Vacuum
filtration followed by drying under vacuum afforded PNDIV-BT as a
dark-green solid (72 mg, yield: 73%). '"H NMR (1,1,2,2-tetrachloro-
ethane-d,, 130 °C, 400 MHz), § (ppm): 8.52 (broad, 4H), 7.13
(broad, 6H), 4.28 (broad, 4H), 2.17 (broad, 2H), 1.43—1.35 (broad,
64H), 0.95 (broad, 12H). Anal. Calcd (CgHy,N,0,S,),: C, 76.11; H,
8.90; N, 2.69. Found: C, 75.95; H, 9.13; N, 2.80.
Poly{(E)-4-(2-([2,2'-biselenophen]-5-yl)vinyl)-2,7-bis(2-octyldo-
decyl)-9-vinylbenzo[Imn][3,8]phenanthroline-1,3,6,8(2H,7H)-tet-
raone} (PNDIV-BS). PNDIV-BS was prepared as described for PDNIV-
TT using compound 2 (129.2 mg, 0.089 mmol), S,5'-dibromo-2,2'-
biselenophene (37.1 mg, 0.089 mmol), Pd,(dba); (1.7 mg, 0.0018
mmol), and P-(o-tol); (2.2 mg, 0.0072 mmol). The crude polymer was
extracted using Soxhlet apparatus with methanol, acetone, hexane,
chloroform, and chlorobenzene. The chlorobenzene solution was
concentrated in vacuo and reprecipitated into methanol. Vacuum
filtration followed by drying under vacuum afforded PNDIV-BS as a
dark-green solid (65 mg, yield: 64%). "H NMR (1,1,2,2-tetrachloro-
ethane-d,, 130 °C, 400 MHz), § (ppm): 8.62 (broad, 4H), 7.28
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(broad, 6H), 4.27 (broad, 4H), 2.15 (broad, 2H), 1.43—1.35 (broad,
64H), 0.95 (broad, 12H). Anal. Calcd (CgHy,N,0,Se,),: C, 69.82; H,
8.17; N, 2.47. Found: C, 68.04; H, 8.35; N, 2.58.

Poly{2,7-bis(2-octyldodecyl)-4-((E)-2-(5-((E)-2-(thiophen-2-yl)-
vinyl)thiophen-2-yl)vinyl)-9-vinylbenzo[Imn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone} (PNDIV-TVT). PNDIV-TVT was prepared as
described for PDNIV-TT using compound 2 (136.4 mg, 0.093 mmol),
(E)-1,2-bis(S-bromothiophen-2-yl)ethane (32.8 mg, 0.093 mmol),
Pd,(dba); (1.8 mg, 0.0019 mmol), and P-(o-tol); (2.3 mg, 0.0076
mmol). The crude polymer was extracted using a Soxhlet apparatus
with methanol, acetone, hexane, chloroform, and chlorobenzene. The
chlorobenzene solution was concentrated in vacuo and reprecipitated
into methanol. Vacuum filtration followed by drying under vacuum
afforded PNDIV-TVT as a dark-green solid (70 mg, yield: 70%). 'H
NMR (1,1,2,2-tetrachloroethane-d,, 130 °C, 400 MHz), 5 (ppm): 8.62
(broad, 4H), 7.03 (broad, 8H), 4.27 (broad, 4H), 2.17 (broad, 2H),
1.43—1.35 (broad, 64H), 0.95 (broad, 12H). Anal. Calcd
(CegHouN,0,S,),: C, 76.50; H, 8.87; N, 2.62. Found: C, 75.30; H,
9.03; N, 3.32.

Poly{2,7-bis(2-octyldodecyl)-4-((E)-2-(5-((E)-2-(thiophen-2-yl)-
vinyl)thiophen-2-yl)vinyl)-9-vinylbenzo[Imn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone} (PNDIV-DTT). PNDIV-DTT was prepared as
described for PDNIV-TT using compound 2 (137.5 mg, 0.094 mmol),
2,6-dibromodithieno[3,2-b:2',3'-d]thiophene (33.4 mg, 0.094 mmol),
Pd,(dba); (1.8 mg, 0.0019 mmol), and P-(o-tol); (2.3 mg, 0.0076
mmol). The crude polymer was extracted using a Soxhlet apparatus
with methanol, acetone, hexane, and chloroform. The chloroform
solution was concentrated in vacuo and reprecipitated into methanol.
Vacuum filtration followed by drying under vacuum afforded PNDIV-
DTT as a dark-green solid (55 mg, yield: 54%). '"H NMR (1,1,2,2-
tetrachloroethane-d,, 130 °C, 400 MHz), § (ppm): 8.62 (broad, 4H),
7.33 (broad, 4H), 4.30 (broad, 4H), 2.17 (broad, 2H), 1.43—1.35
(broad, 64H), 0.95 (broad, 12H). Anal. Calcd (CgHgoN,0,S;),: C,
73.97; H, 8.47; N, 2.61. Found: C, 73.01; H, 8.82; N, 2.65.
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