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Abstract

We demonstrate here the design, synthesis and characterization of two new chlorinated polymers, P(NDI2HD-T2CI2) and P(NDI20D-T2CI2)
based on N, N-difunctionalized naphthalene diimide (NDI) and 3,3'-dichloro-2,2'-bithiophene (T2CI2) moieties. Our results indicate that or-
ganic thin-film transistors (OTFTs) based on these new chlorinated polymers exhibit electron mobilities approaching 0.1 cm?V="s™" (Jn:hof ~
105-10"), with far less ambipolarity due to their lower highest occupied molecular orbital energies, and they are more stable under deleterious
high-humidity conditions (RH ~ 60%) and upon submersion in water, compared with those fabricated with the parent non-chlorinated poly-
mers. In addition, OTFTs fabricated with the new chlorinated polymers exhibit excellent operational stabilities with <3% degradations upon

bias-stress test.

Introduction

m-conjugated polymers have gained great significance over the
past two decades as solution-processable semiconductors in the
next generation optoelectronics.!'””! Unlike inorganic-based
materials currently used in mainstream optoelectronic devices,
polymeric semiconductors offer advantageous rheological
properties, which allows the fabrication of electro-active ink
formulations for high-throughput manufacturing process by
printing on light-weight, large-area, and flexible plastic sub-
strates.*'°! In addition, the chemical structure of the polymer
n-backbone and substituents can be easily tuned via synthetic
organic chemistry. This offers considerable flexibility for device
fabrication and functionalities by tuning opto-electronic respons-
es and processing characteristics.!'”-'® Therefore, with the aim of
realizing a new generation of low-cost, large-area, flexible elec-
tronics, polymeric semiconductors have been extensively studied
in organic thin-film transistors (OTFTs), 11922 organic light-
emitting diodes (OLEDs),”>?*! and organic photovoltaic cells
(OPVs),2°2% and have recently emerged in organic light-
emitting transistors (OLETs).?%>? Since the initial report on
electrochemically grown polythiophene as the active layer in
OTFTs,! the development of semiconducting polymers with
a high charge-carrier mobility has dramatically progressed by
design and synthesis of new z-backbone architectures, and

improvements on polymer thin-film microcrystallinity/morphol-
ogy.** In principle, charge transport in a semiconducting poly-
mer thin-film relies on two processes: intra-chain charge
transport through polymer z-backbone, and interchain charge
hopping between 7 — 7 stacked adjacent chains.**! Typically,
both processes operate although film morphology tuning can
alter the major transport characteristics. Therefore, optimized
m-extended/delocalized polymer backbone architectures, and
favorable thin-film texturing and morphology are crucial to
achieve high charge-carrier mobilities. To this end, a large
number of semiconducting polymers embedding various
n-electron-rich and -deficient monomers have been developed,
and OTFT charge-carrier mobilities reliably reaching commer-
cially relevant values (~0.5-1.0cm*V~'s™") have been
achieved.”®*”) Furthermore, very recently, breakthrough OTFT
performances with mobilities more than 3.0 cm®V~'s™' have
been achieved.!"*?'**3 Qur group has previously demonstrated
an air-stable solution processable n-channel polymer, P
(NDI20D-T2) (Polyera Activink', N2200), consisting of a
naphthalenediimide (NDI) acceptor unit and a bithiophene
donor moiety, which can exhibit excellent electron mobilities
in ambient up to ~0.45-0.85cm*V~'s”! in conventional
top-gate/bottom-contact (TG/BC) device architectures,*" and
~3cem?V~'s™! for Ba-modified electrical contacts.*”) The
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ambient stability of these OTFTs was attributed to polymer’s sta-
bilized lowest unoccupied molecular orbital (LUMO) energy
level (—3.96 eV) and to the encapsulation effect of the top dielec-
tric layer.* Following our initial report, numerous studies have
been performed either on further optoelectronic characterization
of P(NDI20OD-T2) or on the development of different NDI-
based polymer semiconductors.™”**! In these studies, excellent
semiconductor performances have been achieved in OTFT and
OPV devices, and key structure—property—function relationships
have been elucidated to provide the basis for fundamental under-
standing of electron transport in polymer thin films.** These re-
sults indicate that P(NDI20OD-T2) and its derivatives are very
promising in the field of polymer optoelectronics, where stable
and efficient electron transport is required, and they should be ex-
plored more in terms of structural modification and device
optimization.

To a first approximation, the stability of injected/induced
electrons in semiconducting polymers during n-channel trans-
port is governed by the LUMO energy level through which
charge transport occurs,”%>!1 with several strudies suggesting
that a LUMO energy level <—4.0 eV is required to stabilize
n-channel transport against ambient/surface traps.>?! In this re-
gard, we envision that further functionalization of the P
(NDI20OD-T2) polymer backbone with chlorine substituents
may afford novel physicochemical and optoelectronic
properties, and further extend its application in optoelectronic
devices. Rational chlorination on the z-backbone of P

Cl
Cl

M153

(NDI2OD-T2) should further stabilize z-energy levels and im-
prove ambient-stability. Although, in recent years, a number of
chlorinated small molecules, including dichloropentacene M1
and tetrachlorotriisopropylsilyl (TIPS)-acetylene pentacene
M2, tetrachloroperylenediimide M3, and dichloro (M4) and
tetrachloro (MS5) naphthalene diimides (Fig. 1) have been re-
ported as high mobility p/n-channel semiconductors in
OTFTs,>>% chlorination strategy has not been broadly ap-
plied to polymer semiconductors.!>”]

For example, P1 is one of the early examples of chlorinated
m-conjugated polymers, and isoindigo-based polymers P2 and
P3 (Fig. 1) are the only examples of chlorinated semiconduc-
tors reported in the literature with good OTFT performance
in ambient.[**®!1 Since the C1 atom has a relatively lower electro-
negativity compared with the well-studied F atom [Pauling elec-
tronegativity® =3.16 (Cl) and 3.98 (F)], the LUMO energy
reduction of z-conjugated systems has been attributed to the
delocalization of z-electrons into the unoccupied 3d orbitals of
CL*! Similar 7-delocalization is not energetically favorable
for other electron-withdrawing functionalities such as fluorine
(=F) and cyano (—CN). Furthermore, when z-backbones of poly-
mers are substituted with chlorine, their solubilities in common
organic polar solvents should increase due to enhanced polariz-
ability of —C1 compared with those of -H and —F.5°%!

To the best of our knowledge, an NDI-based polymer with
chlorine substituents on the z-backbone has never been report-
ed in the literature. In this study, we designed, synthesized, and
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Figure 1. Structures of representative chlorinated z-conjugated small molecules (M1-M5) and polymers (P1-P3) for OTFTs.
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characterized two new chlorinated polymeric semiconductors,
P(NDI2HD-T2CI2) and P(NDI20D-T2CI2), embedding the
NDI acceptor unit with 2-hexyldecyl (2HD) or 2-octyldodecyl
(20D) N-substituents, and a 3,3’-dichloro-2,2’-bithiophene
(T2CI2) co-monomer. We also compared their optoelectronic
and OTFT device properties to the corresponding chlorine-free
analogs of similar molecular weights (Fig. 2). Our results sug-
gest that the electronic structure of the new polymers are affected
by chlorine substitution, resulting in far larger band gap (1.69
versus 1.45 eV), and lower highest occupied molecular orbital
(HOMO) (—5.73 eV versus —5.34¢eV) and LUMO (—4.04
versus —3.89 eV) energy systems. TG/BC thin-film transistors
fabricated with the new polymers exhibit n-channel behavior
in ambient with electron mobilities up to 0.06 cm*V~'s™!
and current on/off ratios of up to 10°-10”. Compared with
those fabricated with non-chlorinated P(NDI2OD-T2), the
new devices exhibit largely improved thin-film transistor
(TFT) device stabilities when stored under high humidity
(RH ~ 60%), and they function in water, opening possibilities
for further implementation of these polymers into new device
structures and functions.

Experimental section

Materials and methods

All reagents were purchased from commercial sources and used
without further purification unless otherwise noted. The reagents
3,3,5,5-tetrachloro-2,2’-bithiophene,  2,6-dibromonaphthalene-
1,4,5,8-tetracarboxydianhydride (NDA-Br,), N,N'-bis(2-hexyl-
decyl)-2,6-dibromonaphthalene-1,4,5,8-bis(dicarboximide)
(NDI2HD-Br,), N, N'-bis(2-octyldodecyl)-2,6-dibromonaph-
thalene-1,4,5,8-bis(dicarboximide) (NDI20OD-Br,), 2-hexyldecyl-
amine,2-octyldodecylamine, 5,5'-bis(trimethylstannyl)-2,2’-bithio
phene and the non-chlorinated polymers P(NDI2HD-T2),
and P(NDI2OD-T2) were prepared according to literature
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procedures.%%+ %1 TH NMR spectra were obtained using an
Inova 500 (500 MHz) NMR spectrometer. Elemental analyses
were performed by Midwest microlab, LLC. Polymer molecular
weights were determined on a Polymer Laboratories PL-GPC
220 using trichlorobenzene as eluent at 150 °C versus polystyrene
standards. Electrochemical measurements were carried out using
Epsilon Electrochemical Workstation equipped with BAS
Epsilon software (Bioanalytical Systems, Inc., Lafayette, IN) in
a 3-electrode cell configuration (VC-2 voltammetry cell), using
1.0 mm diameter platinum disk working electrode and a platinum
wire counter electrode, and Ag wire was used as the pseudo-refer-
ence electrode. Polymer sample films were deposited onto the
working electrode by drop-casting. Cyclic voltammetry measure-
ments were performed in 0.1 M tetrabutylammonium hexafluoro-
phosphate (Buy;N'PF,") acetonitrile solution at a scan rate of
50 mV/s. Ferrocene/Ferrocenium (Fc/Fc*, 0.54 V versus SCE)
was used as an internal reference for all measurements. Optical ab-
sorption spectra were obtained on thin films (~30 nm on glass)
with a Cary 50 Scan UV-Visible Spectrometer. £y o iS calculat-
ed asi—(Eq_1 t4.44 eV) assuming that Koopmans’ theorem
holds (EAeq~ —FErumo)- SCE energy level is taken to be
—4.44 ¢V below the vacuum level. Egomo 18 calculated from:
HOMO=LUMO — E, (estimated from optical absorption
spectra).l”]

Synthesis of T2CI2 (1)

Under argon, a mixture of 3,3’,5,5'-tetrachloro-2,2’-bithio-
phene (3.04 g, 10.0 mmol), zinc powder (1.95 g, 30.0 mmol),
isopropylalcohol (50 mL), and acetic acid (15 mL) was re-
fluxed for 24 h. After thin-layer chromatography test indicated
the incompletion of reaction, more zinc powder (1.44 g, 22.2
mmol) and acetic acid (12 mL) was added and the reaction mix-
ture was stirred under nitrogen for an additional 38 h. Upon
cooling to room temperature, the reaction mixture was

|Gate (Al)
eC ;

Source/drain (Au)

P(NDI2HD-T2CI2)

Figure 2. Chemical structures of the polymers and schematic of a TG/BC TFT architecture used in this study.
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precipitated in methanol, and the crude product was subject to
column chromatography on silica gel to afford a white solid as
the product (0.27 g, 11.5%). 'H NMR (CD,Cl,, 400 MHz): &
7.43-7.44 (d, J=5.2 Hz, 2H), 7.04-7.05 (d, J=5.2 Hz, 2H).

Synthesis of 5,5'-bis(trimethylstannyl)-T2CI2
@

Under argon, a solution of T2CI2 (0.26 g, 1.1 mmol) in anhy-
drous tetrahydrofuran (THF) (15 mL) was cooled to —78 °C,
and a solution of n-BuLi in hexane (0.90 mL, 2.24 mmol)
was then added dropwise. The resulting solution was stirred
at this temperature for about 30 min and at room temperature
for an additional 1 h. The reaction mixture was then cooled
to —78 °C again, and a solution of trimethyltin chloride (4.5
mL, 1 M in hexane, 4.5 mmol) was added slowly. This mixture
was allowed to warm to room temperature and stirred at room
temperature overnight. After the reaction was diluted with hex-
ane (~100 mL), it was washed with water (3 x 30 mL), dried
over anhydrous sodium sulfate, and concentrated in vacuo.
The residue was recrystallized from isopropyl alcohol, leading
to a pale solid as the product (0.39 g, 63.2%). 'H NMR
(CDCI3, 400 MHz): § 7.03 (s, 2H), 0.40 (m, 18H).

Synthesis of P(NDI2HD-T2CI2)

Under argon, a mixture of NDI2HD-Br, (669.1 mg, 0.77 mmol),
5,5'-bis(trimethylstannyl)-T2CI12  (2) (430.5 mg, 0.77 mmol),
Pd,dbaz (14.1 mg, 0.015 mmol), and P(o-tol); (37.5 mg, 0.12
mmol) in anhydrous chlorobenzene (60 mL) was stirred at 90 °C
for 18 h. Bromobenzene (0.5 mL) was then added, and the result-
ing mixture was stirred for an additional 6 h. After cooling to room
temperature, the reaction mixture was poured into methanol (200
mL). The resulting suspension was stirred for 20 min, before the
precipitate was collected by filtration and washed with methanol.
This crude product was then subjected to Soxhlet extraction
under nitrogen with methanol, acetone, and hexane. Finally, it
was extracted with chlorobenzene (about 200 mL). Upon cooling
to room temperature, the chlorobenzene extract was precipitated
into methanol (400 mL). The precipitate was collected by

Table 1. Physicochemical properties [molecular weight (Mn, kD), polydispersity (PDI), film optical absorption maxima (Amax

filtration, washed with methanol, and dried under vacuum, leading
to a dark solid (675.0 mg, 93.1%). "H NMR (CDCL,CDCl,, 500
MHz, 120 °C): 68.91 (s,2H), 7.40 (s, 2H) ,4.22 (s, br, 4H), 2.12 (s,
br, 2H), 1.25-1.56 (m, br, 48H), 0.89-0.97 (m, br, 12H).GPC: M,,
=20.4 kDa, PDI=2.2. Elemental Analysis (calc. C, 68.55; H,
7.46; N, 2.96): found C, 68.44; H, 7.41; N, 3.01.

Synthesis of P(NDI20OD-T2CI2)
Under argon, a mixture of NDI20OD-Br; (655.3 mg, 0.67 mmol),
5,5'-bis(trimethylstannyl)-T2CI12 (2) (373.0 mg, 0.67 mmol),
Pd,dba; (12.2 mg, 0.013 mmol), and P(o-tol); (32.4 mg, 0.11
mmol) in anhydrous chlorobenzene (60 mL) was stirred at
90 °C for 20 h. Bromobenzene (0.5 mL) was then added, and
the resulting mixture was stirred for an additional 5 h. After
cooling to room temperature, the reaction mixture was poured
into methanol (150 mL). The resulting suspension was stirred
for 20 min, before the precipitate was collected by filtration
and washed with methanol. This crude product was then
subject to Soxhlet extraction under nitrogen with methanol, ac-
etone, and hexane. Finally, it was extracted with chlorobenzene
(about 350 mL). Upon cooling to room temperature, the chlo-
robenzene extract was precipitated into methanol (500 mL).
The precipitate was collected by filtration, washed with metha-
nol, and dried under vacuum, leading to a dark solid (687.2 mg,
96.9%)."H NMR (CDCL,CDCl,, 500 MHz, 130 °C): & 8.92 (s,
2H), 7.41 (s, 2H) , 4.23 (s, br, 4H), 2.13 (s, br, 2H), 1.26-1.58
(m, br, 64H), 0.88-0.99 (m, br, 12H). GPC: M,,=17.0 kDa,
PDI=1.8. Elemental Analysis (calc. C, 70.36; H, 8.19; N,
2.65): found C, 70.59; H, 8.28; N, 2.81.

TFT device fabrication and measurements

OTFTs with TG/BC architecture were fabricated on Corning
Eagle 2000 glass substrates. The source—drain (S/D) electrodes
were thermally evaporated Au contacts (40 nm thick) with L =
50pm and W=1mm (for the devices of Table II) or
photolithography-defined Ni (3 nm)/Au (13 nm) with L=2—-
60 pm and W=1mm (for contact resistance measurements
and devices presented in Table III). The defined substrates

film

, nm), energy gaps (Eg°, eV),

electrochemical reduction potentials (F;,,™,V), and HOMO/LUMO energy levels (eV)] of polymers P(NDI2HD-T2CI2), P(NDI20D-T2CI2), P(NDI2HD-T2), and

P(NDI20D-T2).

Polymer M,(kDa)  PDI  Ama™ (MmP B (VY Ep™ (V) Ep®™ 2 (V) HOMO (V) LUMO (eV)°
P(NDI2HD-T2) 185 19 389,700 1.45 —0.55 —1.04 —5.34 ~3.89
P(NDI2HD-T2CI2)  20.4 22 376,613 1.69 ~0.40 -0.73 ~5.73 —4.04
P(NDI20D-T2) 28.6 22 392,699 147 —0.49 ~0.96 —5.42 -3.95
P(NDI20D-T2CI2)  17.0 18 371,607 1,69 —0.41 —0.75 ~572 —4.03

From optical absorption as spin-coated thin film on glass, optical band gap is estimated from the low-energy band edge of the UV-vis spectrum.

bAs thin film with 0.1 m BusN*PFg~ in acetonitrile (versus SCE).
CEHOMO is calculated from Egopt = ELUMO — EHOMO-
dEstimated from the equation Fiymo = —4.44 eV — E; /%0,
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Table II. Electrical parameters measured in ambient (RH ~ 40%) for TG/BC OTFTs (glass/thermally evaporated Cr—Au/semiconductor/PMMA/Au, L =50 pm, W
=1000 pm) based on the indicated polymers. The results are given for the average of at least five devices.

Polymer te (cm?V 7157 un (cm2V—Ts™Y) Von (V) Vi (V) SS (V/dec) Tond lots
P(NDI20D-T2) 0.28+0.02 (lin) 0.0024 +0.001 (sat) 0-1 14-18 0.3-1 (lin) ~108 (lin)
0.63+0.03 (sat) ~10° (sat)
P(NDI2HD-T2) 0.14 £0.02 (lin) 0.0061 +0.003 (sat) —1-1 16-22 0.7-2 (lin) ~107 (lin)
0.32+0.04 (sat) ~10° (sat)
P(NDI20D-T2CI2) 0.03 £0.01 (lin) 1x107%+4x107° (sat) 0-1 8-12 1-2 (lin) ~107 (lin)
0.06 £0.01 (sat) ~108 (sat)
P(NDI2HD-T2CI2) 0.02 £0.02 (lin) 2x107%£6x107° (sat) —1-1 15-21 2-3 (lin) ~107 (lin)
0.03 £0.01 (sat) ~10* (sat)
Table Ill. Electrical parameters of TG/BC OTFTs fabricates with P(NDI20D-T2) and P(NDI2HD-T2CI2) during stability measurements.
Polymer/dielectric Conditions e (cm2V—1s™T) Vin (V) SS (V/dec] Tond host
P(NDI20D-T2)/PMMA In Air Dry Box 0.045+0.016 (lin) 10-15 1.71£0.45 (lin) ~108 (lin)
RH ~ 60% 0.095 +0.032 (sat) ~10° (sat)
1 week 0.045 + 0.060 (lin) 27-38 0.92 £ 0.44 (lin) ~10° (lin)
0.062 + 0.051 (sat) ~107 (sat)
3 weeks 0.018 £0.012 (lin) 29-38 0.77 £0.54 (lin) ~108 (lin)
0.066 + 0.026 (sat) ~10? (sat)
In Water Dry Box 0.270+0.068 (sat) 15-28 - ~10? (sat)
1 week 0.213+0.059 (sat) 29~34 - ~10? (sat)
2 weeks 0.174 + 0.043 (sat) 28-34 - ~102 (sat)
3 weeks 0.182 + 0.054 (sat) 26-44 - ~102 (sat)
P(NDI20D-T2)/CYTOP In Air Dry Box 0.092 + 0.021 (lin) 15-18 1.40+0.31 (lin) ~108 (lin)
RH ~ 60% 0.211+0.028 (sat) ~10? (sat)
1 week - - - -
P(NDI2HD-T2CI2)/PMMA In Air Dry Box 0.013+0.004 (lin) 7—14 1.94 +0.63 (lin) ~10° (lin)
RH ~ 60% 0.017 £0.003 (sat) ~10* (sat)
1 week 0.007 +0.002 (lin) 29-34 2.55+2.01 (lin) ~10° (lin)
0.016+0.003 (sat) ~10 (sat)
3 weeks 0.005 = 0.003 (lin) 29-38 1.03+0.48 (lin) ~10° (lin)
0.014 +0.002 (sat) ~10* (sat)
In Water Dry Box 0.011+£0.001 (sat) 9-15 - ~10° (sat)
1 week 0.010+0.002 (sat) 20-25 - ~10° (sat)
2 weeks 0.013+0.003 (sat) 24-37 - ~10° (sat)
3 weeks 0.012+0.002 (sat) 23-30 - ~10° (sat)
P(NDI2HD-T2CI2)/CYTOP In Air Dry Box 0.012+0.004 (lin) 15-20 1.90+ 0.88 (lin) ~10° (lin)
RH ~ 60% 0.020 + 0.003 (sat) ~10° (sat)
1 week - - - -
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were cleaned in an ultrasonic bath with acetone, isopropanol,
and de-ionized water, respectively (10 min each), and then
post-baked at 110 °C for 30 min. N-channel polymer semicon-
ductor formulations of P(NDI2HD-T2CI2) and P(NDI20OD-
T2CI2) were prepared by dissolving the corresponding poly-
mers in anhydrous dichlorobenzene at 1, 5, and 10 mg/mL
concentrations. The non-chlorinated parent polymers, P
(NDI2HD-T2) and P(NDI2OD-T2) (Polyera Activink
N2200) were dissolved in p-xylene to obtain 10 mg/mL refer-
ence semiconductor solutions. The semiconductor solutions
were filtered through 0.2 um polytetrafluoroethylene syringe
filter, and spin-coated at 2000 rpm for 60 s in an N,-filled
glove box. The spin-coated P(NDI2ZHD-T2CI2) and P
(NDI2OD-T2CI2) films were thermally annealed at 150 °C
for 30 min and 110 °C for 20 min, respectively, in a glove
box with a N, atmosphere to remove residual solvents. Poly
(methyl methacrylate) (PMMA) (Aldrich, My =120 kDa) or
a CYTOP solution (Asahi) ware used as the dielectric material.
PMMA was dissolved in n-butylacetate to obtain 80 mg/mL di-
electric solution, and it was spin-coated at 2000-3000 rpm for
60 s on the semiconducting polymer film. Afterwards, the de-
vices were baked at 80 °C for 2 h to remove residual solvent
under N,. The OTFTs were completed by depositing Al TG
electrodes via thermal evaporation with the aid of metal shadow
mask. The fundamental OTFT electrical characteristics were
measured using a Keithley 4200 semiconductor characterization
system in an Nj-filled glove box. The conventional saturation
mobility (us,) and corresponding V', were extracted at the satu-
ration region (at a drain voltage Vpg of +80 V) using gradual
channel approximation equation for a standard metal oxide semi-
conductor TFT (MOSFET): pg=IpsL)/[WC;(Vg— VTh)Z],
where Ipg is the S/D saturation current, C; is the gate dielectric
capacitance (per area), and Vg is the gate voltage.

Results and discussion

Computational modeling

Chlorine incorporation into the parent polymers P(NDI2HD—
T2) and P(NDI20OD-T2) was motivated by the aforementioned
electronic and solubility advantages. However, the regiochem-
istry of the substitution must take into account the synthetic
strategy and the far larger Van der Waals radius of CI (1.75
A)versus H (1.20 A) and F (1.47 A) to avoid sterically congest-
ed z-backbone distortions between NDI acceptor and bithio-
phene donor units. Thus, geometry optimizations and
molecular orbital (MO) computations on several polymer seg-
ments (model structures I-V) incorporating chlorine atoms at
different locations were performed at the DFT level to guide
the polymer design. Figure 3 and S1 collect the computed struc-
tures, MO topologies and energies, and relevant torsional an-
gles (0) for the model units I-V. The computed MO energies
(Eq=5.43¢V and E; =—3.31) and 6 values (Ot =46° and
6rr=19°) for the unsubstituted system (structure I) are in
agreement with previous computations on similar backbones.
Note, it was found experimentally that NDI-based polymers
such as P(NDI20OD-T2) exhibit a torsional angle of ~35°

between the NDI and the T2 units, which does not prevent ef-
ficient electron transport.[***1 Qur geometry optimizations in-
dicate that chlorine functionalization at both NDI 3,7- (structure
IT) and thiophene 4-positions (structure III) considerably in-
creases the NDI-T interring torsional angles (6yr) to 68° and
64°, respectively. In all cases, the interring torsional angles be-
tween the two adjacent thiophene units (6r) are similar (18—
23°). However, when the chlorine atoms are introduced at the
3-positions of the thiophenes on both sides of NDI (structure
IV) or at the 3,3’-positions of the bithiophene moiety (structure
V), Onr values are identical to those of the unsubstituted sys-
tems (45—46°), which is critical to maintain a good donor—ac-
ceptor (D—-A) electronic communication in the polymer
backbone. The thiophene—thiophene torsional angle, 6, is un-
affected for the structure IV having one chlorine at either side
(22°), whereas it increases to ~63° in the case of the
head-to-head 3,3’-dichloro substituted structure V. It is note-
worthy that the addition of chlorine substituents into the poly-
mer 7-backbone may induce intrachain (thienyl)Cl---S(thienyl)
and interchain (thienyl)Cl---O(imide), non-covalent interac-
tions,!’”! which could promote rigidification and solid state
stacking. Chlorine incorporation also affects the frontier MO
energies of the structures [-V. Considering the MO topologies
(Fig. S1) with the LUMO localized on the NDI acceptor and the
HOMO more delocalized along the thiophene units, Cl insertion
on the NDI unit generally more effectively reduces the LUMO
energy (—3.53 eV) versus the parent structure 1 (—3.31¢eV),
whereas this effect is weaker for structures III and V. On the
other hand, the HOMO level is found to be effectively stabilized
(A=0.23 eV) in structure V since chlorine substitution is on the
donor bithiophene moiety. Considering the synthetic accessibil-
ity, acceptable NDI-Thiophene interring torsional angle, and
regioregularity of the monomers, structure V was selected for
the synthesis of the new chlorinated polymers.

Synthesis of monomers and polymers

Scheme 1 shows the synthesis of the chlorinated bithiophene
monomer 2, and the corresponding copolymers P(NDI2HD—
T2CI2) and P(NDI20OD-T2CI2). The building block 2 was
prepared from 3,3',5,5'-tetrachloro-2,2’-bithiophene via a se-
quence of reactions involving selective dehalogenation and
lithiation/stannylation. Although enough amount of 2 was ob-
tained in high purity, it is noteworthy that the yield over two
steps was found to be <10%, which may be attributed to poor
selectivity of dechlorination and the formation of decomposi-
tion products.’? The syntheses of N,N-dialkylated
2,6-dibromonaphthalene  diimides, = NDI2HD-Br, and
NDI2OD-Br,,were performed according to literature proce-
dures (see Supporting Information), and they were purified
by column chromatography. Two different alkyl substituents,
2HD and 20D, were used to record the effects of alkyl substit-
uents on polymer processibility and optoelectronic properties.
The chlorinated polymers, P(NDI2HD-T2CI2) and P
(NDI2OD-T2CI12) were synthesized via conventional Stille
polycondensation protocols by reacting the chlorinated
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Figure 3. Computed molecular structures of polymer model structures -V based on NDI-thiophene.

bithiophene monomer 2 with NDI2HD-Br, and NDI2OD-Br,, soluble in common non-protic organic solvents including
respectively, in chlorobenzene using Pd,(dba)s;/P(o-tol); as the THF, toluene, xylenes, chloroform, and chlorobenzene, and
catalyst/ligand system. The new polymers were found to be they were purified by sequential soxhlet extractions and

cli cl
TN s _a—2% [ \_ s
G ™\ [ Aceticacia,ipA S\
cl

Cl
1
R, i) n-BuLi, THF
R4 ii) Me3SnCl
(o] N
sz(dba)3 P(o-tol);
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O~ 'N” "0
H/Rz
R4
NDI2HD-BI’2, R1 = —CGH13’ Rz = —CgH17 P(ND'ZHD-TZC'Z), R1 = —C6H13’ Rz = -C8H17
NDIZOD-BI’z, R1 = -C3H17, Rz = —C10H21 P(ND'ZOD'TZC'Z), R1 = -CsH17’ R2 = -C10H21

Scheme 1. Synthesis of chlorinated bithiophene monomer 2, and the corresponding chlorinated polymers, P(NDI2HD-T2CI2) and P(NDI20D-T2CI2).
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Figure 4. (a) Optical absorption spectra of spin-coated P(NDI2HD-T2CI2) (magenta), P(NDI20D-T2CI2) (red), P(NDI2HD-T2) (blue), and P(NDI20D-T2)
(black) films (~30 nm thick) on glass. (b) Thin-film cyclic voltammetries of (NDI2HD-T2CI2) (magenta), P(NDI20D-T2CI2) (red), P(NDI2HD-T2) (blue) and P
(NDI20D-T2) (black) thin films on a Pt working electrode [Fc/Fc* (0.54 V versus SCE) as an internal standard]. (c) HOMO/LUMO energy levels for the present

chlorinated and non-chlorinated NDI-based copolymers.

multiple dissolution—precipitation processes (93—97% yields).
The observed high yields for the polymerization reactions are
consistent with the previous reports on different NDI polymer-
izations, and it indicates the favorable structural/electronic
properties of the present monomers for effective Pd-mediated
coupling reactions.!”* The final polymer structures and purities
were characterized by "H NMR spectroscopy, elemental analy-
sis, and gel permeation chromatography. The number average
molecular weights (Mn’s) of the new chlorinated polymers
were determined to be 20.4 kDa (PDI=2.2) for P(NDI2HD—
T2C12) and 17.0 kDa (PDI = 1.8) for P(NDI2OD-T2CI2). To
better understand the effects of chlorination on NDI-based
polymers without any contribution from molecular weight dif-
ferences, the non-chlorinated polymers, PINDI2HD-T2) and P
(NDI20OD-T2), were also synthesized with comparable number
average molecular weights of 18.5 kDa (PDI 1.9) and 28.6 kDa
(PDI=2.2), respectively.

Optical and electrochemical properties of
polymers

The optical absorption and electrochemical redox properties of
the new chlorinated polymers along with the non-chlorinated
parent polymers were investigated by thin-film UV—vis absorp-
tion and cyclic voltammetry measurements. The optical spectra
and voltammograms are shown in Fig. 4, and data are collected

in Table [. POINDI2HD-T2C12) and P(NDI20OD-T2CI2) exhibit
two main absorptions corresponding to the 7 — 7* and D—A in-
tramolecular charge transfer (ICT) transitions of the naphtha-
lene diimide—dichlorobithiophene backbone, which are
located at A,.x =376/613 nm and Ay =371/607 nm, respec-
tively (Fig. 4(a)).

Both the low-energy and high-energy maxima are shifted to
shorter wavelengths by ~13-92 nm versus those of their parent
non-chlorinated polymers P(NDI2ZHD-T2) (A.x =389/700
nm) and P(NDI2OD-T2) (Aax =392/699 nm). The corre-
sponding optical band gaps (E,’s) are estimated from the low-
energy band edges as 1.69 eV for P(NDI2ZHD-T2CI2), 1.69 eV
for PONDI20OD-T2CI2), 1.45 eV for P(NDI2HD-T2) and 1.47
eV for P(NDI20OD-T2). The observed band gap increases for
the present chlorinated NDI polymers is consistent with the hy-
pochromic shifts in the absorption maxima. However, the ab-
sorption shifts upon chlorination on the lower energy maxima
are more profound (Adp.x =87-92 nm) compared with those
of high energy maxima (AA,x = 13-21 nm). This result may
be attributed to the different origin of these transitions, and
how they are affected by the chlorine substitutions. Since
ICT band is affected by the strength of D—A coupling in the
polymer backbone, the weaker donor character of the T2CI2
unit versus T2 reduces D—A interactions.””?! On the other
hand, the 7 — z* transition is mostly governed by the extent
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of m-conjugation. Since the polymer backbone in
NDI-bithiophene polymers is already twisted, the larger steric
demand of Cl versus H may slightly reduce the backbone pla-
narity on the bithiophene moiety, as supported by the MO com-
putations. This reduces the z-conjugation length and increases
the 7 — 7* transition energies.”*”"®! Although the nature of the
N-alkyl substituent (2HD versus 20D) is found to have negli-
gible effects on the polymer absorption maxima and band gap,
slight differences were observed in peak vibronic features,
which are possibly due to different polymer chain packings
in the solid-state.

Cyclic voltammetry measurements provide further insights
into the redox properties and energy level changes of the new
chlorinated polymers. Two reversible reductions [Fig. 4(b)]
are observed for both P(NDI2HD-T2CI2) and P(NDI20OD-
T2CI2) with the first/second reduction potentials located at
—0.40/—0.73 V and at —0.41/—0.75 V, respectively. The re-
versibility of both reductions demonstrates the redox stability
of the new chlorinated polymer backbone. The reduction poten-
tials exhibit anodic shifts compared with those of non-
chlorinated polymers [P(NDI2HD-T2)=—0.55/—1.04 V and
P(NDI2OD-T2]=—0.49/—0.96 V) when measured in the
same electrochemical set-up. This is consistent with the stron-
ger electron-withdrawing characteristics of —Cl compared with
—H (vide supra), which facilitates the reduction processes. In
addition, chlorine functionalization at NDI-T2 backbone
decreases the voltage gap between the first two reductions
(1" — E1,°97%) by 0.2V, further supporting the more
electron-accepting nature of these derivatives, which renders
the second reduction more facile.

Based on solid-state optical and electrochemical data, the
HOMO/LUMO energies are estimated as —5.73/—4.04 eV
for P(NDI2HD-T2CI2) and —5.72/—4.03eV for P
(NDI20D-T2Cl12). The HOMO and LUMO energy levels of
the new chlorinated polymers are ~0.1-0.4 eV lower than
those of parent non-chlorinated polymers, P(NDI2HD-T2)
(—5.34/-3.89eV) and PINDI20D-T2) (—5.42/—-3.95
eV).Bé] The reduction of the LUMO energies (AELumo =
0.1-0.15 eV) is less pronounced than those of the HOMO en-
ergies (AEyomo = 0.3—0.4 eV), in agreement with the electron-
ic structure of these polymers. This result is mainly because the
LUMO is primarily localized on the NDI acceptor unit whereas
the HOMO is more delocalized toward the bithiophene units
where the chlorine atoms are located (Fig. S1). The lower
LUMO energy level of the present polymers is expected to sta-
bilize the field effect-induced electrons, while the far reduced
HOMO energy should reduce the ambipolar characteristics
when using certain dielectrics.l””! The interesting question is
how the considerably decreased NDI-T2 intramolecular elec-
tronic coupling and slightly reduced m-conjugation will affect
charge transport in OTFTs.

Charge transport measurements
The comparative charge transport properties of the new
NDI-based copolymers were investigated in TG/BC transistor

geometries. The experimental details are described in the
Supporting Information. Briefly, thermally evaporated Au con-
tacts (40 nm) or photolithography-defined Ni (3 nm)/Au (13

nm) were used as the S/D electrodes (L=2-60um; W=1

mm). The polymer semiconducting layers were deposited by
spin-coating 1-10 mg/mL formulations in 1,2-dichlorobenzene
or xylene for 1 min, and the films were annealed at 100-300 °C
for 30 min. Next, the polymeric dielectric layer (PMMA or
CYTOP) was spin-coated, and the devices were annealed to re-
move residual solvents and induce thin-film ordering. The
OTFT devices were completed by depositing 50 nm thick Au
or Al TG electrodes via thermal evaporation using a shadow
mask. Device characteristics were evaluated under positive or
negative gate bias in ambient conditions to explore the majority
charge carrier type and device performance. The device carrier
mobilities (u) were calculated both in the linear and saturation
regimes using conventional MOSFET equations.

In preliminary experiments, the OTFT characteristics of the
chlorinated polymers were investigated with respect to the
semiconductor solution concentration and semiconductor film
post-deposition annealing temperature (Table S1, Supporting
Information). Three different semiconductor solution concen-
trations (1, 5, and 10 mg/mL) were used resulting in three dif-
ferent active layer thicknesses of ~12, 17, and 23 nm,
respectively. In addition, thermal annealing at four different
temperatures (100, 150, 200, and 300 °C) were also explored.
The output curves reveal the existence of some degree of con-
tact resistance, which was measured for P(NDI20OD-T2Cl12)
using the Y-function method.”® The analysis results
(Fig. S3) indicate that the contact resistance of the OTFT devic-
es increases with increasing active layer thickness from 12 nm
(~0.5-1 MQ) to 17 nm (~1 MQ) and 23 nm (~2.5 MQ). These
values are in the same order of magnitude of that measured for
P(NDI20D-T2) devices (~1 MQ),** and the lowest OTFT re-
sistance (0.5-1 MQ) was obtained with 1-5 mg/mL spin-
coated solutions, which correlates well with the observed
higher mobilities for these samples. From this study, it was
identified that a concentration of 5 mg/mL affords the best per-
formance whereas semiconductor film thermal annealing at
temperatures >150 °C does not significantly improve the device
performance, in agreement with negligible variations in film
microstructures as accessed by x-ray diffraction experiments
(Fig. S2). Thus, these conditions were used to study vis-a-vis
the transport properties of the four polymers.

Representative n-channel operation transfer and output plots
are shown in Fig. 5 and S4, whereas the OTFT device charac-
teristics are summarized in Table II. The electron mobilities
both in the linear and saturation regime of the parent non-
chlorinated polymers (0.14-0.63 cm®V~'s™') are found to be
5—10x larger than those of the corresponding chlorinated deriv-
atives (0.02-0.05 cm?V ™~ 's™"). The reduced electron mobilities
most probably reflect backbone distorsions and the far
greater band gap of the chlorinated semiconductors. V,, (~0
V) and Vy, (~10-20 V) were found to be similar for all poly-
mers. Significantly, the transfer characteristics of the
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Figure 5. Representative n-channel transfer curves for TG/BC OTFT devices of the indicated semiconductors.

representative optimized devices for all new semiconductors in
the linear regime (Vps= 10 V) exhibit seven to eight order of
magnitude current modulations, typical of high-performing
organic polymer semiconductors.

Interestingly, the ambipolar characteristics of the chlorinated
polymers are greatly suppressed (Fig. S5), resulting in hole mo-
bilities of ~107° cm?V~'em ™! in the saturation regime, which
are about two orders of magnitude lower than those of the parent
non-chlorinated systems (~107> cm?V~"'ecm™"). These results
clearly reflect the stabilization of HOMO energies in the new
polymers due to chlorination.

Device stability and OTFT operation in water

The present chlorinated NDI-based copolymers comprise a
unique family of n-channel semiconductors exhibiting lowered
LUMO energy levels (AE; ymo =0.1-0.2 V) compared with
the parent non-chlorinated systems and typical NDI-based co-
polymers. In general, the relative positions of the LUMO ener-
gies with respect to H,O- and O,-redox reactions determines

the ambient stabilities of the electrons during the charge trans-
port process in polymer thin films, and a LUMO energy level of
<—4.0 eV combined with an hydrophobic gate insulator, is typ-
ically required for stable n-channel OTFT device opera-
tion.[”>%9 To this end, numerous small molecular n-channel
semiconductors have been developed and exhibit good stabili-
ties.>”) However, the number of n-channel polymers operating
in ambient is still very limited and their operational stabilities
are insufficient for most applications. More surprisingly, TFT
operation under high-humidity and aqueous solutions has
only been tested for a handful of polymers.'®! Therefore, it re-
mains very important to develop and understand the perfor-
mance of new semiconductor materials with superior
stabilities, including under the aforementioned extreme condi-
tions, which will extend the scope of n-channel OTFTs in
chemical and biological sensor applications in aqueous
media.®¥ When compared with non-chlorinated NDI-based
copolymers, the present copolymer semiconductors should ex-
hibit better ambient stabilities. Thus, we investigated TG/BC
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transistor performance of the devices based on non-chlorinated
P(NDI2OD-T2) versus those of the chlorinated P(NDI2ZHD—
T2CI2). The TFT structure for this study is glass/
photolithography-Ni—Au/semiconductor/dielectric/Al, the gate
dielectric is either PMMA (thickness ~500 nm, C; ~ 6.19 nF/
cm?) or CYTOP (thickness ~ 380 nm, C; ~ 4.89 nF/cm?), and
L=20 pym/W=1000 pm. The devices were first tested in a ni-
trogen filled glove box, and then stored under an average rela-
tive humidity of 60.5+2.8% at 24.6+1 °C for 1-3 weeks,
during which time the devices were periodically measured.
Figure S6 shows representative transfer plots whereas Figs. 6
(a) and 6(b) report the mobility variations of these devices over
time. Table III summarizes major TFT parameters for these de-
vices. Although both P(NDI2HD-T2CI2) and P(NDI20D-T2)
devices with PMMA as gate dielectric exhibit some degradation
over time, overall P(INDI2HD-T2CI2)-based devices showed
better stabilities than P(INDI20OD-T2). Regardless of the lower
electron mobilities of P(NDI2HD-T2CI2) versus the well-
studied P(NDI2OD-T2), P(INDI2ZHD-T2CI2) devices exhibit a
~20% electron mobility degradation after ~1 week of storage,
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whereas higher degradation (35%) is recorded for POINDI20OD—
T2) (Fig. 6). Both devices exhibits a considerable Vy, shift from
~+(10-20) V to ~+40-45) V after ~1 week of storage indicative
of formation of deep traps. However, after these performance var-
iations, the [-V characteristics stabilize and remain constant for the
subsequent ~2 weeks. The TFT operation and improved stability
of P(NDI2HD-T2CI2)-based devices was further confirmed by
submerging tests in water. As shown in Fig. S7, Fig. 6(c) and 6
(d), the performance of P(NDI2ZHD-T2CI2)-based OTFT devices
with PMMA as the gate dielectric exhibit far lower degradation
after 3 weeks submergence in water, whereas those based on P
(NDI20OD-T2) exhibit larger degradation.

It is important to note that the devices fabricated with
CYTOP dielectric are found to be highly unstable and quickly
become unfunctional upon immersion in water. At first, this re-
sult appears to be quite surprising, because several groups re-
ported excellent device stabilities for CYTOP devices in
highly moisturized conditions as a result of the dielectric’s
high hydrophobic nature.®®* 4 1t is likely that this behavior orig-
inates from the poor adhesion of CYTOP to both conjugated
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Figure 6. Device stabilities of P(NDI2HD-T2CI2)-and P(NDI20D-T2)-based OTFTs with PMMA in various conditions: ambient storage (RH: 60.5 + 2.8 %,Temp.:
24.6 £1°C) (a, b), H,0 immersion (DI water) (c, d). (e) Optical image of a submerged device array. (f) Operational stability under supplied bias (Vs =60V,

Vos =20 V).
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polymer films. In fact, the CYTOP/gate layer of the OTFTs im-
mersed in water for one week was found to pill-off when the de-
vices were blown with N, gas to dry them before the electrical
tests (Fig. S8). This result suggests that there could be penetra-
tion of ambient moisture into the solid films, which might
cause delamination of the dielectric from the channel and result
in the observed significant degradation.

Finally, bias-stress stability tests for the P(NDI2OD-T2)/
PMMA and P(NDI2HD-T2CI2)/PMMA devices were carried
out in an N,-filled glove box to investigate the intrinsic stability
of these devices when water/air is excluded. For this study, the
TFT structure is glass/Au/semiconductor/dielectric/Al (W/L =
1000/20 um). Under these conditions, both polymers exhibit
excellent operational stabilities with <3% I, current variation
[Fig. S9 and Fig. 6()].%) Overall, the improved stability in
high-humidity/aqueous conditions for the devices based on P
(NDI2ZHD-T2CI2) indicate that chlorination is a facile modifi-
cation strategy to broaden the application of NDI-based poly-
mer semiconductors.

Conclusions

We have demonstrated the synthesis and characterization of
new NDI-based chlorinated copolymers as novel n-channel
semiconductors. Incorporation of chlorine substituents into
the polymer z-backbone widens the band gap and lowers the
frontier MO energy levels compared with their non-chlorinated
parent polymers. The new chlorinated polymers exhibit
suppressed ambipolarity and electron mobilities approaching
0.1 cm®V~'s™" in a TG/BC OTFT architecture. The stability
of the NDI polymer-based OTFTs was investigated both in
high-humidity conditions and upon submersion in water. The
enhanced environmental and operational stabilities, while
keeping good transport characteristics, indicates that chlorina-
tion offers a facile new strategy to realize functional
m-conjugated semiconducting polymers for chemical and bio-
logical sensor applications in aqueous media.
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