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ABSTRACT: Naphthalene diimide (NDI) copolymers are attractive n-type materials for use in organic
electronic devices. Four highly soluble NDI polymers are presented—each differing only in the thiophene
content comprising the material. Electron mobilities as high as 0.076 cm? V™! s™! for the novel material
PNDI-3Th are reported. Polymer crystallinity and general macromolecular order are shown to effectively
improve by increasing the number of thiophene units within the polymer backbone. The structure—property
relationship of NDI—thiophene copolymers is presented and discussed as it pertains to organic field effect

transistor (OFET) performance.

Introduction

Growth in the field of organic electronic materials and devices
has led toward the development of new solution-processable
high-performance n-type polymers and small molecules with
the hope of generating efficient, low-cost, and flexible organic
electronic devices.' ® Semiconducting materials with strong
electron-withdrawing groups comprising the structure have been
used to develop n-type functionality within solution processable
polymers based on naphthalene”® and perylene diimide’~'* as
well as the ladder-polymer BBL'? and others.'*!> Naphthalene
diimide (NDI) polymers in particular have begun to attract a
great deal of attention with the recent report of a soluble
naphthalene diimide—bithienyl copolymer capable of being used
in printable electronics applications and achieving organic field-
effect transistor (OFET) electron mobilities reported up to
0.85cm? V' s~ ! using top-gate bottom-contact device architec-
tures with polymeric dielectrics.” An NDI-functionalized thio-
phene copolymer yielding high-performing ambipolar OFET
devices was also recently reported in the literature.'® These
developments with regard to n-type semiconductor performance
provide further support and incentive toward the fabrication of
complementary circuits possessing enhanced performance and
device operation.'”

Further development into this chemical architecture is exa-
mined and presented in this report through the synthesis and
characterization of a series of soluble high-performance naphtha-
lene diimide—core donor—acceptor based polymers (PNDI-0Th,
PNDI-1Th, PNDI-2Th, and PNDI-3Th shown in Scheme 1)
possessing n-type character. Electron mobilities as high as
0.076 cm® V' 5! for the material PNDI-3Th were achieved
using top-contact bottom-gate organic field-effect transistor
(OFET) architectures with SiO, as the dielectric. Bg comparison,
comparable electron mobilities as high as ~0.06 cm® V~'s ™~ were
reported for PNDI-2Th by Facchetti et al. using the same OFET
architectures as are presented in this report.'” X-ray diffraction
(XRD) results helped to confirm a progressive increase in thin-
film crystallinity and subsequent decrease in amorphous char-
acter with the inclusion of a greater number of thiophene subunits
within the backbone of the polymer.
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Scheme 1. NDI Polymer Synthesis
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“ Asterisks indicated stannyl moieties: monomer 1,2 = tributyltin,
monomer 3 = trimethyltin.

Experimental Section

Instrumentation and Materials. '"H NMR spectra were ob-
tained using a Bruker AV-300 spectrometer. Polymer molecular
weights were obtained using a Waters-1515 gel permeation
chromatograph (GPC) coupled with UV and RI detectors.
Polystyrene GPC standards in THF were used as a reference.
Cyclic voltammetry for all polymers was obtained under nitro-
gen using a BAS CV-50W voltammetric analyzer with 0.1 M
tetra-n-butylammonium hexafluorophosphate in anhydrous
acetonitrile as supporting electrolyte. A platinum wire working
and counter electrode as well as an Ag/AgNO; reference elec-
trode was used, and ferrocene (Fc/Fc') was designated as
an internal standard for all measurements. The scan rate was
50 mV s~ '. The reference energy level used for ferrocene as

© 2010 American Chemical Society



Article

Macromolecules, Vol. 43, No. 15, 2010 6349

Table 1. Polymer Properties and Yields

yield (%) M, [PDI]* (kDa) soln Ap,,” abs (nm)  film Aoy abs (nm) — E.P'9 (V) Ejjpred’ (V)  LUMO/ (eV) HOMOS (eV)
PNDI-0Th 70 71.1[2.9] 409 426 2.74 —0.93 -3.76 —6.50
PNDI-1Th 87 14.5[2.5] 548 623 1.77 —0.84 —3.85 —5.62
PNDI-2Th 95 46.9[2.1] 672 696 1.50 —-0.90 -3.79 —5.30
PNDI-3Th 97 153[2.2] 701 742 1.37 —0.94 -3.76 —5.13
NDI-Br, 406 411 2.90

“Number-average molecular weight and polydispersity (SEC vs polystyrene standards in THF). b Solution absorption spectra (~5 x 107° M CHClj).
“Thin film absorption spectra from spin-cast CHCl; solutions. 4 Optical energy gap estimated from the absorption-edge or onset of organic thin films.
¢CV measurements of thin films vs F¢/Fc . /Estimated from LUMO = —(normalized Fc/Fc") — Ej p,eq. ¢ Estimated from HOMO = LUMO — E,°P.

compared to vacuum was 4.8 eV. A HP4145B semiconductor
parameter analyzer controlled by locally written LabView codes
through a GPIB interface was used for OFET device character-
ization. All device fabrication and electrical characterization
were performed in a nitrogen atmosphere. Samples for UV/vis
and X-ray diffraction analysis were cleaned prior to use.
Absorption spectra were obtained using a Perkin-Elmer spec-
trophotometer (Lambda 9 UV/vis/NIR). X-ray diffraction
patterns were obtained on a Bruker AXS D8 Focus diffracto-
meter using an accelerating voltage of 40 kV and a Cu Ka
source. AFM images were taken on a Veeco multimode AFM in
tapping mode with a Nanoscope Illa controller and etched
silicon tips having a typical resonant frequency of 300—350
kHz. All reagents used for synthesis were obtained from Sigma-
Aldrich and were used as-is without further purification with the
exception of the two catalysts: Ni(COD), and Pd(PPh;),Cl,,
which were obtained from Strem Chemicals.

Synthetic Procedures. The monomers used to synthesize the
four NDI polymers were synthesized using standard literature
procedures—specifically, NDI-Br,”#!%?% and the stannylated
thiophenes 1, 2, and 3.5%!

Synthesis of PNDI-OTh. To an air-free Schlenk flask, Ni-
(COD), (0.179 g, 0.65 mmol), 2,2’-bipyridine (0.064 g, 0.41
mmol), and COD (0.07 g, 0.65 mmol) were added within a
dry glovebox and dissolved with toluene (1.5 mL) and DMF
(0.35mL). The capped and sealed vessel was heated to 80 °C for
30 min prior to injecting a solution of NDI-Br, (0.2 g, 0.28
mmol) in toluene (1.5 mL). The reaction was heated at 80 °C for
6 days. The reaction was cooled to ambient and quenched with
2 N HCI (2 mL) and stirred for 15 min. Chloroform was added
(25 mL) and extracted. The organic layer was washed twice with
2 N HCI (20 mL). The aqueous layers were combined and
extracted twice with chloroform. The organics were combined
and stirred with a saturated Nay,EDTA solution (10 mL) for
12 h. The organics were washed with water, dried over MgSQOy,
and filtered over a pad of silica. The solution was concentrated
and precipitated to methanol. The precipitated polymer was
subjected to a Soxhlet extraction with acetone to remove low-
molecular-weight polymer fragments. The polymer was redis-
solved in chloroform and precipitated into methanol to yield a
fibrous yellow solid (70%). 'H (300 MHz, CDCl;): 8.65 (br s,
2H), 3.98 (br, 4H), 1.91 (m, 2H), 1.24 (m, 64H), 0.86 (m, 12H).

General Synthesis for PNDI-n-Th. To an air-free Schlenk
flask, Pd(PPh;),Cl, (0.005 mmol), NDI-Br; (0.10 mmol), and
1,5 2,% or 3! (0.10 mmol) were added within a dry glovebox and
dissolved with toluene (5 mL). The capped and sealed vessel was
heated at 90 °C for 4 days prior to injecting bromobenzene
(0.2 mL) and stirring for 12 h. The reaction was cooled to
ambient and KCI (1 g) in water (2 mL) was injected and stirred
for 2 h. The solution was extracted with chloroform (2 x 60 mL).
The combined organics were washed with water (2 x 50 mL) and
dried over Na,SO,. The solution was concentrated by vacuum
and precipitated into methanol. The precipitated polymer was
subjected to a Soxhlet extraction with acetone for 48 h to remove
low-molecular-weight polymer fragments. The polymer was
redissolved in chloroform, precipitated into methanol, and dried
under reduced pressure. See Table 1 for further polymer data.
PNDI-1Th: Dark blue solid (87%). "H (300 MHz, CDCl;): 8.97
(brs, 2H), 7.45 (br, 2H), 4.14 (br, 4H), 2.02 (m, 2H), 1.10—1.45

(m, 64H), 0.83 (m, 12H). PNDI-2Th: Dark blue solid (95%). 'H
(300 MHz, CDCl;): 8.80 (brs, 2H), 7.33 (br, 4H), 4.11 (br, 4H),
2.04 (m, 2H), 1.07—1.54 (m, 64H), 0.86 (m, 12H). PNDI-3Th:
Dark green solid (97%). 'H (300 MHz, CDCl5): 8.80 (br s, 2H),
7.32 (br, 6H), 4.10 (br, 4H), 1.97 (m, 2H), 1.08—1.60 (m, 64H),
0.87 (m, 12H).

OFET Device Fabrication. Organic field-effect transistors
were fabricated as typical top-contact bottom-gate devices on
silicon substrates. Heavily doped p-type silicon (100) substrates
from Montco Silicon Technologies Inc. with a 500 £ 5 nm
thermal oxide layer acted as a common gate with a dielectric
layer as well as the substrate. After cleaning the substrates by
sequential ultrasonication in acetone, methanol, and isopropyl
alcohol for 10 min, the substrates were treated by air plasma
prior to forming a self-assembled monolayer of octadecyl-
trichlorosilane (OTS) via vapor deposition. The substrates were
then washed with chloroform and isopropyl alcohol to remove
physisorbed silane agents. Polymer thin films were deposited
from a 5 mg/mL chloroform:o-DCB solution (98:2) by spin-
coating (1000 rpm for 60 s). The devices were thermally annealed
with varying temperature lengths to optimize device perfor-
mance. The PNDI-0Th, PNDI-1Th, and PNDI-3Th polymers
were all annealed at 150 °C; the PNDI-2Th polymer was
annealed at 110 °C. Interdigitated source and drain electrodes
(W = 9000 um, L = 90 um) made of gold (50 nm thick) were
deposited on top of the polymer active layer by thermoevapora-
tion at 1.0 A/s through a shadow mask from a resistively heated
Mo boat under high vacuum (5.0 x 10”7 Torr).

Results and Discussion

The highly electron-deficient napthelene diimide acceptor unit
with branched-alkane, octyldodecyl-, solubilizing groups was
copolymerized with stannylated thiophene, bithiophene, and
terthiophene donor units using Stille conditions and Pd(PPhj),-
Cl, as catalyst. The homopolymerization was performed via
Yamamoto coupling conditions using Ni(COD),/bipy as cata-
lyst. The copolymer PNDI-2Th has been reported”'® in the
literature, and an analogue of PNDI-1Th has been synthesized
previously.®* An NDI homopolymer (Scheme 1) was synthesized
to analyze the elongation of the conjugation length relative to the
NDI monomer on its own and as the number of thiophenes
integrated within the backbone of the polymer is increased.

The molecular weights of all the polymers synthesized were
determined using size-exclusion chromatography relative to
polystyrene standards in THF and are listed in Table 1. The
polymer molecular weights were recognized as being overestima-
tions of the actual golymer mass due to NDIs possessing rigid-
rod-like character.”* Additionally, the polymer PNDI-3Th with
an M, = 153 kDa may have generated aggregates due to being
much less soluble than the polymers with fewer thiophene units
which would further yield a higher than expected polymer
molecular weight as a result of a faster elution time with size
exclusion chromatography (GPC).

Optical absorption spectra (Figure 1) were taken for all four
polymer films spin-coated from CHCI; onto glass revealing a
progressive red-shifting of the absorption band (with increasing
thiophene units in the polymer chain) from A, = 426 nm for
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Figure 1. (A) Solution UV/vis absorption spectra (~5 x 10~° M CHCl3) and (B) thin-film UV vis absorption spectra.
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Figure 2. X-ray diffraction patterns of NDI polymers.

PNDI-0Th to A, = 742 nm for PNDI-3Th. This shift reveals an
effective m-conjugation length elongation likely due to the im-
proved rigidity and planarization of the polymer as a result of the
strong 77— interactions of the thiophene units.**** This notion
was further confirmed with X-ray diffraction (XRD) by analyz-
ing the relative crystallinities of the four polymers in the solid
state; the data are presented in Figure 2.%° The XRD spectrum for
PNDI-0Th shows no visible peaks, while the spectra for PNDI-
1Th and PNDI-3Th both show the 100 peak at 260 = ~4.2° and
PNDI-2Th shows its 100 peak at 20 = ~3.6° (Figure 2). These
values correspond to an interchain lamellar d-spacing of 21.0 A
for PNDI-1Th and PNDI-3Th and 24.5 A for PNDI-2Th. While
all three PNDI copolymers appear to be at least somewhat
amorphous, PNDI-3Th was observed to exhibit the greatest
relative crystallinity of the PNDI series (as governed by the 100
peak intensities), followed by PNDI-2Th and finally PNDI-1Th.
The lack of diffraction peaks in the PNDI-0Th spectrum indicates
that the homopolymer has very little, if any, long-range order
in the solid state. This is further supported by the lack of a
significant shift between the solution and solid state UV/vis
spectra of PNDI-0Th.

AFM images were taken from OTS-treated and annealed films
of the four polymers to verify the presence of contrasting
morphological or crystalline features which were detected with
XRD. As seen in Figure 3, PNDI-OTh and PNDI-1Th were
observed to show little to no self-organization within the size
scales obtainable using AFM imaging methods. PNDI-2Th
displayed rodlike features at nanometer scales which assembled
into featherlike patterns. Films of PNDI-3Th also showed rod or

Figure 3. Tapping mode AFM height images of PNDI thin films on
OTS-treated Si/SiO, wafers processed and annealed under the same
conditions as OFETs: (A) PNDI-0Th, (B) PNDI-1Th, (C) PNDI-2Th,
and (D) PNDI-3Th.

beltlike structures at smaller length scales than PNDI-2Th films
and also assembled in forming featherlike patterns. These images
in conjunction with data obtained by XRD suggest that thin films
generated from PNDI-2Th and PNDI-3Th do in fact possess
greater crystallinity compared to films from PNDI-0Th and
PNDI-1Th. We conclude that this observed increase in relative
crystallinity (with increasing thiophene content) likely contri-
buted to PNDI-3Th possessing a higher charge carrier mobility
than PNDI-0Th.

The absorption spectrum of NDI-Br, was also obtained to
observe and compare any potential change in the extent of
conjugation for PNDI-0Th. It was noted from the absorption
spectrum that the conjugation length of the homopolymer does
not appear to increase likely due to poor w—m packing of the
material as a result of the bulky octyldodecyl solubilizing chain
interference generating twists to the polymer backbone.

The LUMO energy levels were calculated from the onset of the
first polymer reduction peak using cyclic voltammetry. Cyclic
voltammetry was carried out in a standard three-electrode
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Figure 4. Transfer curve of PNDI-3Th at a constant source-drain
voltage of +100 V plotted with the square root of current as a function
of gate voltage.

electrochemical cell employed with a platinum working electrode
and a Ag/AgNO; reference electrode while using ferrocene as an
internal standard. The cyclic voltammograms are shown in the
Supporting Information. The energy level referenced for ferro-
cene compared to vacuum was 4.8 eV.?° The LUMO values for all
four polymers were found to be a};}?rommated to ~—3.8 eV due
to the intrinsic properties of NDI.”1*2” The HOMO values were
calculated using the optical band gap (E,"™) from the calculated
LUMO. The compiled data are presented in Table 1. No
oxidation waves were observed for any of the four NDI polymers.
The electronic properties of the NDI constituting the LUMO of
the polymer and the thienyl unit affecting the HOMO and E,°"
of the material were further confirmed by reports stating 51m11ar
values for related materials.®***? It is noted that specific tuning of
the band gap and HOMO of NDI-based polymers can be
achieved by altering the thienyl content of the bulk structure
which is similarly achieved in polyfluorenes.*

OFET devices were fabricated from the four polymers in the
typical top-contact bottom-gate geometry on octydecyltrichloro-
silane (OTS)-treated doped-Si/SiO, wafers. The active layer of
the devices was spin-cast from a 98:2 v/v solution of CHCI; and
0-DCB. The polymers produced visually smooth and continuous
films. All fabrication and testing was performed in an inert
nitrogen atmosphere.

All four polymers showed n-type behavior at positive gate-
source biases (V, = 4100 V). The polymers did not display
ambipolar or p-type response, with low current flow and on/off
ratios below 10 when a negative gate-source bias was applied
(Vy = —100 V). The saturated charge carrier mobility of the four
polymers was calculated usmig the saturation current equation:
Ios = WWC2L)(Vy — V).

A linear fit was applied in the saturation region of the Iy
Vs curve of each of the polymers in order to Cdlculdte the
moblhty An electron mobility () as high as 0.076 cm? V™!
s~ ! was measured for OFETs produced from PNDI-3Th (Figure 4).
(Transfer curves for all polymers are included in the Supporting
Information.) As shown in Table 2, PNDI-3Th was found to
possess the highest charge carrier moblhty Wthh was closely
followed by PNDI-2Th (3.9 x 1072 cm? V™' s™"). This value is
comparable to a prior report in thch the moblhty for PNDI-2Th
was measured to be ~6.0 x 107> cm” V' s™! for devices using
similar architectures.'” PNDI-1Th and PNDI 0Th had srgnlfl-
cantly lower electron mobilites of 3.1 x 107> and 6 x 10~
V~1s7! respectively. The on/off ratios followed a similar trend
PNDl-2Th and PNDI-3Th displayed the largest on/off ratios
(10°) whereas PNDI-0Th yielded the lowest (10%). The larger
on/off ratios of PNDI-2Th and PNDI-3Th are mostly due to a
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Table 2. Electrical Characterization of Thiophene Copolymers

Taa (Oc/h) ueh (Cm v ! 71) Ion,’off Vl (V)
PNDI-0Th 180/2 6x107* giZ x 10~ ) 10° 40
PNDI-1Th 150/0.16 3.1 x 107 (£3 x 10~ ) 10° 20
PNDI-2Th  110/4 3.9 x 10~ '(:|:3 x 107 ) 10° 10
PNDI-3Th  150/0.16 7.6 x 107> (4 x 10* Yy 10° 7

“ Annealing temperature and time annealed. ® Average leue of 3—4
devices with standard deviation. Calculated from the Iy vs V, plot
using the equation I4s = (uWCo/2L)(V, — V)2,

larger on-current, where as the off-current value for all four
polymers was within the same order of magnitude.

The threshold voltage (V) was calculated as the x-intersect of
this linear fit line. Following a similar performance trend, PNDI-
3Th had the lowest threshold voltage while PNDI-0Th had the
highest. The electrical characterization results are summarized in
Table 2. From this data it is clear that within the series of four
polymers presented within this report, increasing the thiophene
content of PNDIs improves the electron transport properties of
the polymer.

Conclusion

We have demonstrated the synthesis and performance of a
series of polymers with hlgh electron mobilities. Electron mobi-
lities as high as 0.076 cm”® V' s~! were achieved for TFTs from
PNDI-3Th. XRD and AFM results suggest increasing the thio-
phene content of PNDIs effectively increases polymer crystal-
linity and order to a degree which will lead to improved
performance. By employing alternative OFET device architec-
tures such as top-gate bottom-contact and the use of various
dielectrics and printing fabrication techniques, the measurable
performance of PNDI-3Th should be able to exceed that of
PNDI-2Th (0.85 cm? V™' s ') which was reported by Facchetti
et al” The high electron mobility, energy levels, and good
absorption spectrum of PNDI-2Th and PNDI-3Th suggest the
possibility of yielding other moderately high-performance elec-
tronic devices with organic p-type semiconducting materials such
as poly(3-hexylthiophene). Research into the performance of
devices such as organic photovoltaic (OPV) devices and alter-
native OFET device conditions and architectures is the subject of
future investigation.
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