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’ INTRODUCTION

Benefiting from new materials development,1�8 as well as
optimized processing and device fabrication,9�12 the performance
of organic thin-film transistors (OTFTs) based on polymeric
semiconductors has advanced dramatically during the past decade,
with the charge carrier mobility (μ) now approaching/surpassing
1 cm2 V�1 s�1.3�6,8,9,11,13�15 Such performance is comparable
to that of hydrogenated amorphous silicon (a-Si:H), opening
enormous opportunities for the fabrication of cost-effective,
flexible electronics.16�19 However, many applications of organic
semiconductors are currently limited by OTFT performance
degradation on prolonged exposure to ambient atmosphere
and/or operation under bias.1,13,20 With few exceptions,2,21�25

large carrier mobilities and stable operation for polymer semi-
conductor OTFTs are typically achieved in low-humidity or inert
atmosphere.1,3,9,13,14,26�29 Most reported examples of enhanced
device air stability are typically based on ambient exposure data in
the absence of bias. For applications in low-end products, such as
radio frequency identification cards (RFID)30,31 and sensors,32,33

current storage stability levels may be sufficient, and operational
stability under bias does not seem critical.17 However, for large-
scale high-technology applications such as display drivers and
logic circuitry, both the storage and the operational stability
under ambient storage and bias are essential and have come
under more intense scrutiny.17,31 As the carrier mobility of
polymer semiconductors approaches or surpasses that of a-Si:
H, realizing new high-performance materials having large carrier
mobilities and robust operational stability in the ambient be-
comes an important scientific and technological goal.

As an emerging electron-deficient materials building block,
thieno[3,4-c]pyrrole-4,6-dione (TPD) has received much atten-
tion in low band gap donor�acceptor (D�A) copolymers for
high-performance organic photovoltaic (OPV) devices.34�45

The electron-deficient character of TPD greatly lowers the
HOMOs of the corresponding copolymers, affording high open
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ABSTRACT:We report a new p-type semiconducting polymer
family based on the thieno[3,4-c]pyrrole-4,6-dione (TPD)
building block, which exhibits good processability as well as
good mobility and lifetime stability in thin-film transistors
(TFTs). TPD homopolymer P1was synthesized via Yamamoto
coupling, whereas copolymers P2�P8 were synthesized via
Stille coupling. All of these polymers were characterized by
chemical analysis as well as thermal analysis, optical spectros-
copy, and cyclic voltammetry. P2�P7 have lower-lying HOMOs than does P3HT by 0.24�0.57 eV, depending on the donor
counits, and exhibit large oscillator strengths in the visible region with similar optical band gaps throughout the series (∼1.80 eV).
The electron-rich character of the dialkoxybithiophene counits inP8 greatly compresses the band gap, resulting in the lowest Eg

opt in
the series (1.66 eV), but also raising the HOMO energy to �5.11 eV. Organic thin-film transistor (OTFT) electrical
characterization indicates that device performance is very sensitive to the oligothiophene conjugation length, but also to the
solubilizing side chain substituents (length, positional pattern). The corresponding thin-film microstructures and morphologies
were investigated by XRD and AFM to correlate with the OTFT performance. By strategically varying the oligothiophene donor
conjugation length and optimizing the solubilizing side chains, a maximumOTFT hole mobility of∼0.6 cm2 V�1 s�1 is achieved for
P4-based devices. OTFT environmental (storage) and operational (bias) stability in ambient was investigated, and enhanced
performance is observed due to the low-lying HOMOs. These results indicate that the TPD is an excellent building block for
constructing high-performance polymers for p-type transistor applications due to the excellent processability, substantial hole
mobility, and good device stability.
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circuit voltages (0.8�1.0 V) and excellent OPV power con-
version efficiencies (3�7%).34�45 However, TPD has not been
successfully introduced into high-performance OTFT poly-
mers, and reported hole mobilities are unfortunately below
0.01 cm2 V�1 s�1.40�42 For OTFT applications, low-lying
HOMOs are essential to resist air oxidation and thus increase
device stability.46�48 However, if the HOMO energy is too low,
the resulting barrier to hole injection may compromise device
performance. Thus, a delicate balance between these two effects
must be achieved.49

Recently, we reported on a bithiophene imide (BTI,
Figure 1a)-based polymer series designed for OTFTs.51 The
BTI electron deficiency lowers the HOMO energies of the
resulting polymers, and incorporation of oligothiophene como-
nomers leads to moderate hole mobilities and enhanced device
storage stability. As compared to the BTI building block,50 TPD
is far easier to synthesize,52 and the resulting polymers can exhibit
superior solubility/processability due to the fused structures
of the BTI units. Furthermore, DFT computations (see the

Supporting Information) indicate that alkyl functionalization at
the thiophene 3-position adjacent to the TPD units affords a
coplanar geometry, which is enforced by attractive (thienyl)-
S 3 3 3O(carbonyl) interactions.53�56 Thus, while the sum of S
and O van der Waals radii is 3.32 Å, DFT calculations on
thiophene�TPD�thiophene molecules yield a significantly
shorter S 3 3 3O distance (2.89 Å), indicating significant S 3 3 3O
interactions (Figure S36). Here, we report the synthesis and
characterization of a new series of TPD-based D�A copolymers
having variable conjugation length alkyl/alkoxy-functionalized
oligothiophene donor counits functionalized with solubilizing
side chains of varying dimensions, with the goal of achieving
high-performance polymer semiconductors for applications in
OTFTs having enhanced environmental and bias stability. It will
be seen that variation of donor counits affords broadly tunable
HOMO energies, optimized film microstructures and morphol-
ogies, and, hence, broadly tunable OTFT performance. We
characterize here device stability under both storage and bias
in ambient. The results indicate that by implementing the

Figure 1. Chemical structures of bithiophene imide (BTI)-based polymer semiconductors (a) reported previously50,51 and thieno[3,4-c]pyrrole-4,
6-dione (TPD)-based polymer semiconductors (b) reported in this work.

Scheme 1. Synthetic Routes to TPD Monomers 3 and TPD Derivatives 5 with Flanked Thiophenes for TPD-Based Polymer
Synthesisa

aReagent and conditions: (i) Ac2O, 140 �C; (ii) (a) R1NH2, toluene, reflux; (b) SOCl2, reflux; (iii) NBS, H2SO4, CF3COOH, room temperature;
(iv) Pd(PPh3)Cl2 (0.1 equiv), THF, 80 �C; (v) Br2, CHCl3, AcOH, room temperature.
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electron-deficient properties of TPD, we are able to tune the
semiconductor HOMO levels and achieve good OTFT storage
and operational stability.

’RESULTS AND DISCUSSION

In this section, we first discuss building block and polymer
syntheses, followed by their characterization using NMR, GPC,
EA, XPS, DSC, optical spectroscopy, and electrochemistry in
solution and/or in the solid state. Next, thin-film transistors are
fabricated, followed by electrical measurements and investiga-
tions of device stability. Properties of the polymer thin films are
also characterized to correlate with the OTFT performance, and
their electrochemical properties are correlated with the device
stability. It will be seen that transistor performance can be under-
stood in terms of the polymer electronic structure, as well as in
terms of the polymer film morphology and microstructure.
Synthesis of Monomers and Polymers. The key compound

dibromo TPD 3 (Scheme 1) was first synthesized by Tour,57 and
a modified procedure was subsequently developed by Bjørnholm.52

Recently, the commercial availability of thiophene-3,4-dicarbo-
xylic acid makes the synthesis of 3 far more straightforward.34

Dehydration of the dicarboxylic acid in acetic anhydride affords
anhydride 1, which was purified by recrystallization from toluene.
However, one-step imidization for the synthesis of TPD is not
successful under conditions typically employed in the synthesis
of phthalimide55 or naphthalene diimide (NDI).54 Therefore, a

two-step procedure was used for the synthesis of imide 2. After
reaction with the appropriate amines in toluene, the anhydride
was converted to the corresponding 4-alkylcarbamoylthiophene-
3-carboxylic acid, which can be used for the SOCl2-assisted
imidization without further purification. Imide 2 was purified by
column chromatography, and subsequent bromination affords
the key compound class 3. The synthesis of TPD derivatives 5
with flanking thiophenes was straightforward, subjecting 3 to reac-
tion with the corresponding 2-trimethylstannyl-3-alkylthiophenes51

under Stille coupling conditions to affordmonomer precursors 4.
TPD derivatives 5 were then obtained in good yields (77%�88%)
by bromination of 4. The distannyl comonomers 6 and 7 for
Stille coupling were synthesized and purified following published
procedures (Supporting Information).51

For comparison with BTI-based homopolymers (Figure 1),
TPD-based homopolymer P1 was synthesized via Yamamoto
coupling (Scheme 2). The copolymers P2�P8 were synthesized
using Pd-catalyzed Stille coupling.51 The reactions were quenched
in methanol, and the product polymers were collected by filtra-
tion and purified by Soxhlet extraction. To achieve sufficient
solubility/processability (5�10 mg/mL) for OTFT fabrication,
we strategically choose appropriate solubilizing side chains. All
polymers (structures shown in Scheme 2) achieve sufficient
solubility/processability for thin film and OTFT fabrication/
characterization. Because of the smaller TPD core versus that
of BTI, all TPD-based polymers show enhanced solubility/

Scheme 2. Synthesis of BTI-Based Homopolymers and Copolymersa

aReagent and conditions: (i) Ni(COD)2, COD, DMF, 2,20-bipy, 80 �C; (ii) Pd2(dba)3, P(o-tolyl)3 [1:8, Pd2(dba)3:P(o-tolyl)3 molar ratio; Pd loading
0.03�0.05 equiv], toluene, 110 �C.
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processability over the corresponding BTI-based polymers,
therefore permitting use of shorter or less branched side chains,
and thus expanding the available library of TPD-based polymers
(Figure 1). For example, P2 with 2-hexyldecyl is highly soluble,
while for BTI-based polymers, “swallow-tail”-like side chains (e.g.,
1-octylnonyl) must be employed to achieve sufficient solubility.51

Polymer P4, in which the oligothiophene donor contains three
thiophene units, two of which are functionalized with linear
n-tetradecyl chains, could also be synthesized. In marked contrast,
the corresponding BTI polymer with identical side chains and
oligothiophene donor is highly insoluble. Note that for P7b and
P7c, the solubility is greater than 40 mg/mL in CHCl3 at 25 �C,
which is ideal for many printing techniques.58,59 High-tempera-
ture GPC (170 �C, trichlorobenzene) yieldsMn = 4.8�18.0 kDa
for these copolymers, while the homopolymer has a lowerMn =
4.7 kDa. 1H NMR (Supporting Information) and elemental
analysis (EA) establish the identity and purity of these new
materials. Although the smaller TPD core provides enhanced
solubility, due to the additive intermolecular interactions, careful
choice of alkyl substituents is required to achieve optimum
solubility. Thus, structures analogous to some of the polymers
in Scheme 2 but having different solubilizing substituents and
limited solubility are depicted in Scheme S1. For example, the P2
analogue with R1 = 2-butyloctyl has limited solubility for OTFT
fabrication. If R1 = n-dodecyl in P5, the majority of this P5
analogue is insoluble. When R1 and R2 are changed to
n-tetradecyl, the new P5 analogue is still insoluble. Finally, by
employing a branched 2-hexyldecyl group, P5 is highly soluble in
chlorinated solvents.
To study the effects of end-capping on OTFT performance

and stability, in the synthesis of polymer P7c, after polymeriza-
tion at 110 �C for 72 h, one-half of the reaction mixture was
immediately quenched by precipitating in MeOH before adding
the end-cap, and the other half was treated with the chain-end-
capping thiophene reagents, 2-(tributylstannyl)thiophene and
2-bromothiophene, sequentially. For better comparison, both
products were then subjected to the same purification and process-
ing procedures for OTFT fabrication and characterization. X-ray

photoelectron spectroscopy (XPS) was used to investigate the
difference of ending group between the two samples. Initial XPS
investigation was performed on as-cast polymer films (see the
Supporting Information for details), but no significant peaks
were detected for Br and Sn due to their low concentrations. To
increase the concentration of Sn, the deposited polymer films
were subjected to calcination at 540 �C, and as expected a
significantly more prominent Sn signal was detected for P7c
without end-capping than for the polymer with end-capping
(Figure S35). No signals from Br were detected due to high-
temperature calcination, but a higher concentration of Br in P7c
without end-capping can be expected. On the basis of the XPS
data, end-capping significantly reduces the concentration of Sn
and Br as end groups, and it is reasonable to propose that the
polymer chains are end-capped with thiophene units.
Polymer Optical Properties. The optical properties of the

TPD-based polymers were investigated by UV�vis absorption
spectroscopy in solution and as thin films; relevant data are
summarized in Table 1. Figure 2 shows the absorption spectra of
P1, P2, P3b, P4, P7b, and P8 in chloroform and as thin films.
These polymers have incrementally increased oligothiophene
unit conjugation lengths from 0 (P1) to 4 (P7b), and also con-
tain a strong dialkoxybithiophene electron donor (P8). Homo-
polymer P1 exhibits weak absorption in the visible region; from
solution to film state, the absorption maximum (λmax) is slightly
bathochromically shifted by 15 nm from 449 to 464 nm. The λmax
of P1 is blue-shifted by 60 nm, and the calculated Eg

opt is 0.15 eV
larger than that of the corresponding BTI homopolymer.50 It is
interesting to note here that although the DFT calculations53 and
the single-crystal X-ray diffraction structure determination60

indicate significant coplanarity of the TPD dimer, the large experi-
mental band gap of P1 clearly indicates a rather limited conjuga-
tion length and/or very weak intermolecular interactions. All of
the other donor�acceptor copolymers P2�P8 exhibit large
oscillator strengths in the visible region, ranging from λmax =
577 nm to λmax = 647 nm for the thin films, and the calculated
Eg

opt’s for polymers P2�P7 fall within a small range centered
around 1.80 eV (Table 1). The comparable band gaps forP2�P7

Table 1. Optical and Electrochemical Properties of Polymers P1�P8 versus Those of P3HT

polymer

Mn (kDa) /

PDIa
λmax abs sol

(nm)b
λshoulder abs sol

(nm)b
λmax abs film

(nm)c
λshoulder abs film

(nm)c
Eg

opt

(eV)d
Eox

onset

(V)e
EHOMO

(eV)f
Ered

onset

(V)e
ELUMO

(eV)g

P1 4.7/3.80 449 N.A. 464 N.A. 2.15 N.A. N.A. �1.34 �3.46

P2 4.8/2.17 566 618, 662 640 579 1.74 0.93 �5.73 �1.53 �3.27

P3a 8.7/1.65 481 589, 641 579 636 1.83 0.75 �5.55 N.A. N.A. (�3.72h)

P3b 7.3/1.67 477 591, 642 579 642 1.80 0.73 �5.53 N.A. N.A. (�3.73h)

P3c 14.0/1.67 596 551, 648 586 641 1.79 0.74 �5.54 N.A. N.A. (�3.75h)

P4 7.6/1.73 497 573, 627 577 625 1.79 0.70 �5.50 N.A. N.A. (�3.71h)

P5 9.4/1.77 630 506, 578 629 535, 578 1.82 0.72 �5.52 N.A. N.A. (�3.70h)

P6 9.8/1.86 545 650 647 590 1.76 0.67 �5.47 N.A. N.A. (�3.71h)

P7a 14.1/1.91 471 N.A. 581 530 1.83 0.61 �5.41 N.A. N.A. (�3.58h)

P7b 15.7/1.72 473 N.A. 583 540 1.82 0.62 �5.42 N.A. N.A. (�3.60h)

P7c 18.0/1.96 475 N.A. 585 535 1.82 0.60 �5.40 N.A. N.A. (�3.58h)

P8 8.3/1.75 612 681 626 683 1.66 0.31 �5.11 N.A. N.A. (�3.45h)

P3HT 33.8/1.26 447 N.A. 551 603 1.90 0.36 �5.16 N.A. N.A. (�3.26h)
aGPC versus polystyrene standards, trichlorobenzene as eluent, measured at 170 �C. b Solution absorption spectra (1� 10�5 M in chloroform). cThin
film absorption spectra from pristine film cast from 5 mg/mL chloroform solution. dOptical energy gap estimated from absorption edge of the as-cast
thin film. e Electrochemically determined vs Fc/Fc+. f EHOMO =�(Eox

onset + 4.80). g ELUMO =�(Ered
onset + 4.80). hValues in the parentheses calculated

according to: ELUMO = Eg
opt + EHOMO.
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can be ascribed to similar backbone conformations and donor�
acceptor interactions. The Eg

opt’s of P2�P7 are about 0.1 eV
smaller than that of P3HT,61,62 which indicates the TPD units
depress both the HOMO and the LUMO energies of P2�P7;
however, the LUMO energies are depressed ca. 0.1 eVmore than
the HOMO levels. The lower-lying HOMOs portend greater
OTFT environmental stability than that of P3HT.
The insertion of oxygen atoms between the alkyl substituents

and the thiophene core leads to 135 and 47 nm red-shifts in the
P8 λmax in comparison to those of P3b solutions and thin films,
respectively. Furthermore, the Eg

opt of P8 is 0.14 eV smaller than
that of P3b, doubtless reflecting the stronger electron-donating
ability of the dialkoxybithiophene unit in P8.54 The electron-rich
character of the dialkoxybithiophene fragment decreases the
band gap of P8;63 however, it raises the HOMO energy as
evidenced by the CV measurements (vide infra), which will
erode OTFT air stability. It is interesting to compare the optical
absorption spectrum of P8 with that of a dialkoxybithiophene-
based TPD polymer containing a head-to-head (HH) linkage
(structures shown in Figure 3),40 where both polymers share the
same building block but with different arrangements of alkoxy
side chains. The HH linkage containing polymers40 have a 0.16
eV smaller band gap than that of P8. DFT computations (Figure
S37) indicate that there is a 17 �C angle torsion between the two
3-alkoxythiophene units in the TT linkage, whereas the core is
completely planar in the HH linkage due to (thienyl)S 3 3 3O-
(alkoxy) interactions. This leads to greater coplanarity and smaller
band gaps for the HH-containing polymers.
The optical absorption features of type P3 (P3a and P3b) and

P7 (P7a, P7b, and P7c) polymers are significantly red-shifted
(99�110 nm) from the solution to thin film phase (Figure 4),
which indicates insignificant aggregation in solution and/or very
strong intermolecular interactions in the film state. Variation of
solubilizing alkyl substituent dimensions from n-decyl to n-dodecyl
to n-tetradecyl does not significantly alter the P3 and P7 absorption

profiles in either phase. However, P3c exhibits a very different
absorption profile as compared to P3a and P3b in chloroform
solution. The longer solubilizing side chains (n-tetradecyl) appar-
ently do not facilitate the formation of molecularly dissolved P3c
in chloroform solution, but lead to significantly higher aggrega-
tion, with the λmax of P3c red-shifted by 115 and 119 nm in
chloroform versus those of P3a and P3b, respectively. P3c also
exhibits greater conjugation and/or greater intermolecular inter-
actions in the film state, as evidenced by a 7 nm red-shift of λmax
versus those of P3a and P3b. The tentative explanation for this
phenomenon is the greatly extended P3cπ-conjugation resulting
from the higher Mn and higher degree of side-chain-driven
crystallinity versus P3a and P3b.64,65 These characteristics are
in good agreement with the lower observed solubility of P3c
versus those of P3a and P3b, and the greater π-delocalization
and/or stronger intermolecular interactions in P3c also explain
the far higher OTFT hole mobility (>10�) than in P3a and P3b
(see below). For polymers P5, P6, and P7b containing tetra-
thiophene donor counits, but having different patterns of solu-
bilizing side-chain substitution, the optical absorption spectra
(Supporting Information) reveal that they have varied degrees of
aggregation in solution, but similar absorption profiles in the
solid state. The thin films of the present TPD-based polymers,
except homopolymer P1, exhibit both an absorption maximum
and an absorption shoulder, similar to the vibronic profiles seen
in regioregular polythiophene spectra,66 and indicating signifi-
cant polymer chain ordering in the film state.67

Polymer Electrochemical Properties. The electrochemical
properties of all present TPD-based polymers were investigated
as thin films using cyclic voltammetry (CV); the ferrocene/
ferrocium (Fc/Fc+) redox couple was used as internal standard,
and P3HT was measured under the same conditions for com-
parison. The cyclic voltammograms are shown in Figure 5, and
relevant data are collected in Table 1. All electrochemical poten-
tials are reported versus SCE, which has an energy of �4.44 eV
below the vacuum level.68 For some CV traces, the reference
Fc/Fc+ redox couple is only partially reversible and/or relatively
poorly resolved, which may be due to the thick polymer films
preventing penetration of ferrocene and the electrolyte to the
electrode. As seen from Figure 5, only homopolymer P1 and
copolymer P2 having monothiophenes as donors exhibit visible
reduction peaks with onsets (vs Fc/Fc+) of�1.34 and �1.53 V,
respectively, yielding electrochemically derived LUMO energies
of �3.46 and �3.27 eV for P1 and P2, respectively. As the
conjugation length of the oligothiophene donor counits is further

Figure 2. Optical absorption spectra of TPD-based homopolymers P1 and copolymers P2, P3b, P4, P7b, and P8 having varied electron-donating
abilities in chloroform (left, 1 � 10�5 M) and as pristine films (right) cast from chloroform (5 mg/mL).

Figure 3. Chemical structures of the head-to-head (HH) dialkoxy-
bithiophene containing polymer (left) reported previously40 and the
tail-to-tail (TT) dialkoxybithiophene containing polymer P8 (right)
reported in this work.
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increased, the reduction peaks disappear, and oxidation peaks are
evident. Thus, incorporation of electron-donating counits leads
to a not unexpected destabilization of the LUMOs. The coex-
istence of oxidation and reduction processes in P2 suggests it
could operate as an ambipolar material, in good agreement with
the OTFT performance (vide infra). On the basis of the oxida-
tion potential onsets, the calculated HOMO energies for the
present series are�5.73,�5.53,�5.50,�5.52,�5.47, and�5.42 eV
for P2, P3b, P4, P5, P6, and P7b, respectively. The conjugation
length extension in oligothiophene series P3fP7 generally leads
to decreased ionization potentials (IPs), meaning higher-lying
HOMOs, and indicating potentially enhanced p-type OTFT
response if all other factors remain constant. As expected, changes in
alkyl substituent lengths have negligible influence on the polymer
electrochemical properties; for example, P3a, P3b, and P3c
exhibit very similar CV responses and comparable HOMOenergies
(�5.53 to�5.55 eV), as do polymers P7a, P7b, and P7c (�5.40
to �5.42 eV). However, introducing dialkoxybithiophene as the
donor counit significantly destabilizes the HOMO of P8, result-
ing in the highest-lying HOMO of the series, �5.11 eV, which
lies even higher than that of P3HT by 0.05 eV. It is interesting to
compare the HOMO of P8 with the polymer discussed above
having an HH linkage and containing dialkoxybithiophene units
(structure shown in Figure 3), which has a∼0.2 eV higher HOMO
than does P3HT.40 Thus, the tail-to-tail (TT) linkage in P8 leads to

a 0.16 eV largerEg
opt, but also a 0.15 eV lowerHOMOenergy than in

the HH linkage containing polymer. On the basis of the HOMOs
derived from theCVmeasurements, polymersP2�P7 should exhibit
significantly enhanced p-type OTFT device stability versus P3HT.
Polymer Thermal Properties. Thermal analysis of the TPD-

based polymers P1�P8 was carried out by differential scanning
calorimetry (DSC) at a temperature ramp rate of 10 �C/min.
Homopolymer P1 shows no visible thermal transitions up to
320 �C (Figure 6), which indicates an amorphous structure as
expected from the optical properties (see above). The incorpora-
tion of a monothiophene unit as the donor counit does not
induce a phase transition in copolymer P2, which also exhibits a
featureless DSC thermogram. Further extension of the donor
counits to the TT linkage containing a bithiophene fragment
leads to pronounced thermal transitions for the P3 type poly-
mers. Polymers P3a and P3b exhibit distinct thermal transitions
at 290 �C/284 �C and at 275 �C/271 �C during the heating/
cooling cycles, respectively. Except for P3c, the polymers func-
tionalized with longer side chains exhibit lower transition tem-
peratures,2 and the polymers of type P7 follow the same trend.
P3c is the only polymer in the series that clearly exhibits two
discrete endotherms (276 and 300 �C) on heating and two
exotherms (274 and 283 �C) on cooling, similar to that observed
in liquid-crystalline PBTTT.13 The first transition can be ascribed to
a solid�mesophase transition, and the second transition can be
ascribed to amesophase�isotropic transition. The first transition
temperature couple (276 �C/274 �C) of P3c is higher than that

Figure 5. Cyclic voltammograms of TPD-based polymer thin films in
0.1M (n-Bu)4N 3 PF6 acetonitrile solution (the Fc/Fc

+ redox couple was
used as an internal standard having an oxidation potential of +0.36 V vs
SCE). P3HT is shown for comparison.

Figure 6. DSC thermograms of the indicated TPD-based polymers at a
temperature ramp rate of 10 �C/min under N2. The top line is from the
heating run, and the bottom line is from the cooling run.

Figure 4. Optical absorption spectra of polymers P3 (left) and P7 (right) having varied solubilizing substituents in chloroform solution (dashed line,
1 � 10�5 M) and as pristine films (solid line) cast from chloroform (5 mg/mL).
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of P3b, which can be correlated with the higher crystallinity and/
or stronger intermolecular interactions, also in good agreement
with the optical properties. The insertion of substituent oxygen
atoms yields polymer P8, which does not exhibit an obvious
thermal transition. As the conjugation lengths are increased to
terthiophene P4 and tetrathiophenes P5, P6, and P7, all poly-
mers exhibit pronounced thermal transitions except P6. Within
the series, all polymers in the P7 category exhibit sharp thermal
transitions. Increasing the solubilizing alkyl substituents by two
carbon atoms incrementally depresses the transition temperature
from P7a (240 �C/220 �C) to P7b (228 �C/209 �C) to P7c
(212 �C/197 �C). As compared to P7b, the deletion of two
n-dodecyl chains from thiophene units adjacent to TPD leads to
the disappearance of the thermal transition in P6, while deletion
of the two n-dodecyl chains from thiophene units that are more
distant to the TPD units preserves the thermal transition. This
polymer structure is shown in Scheme S1 because the material is
not sufficiently soluble for OTFT fabrication and is structurally
analogous to P5 with R1 = n-dodecyl. Note that polymer P5
maintains the thermal transition at 261 �C/250 �C during the
heating/cooling cycle. Therefore, the alkyl substituents not only
provide the good solubility/processability for device fabrication,
but can also afford the cohesive forces for crystallinity69 if they are
suitably manipulated. We will see below that these trends in
thermal transitions are strongly correlated with the correspond-
ing thin-film microstructures and OTFT device performance.
The DSC investigations indicate that the TPD-based polymer
semiconductors exhibit greater film crystallinity, and it will be
seen that this leads to significantly higher OTFT mobilities versus
the corresponding BTI-based polymers (vide infra).51

Field-Effect Transistor Fabrication and Characterization.
Bottom-gate/top-contact (BG/TC)OTFTs were fabricated51 to
investigate the charge transport properties of the present TPD-
based polymers. For the BG/TC devices, the polymer semicon-
ductors were deposited by spin-coating 10 mg/mL chloroform
solutions in ambient onto hexamethyldisilazane (HMDS)-mod-
ified, p-doped Si (001) wafers having a 300 nm thermally grown
SiO2 dielectric layer (see the Supporting Information for details).

The capacitance of the SiO2 gate insulator is∼12 nF cm�2. After
spin-coating, the polymer films were annealed at selected tem-
peratures under N2 or vacuum for 1 h, and Au electrode
deposition completed the device fabrication (channel length =
50 or 100 μm, channel width = 5000 μm). Devices were typically
characterized under ambient conditions except for those of P1
and P2. Mobilities were calculated from saturation regimes, and
the average data (at least five devices were measured for each
sample) are collected in Table 2 together with current modula-
tion (Ion/Ioff ratios) and threshold voltages (Vt’s) for the present
TPD polymers (maximum mobilities are shown in brackets).
Figure 7 shows characteristic transfer and output plots of tran-
sistors fabricated from polymers P3c, P4, and P7b, which
showed the best electrical performance under optimized fabrica-
tion conditions.
In contrast to our previously reported n-type BTI-based

homopolymer (structure shown in Figure 1),50,51 TPD-based
homopolymer P1 is TFT-inactive under the conditions used for
OTFT fabrication and characterization, which may be due to the
unfavorable frontier molecular orbital (FMO) energies and a
large band gap, as discussed above. This large gap is consistent
with limited conjugation due to the decreased molecular copla-
narity and/or limited intermolecular interactions.70 Also consis-
tent with the lack of TFT activity is the poor crystallinity evident
in the DSC data (Figure 6). In contrast, when a monothiophene
is included as a donor counit, copolymer P2 achieves effective
conjugation via reduced steric hindrance and exhibits ambipolar
OTFT behavior under vacuum, with electron and hole mobilities
of 1.0 � 10�3 and 2.5 � 10�4 cm2 V�1 s�1, respectively. The
ambipolarity of P2-based OTFTs is in good agreement with the
electrochemical properties, showing both oxidative and reductive
events in the cyclic voltammetry (Figure 5). These moderate
mobilities can be ascribed to the substantial energetic barrier
between the electrode Fermi level and the semiconductor
FMO energy levels, which inhibits charge injection,71 and to
the low crystallinity revealed by the DSC data (Figure 6), which
erodes efficient charge transport. As expected, further increasing
the conjugation length of oligothiophene counits in polymers
P3�P7 or enhancing the electron donating ability of the
donor counit in P8 results in enhanced p-type response in the
OTFTs. The polymers showing the best performance among the
series are P3c and P4, with an average hole mobility of 0.175 cm2

V�1 s�1. Note that a very high maximum mobility of 0.585 cm2

V�1 s�1 is observed for P4-based OTFTs after 210 �C thermal
annealing, with P3 having a bithiophene donor counit and P4 a
terthiophene one. Note that P5 and P7 exhibit slightly lower
average hole mobilities (∼0.1 cm2 V�1 s�1) in OTFTs, both
having tetrathiophene as donor counits. The substantial mobi-
lities (>10�3 cm2 V�1 s�1) of the P3�P8-based OTFTs indicate
favorable hole injection from the contacting electrodes to the
HOMOs. The HOMOs of P3c and P4 are lower than those of
P5�P8, indicating greater barriers for charge injection; there-
fore, the superior hole mobilities must correlate with their
optimal film microstructures and morphologies (vide infra).
The modification of the alkyl side-chain substituent lengths
does not significantly impact the device performance of the
type P7 polymers, and P7a, P7b, and P7c exhibit comparable
OTFT performance with μh = 0.092, 0.136, and 0.104 cm2 V�1

s�1, respectively (Table 2), indicating similar charge injection
and transport. For polymers of type P3, P3c shows more than
10� greater hole mobility than do P3a and P3b due to the
substantial conjugation as revealed by optical absorption and by

Table 2. Bottom-Gate/Top-Contact (BG/TC)OTFTDevice
Performance for TPD-Based Polymers P1�P8 Measured
under Ambient Conditions

polymer Tannealing (�C) μ (cm2 V�1 s�1)b,c Vt (V) Ion/Ioff

P1a 150 NA NA NA

P2a 150 1.0� 10�3 (e) [1.1� 10�3] 30 11

2.5� 10�4 (h) [4.1� 10�4] �16 6

P3a 150 4.5� 10�3 (h) [4.1� 10�3] �14 7� 103

P3b 150 3.5� 10�3 (h) [3.7� 10�3] �22 1� 104

P3c 210 0.175 (h) [0.189] �12 8� 106

P4 210 0.175 (h) [0.585] �22 5� 105

P5 180 9.8� 10�2 (h) [0.216] �18 1� 105

P6 150 3.4� 10�3 (h) [3.8� 10�3] �10 1� 103

P7a 180 9.2� 10�2 (h) [0.101] �11 2� 104

P7b 210 0.136 (h) [0.141] �17 2� 105

P7c 150 0.104 (h) [0.108] �24 5� 104

P8 90 4.7� 10�3 (h) [5.1� 10�3] �14 6� 102

aMeasured under vacuum. b h and e indicate hole and electronmobilities,
respectively. cMaximum mobilities are shown in brackets. NA stands for
non-active.
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the crystallinity evident in the DSC data (Figure 6). P7b was chosen
to fabricate top-gate/bottom-contact (TG/BC) devices (see the
Supporting Information for fabrication details). TG/BC OTFTs
were fabricated on glass substrates having Au source-drain
contacts, a spin-coated semiconductor film, a spin-coated di-
electric film, and a thermally evaporated top Al gate. These
OTFTs exhibit an average μh = 0.24 ( 0.025 cm2 V�1 s�1, Ion/
Ioff = 103�104, and Vt = �15 V (Figure S40). These results are
very promising for printed devices considering the high solubility
of P7b (>40 mg/mL at room temperature).
It is instructive to compare the Ion/Ioff ratios (Table 2) and the

off-currents (Figure 7) for the P3c, P4, and P7b-based OTFTs.
Note that the increased conjugation length from bithiophene to
terthiophene to tetrathiophene leads to decreased Ion/Ioff ratios
and increased off-currents, which correlates with the progressive
HOMO rise from�5.54 eV (P3c) to�5.50 eV (P4) to�5.42 eV
(P7b). The Ion/Ioff ratio of the P8-based device is 6 � 102, the
lowest for OTFTs fabricated from the P3�P8 series, and readily
ascribable to its highest-lying HOMO (�5.11 eV). Therefore,
extension of the oligothiophene π-systems in the donor como-
nomers and/or introducing the electron-rich dialkoxybithio-
phene unit destabilizes the polymer HOMOs, leading to a high
p-doping tendency of the materials in the off-state.
Recently, Heeger studied chain end-capping effects on poly-

mer solar cell performance and reported that end-capping the
active layer polymer backbone with thiophene units improves
device performance by making the solar cell performance less
sensitive to the active layer thickness and to thermal degradation,
but without significant changes in power conversion efficiency
(∼10%).72 For polymerP7c, we chose the same batch for the study
of the end-capping effects on OTFT performance, one sample
with thiophene end-capping and one without. Although XPS
indicates significant differences in Sn concentration (Figure S35)
between the two samples, no substantial differences (<10%) in
OTFT performance were observed in either hole mobility or Ion/
Ioff ratio. After annealing at 180 �C, OTFTs fabricated from P7c
with end-capping show an average μh = 0.071 cm2 V�1 s�1 and

Ion/Ioff = 2 � 105, while OTFTs fabricated from P7c without
end-cap show an average μh = 0.072 cm2 V�1 s�1 and Ion/Ioff =
2 � 105. Similar results are found for P7c OTFTs annealed at
other temperatures.
Polymer Film Microstructure and Morphology. Correla-

tion with Carrier Transport. Optimum film microstructures
andmorphologies are critical for charge transport in organic tran-
sistors, and specular X-ray diffraction (XRD) and tapping mode
atomic force microscopy (AFM) were employed to investigate
the structural ordering of the present TPD-based polymer films.
Analysis of the film microstructures and morphologies provides
valuable information on the effects of two different structural modi-
fications, π-core expansion of oligothiophene donor counits and
modification of length or positional pattern of the alkyl side chains,
as well as film processing conditions, for example, annealing tem-
perature, in the TPD-based polymers. It will be seen that the film
structural orderings correlate well with OTFT device performance.
Figure 8 shows Θ�2Θ XRD scans for P1�P8 films under

the conditions yielding optimum BG/TC OTFT performance.
A single family of Bragg reflections is found for all of the polymers.
The XRD scans of P1 and P2 films show relatively low crystal-
linity with maximum reflections up to second order, accompa-
nied by low intensities. The AFM images also show feature-
less textures (Figure S41). The low crystalline microstruc-
tures of P1 and P2, together with their unfavorable FMO
energies, result in TFT inactivity and low TFT carrier mobilities
(μe: 10

�3 cm2 V�1 s�1; μh: 10
�4 cm2 V�1 s�1) for P1 and P2,

respectively. Further expansion of the oligothiophene donor
counit π-core to bithiophene (P3c), to terthiophene (P4), and
to tetrathiophene (P5 and P7) leads to more crystalline film
microstructures. In fact, for P3c, P4, P5, P7a, P7b, and P7c films
annealed at 210, 210, 180, 180, 210, and 150 �C, respectively, the
XRD scans reveal single families of Bragg reflections (Figures 8
and S41), with progressions up to the third or fourth order, indi-
cating highly ordered film microstructures. The film structural
orderings result in substantial OTFT hole mobilities for these
materials (0.092�0.175 cm2 V�1 s�1). Finally, in polymer P8,

Figure 7. Transfer (top) and output (bottom) characteristics for (a) P3c-, (b) P4-, and (c) P7b-based BG/TC OTFTs annealed at 210 �C. In the
output plots, the gate voltage varies from 20 to �100 V (channel width: 5000 μm; channel lengths: 100, 100, and 50 μm for P3c, P4, and P7b,
respectively).
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the alkyl chains of the bithiophene counits are replaced by alkoxy
chains. As judged from the XRD data, this modification leads to
greater film crystallinity (Figure 8; with third order Bragg
reflections) than in the P3b films, where only a weak first order
reflection is clearly distinguishable (Figure S42), and results in far
more textured morphology as revealed by AFM (Figure S41). In
contrast to the XRD data, the DSC scan of P8 is featureless, while
P3b exhibits a pronounced thermal transition (Figure 6), and the
mobility is enhanced slightly from 3.5� 10�3 to 4.7� 10�3 cm2

V�1 s�1. Therefore, expansion of oligothiopehene conjugation
length generally increases the film crystallinity,73 in all likelihood a
result of the more ordered π�π stacking of the polymer chains.23

For the polymers of type P3, d-spacings are estimated to be
25.54, 28.41, and 31.00 Å for P3a, P3b, and P3c, respectively,
after the films are annealed at selected temperatures (Table S2).
The increasing alkyl chain lengths lead to gradually expanded
d-spacings (lamellar spacings). It was found that longer alkyl chains
can in essence self-assemble to afford higher film crystallinity,
evident in the XRD diffraction data (Figure S42). For polymers
P3a and P3b, only first-order Bragg reflections were detected in
XRD measurements, while P3c exhibits reflections up to third
order after the films are annealed at the optimal temperatures.
The improved film crystallinities are associated with significantly
enhanced OTFT electrical performance, and μh increases from
3.5� 10�3 to 0.175 cm2 V�1 s�1. The greater crystallinity of P3c
film is also in good agreement with the optical absorption spectra
(Figure 4) and DSC measurements (Figure 6), as discussed
above. For polymers of type P7, increasing lengths of the alkyl
chains also leads to greater d-spacings, for example, 25.10 Å for
P7a, 28.97 Å for P7b, and 32.24 Å for P7c (Table S2). However,
modification of the alkyl side-chain length has far less effect on
the film morphologies and crystallinities (Figure S43), with P7a,
P7b, and P7c all showing Bragg reflections up to third order.
Note that the P7b films exhibit the greatest relative crystallinity
as evidenced by the diffraction intensities, and these results are in
good agreement with the device performance of P7b-based
OTFTs, which exhibit a relatively high average μh = 0.136 cm2

V�1 s�1 after annealing at 210 �C. This result is closely followed

by those for P7c and P7a-based OTFTs, which have average μh
values of 0.104 and 9.2� 10�2 cm2 V�1 s�1, respectively. Another
alkyl side chain modification is the change of the position pattern.
Polymers P5, P6, and P7b have tetrathiophene as donor counits.
In comparison to P7b, two n-dodecyl substituents are deleted
from the two middle thiophenes in the tetrathiophene counits of
P6. This modification results in a greatly reduced d-spacing from
28.97 Å (P7b) to 23.56 Å (P6), but leads to significantly lower
film crystallinity, with only first-order Bragg reflections detectable
in P6 films, in marked contrast to the third-order reflections of
P7b films (Figure 8). These crystallinity differences are also in
good agreement with the DSC experiments in which no thermal
transition is detected for polymer P6 (Figure 6). The OTFTs
fabricated from P6 show more than 10� lower mobility, with an
averageμh = 3.4� 10�3 cm2 V�1 s�1, as compared to themobility
of P7b-based OTFTs, with an average μh = 0.136 cm2 V�1 s�1.
The long chain alkyl substituents apparently not only increase the
solubility of polymerP7b, but also induce greater film crystallinity.
In polymer P5, two alkyl chains are also deleted, but from the
outer two thiophenes in the tetrathiophene counits. The XRD
investigations indicate that P5 maintains a highly ordered film
microstructure with single families of Bragg reflections and
progressions up to the fourth order evident (Figure 8). P5-based
OTFTs exhibit an average μh = 0.098 cm

2 V�1 s�1, comparable to
that of P7b-based OTFTs. As compared to P6, the substantially
greater crystallinity of the P5 films is likely due to a greater degree
of side chain interdigitation, enabled by larger local free-volume
between the alkyl chains. The film crystallinities are in good
agreement with the observed solubility characteristics. WhileP6 is
highly soluble when the alkyl substituent on the imide nitrogen is
n-dodecyl, the P5 analogue is highly insoluble (structure shown in
Scheme S1). In contrast, when the substituent is branched
2-hexyldecyl, P5 achieves substantial solubility for OTFT fabrica-
tion. These results clearly indicate the importance of the alkyl
substituent position pattern for enhancing film crystallinity in
these TPD-based polymers.
Note that the effects of annealing are substantial for polymer

P3c, where the mobility is dramatically increased from 2.9� 10�2

Figure 8. XRD scattering patterns of the indicated polymer films annealed at the temperatures resulting in optimum OTFT performance.
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to 0.175 cm2 V�1 s�1 upon increasing the annealing temperature
from 150 to 210 �C (Table S1). This effect is again easily tracked
by AFM and XRD characterization (Figure 9), where it can be
clearly observed that the crystallinity is greatly enhanced on
210 �C annealing, and the formation of large, terrace-like, crys-
talline grains is evident in the AFM image versus smaller, less
well-defined grains at lower temperatures (Figure 9). These
grains are easily distinguishable in the phase image. That the
increased grain sizes lead to higher mobilities likely reflects the
fact that charge carrier transport across grain boundaries is not as
efficient as within ordered domains.74 Thermal annealing at
higher temperatures should result in even higher degrees of alkyl
chain interdigitation if the chains have the same tilt angle with
respect to the polymer backbones, and indeed the d-spacing is
gradually decreased from 32.72 Å (150 �C) to 31.00 Å (180 �C)
to 25.46 Å (210 �C) (Table S2). In the case of P4, the increased
mobility with increasing annealing temperature is also observed,
but it is less dramatic.
OTFTDeviceStability.Although the carriermobilities of polymer-

based OTFTs have increased dramatically over the past decade49,75

and OTFTs have moved toward to commercialization,17 device
environmental stability (or storage lifetime) as well as operational
(or bias) stability has come under intense scrutiny.20 Device storage
stability primarily reflects FMO energies.1,22,71 For polymersP3c, P4,

P5, P7a, P7b, and P7c exhibiting hole mobilities approaching or
surpassing 0.1 cm2 V�1 s�1, OTFT environmental stability was
monitored over the course of storage under ambient, and relevant
data are collected in Table 3. The temporal evolution of OTFT
performance (hole mobility and Ion/Ioff) of P7b under ambient is
plotted in Figure 10. All of the polymer OTFTs evidence robust
storage stability from at least 60 days up to more than 5 months of
storage under ambient with nearly invariant carrier mobilities, Ion/Ioff
ratios, and threshold voltages except for P7a. The enhanced ambient
storage stability doubtless reflects the low-lying HOMOs created by
the electron-deficient TPD units. After 4 months storage in ambient,
P7a-based OTFTs evidence decreased hole mobility (Table 3), a
more than 10� decreased Ion/Ioff ratio, and a substantial shift of the
threshold voltage. As compared to P7a, both P7b and P7c have
longer aliphatic side chains, which can better screen the polymer
backbone fromO2 andH2O.

8 For end-capping effects on the OTFT
stability, the performance in ambient of P7c-basedOTFTs both with
and without end-capping was monitored, and both show negligible
device degradation after more than 2 months.
Although OTFTs with impressive storage stability have re-

cently been achieved in new generations of high-performance
polymer semiconductors,2,15,24,76 operational stability is a major
challenge faced by OTFTs as well as by other TFT technologies,
such as amorphous silicon, polycrystalline silicon, and metal
oxide semiconductors.20,77 Therefore, the operational stabilities
of polymer P3c-, P4-, and P7b-based OTFTs fabricated with
varied oligothiophene conjugation lengths were evaluated by
repeatedly switching the transistors on/off in ambient between
VG = 10 V and VG = �50 V at fixed VDS = �50 V.46 All of the
present polymer OTFTs show good stability after 1000 on�off
cycles (top of Figure 11). The transfer characteristics of the same
pixel before and after bias-stress were collected and overlapped
(bottom of Figure 11). Among these materials, P3c shows the
greatest bias stability after cycling, with negligible changes in the
transfer characteristics; the hole mobility, Ion/Ioff, and threshold
voltage remain almost unchanged (before cycling, μh =
0.170 cm2 V�1 s�1, Ion/Ioff = 8.6 � 106, Vt = �13 V; after
cycling, μh = 0.168 cm

2 V�1 s�1, Ion/Ioff = 5.0� 106,Vt =�12V).
Under the same bias-stress, the on-current of the P4-based
OTFTs remains unchanged, the off-current is increased by 5�
and is accompanied by shift of Vt from �18 to �5 V, and μh is
decreased by 20%. For the P7b-based OTFTs, the off-current
remains unchanged, the on-current is decreased by ∼40%
accompanied by slightly shifted Vt, and μh falls by 43%. After
1000 on�off cycles, the P3c-based OTFT was subjected to

Figure 9. (a) XRD scattering patterns of P3c films annealed at the
indicated temperatures. AFM (5 μm � 5 μm) data: (b) topograph
images and (c) phase images of the corresponding films.

Table 3. Changes in the Bottom-Gate/Top-Contact (BG/
TC) OTFT Device Performance (Hole Mobilities, Ion/Ioff
Ratios, and Threshold Voltages) of Polymers P3c, P4, P5, and
P7 on Storage in Aira

initial after storage

polymer days

μ

(cm2 V�1 s�1)

Ion/

Ioff

Vt

(V)

μ

(cm2 V�1 s�1)

Ion/

Ioff

Vt
(V)

P3c 60 0.175 8� 106 �12 0.161 3� 106 �11

P4 60 0.175 5� 105 �22 0.154 3� 105 �17

P5 60 0.098 1� 105 �18 0.092 8� 104 �15

P7a 118 0.092 2� 104 �11 0.076 8� 102 2

P7b 153 0.136 2� 105 �17 0.132 2� 105 �21

P7c 108 0.104 5� 104 �24 0.102 2� 104 �18
aAverage values are shown.

Figure 10. Temporal evolution of OTFT performance (hole mobility
and Ion/Ioff ratio) for polymer P7b devices in air. Average values are
shown. The lines are drawn as guides to the eye.
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another 1000 cycles under greater bias-stress; between VG = +10 V
and VG = �70 V with VDS = �70 V, the device exhibits slightly
eroded performance (Figure S44). The superior operational
stability of the P3c-based OTFTs can be ascribed to having the
lowest-lyingHOMO level of the series, which can better suppress
the accumulation of trapped charge at the semiconductor/
dielectric interface. We believe the operational stability of
P3c-based OTFTs can be further improved by engineering the
device architecture77 and gate dielectric.10,78,79

’CONCLUSIONS

By incorporating electron-deficient TPD units, we have
synthesized a new series of TPD-based polymer semiconductors
P1�P8 with varied oligothiophene donor counit conjugation
length and solubilizing side chains for OTFT applications. The
alkyl substituent position provided by the TPD imide unit affords
excellent solubilities, as high as 40 mg/mL for P7b and P7c at
room temperature. Homopolymer P1 has limited π-conjugation
and an amorphous film microstructure and is therefore TFT-
inactive, while TPD-based copolymersP2�P8 achieve enhanced
π-conjugation by eliminating imide�imide repulsion. By incor-
porating monothiophene as a donor counit, P2 exhibits ambi-
polar behavior under vacuum with electron and hole mobilities
of ∼10�4�10�3 cm2 V�1 s�1. TPD polymers based on bithio-
phene, terthiophene, and tetrathiophene donor counits
(P3�P7) are p-type semiconductors with hole mobilities ap-
proaching or surpassing 0.1 cm2 V�1 s�1. Among these, the
highest hole mobility of ∼0.6 cm2 V�1 s�1 is observed for
OTFTs fabricated from P4. The alkyl chains not only enhance
solubility, but also significantly promote polymer thin film
crystallinity and microstructure as revealed by XRD and AFM
measurements. In comparison to P7, the absence of alkyl chain
substituents on the neighboring thiophenes of TPD leads to
decreased film crystallinity in P6, and hence to more than 10�
lower OTFT hole mobility. The optical properties and device
performance of polymers P7 are basically insensitive to the

length of the solubilizing chains. However, in polymers of type
P3, P3c shows distinct red-shifted optical absorption maxima,
higher film crystallinity, and enhanced OTFT performance with
an average holemobility of∼0.2 cm2 V�1 s�1. The incorporation
of electron-rich dialkoxybithiophene units leads to the lowest
band gap in the series, but also destabilizes theHOMO inP8. For
the high-performance semiconductors (mobility >0.1 cm2

V�1 s�1), both device environmental stability under storage
and operational stability under bias were investigated. Because of
the low-lying HOMOs, all OTFTs fabricated from P3c, P4, P5,
P7b, and P7c show negligible performance degradation for up to
5 months storage under ambient conditions. Under bias, P3c
OTFTs are stable with negligible on-current and off-current
shifts after 1000 on�off cycles; however, P4 and P7b-based
OTFTs show somewhat greater performance degradation when
measured in the same bias window. The superior stability of P3c-
based OTFTs is likely due to the deeper HOMO, which is less
sensitive to charge trapping. Because of the ready materials
accessibility, excellent solubility/processability, substantial hole
mobilities, and good OTFT bias-stability, TPD-based polymers
are promising semiconducting materials for high-performance
thin-film transistor applications.
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