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ABSTRACT: As more research findings have shown the correlation between
ordering in organic semiconductor thin films and device performance, it is
becoming more essential to exercise control of the ordering through structural
tuning. Many recent studies have focused on the influence of side chain
engineering on polymer packing orientation in thin films. However, the impact of
the size and conformation of aromatic surfaces on thin film ordering has not been
investigated in great detail. Here we introduce a disk-shaped polycyclic aromatic
hydrocarbon building block with a large π surface, namely, thienoazacoronenes
(TACs), as a donor monomer for conjugated polymers. A series of medium
bandgap conjugated polymers have been synthesized by copolymerizing TAC with
electron donating monomers of varying size. The incorporation of the TAC unit
in such semiconducting polymers allows a systematic investigation, both
experimentally and theoretically, of the relationships between polymer
conformation, electronic structure, thin film morphology, and charge transport
properties. Field effect transistors based on these polymers have shown good hole mobilities and photoresponses, proving that
TAC is a promising building block for high performance optoelectronic materials.

KEYWORDS: charge transport, morphology, organic semiconductors, polycyclic aromatic hydrocarbon, thienoazacoronene,
time-dependent density functional theory

■ INTRODUCTION

Organic semiconductors based on conjugated polymers have
received increasing attention for their potential application in
flexible electronics.1,2 In the molecular design of high
performance conjugated polymers for use in organic field effect
transistors (OFETs)3−10 and organic photovoltaics
(OPVs),11−18 molecular orbital levels alignment, polymer
main chain conformation, and side chain engineering are
among the most critical considerations.19−21 Such aspects not
only determine the molecular properties of the conjugated
polymer but also influence intermolecular interactions that
ultimately govern ordering, crystallinity, and crystal orientation
in thin films, which have a strong influence on the overall
optoelectronic properties and performance in electronic
devices.22 Despite much progress on the synthesis and
characterization of conjugated polymers, how to exercise
control of ordering and orientation within thin films through
structural tuning still remains a challenging task.23,24 Many
recent studies have focused on the influence of side chain

engineering on polymer packing in the thin films,25,26,21 yet the
impact of the polymer main chain, consisting of aromatic units
with different sizes of π-surfaces, on packing, has not been
investigated in great detail. Chen and Frechet and co-workers
indicated that more coplanar aromatic surfaces have strong
interactions with the underlying substrate due to stronger van
der Waals interactions.27 As a result, the more coplanar
polymer chains have a stronger tendency to lie parallel to the
substrate and adopt a face-on orientation. The aromatic units
that have been employed for comparison in the previous
studies, however, have a fairly small size contrast. A more
detailed study based on polymers incorporating aromatic units
with systematically varied size and larger size differences is
desired to gain further insight into the relationship between
polymer conformation and packing.
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Polycyclic aromatic hydrocarbons (PAHs) are an attractive
class of organic semiconductors.28−30 The large conjugated
aromatic surface provides a tunable framework for π electron
delocalization, whereas the rigid flat geometry is conducive to
influence the tuning of the frontier molecular orbital energies,
and the latter is essential for intermolecular charge transport via
a hopping mechanism.31−33 Incorporation of heterocyclic,
linear acene-based PAHs into conjugated polymers has been
a successful practice to obtain polymers with more rigid
conformation and reinforced coplanarity. Acenes ranging from
tricyclic to undecyclic ring systems have been incorporated in
conjugated polymers.34 Disk-shaped PAHs based on radially
expanded benzenoids are well-known for their excellent self-
assembling properties and controllable phase behavior as
discotic liquid crystals.35−37 Their incorporation into the
conjugated polymers is expected to impart strong interchain
interactions, which will influence solid state packing and
optoelectronic properties. Such studies, however, have not been
carried out in detail, due to the limited availability of disk-
shaped PAH monomers. A few examples of PAH monomers
that have been incorporated into conjugated polymers include

thiophene fused tetracyclic aromatic units, such as naphthodi-
thiophene and dithienoquinoxaline,38 and arylene diimides,
such as perylene diimide (PDI) and the recent coronene
diimide (CDI) units.39−45

Thienoazacoroene (TAC) (Scheme 1) is a novel family of
disk-shaped heterocyclic PAHs that display well-behaved self-
assembly characteristics in the condensed phase.46 Its structure
contains two nitrogen atoms and two regioselectively annulated
thiophenes on the coronene core, which is also decorated with
two peripheral substituents on the 2,8-position. TAC is
particularly suitable for incorporation in conjugated polymers
for the following reasons. First, TAC has a relatively low
HOMO energy level and electron density, which is mediated by
the electron withdrawing nitrogen heteroatoms and the
anchoring atoms on the peripheral groups. Second, the trans-
annulated thiophenes at the [3,4] and [10,9] positions are free
of steric hindrance to the adjacent aromatic units once being
incorporated into the polymer backbone, which is important for
tuning the polymer bandgap and solid-state packing. Third, the
two substitutions on the 2- and 8- positions allow the
introduction of solubilizing peripheral groups for good

Scheme 1. Synthesis of TAC Polymers
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solubility and tuning of solid state packing. Finally, TAC can be
readily synthesized in large quantity in a few modular and
simple steps.
In this paper, TAC was employed as a disk-shaped PAH

building block in a series of medium bandgap polymers. Several
donor units with varying sizes, including the monothiophene
(T), thienothiophene (TT), and benzodithiophene (BDT)
moiety were copolymerized with a common TAC moiety. A
TAC homopolymer was also prepared for comparison. The
optical and electrochemical properties were investigated
experimentally and correlated with extensive theoretical
modeling results. The charge transporting properties of these
polymers were evaluated based on thin film field effect
transistor devices. Such polymers show good hole mobilities,
suggesting that TAC is a useful building block for high
performance organic semiconductor materials. In addition,
phototransistors based on one of the polymers exhibit excellent
photoresponses. Detailed studies on the thin film morphologies
of the TAC polymer series using grazing incidence wide angle
scattering (GIWAXS) and atomic force microscopy (AFM)
provide insight into the structure−property relationship of
molecular structures, morphologies and charge transport
properties.

■ RESULTS AND DISCUSSION
Material Synthesis. TAC monomer was synthesized

according to previously reported procedures.46 The TAC
polymers were synthesized by metal-catalyzed polycondensa-
tion through Stille coupling reactions. The TAC dibromide 146

was subjected to react with bis-stannyls 2−4 to give the TAC
homopolymer PTAC, and the alternating donor−donor
polymers PT-TAC, PTT-TAC, and PBDT-TAC, respectively.
All polymers have good solubility in common organic solvents
such as CHCl3 and THF.
Optical and Electrochemical Properties. Optical

absorption properties of the TAC polymers were evaluated
both in dilute solution and as thin films (Figure 1). The data

are summarized in Table 1. The well-separated vibronic
absorption bands of the TAC monomer46 no longer exist in
the polymers. The absorption spectrum of PTAC displays two
absorption bands at 480 and 531 nm, which can be assigned to
0−1 and 0−0 transitions, corresponding to a π−π* transition
and aggregation, respectively. In the spin coated thin film of
PTAC, the absorption peaks show bathochromic shifts to 490
and 539 nm, respectively. The bathochromic shift is indicative

of more coplanar polymer main chains when moving from
solution to the thin film, which is supported by theoretical
modeling (see vide infra). The relative peak intensity (I0−0/
I0−1) also undergoes notable changes from 0.833 to 1.02, which
is an indication of increased aggregation.47,48 Similar dual-band
absorption features were observed for PT-TAC, PTT-TAC, and
PBDT-TAC. However, their thin film absorptions displayed
negligible shifts when compared to the solution absorption,
indicating that there was minimal change of the effective
conjugation from solution to thin film. The relative 0−0/0−1
peak intensity increases for thin films of PT-TAC and PTT-
TAC, and decreases for PBDT-TAC, suggesting different
degrees of aggregation. Although the exact nature remains
unclear, we tentatively ascribe the origin of this abnormal trend
to the steric hindrance brought about by the isopropoxy
substituents on the BDT units. From the absorption edges at
the longest wavelength of the thin films, optical bandgaps
between 2.09 and 2.16 eV could be estimated for all four
polymers (Table 1). The solution photoluminescent spectra of
these polymers are plotted in Figure S1 in the Supporting
Information.
The electrochemical properties of TAC polymers were

investigated in solution (Figure S2 in the Supporting
Information) by cyclic voltammetry using the conventional
three-electrode setup and ferrocene/ferrocenium (Fc/Fc+)
redox couple as the internal reference. On the basis of the
optical and electrochemical data, the energy levels of the
HOMOs and LUMOs of all TAC polymers are estimated to be
approximately −5.3 and −3.2 eV, respectively (see Table 1).

Theoretical Calculations. Density functional theory
(DFT) calculations were performed to predict the optimized
geometry of the ground state and the energy associated with
the frontier molecular orbitals. Full geometric optimization was
carried out on the monomer, dimer, and tetramer of each
molecular structure shown in Scheme 1 with n = 1, 2, and 4 to
evaluate the impact of different donor units on the molecular
structure and electronic properties of TAC polymers. All
theoretical calculations were performed using the Gaussian 09
package,49 version B.01 at the B3LYP/6-31G (d,p)50,51 level of
theory. The excitation energies, oscillator strengths, and
configurations involved in the electronic transitions were
evaluated using the ground-state optimized geometries and
time-dependent density functional theory (TD-DFT). Long
alkyl chains were replaced by methyl groups in the calculations
to reduce the computational cost.
The energy barrier to rotate about the S−C−C−S torsion

angle was calculated for monomers and dimers in order to
predict the preferred conformation. As shown in Figures S3 and
S4, a near planar trans conformation with the thiophene sulfurs
pointing in an opposite direction to the adjacent TAC sulfur
atoms was obtained in all cases. The optimized geometries of
tetrameric segments of each polymer are given in Figure 2.
From these optimized geometries, the torsional angles along
the conjugated backbone of the respective oligomers (see
Figure 2a for definition) were obtained, listed in Table S1. The
torsion angles are found to be in the range of 13° to 17°, except
those in the PBDT-TAC polymers, which are typically below
10°, suggesting that there are varying degrees of twisting in
these polymers, with PBDT-TAC polymer being the most
coplanar.
The frontier molecular orbitals (FMOs) of the tetramers of

each polymer are shown in Figure 3 (see Figure S5 for the
FMOs of monomers and dimers). HOMO is more delocalized

Figure 1. UV−vis absorption spectra of TAC polymers in CHCl3
solution (solid line) and in thin films (dashed line).
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along π-conjugated backbone whereas the LUMO is mainly
concentrated on the TAC unit. The HOMO−LUMO energy
levels and band gaps for oligomers are shown in Figure 4. The
band gaps vary as PTAC > PBDT-TAC > PT-TAC > PTT-
TAC, in agreement with experimental data. Not surprisingly,
the band gap decreases as the number of repeating units
(monomer > dimer > tetramer) increases, due to the extended
conjugation, even though the difference between the dimer and
tetramer is much smaller than that between the monomer and
dimer. In addition, the HOMO level increases and LUMO level
decreases from PTAC to the rest of the oligomers. PTT-TAC
shows the lowest LUMO and highest HOMO, yielding the
narrowest band gap. The respective HOMO and LUMO
energy levels for oligomers are given in Table S2.
Table 2 gives the vertical transition energies, oscillator

strength, and electronic configuration as determined at the TD-

B3LYP/6-31G (d,p) level of theory for the tetramers. The
lowest optically allowed electronic transition (S0→S1) has the
largest oscillator strength in all the cases. Also, the S0→S1
transition can be principally described as the HOMO→LUMO
one electron excitation. The results for monomer and dimer are
included in Table S3. In general, there is excellent agreement
between the experimental data reported in Table 1 and the
calculated S0→S1 vertical transition energies for tetramers,
which take values of 2.29, 2.17, 2.14, and 2.20 eV for [TAC]4,
[T-TAC]4, [TT-TAC]4, and [BDT-TAC]4, respectively. The
oscillator strength is found to increase with the decrease in the
torsion angles (coplanarity). Thus, [BDT-TAC]4 shows the
largest value for f and [TAC]4 the smallest one.
Additionally, we have explored the impact of the solvent

(chloroform) on the computed vertical transition on monomer
and dimers by considering the polarizable continuum model

Table 1. Summary of Optical and Electrochemical Parameters of TAC Polymers

UV−vis

solution film cyclic voltammetrya

compound λmax (nm) λmax (nm) Eg
opt (eV) λmax (nm) λmax (nm) Eg

opt (eV) Eox
b (eV) HOMOc (eV) LUMOd (eV)

PTAC 531 559 2.22 539 565 2.19 0.58 −5.38 −3.16
PT-TAC 556 584 2.12 559 593 2.09 0.46 −5.26 −3.14
PTT-TAC 561 585 2.12 562 592 2.09 0.52 −5.32 −3.20
PBDT-TAC 543 567 2.18 542 575 2.16 0.57 −5.37 −3.19

aMeasured in solution, using conventional three-electrode setup with a scan rate of 100 mV s−1. bThe onset of the oxidation potential with respect to
the Fc/Fc+ redox couple. cCalculated using EHOMO = −(4.8 + Eox) eV.

dCalculated based on optical bandgap and electrochemical HOMO energy
level.

Figure 2. (a) Definition of the torsion angles along the backbone of the oligomers. (b) Molecular representation of the optimized tetramers at the
B3LYP/6-31G(d,p) level.
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(PCM).52,53 Geometry optimization and TD-DFT calculations
were performed for monomers and dimers at the B3LYP/6-
31G (d,p). The torsion angles along the oligomer backbone are
collected in Table S4 and HOMO−LUMO energy levels in
Table S5. In general, there is a decrease in the torsion angle,
that enhances the coplanarity of the backbone. The effect of the
solvent in S0→S1 excitation energy transition is presented in
Table S3 (for brevity, only the main contribution is included).
As a result, small red shifts ∼0.1 eV were observed for the S0→
S1 transition when the solvent was considered in the
calculations.
Furthermore, to verify that the bathochromic shift from

solution to film of PTAC is related to higher coplanarity, full
optimization of the PTAC tetramer was performed with initial
values for the torsion angles ϕi,ϕ′i = 0°. The calculation yields a
planar structure for PTAC that is only 0.1 kcal/mol less stable
than the twisted structure. The TD-DFT calculation for this
planar structure (see data in parentheses in Table 2) yields a

small red shift for S0→S1 transition from 541 to 548 nm (∼7
nm), in agreement with the experimental data. The HOMO
and LUMO molecular orbitals shown in Figure S6 are very
similar to those for the twisted structure. Therefore, according
to our calculations, PTAC could adopt a more planar
conformation when the polymer chain goes from solution to
solid state, which could provide the origin of the red shift
observed in PTAC.

Morphological Studies. Grazing incident wide-angle X-ray
scattering (GIWAXS) measurements were conducted to probe
the molecular packing within the spin coated films of TAC
polymers. Distinctively different GIWAXS patterns were
observed for these polymers (Figure 5a). Out-of-plane and
in-plane line-cut profiles are summarized in Figure 5b,c for the
annealed samples. The as-spun thin film of PTAC showed a
diffuse reflection characteristics of the π−π stacking and out-of-
plane (h00) (h up to 3) reflections, in keeping with an edge-on
lamellar packing. Upon annealing at 175 °C for 10 min and

Figure 3. Illustrations of frontier molecular orbitals (isovalue surface 0.02 u.a.) for tetramers of TAC, T-TAC, TT-TAC, and BDT-TAC at the
B3LYP/6-31G (d,p) level.
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cooling to room temperature, the structural order of the film
was greatly improved. Higher order (h00) (h up to 4)
reflections became more pronounced, indicating enhanced
crystallinity of the film. The angular distribution of the (010)
reflection, characteristic of the π−π stacking (3.55 Å), became
much narrower and clearly evident in the plane of the film,
indicating that a better edge-on orientation was achieved. PT-
TAC showed a similar signature of GIWAXS pattern for the as-
spun thin film. Thermal annealing led to enhanced structural
order and crystal orientation. However, in this case, the
enhanced π−π stacking peaks became narrower and centered in
both in-plane and out-of-plane direction (3.46 Å), correspond-
ing to PT-TAC chains forming edge-on and face-on crystalline
lamellae. It should be noted that the (100) peak for PTAC and

PT-TAC is not a single Gaussian but rather two peaks merging
in close spacing, suggesting that the polymers are polymorphic.
PTT-TAC showed quite broad (100) and (010) peaks in as-
spun film. The azimuthal distribution of the in-plane π−π
stacking peak (3.50 Å) became narrower upon annealing,
together with more pronounced out-of-plane reflections due to
enhanced crystallinity. In contrast to PTAC and PTT-TAC
polymers, GIWAXS pattern of the pristine thin film of PBDT-
TAC displayed a very strong out-of-plane π−π stacking peak
(3.58 Å), suggesting that the polymer lamellae have a
dominantly face-on orientation. These peaks became more
pronounced upon annealing. Noticeably, the weak in-plane π-
stacking peaks started to intensify upon thermal annealing. A
comparison of the π−π stacking distances and crystal size, as
determined from a Scherrer analysis, for these annealed samples
was also carried out. PT-TAC polymer showed the smallest
π−π distance of 3.46 Å and a crystal size of 4.69 nm. PTT-TAC
showed a π−π stacking distance of 3.50 Å and a crystal size of
5.21 nm. The homopolymer PTAC showed a π−π stacking
distance of 3.55 Å and a crystal size of 3.81 nm. It appears that
adjusting the separation between intrachain TAC monomers
could lead to a stronger intermolecular packing, which will
subsequently impact charge transport within the thin films.
PBDT-TAC polymer showed a π−π stacking distance of 3.58 Å
with a crystal size of 2.88 nm. The branched isopropoxy
substitution on BDT unit presumably weakens the interaction
between polymer chains, leading to very different micro-
structures within the thin film.
The origin of the different orientations of lamellae is an

active subject of study. Side chain/substrate interactions have
been indicated as an important factor in determining the
orientation of the π-stacks.47 For the TAC-based polymer
series, only PBDT-TAC carries two types of side chains
whereas PTAC, PT-TAC, and PTT-TAC share the same ODT
side chains. However, because the isopropoxy side chain on the
BDT unit is much shorter than the ODT side chain, the
isopropoxy groups can be considered as spatially isolated from

Figure 4. Energies of HOMO (triangles) and LUMO (circles)
calculated at the B3LYP/6-31G (d,p) level (black, TAC; red, T-TAC;
blue, TT-TAC; green, BDT-TAC).

Table 2. Vertical Transition Energy, Wavelength, Oscillator Strength and Electronic Configuration Determined with TD-
B3LYP/6-31G(d,p) for Tetramera

tetramer transition energy (eV) absorption (nm) f contribution (%)

[TAC]4 S0→S1 2.29 (2.26)b 541 (548)b 3.80 (3.85)b H→L (88)
S0→S4 2.68 (2.66)b 463 (466)b 0.59 (0.64)b H−1→L+1 (63, 65b)

[T-TAC]4 S0→S1 2.17 570 5.09 H→L (81)
H−1→L+1 (12)

S0→S4 2.51 494 0.72 H−1→L+1 (55)
H→L+2 (21)

[TT-TAC]4 S0→S1 2.14 581 6.57 H→L (78)
H−1→L+1 (14)

S0→S2 2.29 541 0.01 H−1→L (45)
H→L+1 (46)

S0→S4 2.45 506 0.84 H−1→L+1 (50)
H→L+2 (21)

[BDT-TAC]4 S0→S1 2.20 563 7.22 H→L (72)
H−1→L+1 (17)

S0→S2 2.32 535 0.01 H−1→L (44)
H→L+1 (72)

S0→S3 2.45 506 0.62 H−2→L (38)
H−1→L+1 (14)
H→L+2 (22)

aTransition with f ≥ 0.01. bData in parentheses corresponds to planar structure.
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any underlining substrate due to the size mismatch. Thus, the
side chain/substrate interfaces are similar for the four TAC
polymers, which cannot account for the different orientations of
the polymer microcrystalline domains. Another consideration is
the influence of attached side chain density. According to
DeLongchamp and co-workers,54 different side chain densities
on the polymer conjugated backbone is responsible for the
preferred orientation, with the higher side chain density

yielding the face-on conformation and the lower side chain
density more prone to giving rise to an edge-on orientation.
This trend is, however, not observed in current polymer series.
On the basis of the relative length of the aromatic units, PTAC
has the highest side chain density, followed by PT-TAC and
PTT-TAC. PBDT-TAC has the lowest density, not taking the
isopropoxy group into consideration. In contrast to the
previously suggested trend, PTAC with the highest side-chain

Figure 5. (a) GIWAXS patterns of thin films of the polymers before (left) or after annealing (right). (b) Out-of-plane and (c) in-plane line-cut
profiles.

Figure 6. AFM images and line profiles of spuncast PT-TAC thin films (a) before annealing and (b) after annealing. Annealing temperature was 175
°C.
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density adopts a preferred edge-on orientation, whereas PBDT-
TAC with the lowest side-chain density has a preferred face-on
orientation. In addition, PT-TAC shows a higher tendency of
forming face-on π-stacks than PTT-TAC, further suggesting no
correlation between the side chain density and the π-stacking
orientation preference. It can be thus inferred that the side-
chain/substrate interaction is not the sole interaction in
governing the orientation preference. Instead, the polymer
main chain/substrate interaction is likely to play a significant
role. Size and coplanarity of the π-backbone are two major
factors to consider. It is clear that larger π-surfaces alone do not
mandate a strong face-on polymer orientation on the substrate,
judging from the edge-on orientation observed in PTAC film.
On the other hand, the most coplanar PBDT-TAC
preferentially adopts a face-on orientation, which is consistent
with Chen and Frechet and co-workers’ observations27 that the
more coplanar π-surface favors a face-on orientation. These
suggest that it is the coplanarity rather than the size of the
aromatic backbone dictates the face-on polymer orientation.
The data also indicates that a face-on conformation is a
metastable state that transforms to the thermodynamically
more stable edge-on conformation upon annealing.54

Atomic force microscopy (AFM) images of the pristine, and
annealed films show the formation of fiber-like intercalating
networks (Figure 6 and Figure S7). Consistent with thermally
induced molecular reorganization and changes of molecular
packing within the films, the roughness increased slightly after
annealing in each case. The film roughnesses are between 0.832
and 1.67 nm, increasing in roughness as PTT-TAC < PBDT-
TAC < PT-TAC < PTAC.
OFET and SCLC Mobilities Measurement. All four TAC-

polymers behave as p-type semiconductors in thin film OFET
devices. The devices were fabricated using either a bottom-gate,
top-contact electrode (BGTC) or bottom-gate, bottom-contact

(BGBC) geometry. The polymer thin films were prepared by
spin coating and either used as is or annealed at 175 °C for 30
min unless noted otherwise. In general, the annealed devices
display higher performances than the pristine ones. A
temperature-dependent study of PT-TAC indicated that these
films annealed at 175 °C exhibit the highest mobility (Table S6
in the Supporting Information). Among all the BGTC devices
annealed under the same conditions, PT-TAC exhibits the
highest hole mobility with an average value of 0.034 cm2 V−1

s−1. Both the PTAC and the PTT-TAC polymers have an
intermediate average mobility of 1.3 × 10−3 cm2 V−1 s−1 and
PBDT-TAC polymer has the lowest average mobility of 2.6 ×
10−4 cm2 V−1 s−1. The transfer and output curves are shown in
Figure 7 and Figure S8, and full device characteristics are listed
in Table 3. On the other hand, the vertical charge transport
mobilities were measured by space charge limited current
(SCLC) methods (Table 3). For the as-cast films, PTAC, PTT-
TAC, and PBDT-TAC have similar SCLC mobilities around 1
to 2 × 10−5. PT-TAC has a mobility 1 order of magnitude
higher at 3.6 × 10−4. Their SCLC mobilities are relatively
insensitive to thermal treatment except for PTT-TAC, which
decreases almost 5 times after annealing.
PT-TAC was also used as the active material for the

fabrication of BGBC devices. Different electrode geometries
were used to investigate the influence of channel length and
width on charge transport properties. As shown in Figure 7b,
the plots indicated the correlation between channel length and
hole mobility at various channel widths, showing nearly a
monotonic increase of mobility with increasing channel length.
It has been reported previously that larger contact resistance at
smaller channel lengths55 or small areas of disordered film
localized near the bottom contacts leads to decreased
mobilities.56 The observed nearly monotonic increase in
mobility indicates that the devices are not limited by crystalline

Figure 7. (a) Representative transfer curve of PT-TAC FET devices (BGTC). (b) Average mobilities of PT-TAC polymers measured in BGBC
devices with different channel lengths and widths.

Table 3. OFET and SCLC Device Characteristics of TAC Polymers

pristine (cm2 V−1 s−1) annealed (cm2 V−1 s−1)

compound μh
max,a μh

ave,b μsclc
ave,c μh

max,a μh
ave,b μsclc

ave,c Vth
e IOn/IOff

e

PTAC −d −d 9.7 × 10−6 1.4 × 10−3 1.3 × 10−3 2.9 × 10−5 −15 103

PT-TAC 8.9 × 10−3 8.8 × 10−3 3.6 × 10−4 4.3 × 10−2 3.4 × 10−2 2.3 × 10−4 −11 105

PTT-TAC 3.9 × 10−4 2.4 × 10−4 1.9 × 10−5 2.0 × 10−3 1.3 × 10−3 3.5 × 10−6 −14 103

PBDT-TAC 1.1 × 10−4 1.1 × 10−4 1.9 × 10−5 3.1 × 10−4 2.6 × 10−4 3.3 × 10−5 −4.1 103

aMaximum OFET hole mobility. bAverage OFET hole mobility. The average mobility was obtained from a minimum of 3−9 pixels from 1 to 3
different chips. cAverage SCLC mobility from 8 devices. dNo working devices could be obtained. eCharacteristics of OFET devices.
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defects and grain boundaries within the crystalline film in the
channel.57

The transport properties of these polymers qualitatively
correlate with the different packing and orientations of the
polymer chains shown by GIWAXS. The PBDT-TAC polymer
has the lowest OFET mobility, owing to the dominant face-on
orientation of the polymer lamellae that is less favorable for
lateral charge transport in FETs. PTAC, PT-TAC, and PTT-
TAC that have edge-on lamellar morphologies exhibit higher
OFET mobilities. Interestingly, PT-TAC with a bimodal
orientation distribution has a higher mobility than PTAC and
PTT-TAC that possess a more dominant edge-on phase. This is
consistent with DeLongchamp and co-workers’ observations,54

which suggests that there are more effective intercalated charge
conduction pathways in crystalline domains with bimodal
orientation distributions. Such bimodal distribution in PT-TAC
also explains its higher SCLC mobility than PBDT-TAC,
despite that the latter has a more pronounced face-on
orientation preference. On the other hand, PTT-TAC has the
lowest SCLC mobility, consistent with its lack of face-on chain
packing in the annealed thin film.
Phototransistors of PT-TAC. We also investigated the

phototransistor behavior of the PT-TAC polymer. The

difference in transfer characteristics of PT-TAC between dark
and irradiated BGTC devices is shown in Figure 8a. Under
irradiation, PT-TAC displays a large increase in current due to
photogeneration of excitons that dissociate under the applied
electric potential.58 This leads to an enhanced hole mobility of
0.11 cm2 V−1 s−1. The device exhibits a high off current under
extended irradiation, resulting in a decrease in on/off ratio to
1.8 × 103 and in Vt to −5.7 V. Photosensitivity (P) and
photoresponsitivity (R) of the transistor were calculated using
the following equations:

=
−

P
I I

I
Light Dark

Dark (1)

=
−

*
R

I I

E A
Light Dark

Light (2)

where ILight is the current under irradiation, IDark is the dark
current, ELight is the irradiance of the light source (μW/cm2),
and A is the channel area.59 The large difference in dark and
light current yields an appreciable photosensitivity and
photoresponsivity, with a maximum of 1.8 × 105 and 75 A/
W, respectively (Figure 8b).

Figure 8. (a) Transfer characteristics of PT-TAC under illumination at 370 μW/cm2. (b) Photosensitivity (P) and photoresponsivity (R) of PT-
TAC measured in the BGTC geometry. (c) Photoswitching behavior at a gate bias of −20 V and source−drain biases of −5 and −20 V. (d)
Photoswitching at a source drain bias of −20 V and gate bias of 0 and −20 V. (e) Extended on−off switching of device with 5 ms light pulse intervals.
(f) Photoresponsivity of PT-TAC-based OFETs (BGBC) at various channel lengths.
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Pulsing light in intervals of 3 s under constant gate bias yields
an increased overall current density at different drain-source
biases. Figure 8c shows the current plots at a constant gate bias
of −20 V and source-drain biases of −5 and −20 V,
respectively. The ratio between light and dark current is in
the range of 101−102. At a lower gate voltage of 0 V, similar
light pulse leads to a lower current but an increased light-to-
dark current ratio (∼103) in accordance with high photo-
sensitivity at low gate voltages (Figure 8d). Furthermore, the
phototransistor devices display rapid response to light, as
shown by the reversible photoswitching behavior when
irradiated with light pulsed at 5 ms intervals (Figure 8e).
Finally, the channel length dependence of the photoresponse
was also investigated for the BGBC devices. The photo-
responsivity increases significantly from 80 to 1200 A/W as the
channel length decreases from 50 to 5 μM (Figure 8f). This is
consistent with previous reports.58 Overall, PT-TAC has
demonstrated well-behaved phototransistor properties, such
as high photoresponsivity and good photosensitivity, which are
comparable to the highest values reported for polymer thin film
transistors60−62 and can be further tuned by changing the
device geometry and the applied gate biases.

■ CONCLUSIONS
Thienoazacoronene derivatives, disk-shaped PAH donor units
that possess a large aromatic surface, have been utilized for the
construction of semiconducting conjugated polymers. The
copolymerization with a series of aromatic units readily gives
rise to a series of structured medium-gap polymers. In-depth
analysis of their thin film morphologies and charge transport
properties, together with TD-DFT calculations, have validated
several structure−property relationship hypotheses. As evi-
denced by GIWAXS, these polymers showed a well-behaved yet
distinctive self-assembly behavior in thin films arising from the
TAC unit. Lamellar structures with edge-on, face-on, or mixed
phases were obtained with thermal processed films, which
allowed a detailed analysis of the influence of side chain and
polymer main chain on orientation preferences of π-stacks. Our
findings have indicated that side chain−substrate interactions
are not the dominating factor for the observed orientation
preference. On the other hand, coplanarity rather than the size
of the aromatic surfaces of the polymer backbone is more
favorable in guiding a face-on orientation. The polymers display
good p-type carrier transport mobility in spuncast thin film
FET devices. In addition, phototransistors fabricated from PT-
TAC show great responsiveness and sensitivity to light,
suggesting that light irradiation can be used as another effective
means to control the on and off states of the transistor.
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Frećhet, J. M. J. Control of Polymer-Packing Orientation in Thin
Films through Synthetic Tailoring of Backbone Coplanarity. Chem.
Mater. 2013, 25, 4088−4096.
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