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Abstract

We investigated the effects of the solvent boilpgint on organic field-effect transistor
(OFET) device performances in devices prepared gusiwo newly synthesized
anthradithiophene derivatives: 9,10-di(4'-pentylpfiethynyl)-anthra[2,3-b:6,7-
b'ldithiophene (DPPEADT) and 9,10-bi( [9',9'-dim@tHuoren-2-ylethynyl])-anthra[2,3-
b:6,7-b"ldithiophene (DFEADT). DPPEADT exhibited dastinct crystalline morphology

whereas DFEADT was amorphous. We characterizedeth@onship between the molecular



structures, film morphologies, and OFET device grnances in devices prepared using
solvents having one of three different boiling gsiichlorobenzene, 1,2-dichlorobenzene,
and 1,2 4-trichlorobenzene). 1,2,4-Trichlorobenzeamkich provided the highest boiling
point among the solvents tested and acted as a gplwdnt for DPPEADT, significantly
improved the field effect mobilities of DPPEADT dees up to 0.16 ciVs by enhancing
the crystallinity of the film. OFETs based on antfwyps DFEADT films prepared using the
three solvents did not provide enhanced electpgedlormances. The differences between the
transistor performances were attributed to the eeg@fr-overlap, the molecular structures,

and the morphological properties of the films.

1. Introduction

Over the past two decades, organic semiconductwmes teceived significant attention
as components in organic field-effect transistolSEDs) [1, 2], organic light emitting diodes
(OLEDS) [3, 4], organic photovoltaic cells (OPVS) pB], and organic photodetectors (OPDSs)
[7, 8] for potential use in flexible, inexpensiand large-area electronics applications [9, 10].
A variety of organic semiconductor materials haeerbdeveloped, and their electrochemical
properties have been investigated in an efforte@ize more efficient organic electronic
device performances. Solution-processable smaleocatd semiconductors have been most
extensively studied because their synthesis, patin, and structural modifications are
relatively easy and they provide low batch-to-batahability [11, 12].

Anthradithiophene (ADT) derivatives are promisingndidates for use in organic
semiconductors because these derivatives are hagiiljpility in common organic solvents
and they display excellent charge charier mobditji#3]. ADT derivatives tend to resist
oxidation to a greater extent than pentacene, ipigldevices with good long-term stability

properties [14]. Research efforts geared towarceldging high-performance OFETs based



on ADT derivatives have focused on novel desigatsgies that enhance the molecular
ordering in a film [15, 16]. The electrical propesd of ADT derivatives may be enhanced by
optimizing the device preparation protocols, inahgdselecting a suitable solvent [17] that
yields a high ADT solubility or introducing dieleit surface treatments [18] that induce the
formation of favorable crystalline structures.

Previous studies found that high boiling point solts produced highly crystalline
semiconductor thin films because the longer dryinges permitted self-organization among
the organic semiconductor molecules, thereby irstngathe field effect mobility (reT) in
the corresponding OFETs [19]. Sirringhaus et gloreed enhancefrer values for OFETs
prepared with poly(3-hexylthiophene) as the sendootor and 1,2,4-trichlorobenzene as the
solvent. Seo et al. improved the performances o06,H3-bis(triisopropylsilylethynyl)
pentacene OFET by introducing solvent additiveshviiigh boiling points (b.p.) [20, 21].
Unfortunately, the surface tensions of high b.pvesuts tend to be high, whereas the surface
energy of the substrate tends to be low. Orgamacmductor films, therefore, tend to dewet
during film formation due to the large differencetween the surface energies of the solvent
and the dielectric surface [22, 23].

The gate dielectric surfaces of OFETs are typicaltpdified by introducing
hydrophobic oligomeric or polymer materials thanhimize the formation of charge carrier
traps [24]. A variety of gate dielectric treatmelatyers have been tested thus far.
Hydrophobic self-assembled monolayers (SAMs) amarmonly used on polar dielectric
layers because they can efficiently cover the Ughgy polar dielectric functionalities that
act as charge carrier traps, and they can accompuitaxial growth of organic
semiconductor films to improve the values @fcr [25, 26]. Despite the performance
improvements obtained through the use of SAMs I Qd-[27, 28], the hydrophobicity of

the SAM layer promotes dewetting of the solutiongessed material from the surface [22,



23]. Only solvents with a low b.p. can be used mythe solution-processed film formation
steps on a hydrophobic SAM-treated substrate [49-Blhe electrical performances of
OFETs may be optimized through the use of high dojvent combinations and hydrophobic
dielectric surface treatments.

The challenges associated with pairing approprsalgents and surface treatments
were overcome in this research by introducing arethin polymer brush layer. Polymer
brushes can produce chemically stable moleculanlager films at a dielectric surface. The
hydrophobicity of the polymer brushes can be setkdo as to overcome the dewetting
problems associated with high boiling point solgefior these reasons, polymer brush-based
OFETs provideurer values that are comparable to those obtained f8AM-treated
dielectric systems [32, 33].

The present study describes a strategy for optimitihe self-organization of newly
synthesized ADT derivatives by introducing high.lsplvents and hydrophobic chlorosilane-
terminated polystyrene (PS-brush) surface treatsngB8]. Chlorobenzene (CB), 1,2-
dichlorobenzene (DCB), and 1,2,4-trichlorobenzeh€R) were used as solvents for the
ADT semiconductor derivatives. The b.p. values Bf OCB, and TCB were 131, 180.5, and
214.4°C. The newly synthesized 9,10-di(4'-pentyiptethynyl)-anthral[2,3-b:6,7-
b'ldithiophene (DPPEADT) and 9,10-bi( [9',9'-dim@tAuoren-2-ylethynyl])-anthra[2,3-
b:6,7-b"ldithiophene (DFEADT) were used to form #amiconducting layeiScheme 1 In
DPPEADT, the presence of extensively conjugatechylhgroups connected to the pentyl
group might be expected to further promote theastembly of the ADT moiety because the
phenyl groups were located on the symmetricallypgedicular to the ADT unit [14]. By
contrast, fluorine moieties in DFEADT generatedist@indrance at the periphery of the
molecule, leading to the formation of an amorphowsphology [14, 34, 35]. DPPEADT-

based OFETs exhibit betteger values when prepared using high b.p. solventsyeasethe



DFEADT devices yieldedger values that were insensitive to the solvent bigeseg results
suggested that the OFET performance is only seasit the solvent b.p. in the case of
crystalline ADT derivatives because the longer migyiimes due to the higher b.p facilitate
the formation of favorable molecular packing stunes. Clear correlations between the
OFET performances and the crystalline structureshef ADT derivative thin films were

revealed using several structural analysis teclasqu

2. Results and Discussion
2.1 Synthesis, thermal and electrochemical analysis

The synthetic schemes used to prepare DPPEADT &f8ADT are depicted in
Scheme 1 The ADT derivatives were prepared by an aldol demsation, nucleophilic
addition, and reduction. The structures of DPPEAdIT DFEADT were confirmed by H-
NMR and Mass spectroscopies. The ADT derivativepldyed good solubilities due to the
presence of bulky aryl substituents. The thermabibties of the ADT derivatives were
examined using thermogravimetric analysis (TGA) &ydcollecting differential scanning
calorimetry (DSC) thermograms. The DPPEADT and DBHAfilms displayed excellent
thermal stabilities, with decomposition temperasuogé 429°C and 435°C, respectively. The
DSC thermograms showed revealed that DPPEADT an&ADH did not undergo
transitions during heating to 250°C. The highestupted molecular orbital (HOMO) levels
of DPPEADT and DFEADT were calculated based orottidation onset, as measured using
cyclic voltammetry (CV), and were shown to be -5eéM8and —5.22 eV, respectively. The
optical band gaps of DPPEADT and DFEADT were 2.07amd 2.03 eV, respectively,
obtainedfrom the onset of the UV absorption bands. The HOMIs were characterized
by theoretically calculating the lowest unoccupiesblecular orbital (LUMO) and the

electron density distributions using density fuocttheory (DFT) methods with the hybrid



B3LYP functional in Gaussian 09. The optimized getimes and electron density
distributions of the HOMO and LUMO of DPPEADT andrBADT are shown iffrig. S1 In

both materials, the HOMOs were localized along &i2T unit, and the LUMOs were
localized along the extended aromatic side unitselsas the ADT unit. The DFT-computed

HOMO/LUMO values followed similar trends in the el@chemical and optical analyses.

2.2 UV-vis absorption spectroscopy

The optical absorption spectra of the two ADT datives were obtained in the
solution and film states, as shownFig. 1. The absorption maxima{a,) of the solution and
thin film spectra are reported imable 1. A comparison of the peaks present in the
DPPEADT and DFEADT UV-vis spectra in dilute solutitorm revealed that the maximum
peak of DPPEADT occurred at lower wavelengths tin@ncorresponding peak of DFEADT.
These results were consistent with the long conggyaegment length in DFEADT, which
lowered ther—nx* transition energy gap [36, 37]. We discovered tha absorption peaks of
the ADT derivatives in the thin film state were 1sulfted relative to those observed in the
solution stateKig. 1 andTable 1). The magnitude of the DFEADT absorption peaksgieift
was smaller than that observed in DPPEADT. Thet shithe peak positions indicated the
extent of molecular packing in the film state. Austural analysis based on the UV-vis
absorption spectrum revealed that the molecularorg within the DPPEADT thin film was
greater than the molecular ordering in the DFEADIR film. These results were consistent

with the X-ray diffraction (XRD) results, as dissesl in the following section.

2.3 Thin-Film Structure and Morphology
Figure 2 shows the XRD patterns obtained from ADT derivatikin films deposited

using different solvents onto PS-brush-treated iSyYSsubstrates via spin-coating. The



DPPEADT films prepared from CB and DCB showed twirattion peaks along the out-of-
plane direction at@®= 3.90 and 7.72° with an interlayer distance o81A. The observed
interlayer distance was shorter than the calculat@th of the full side chain (29 A,
Supporting InformationFig. S2, suggesting that the side chains were either loent
interdigitated with the side chains of the adjacePPEADT molecules. The out-of-plane
scattering profiles of the DPPEADT film preparednr TCB showed more well-defined
diffraction patterns, including a 3rd-order peagmpared to the DPPEADT films prepared
from CB and DCB [38]. The first peak width measunedhe film prepared from TCB was
slightly narrower than the corresponding peak widtHilms prepared from CB and DCB,
although the interlayer distances were indistingaide. These studies indicated that the
DPPEADT film prepared from TCB formed more exteesilng-range intermolecular
interactions or a higher degree of molecular ordethan the DPPEADT films prepared from
CB and DCB [39]. The in-plane scattering profilelstbe DPPEADT films Fig. 2(b))
revealed (010) peaks aft 2 16.7°, which corresponded tarar stacking distance of 3.69 A.
The scattering peak a®2= 13.2° provided an estimate for the d-spacingt.66 A. This
distance probably corresponded to the inter-alikig shain distancd=(g. 3). The DPPEADT
film diffraction pattern intensity along the in-pla direction increased as the solvent b.p.
increased. The XRD data revealed that the DPPEAIDS fprepared from TCB achieved a
higher degree at-overlap than the DPPEADT films prepared from CH &CB. The degree
of n-overlap and the molecular ordering among molecaleag the in-plane direction are
important features of high-performance OFETs bezabgsrge carriers in an organic medium
move amonge-overlapping regions along the in-plane directié@,[41]. The development of
molecular ordering along the in-plane directioresgthened ther-orbital overlap in the
semiconductor film, thereby improving charge cartr@ansport. As shown ifig. 2(c) and

2(d), no scattering peaks were observed in any of tREADT film states. These findings



indicated that the DFEADT films were amorphous [42].

Atomic force microscopy (AFM) images were collectedcharacterize the surface
morphologies of the DPPEADT and DFEADT films, aswh inFig. 4. The DPPEADT film
prepared from the CB solution included discontimutange defects on the film, which tended
to interrupt hole transport because the grain bates usually promoted trap formation and
limited charge carrier hopping between crystal dos§t4]. As the solvent b.p. increased,
the morphologies of the DPPEADT films prepared fido@B and TCB exhibited terrace-like
crystalline structures that revealed several cootis layers and partial layer-by-layer growth.
The DFEADT films displayed a featureless and smautirphology. The DFEADT film
morphologies did not depend on the solvent, andstieent did not extensively alter the

structure of the amorphous film.

2.4 FET Behavior

The effects of the solvent b.p. on the charge parischaracteristics of each ADT
derivative were investigated by fabricating OFE$8g spin-coating techniques, as shown in
Fig. 5. Figure 6 shows that the OFET devices prepared using the é&ivatives displayed
typical p-channel responses in the saturation regifhe electrical parameters of the OFETs
are summarized iable 2 The values ofiret for the DPPEADT-based OFETs depended on
the solvent b.p.: the TCB device yieldegisar value up to 0.16 chiVs, about one order of
magnitude greater than the value obtained from @B18 cri/Vs). The highurer values
obtained from TCB-based OFETs were attributed toigh degree of crystallinity and a
highly overlapping surface morphology in the DPPHAIDM developed in the presence of a
high b.p. solvent. The amorphous DPPEADT OFETs wnid display better electrical
characteristics as the solvent b.p. was increased. DFEADT-based OFETs provided

constanrer values of 4 x 16 cnf/Vs.



OFET performances are significantly affected byrti@ecular ordering, crystallinity,
and morphology of the organic semiconductor thim.fi Structural and morphological
analyses based on the UV-visible absorption spe¢triRD studies, and AFM
measurements revealed differences between the QueBaviors. The effects of the high
boiling point solvents were found to control the/stalline characteristics of the organic
semiconductors. Solvents with a high b.p. were eddeapable of improving the self-
organization and, therefore, the hole transpotthe crystalline DPPEADT film due to the
longer solvent evaporation time. The amorphous DBEAImM, as shown irFigs. 2(c)and
2(d) and Figs. 4(d-f) did not display morphological or crystalline cheteristic changes
upon the introduction of a high boiling point satte Methods of tuning the solvent
evaporation rate as a means for controlling thetatynity of the semiconductor thin film
have been described previously [45].

The effects of the film crystallinity on the elactl properties of DPPEADT OFETSs
were investigated by measuring the hysteresis behalefined as the difference between the
off-to-on and on-to-off swept transfer curves. Amwn in Fig. 7, the DPPEADT-based
OFETs prepared from CB, DCB, and TCB displayedigdié hysteresis underNhowever,
each sample exhibited different degrees of crysigll and correspondingier values,
depending on the solvent b.p. Many OFET systemplalishysteresis properties that are
commonly attributed to the presence of polar dieledunctional groups (such as hydroxyl
groups), water molecules, or oxygen molecules at amiconductor/dielectric interface.
Some systems appear to display hysteresis propesBea result of the semiconductor
morphology [46-48]. In our systerthe polar dielectric functional group coverage (Bf&-
brushes) and the inert operation conditions mingahihysteresis-causing factors [19, 33].
The differences in the DPPEADT crystalline morplgglotherefore, influenced the charge

transport properties rather than the hysteresis.



3. Conclusions

The relationship between the performances of smitprocessed organic transistor
device and the crystalline characteristics of timals molecule films prepared using solvents
with a variety of boiling points was investigatey dbesigning and synthesizing two ADT-
based small semiconducting molecules. The DPPEADMsf displayed crystalline
characteristics whereas the DFEADT films showedlyigamorphous characteristics. The
presence of a PS-brush SAM increased the wettaldfitthe film on the Si@ substrate
during film formation from common high boiling paiorganic solvents. The introduction of
high boiling point solvents enhanced the moleculaering in the crystalline DPPEADT
films by facilitating the formation of extendedr conjugated systems, thereby dramatically
increasing the field-effect mobilities in the OFETSontrolling the morphology of the
DPPEADT film through the use of organic solventshwdifferent boiling points produced
transistors with a mobility of 0.16 &hvs. The device hysteresis behavior depended on the
degree of crystallinity. The effects of the highling point solvent were only observed in the
crystalline semiconductor film, which was capablie improving its molecular packing
structure when allowed a longer crystallizationiger On the other hand, the high boiling
point solvent did not significantly alter the sttwes or morphologies of the highly
amorphous DFEADT films. The appropriate combinatidrhigh boiling point solvents and

surface treatments to produce a crystalline serdiector film increased the value @fer.

4. Experimental
All reagents were obtained from commercial sourmed were used without further purification.

Toluene, tetrahydrofuran (THF), chlorobenzene (CBhd 1,2-dichloromethane (DCM) were



purchased from Aldrich and were purified by passageler a N atmosphere. 1-Ethynyl-4-
pentylbenzene was purchased from Aldrich.

Measurements

TheH NMR spectra were recorded using an Avance-300 ptctrometer. Mass spectra
were measured using a Jeol JIMC-700 and GCmateZh&hmal analysis was performed on
a TA 2050 TGA thermogravimetric analyzer underteogien atmosphere. The samples were
heated at 10°C/min. Differential scanning calorimetas conducted under nitrogen on a TA
instrument 2100 DSC. The samples were heated &/2Mi from 0°C to 250°C. UV-vis
absorption studies were carried out using a Pdtkmer LAMBDA-900 UV/VIS/IR

spectrophotometer.

Anthra[ 2,3-b6,7-bdithiophene-5,11-dione. Thiophene-2,3-dicarboxaldehyde (5 g, 35.7 mmol) was
dissolved in EtOH (450 mL) in a 1 L round-bottoragk with a stir bar, followed by the addition of 2
g 1,4-cyclohexane dione (17.8 mmol). Upon the &aolditof a 15% KOH solution (20 mL), a
precipitate began to form immediately. The mixtwas stirred for an additional hour then filtered to

yield 4.8 g (15 mmol, 84%) of quinone as a yellawgder. Mp: 380 -383 C, MS (El): m/z 320 (M+).

DPPEADT. To an oven-dried 100 mL round-bottom flask equipp&ith a stir bar and cooled under
N, were added 3.7 mb-BuLi (9.36 mmol, 2.5 M solution in hexanes), folled by the dropwise
addition of 1.82 mL 1-ethynyl-4-pentylbenzene (9r6hol). This mixture was stirred for 1 hr then
hexanes (130 mL) and quinone (0.5 g, 1.56 mmol)evatded. The mixture was heated at 60°C
overnight. SnGl(2 g, 10.92 mmol) in 10% HCI (5 mL) was added, #&m& mixture was stirred for 2
hr at 60C. The solution was dried over Mg$@en loaded onto a thick pad of silica. The silics
rinsed with hexanes (500 mL), and the product watee@ using hexanes. Removal of the solvent
yielded 0.49 g (0.78 mmol, 50%) of a violet powdRecrystallization from hexanes yielded pure

DPPEADT as a violet powderH-NMR (300 MHz, CDCJ) § = 9.25 (d, 2H), 8.35 (d, 2H), 7.81-7.74



(m, 4H), 7.57-7.50 (m, 4H), 7.45 (d, 1H), 7.36-7(28 4H), 2.78 (t, 4 HJ) = 7.58 Hz), 1.72-1.57 (m,
4 H), 1.40-1.38 (m, 8 H), 0.95-0.94 (m, 6EG-NMR (500 MHz, CDCJ) & 144.1, 140.0, 139.9,
139.4, 139.3. 132.4, 131.7, 129.8. 129.7, 129.8,412128.7, 123.7, 121.2, 120.0, 104.0, 87.1, 36.0,

31.4,29.7, 22.5, 14.0, MS (El): m/z 630 (M+).

DFEADT. To an oven-dried 100 mL round-bottom flask equipp&th a stir bar and cooled undes N
were added 3.12 mb-BuLi (7.8 mmol, 2.5 M solution in hexanes), folled by the dropwise
addition of 1.7 mL 2-ethynyl-9,9-dimethyl-9H-fluare (7.8 mmol). This mixture was stirred for 1 hr
then hexanes (130 mL) and quinone (0.5 g, 1.56 ynwele added. The mixture was heated at 60°C
overnight. SnGl(2 g, 10.92 mmol) in 10% HCI (5 mL) was added, #&m& mixture was stirred for 2
hr at 60°C. The solution was dried over Mg3fen loaded onto a thick pad of silica. The silics
rinsed with hexanes (500 mL), and the product watee using hexanes. Removal of the solvent
yielded 0.4 g (0.55 mmol, 37%) of a violet powdBRecrystallization from hexanes yielded pure
DFEADT as a violet powderH-NMR (300 MHz, CDCY) & = 9.26 (s, 4H), 8.08-8.06 (m, 4H), 7.97
(s, 2H), 7.92-7.90 (m, 3H), 7.87-7.83 (m, 2H), ZB54 (m, 2H), 7.47—-7.28 (m, 9H), 1.68 (s, 12H),
¥C-NMR (500 MHz, CDCJ) § 154.11, 153.96, 140.09, 139.58, 139.0, 138.5,113129.8, 129.6,
1295, 127.2, 126.7, 125.9, 123.8, 122.7, 121.9,3,2120.6, 120.4, 120.2, 120.0, 117.4, 104.2,,87.4

47.1,27.1, MS (El): m/z 722 (M+).

Fabrication and Characterization of the OFET Dewce

Top-contact OFETs were fabricated on a comrgate of highly n-doped silicon with a
300 nm thick thermally grown SiQlielectric layer. The PS-brush (Mw = 9 k) solutmwas
spin-coated onto the substrates in ambient air tla@desulting films were annealed at 110°C
for 1 h, as described previously [33]. Unreactesidwes of the PS-brush were rinsed with
excess toluene and then sonicated in a toluene fbatB min. Solutions of the organic

semiconductors were spin-coated at 2000 rpm frahw@% solutions to form thin films with



a nominal thickness of 40-50 nm, as confirmed usirgurface profiler (Alpha Step 500,
Tencor). Gold source and drain electrodes were aratgd on top of the semiconductor
layers (100 nm). For all measurements, we usednehdengths (L) of 160 um and channel
widths (W) of 1600 um. The electrical charactecstf the FETs were measured in air using
Keithley 2400 and 236 source/measure units. Fiflstemobilities were extracted in the
saturation regime from the slope of the sourcendmirrent. 1D XRD studies were

performed at the Pohang Accelerator Laboratoryr(thea 5A).
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Table L Summary of the physical properties of DPPEADT BIREADT.

Solution (nm) Film (nm) H(Oeli/l/)o Ltjel\\/l/g) Ba(neo\l/?ap
DPPEADT 529, 570 543, 652 -5.18 -3.11 2.07
DFEADT 539, 578 559, 604 -5.22 -3.19 2.03

* The solution of materials were 20 in chloroform.

* HOMO-LUMO gap Ey) measured according to the onset of UV absoriigr 1240/nseieV).

* HOMO (eV) measured according to the onset of ati@h (HOMO = 4.43 Eynset)



ACCEPTED MANUSCRIPT

Table 2 Device Performance of Solution-Processed OFE3sdan DPPEADT and
DFEADT

Mobility SS

Conditions (cmzlv's) I on/! off Vin (V) (V/decade)
CB 0.018 6.1x10° -7.39 1.4
DPPEADT DCB 0.079 1.5x10° -1.36 0.82
TCB 0.16 3.1x10’ -1.52 0.62
CB 3.9x10° 4.4x10° 10 1.1
DFEADT DCB 3.8x10° 1.7x 10 8.2 0.92
TCB 3.7x10° 2.3x 107 11 1.0




Scheme 1. Synthetic schemes describing the systbEBIPPEADT and DFEADT.

Figure 1. UV-Vis absorption spectra of (a) DPPEADT and @HEADT in solutions or the

film state.

Figure 2. 1D XRD patterns (out-of-plane) of (a) DPPEADT dojiDFEADT, and (in-plane)
of (b) DPPEADT and (d) DFEADT annealed films.

Figure 3. Estimated packing structures for DPPEADT.
Figure 4. Height-mode AFM images of DPPEADT made by (a) ¢8,DCB and (c) TCB,
and AFM images of DFEADT made by (d) CB, (e) DCRi4f) TCB. The vertical scales in

(a-c) and (d-f) represent 30 and 10, respectively.

Figure 5. Schematic diagram of the top-contact-electrod& @Hnvestigated in this study.

Figure 6. Transfer characteristics of (a) DPPEADT and (B)EBDT-based OFET devices

measured in ambient condition.

Figure 7. Transfer characteristics of DPPEADT-based OFET&pagred from (a) CB, (b)
DCB and (c) TCB measured inp Bondition.
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Supporting Information

Solvent Boiling Point affects the Crystalline Prop#dies

and Performances of Anthradithiophene-based Devices

Tae Kyu An? Seong Jong PafkEun Soo Ahrt, Sang Hun JangYebyeol Kim? Kyunghun
Kim,? Hyojung Cha Yu Jin Kim?2 Se Hyun Kim? Chan Eon Parl® and Yun-Hi Kim"®

Figure S1 DFT calculation using Gaussian for DPPEADT andEBBT

Figure S2 Calculated length of the DPPEADT and DFEADT malec
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