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New phenyl and phenylthienyl derivatives end-functionalized with carbazole and a-carboline, 9-(4-
(9H-carbazol-9-yl)phenyl)-9H-carbazole, 9-(4-(9H-carbazol-9-yl)phenyl)-9H-pyrido[2,3-blindole, 9-
(3-(9H-carbazol-9-yl)phenyl)-9H-carbazole, 9-(3-(9H-carbazol-9-yl)phenyl)-9H-pyrido[2,3-b]indole,

9-(4-(5-(9H-carbazol-9-yl)thiophen-2-yl)phenyl)-9H-carbazole,  and

9-(3-(5-(9H-carbazol-9-yl)

thiophen-2-yl)phenyl)-9H-carbazole were synthesized and characterized as organic semiconduc-
tors for organic thin-film transistors (OTFTs). Most compounds exhibited p-channel characteristics
with carrier mobility as high as 1.7 x 107 c¢cm?/Vs and a current on/off ratio of 10>-10* for

top-contact/bottom-gate OTFT devices.

Keywords: Organic Thin-Film Transistors, Organic Semiconductor, Phenylthiophene, Carbazole,

a-Carboline.

1. INTRODUCTION

Organic electronic devices have gained considerable inter-
est due to their potential applications as low-cost, solution-
processable, flexible electronics."?> Among them, organic
thin-film transistors (OTFTs) are representative examples
employed for most modern electronics.>* To this end,
there have been extensive efforts to develop and opti-
mize basic OTFT components—semiconductor, dielectric,
and contacts. Among previously developed OTFT semi-
conductors, pentacene,>” oligothiophene,®® and anthra-
dithiophene derivatives'® are representative examples with
high carrier mobility. There is still a need to develop
and optimize novel organic semiconductors with high
electrical performance and ambient stability via con-
trolling their chemical structure, molecular interaction,
and the resulting film microstructure/morphology.!!-1¢
Carbazole and a-carboline are aromatic heterocyclic
organic compounds which contain indole structure fused
with benzene and pyridine ring structure, respectively.
Although organic semiconductors based on carbazole and

*Authors to whom correspondence should be addressed.
"These two authors contributed equally to this work.
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a-carboline moieties have extensively been studied as host
materials for phosphorescent organic light-emitting diodes
(PHOLEDs),'7?° they have hardly been employed for
OTFTs.*!

To this end, we have synthesized six organic semicon-
ductors based on phenyl and phenylthienyl cores function-
alized with carbazole and a-carboline moieties (Fig. 1).
As shown, chemical structures of organic semiconduc-
tors were varied by linking carbazoles or carbazole/a-
carboline groups with phenyl and phenylthienyl moieties.
New compounds were characterized by thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC),
UV-vis spectroscopy, and cyclic voltammetry to obtain
thermal, optical, and electrochemical data. Density func-
tional theory (DFT) calculations were performed to deter-
mine HOMO/LUMO energy levels as well as molecular
structure of each compound. Furthermore, the semicon-
ductor films were employed as an active layer via vac-
uum deposition in a top-contact/bottom-gate OTFT and the
resulting devices were characterized. Finally, the morphol-
ogy and microstructure of the semiconducting films were
investigated by atomic force microscopy (AFM) and X-ray
diffraction (XRD) to correlate these properties with device
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Figure 1. Chemical structures of the phenyl and phenylthienyl deriva-
tives employed in this study.
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performance. Our results revealed that most devices were
active as p-channel OTFTs with carrier mobility as high
as 1.7 x 1073 cm?/Vs and current on/off ratio of ~10%.

2. EXPERIMENTAL DETAILS

2.1. General Methods

Air and/or moisture sensitive reactions were carried out
under an argon atmosphere in oven-dried glassware and
with anhydrous solvents. All compounds were purchased
from commercial sources unless otherwise noted and used
without further purification. Solvents were freshly distilled
(1,4-dioxane and toluene over sodium) or dried by pass-
ing through an alumina column. Thin layer chromatog-
raphy was carried out on glass plates coated with silica
gel SiO, 60 F254 from Merck; visualization with a UV
lamp (254 nm) or by staining with a p-anisaldehyde or
potassium permanganate solution. Flash chromatography
was performed with silica gel SiO, 60 (0.040-0.063 um,
230-400 mesh), technical solvents, and a head pressure of
0.2-0.4 bar. Proton (*H) and carbon ('3C) nuclear mag-
netic resonance (NMR) spectroscopy was performed on
a JEOL ECP-400 spectrometer at 400 MHz ('H) and
100 MHz ("3C) at 294 K. Chemical shifts are reported
in ppm relative to the residual protiated solvent (CDCl,:
S6H = 7.26 ppm, 6C = 77.16 ppm). All '3C NMR spec-
tra are proton decoupled. The resonance multiplicity is
described as s (singlet), d (doublet), ¢ (triplet), ¢ (quartet),
p (pentet), dd (doublet of doublet), dt (doublet of triplet),
td (triplet of doublet), m (multiplet), and br (broad). High-
resolution mass spectrometry (HRMS) was measured on a
JEOL JMS-700 spectrometer. Mass peaks are reported in
m/z units.
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2.2. Synthesis
2.2.1. Synthesis of 9-(3-iodophenyl)-9H-Carbazole and
9-(3-(9H-carbazol-9-yl) phenyl)-9H-Carbazole (1)
9H-Carbazole (3.5 g, 20.9 mmol), 1,3-diiodobenzene
(10.3 g, 31.4 mmol), Cul (1.2 g, 6.3 mmol), K,CO, (11.4 g,
83.7 mmol), and 18-crown-6 ether (2.8 g, 10.5 mmol)
were dissolved in 150 mL of o-dichlorobenzene (DCB)
and the reaction mixture was allowed to reflux under
a nitrogen atmosphere for 35 h. Then solvent was dis-
tilled under vacuo. The crude mixture was diluted with
CH,Cl,, filtered, and then the residue was washed with
CH,Cl,. The combined filtrates were washed with dis-
tilled H,O. The organic layer was dried on anhydrous
MgSO, and evaporated in vacuo to give the crude prod-
uct. Then the crude product was purified by flash column
chromatography on silica gel to give 9-(3-iodophenyl)-9H -
carbazole (3.62 g, 46.9%) and compound 1 (600 mg, 7.0%).
Spectral data matched well with values reported in the
literature.'®-222* 9-(3-Iodophenyl)-9 H-carbazole: '"H NMR
(400 MHz, CDCl,): 6 8.14 (d,7.7Hz,2 H), 7.94 (¢, 1.4 Hz,
1 H),7.81(dt,1.4,8.0Hz, 1 H),7.57 (ddd, 1.1,2.2,8.0 Hz,
1 H), 7.38-7.43 (m, 4 H), 7.29-7.36 (m, 3 H). Compound
1: '"H NMR (400 MHz, CDCl,): 6 8.17 (d, 7.7 Hz, 4 H),
7.86 (t, 8.0 Hz, 1 H), 7.84 (d, 1.1 Hz, 1 H), 7.72 (dd,
1.8, 8.0 Hz, 2 H), 7.56 (d, 8.0 Hz, 4 H), 7.46 (¢, 8.0 Hz,
4 H), 7.33 (1, 7.7 Hz, 4 H). *C NMR (100 MHz, CDCl,):
0 140.5, 139.3, 131.1, 126.1, 125.7, 125.2, 123.5, 120.4,
120.2, 109.6.

2.2.2. Synthesis of 9-(3-(9H-carbazol-9-yl)phenyl)-9H-
Pyrido[2,3-b] Indole (2)

9-(3-Iodophenyl)-9H-carbazole (300 mg, 0.81 mmol),
a-carboline (150.3 mg, 0.89 mmol), Cul (46.3 mg,
0.24 mmol), K,;PO, (343.9 mg, 1.62 mmol), and trans-1,2-
diaminocyclohexane (29.2 uL, 0.24 mmol) were dissolved
in 10 mL of I,4-dioxane under a nitrogen atmosphere.
The reaction mixture was refluxed for 20 h and the reac-
tion mixture was filtered and the residue was washed with
CH,Cl,. The combined filtrates were washed with dis-
tilled water. The organic layer was dried on anhydrous
MgSO, and evaporated in vacuo to give the crude prod-
uct. Then the crude product was purified by flash col-
umn chromatography on silica gel to give compound 2
(147.4 mg, 44.4%). '"H NMR (400 MHz, CDCl,): § 8.54
(dd, 1.4, 5.1 Hz, 1 H), 8.40 (dd, 1.4, 7.7 Hz, 1 H), 8.15
(dd, 5.1, 7.7 Hz, 3 H), 7.97 (bt, 1.4 Hz, 1 H), 7.80-
7.87 (m, 2 H), 7.65-7.72 (m, 4 H), 7.51 (dt, 1.1, 8.0 Hz,
1 H), 7.45 (dt, 1.1, 8.0 Hz, 2 H), 7.26-7.38 (m, 4 H).
BC NMR (100 MHz, CDCl,): & 151.7, 146.4, 140.5,
139.5, 138.8, 137.7, 130.7, 128.3, 127.1, 126.0, 125.6,
125.5, 124.4, 123.5, 121.0, 120.3, 120.1, 116.4, 110.3,
109.8.

911



Novel Organic Semiconductors Based on Phenyl and Phenylthienyl Derivatives for Organic Thin-Film Transistors

Lee et al.

2.2.3. Synthesis of 9-(4-bromophenyl)-9H-Carbazole
9H-Carbazole (5.02 g, 30 mmol), 1,4-dibromobenzene
(14.15 g, 60 mmol), Cul (5.71 g, 30 mmol), K,CO,
(16.59 g, 120 mmol), and 18-crown-6 ether (3.96 g,
15 mmol) were dissolved in 100 mL of N,N-
dimethylacetamide (DMA) and the reaction mixture was
allowed to reflux under a nitrogen atmosphere for 45 h.
Then N, N-dimethylacetamide was distilled under vacuo.
The crude mixture was diluted with CH,Cl,, filtered,
and the residue was washed with CH,Cl,. The combined
filtrates were washed with distilled H,O. The organic
layer was dried on anhydrous MgSO, and evaporated in
vacuo to give the crude product. Then the crude prod-
uct was purified by flash column chromatography on sil-
ica gel to give 9-(4-bromophenyl)-9H -carbazole (6.53 g,
67.5%). Spectral data matched well with values reported
in the literature.”*'H NMR (400 MHz, CDCl,): & 8.17 (d,
7.7 Hz, 2 H), 7.72 (d, 8.8 Hz, 2 H), 7.38-7.48 (m, 6 H),
7.30-7.34 (m, 2 H).

2.2.4. Synthesis of 9-(4-(9H-carbazol-
9-yl)phenyl)-9H-Carbazole (3)

9-(4-Bromophenyl)-9H-carbazole (300 mg, 0.93 mmol),
9H-carbazole (186.8 mg, 1.11 mmol), Cul (53.2 mg,
0.28 mmol), K,CO, (506 mg, 3.72 mmol), and 18-crown-6
ether (123 mg, 0.47 mmol) were dissolved in 10 mL of
N, N-dimethylacetamide (DMA) and the reaction mixture
was allowed to reflux under a nitrogen atmosphere for
24 h. The reaction mixture was allowed to cool to room
temperature. Then the crude mixture was filtered, and the
residue was washed with CH,Cl,. The combined filtrates
were evaporated to dryness under reduced pressure. The
crude product was purified by flash column chromatogra-
phy on silica gel to give compound 3 (35 mg, 9.2%, brsm
15.6%). Spectral data matched well with values reported
in the literature.” 'H NMR (400 MHz, CDCl,): & 8.20 (d,
8.0 Hz, 4 H), 7.83 (s, 4 H), 7.58 (d, 8.0 Hz, 4 H), 7.49
(dt, 1.1, 8.4 Hz, 4 H), 7.35 (dt, 1.1, 8.4 Hz, 4 H). BC
NMR (100 MHz, CDCly): & 140.7, 136.6, 128.3, 126.1,
123.5, 120.4, 120.2, 109.7.

2.2.5. Synthesis of 9-(4-(9H-carbazol-9-yl)
phenyl)-9H-Pyrido [2, 3-b] Indole (4)

9-(4-Bromophenyl)-9H-carbazole (300 mg, 0.93 mmol),
a-carboline (187.7 mg, 1.12 mmol), Cul (53.2 mg,
0.28 mmol), K,CO; (506.6 mg, 3.72 mmol), and 18-
crown-6 ether (24.6 mg, 0.092 mmol) were dissolved in
10 mL of N, N-dimethylacetamide (DMA) and the reac-
tion mixture was allowed to reflux under a nitrogen atmo-
sphere for 24 h. The reaction mixture was allowed to cool
to room temperature. Then the crude mixture was filtered,
and the residue was washed with CH,Cl,. The combined
filtrates were evaporated to dryness under reduced pres-
sure. The crude product was purified by flash column chro-
matography on silica gel to give compound 4 (53 mg,
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13.9% , brsm 20.8%). '"H NMR (400 MHz, CDCl,): & 8.56
(dd, 1.4, 4.7 Hz, 1 H), 8.44 (dd, 1.4, 7.7 Hz, 1 H), 8.18
(d, 7.7 Hz, 3 H), 7.94 (d, 8.4 Hz, 2 H), 7.84 (d, 8.4 Hz,
2 H), 7.67 (d, 8.4 Hz, 1 H), 7.60 (d, 8.0 Hz, 2 H), 7.55
(dt, 1.1, 8.0 Hz, 1 H), 7.47 (dt, 1.1, 8.0 Hz, 2 H), 7.40
(t, 8.0 Hz, 1 H) 7.29-7.35 (m, 3 H). *C NMR (100 MHz,
CDCl,): 6 151.7, 146.4, 140.7, 139.8, 136.7, 135.1, 128.5,
128.4, 128.0, 127.1, 126.0, 123.5, 121.1, 121.0, 120.3,
120.1, 116.5, 116.4, 110.4, 109.8. HRMS-EI(m/z): [M*]
caled for C,yH,oNj;, 409.1579; found, 409.1576.

2.2.6. Synthesis of 4,4,5,5-Tetramethyl-2-(thiophen-2-
yl)-1,3,2-Dioxaborolane

n-BuLi (41.18 mL, 65.9 mmol, 1.6 M in hexane) was
added drop wise to the stirred solution of thiophene (5.04 g,
59.9 mmol) in 50 mL of THF at —78 °C. Then the solu-
tion was stirred for 30 min at room temperature. After
cooling to —78 °C, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (11.14 g, 59.9 mmol) in 80 mL of THF
was added and the reaction mixture was allowed to stir
for 30 min at room temperature. After completion of the
reaction (indicated by TLC), solvent was removed under
vacuum and the residue was taken up in CHCl;. Aqueous
5 N HCI (50 mL) was added under vigorous stirring for
30 min. The organic layer was collected and dried over
MgSO,. After evaporation of the solvent the product was
recrystallized from pentane (10.78 g, 86.0%). Spectral data
matched well with values reported in the literature.?*'H
NMR (400 MHz, CDCl;): 6 7.65(d, 3.6 Hz, 1 H), 7.63 (d,
4.6 Hz, 1 H), 7.20 (dd, 4.7, 3.6 Hz, 1 H), 1.34 (s, 12 H).

2.2.7. Synthesis of 2-(4-bromophenyl) Thiophene

A mixture of 1-bromo-4-iodobenzene (2.0 g, 7.07 mmol),
4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane
(2.97 g, 14.1 mmol), Pd(PPh;), (408 mg, 0.35 mmol), and
Na,CO; (1.49 g, 14.1 mmol) were dissolved in toluene
(40 mL), THF (15 mL), and H,O (15 mL) and the reaction
mixture was refluxed for 5 h. After completion of the
reaction (indicated by TLC), the solvent was removed
under vacuum, H,O (30 mL) and CH,Cl, (40 mL) were
added. The organic layer was separated and dried on
anhydrous MgSO,. The solvent was removed under
reduced pressure. Then the crude product was purified by
flash column chromatography on silica gel to give 2-(4-
bromophenyl) thiophene (1.26 g, 74.6%). Spectral data
matched well with values reported in the literature.?’ 'H
NMR (400 MHz, CDCl,): 6 7.48 (d, 3.6 Hz, 4 H), 7.29
(d, 44 Hz, 2 H), 7.07 (dt, 1.4, 4.4 Hz, 1 H).

2.2.8. Synthesis of 2-(3-bromophenyl) Thiophene

A mixture of 1,3-dibromobenzene (2.0 g, 8.47 mmol),
4,4,5,5-tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane
(2.67 g, 12.7 mmol), Pd(PPh;), (489 mg, 0.42 mmol), and
Na,CO; (1.79 g, 16.9 mmol) were dissolved in toluene
(50 mL), THF (15 mL), and H,O (15 mL) and the reaction
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mixture was refluxed for 2.5 h. After completion of the
reaction (indicated by TLC), the solvent was removed
under vacuum, H,O (30 mL) and CH,Cl, (50 mL) were
added. The organic layer was separated and dried on
MgSO,. The solvent was removed under reduced pressure.
Then the crude product was purified by flash column
chromatography on silica gel to give 2-(3-bromophenyl)
thiophene (1.58 g, 77.9%). Spectral data matched well
with values reported in the literature.”® 'H NMR (400 MHz,
CDCly): 6 7.76 (¢, 1.8 Hz, 1 H), 7.53 (¢d, 1.1, 7.7 Hz,
1 H), 7.40 (¢d, 1.1, 8.4 Hz, 1 H), 7.31 (d, 4.4 Hz, 2 H),
7.24 (¢, 7.7 Hz, 1 H), 7.09 (1, 4.4 Hz, 1 H).

2.2.9. Synthesis of 2-Bromo-5-(4-bromophenyl)
Thiophene

N-Bromosuccinimide (1.87 g, 10.5 mmol) was added in
small portions to the solution of 2-(4-bromophenyl) thio-
phene (1.26 g, 5.27 mmol) in anhydrous THF (40 mL)
at room temperature under a nitrogen atmosphere. The
reaction mixture was allowed to stir at room temperature
under for 2.5 h. After completion of the reaction (indi-
cated by TLC), H,O (30 mL) and Et,O (60 mL) were
added. The organic layer was separated and dried on anhy-
drous MgSO,. The solvent was removed under reduced
pressure. Then the crude product was purified by flash
column chromatography on silica gel to give 2-bromo-5-
(4-bromophenyl) thiophene (1.67 g, 99.7%). Spectral data
matched well with values reported in the literature.””'H
NMR (400 MHz, CDCly): 6 7.49 (d, 8.4 Hz, 2 H), 7.36
(d, 8.4 Hz, 2 H), 7.03 (s, 2 H).

2.2.10. Synthesis of 2-Bromo-5-(3-bromophenyl)
Thiophene

N-Bromosuccinimide (2.23 g, 12.5 mmol) was added in
small portions to the solution of 2-(3-bromophenyl) thio-
phene (1.50 g, 6.27 mmol) in 40 mL of anhydrous THF at
room temperature under a nitrogen atmosphere. The reac-
tion mixture was allowed to stir at room temperature for
2.5 h. After completion of the reaction (indicated by TLC),
H,0 (30 mL) and Et,0 (60 mL) were added. The organic
layer was separated and dried on MgSO,. The solvent was

N/©\N
O, O

+

Cul, K,COj

o
O G

18-crown-6

Scheme 1. Synthesis of compounds 1 and 2.
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removed under reduced pressure. Then the crude product
was purified by flash column chromatography on silica gel
to give 2-bromo-5-(3-bromophenyl) thiophene (653 mg,
65.9%). Spectral data matched well with values reported
in the literature.”'H NMR (400 MHz, CDCL,): 8 7.65 (¢,
1.8 Hz, 1 H), 7.42 (dd, 1.4, 7.7 Hz, 2 H), 7.23 (¢, 7.7 Hz,
1 H), 7.04 (d, 2.5 Hz, 2 H). *C NMR (100 MHz, CDCl,):
0 143.9, 135.5, 130.9, 130.7, 130.4, 128.4, 124.1, 124.0,
123.0, 112.3.

2.2.11. Synthesis of 9-(4-(5-(9H-carbazol-9-yl)
thiophen-2-yl) phenyl)-9H-Carbazole (5)
2-Bromo-5-(4-bromophenyl)  thiophene (100  mg,
0.31 mmol), 9H-carbazole (120.9 mg, 0.72 mmol), Cul
(17.9 mg, 0.094 mmol), K;PO, (133 mg, 0.63 mmol),
and trans-1,2-diaminocyclohexane (11.2 uL, 0.094 mmol)
were dissolved in 10 mL of 1,4-dioxane under a nitrogen
atmosphere. The reaction mixture was refluxed for 24 h.
Then the reaction mixture was filtered and the residue
was washed with CH,Cl,. The combined filtrates were
washed with distilled water. The organic layer was dried
on anhydrous MgSO, and evaporated in vacuo to give the
crude product. Then the crude product was purified by
flash column chromatography on silica gel to give com-
pound 5 (100 mg, 64.9%). '"H NMR (400 MHz, CDCl,):
0 8.16 (dd, 7.7, 13.5 Hz, 4 H), 7.88 (d, 8.4 Hz, 2 H), 7.64
(d, 8.4 Hz, 2 H), 7.60 (d, 8.4 Hz, 2 H), 7.42-7.51 (m,
8 H), 7.30-7.36 (m, 4 H). *C NMR (100 MHz, CDCl,):
0 141.8, 141.5, 140.6, 138.2, 137.2, 133.0, 127.5, 127.0,
126.3, 126.0, 125.9, 123.6, 123.4, 122.3, 120.7, 120.3,
120.2, 120.1, 110.2, 109.7. HRMS-EI(m/z): [M*] caled

for C;,H,,N,S, 490.1504; found, 490.1507.

2.2.12. Synthesis of 9-(3-(5-(9H-carbazol-9-yl)
thiophen-2-yl) phenyl)-9H-Carbazole (6)
2-Bromo-5-(3-bromophenyl)  thiophene (200  mg,
0.63 mmol), 9H-carbazole (242 mg, 1.38 mmol), Cul
(36.0 mg, 0.19 mmol), K;PO, (266 mg, 1.25 mmol),
and trans-1,2-diaminocyclohexane (22.6 pL, 0.19 mmol)
were dissolved in 15 mL of 1,4-dioxane under a nitrogen
atmosphere. The reaction mixture was refluxed for 16 h.
Then the reaction mixture was filtered and the residue

Cul, K3PO,

1,4-Dioxane reflux, 20 h

913



Novel Organic Semiconductors Based on Phenyl and Phenylthienyl Derivatives for Organic Thin-Film Transistors

Lee et al.

Lpe0r

Cul, K,CO4 O
N
18-crown-6
DMA, reflux, 45 h O

Scheme 2. Synthesis of compounds 3 and 4.

was washed with CH,Cl,. The combined filtrates were
washed with distilled water. The organic layer was dried
on anhydrous MgSO, and evaporated in vacuo to give
the crude product. Then the crude product was purified
by flash column chromatography on silica gel to give
compound 6 (135 mg, 43.8%). 'H NMR (400 MHz,
CDCly): 6 8.18 (dd, 0.7, 8.0 Hz, 2 H), 8.12 (dd, 0.7,
8.0 Hz, 2 H), 7.88 (1, 2.2 Hz, 1 H), 7.72-7.75 (m, 1 H),
7.66 (t, 7.7 Hz, 1 H), 7.567 (¢, 8.0 Hz, 3 H), 7.43-7.51
(m, 7 H), 7.30-7.35 (m, 4 H), 7.21 (d, 3.6 Hz, 1 H). BC
NMR (100 MHz, CDCly): & 141.7, 141.2, 140.7, 140.5,
138.9, 130.5, 126.3, 126.1, 126.0, 125.8, 124.6, 124.1,
123.5, 123.4, 122.5, 120.7, 120.4, 120.3, 120.29, 120.22,
120.1, 110.2, 109.7, 109.6. HRMS-El(m/z): [M'] caled
for C;,H,,N, S, 490.1504; found, 490.1503.

2.3. Theoretical Calculation

Density functional theory (DFT) calculations on the
present semiconductors were performed using the B3LYP
(Becke’s 3 parameters employing the Lee-Yang-Parr) func-
tional and the 6-31G basis set as implemented in Gaussian
03W program.

2.4. Device Fabrication

Top-contact/bottom-gate OTFTs were fabricated on a
heavily n-doped silicon (n**-Si) substrate with thermally
grown silicon dioxide (300 nm SiO,) as dielectric layer.
The SiO,/Si substrate was washed in an ultrasonic bath
using acetone for 10 min, dried using a nitrogen gun,
and cleaned by air plasma for 5 min (Harrick Plasma,
18 W). Various gate dielectric layers including two
self-assembled monolayers (hexamethyldisilazane; HMDS
and octadecyltrimethoxysilane; OTMS) and two polymer
(polystyrene; PS and polymethylmethacrylate; PMMA)
layers were applied onto the surface of the substrate. For
HMDS treatment, a few drops of HMDS were loaded
inside a self-assembly chamber under an N, atmosphere
and the SiO,/Si substrates were exposed to this atmosphere
for 48 h to give a hydrophobic surface with aqueous con-
tact angle of 102°. For OTMS treatment, 3 mM solution of
OTMS in trichloroethylene was dropped on SiO,/Si sub-
strate and the substrate was spin-coated at 3000 rpm. Then,
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the substrate was placed in a N, filled closed chamber
with a few mL of ammonium hydroxide solution for vapor
annealing for 10 h at room temperature. The substrate was
then rinsed with DI water and toluene, resulting in aqueous
contact angle of 113°. Furthermore, two polymer buffer
layers including PS (M, = 30 kg/mol) and PMMA (M, =
25 kg/mol) were spin-coated onto the SiO,/Si substrate
(10 mg/mL in toluene, 5000 rpm), resulting in thickness
of ~40 nm. The organic semiconductor thin films (70 nm)
were vacuum-deposited onto the substrates at 20 and 60 °C
at a deposition rate of 0.4 A s~! under a pressure of 5 x
10-° Torr. Gold source/drain electrodes (40 nm) were ther-
mally evaporated through a shadow mask with a channel
length and width of 50 and 2000 pum, respectively.

2.5. Characterization

Thermogravimetric analyses (TGA, TA Instrument Q50-
1555) were performed on each sample in a platinum
crucible; the sample was heated from 40 to 700 °C at
a heating rate of 10 °C min~!, while the chamber was
purged continuously with N, gas at a rate of 100 mL
min~!. Differential scanning calorimetry (DSC) analyses
(TA instrument Q20-2487) were performed at a scan rate
of 10 K min~' from 40 to 300 °C. The UV-visible spec-
tra of the compounds in chloroform were obtained using
a JASCO V-660 spectrometer with quartz cuvette over
the special range 200-700 nm. Cyclic voltammetry (CV)
experiments were performed with a conventional three-
electrode configuration (glassy carbon working electrode,
platinum-wire counter electrode, and Ag/AgCl reference
electrode) with supporting electrolyte of tetrabutylam-
monium tetrafluoroborate in the specified dry solvent
on AUT302N Electrochemical Analyzer (Autolab). All
electrochemical potentials were referenced to an Fct/Fc
internal standard. The current—voltage characteristics of
fabricated OTFT devices were measured at room temper-
ature under vacuum using a Keithley 4200 SCS. Carrier
mobilities (u) were calculated in the saturation regime.*
Film thicknesses were measured by profilometer (Dec-
tak XT). The surface morphology and film microstruc-
ture of thin films was characterized using an atomic
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Scheme 3. Synthesis of compounds 5 and 6.

force microscope (AFM, NX10, Park Systems) and X-ray
diffraction (XRD, Miniflex, Rigaku), respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis

Compounds 1 and 9-(3-iodophenyl)-9H -carbazole were
synthesized by an Ullmann coupling of 1,3-diiodobenzene
and carbazole according to the method reported in the
literature.!>?>2>  Then 9-(3-iodophenyl)-9H-carbazole
was treated with a-carboline to afford compound 2
(Scheme 1). 9-(4-Bromophenyl)-9H-carbazole was syn-
thesized by an Ullmann coupling of 1,4-dibromobenzene
and carbazole according to the method reported in the
literature.>**  Then  9-(4-bromophenyl)-9H-carbazole
was further reacted with carbazole and a-carboline to
give compounds 3 and 4 as shown in Scheme 2. Com-
pound 5 was synthesized through the following route.
First 1-bromo-4-iodobenzene was reacted with 4,4,5,5-
tetramethyl-2-(thiophen-2-yl)-1,3,2-dioxaborolane  under
palladium catalyst via Suzuki coupling to give 2-(4-
bromophenyl) thiophene, then bromination was tried using
NBS. Finally, 2-bromo-5-(4-bromophenyl) thiophene was

Table I. Physical and electrochemical properties of compounds 1-6.

Br \S |
;
B0ty

1,4-Dioxane, reflux O O
N S
O 70
6

NBS, THF
—_—

S Br
08" o
+
rt s Br O
O
Br

NH

treated with carbazole to afford compound 5. The syn-
thesis of compound 6 was exactly the same as that of
compound S except using 1,3-dibromobenzene instead of
1-bromo-4-iodobenzene as shown in Scheme 3.26-%

3.2. Thermal and Optical Properties

Thermal properties of the new phenyl and phenylthienyl
derivatives were characterized by thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC).
Sharp endotherms above 162 °C and weight loss (~5%)
upon heating above 302 °C were observed (Table I), indi-
cating thermal stability of the developed compounds in
this study. The optical absorption spectra of the com-
pounds 1-4 (phenyl derivatives) in chloroform solution
showed similar patterns with A, =242, 293 nm for com-
pound 1, A, = 246, 293 nm for compound 2, A, =
245, 293 nm for compound 3, and A,,, = 244, 294 nm
for compound 4, respectively (Fig. 2). Similarly, com-
pounds 5 and 6 (phenylthienyl derivatives) exhibited A,,,.s
at similar positions as shown in Figure 2 (at 241, 293,
339 nm for compound § and at 246, 292, 328 nm for
compound 6, respectively). Hence, the HOMO-LUMO
energy gaps calculated from the onset of the experimental

DSC T, (°C) TGA (°C; 5%) UV-Vis A,,, (nm)’ EPk(V)? E,, (eV) HOMO (eV)’ LUMO (eV)*
1 181 302 242, 293 1.45 3.57 -5.55 —1.98
2 162 322 246, 293 143 353 -5.53 —2.00
3 321 323 245, 293 1.32 3.55 —5.42 —1.87
4 279 326 244, 294 1.33 3.52 —5.43 -1.91
5 185 369 241, 293, 339 1.23 331 -5.33 —2.02
6 170 353 246, 292, 328 112 3.32 —522 ~1.90

Notes: “Measured by UV-vis spectroscopy; “Measured by cyclic voltammetry in 0-C¢H,Cl, at 25 °C (using ferrocene/ferrocenium as internal standard at +0.7 V); ¢Calculated

as LUMO = HOMO + Eg,.

J. Nanosci. Nanotechnol. 16, 910-919, 2016
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Figure 2. Optical spectra of carbazole/a-carboline derivatives.

optical absorption are ~3.55 eV for compounds 1-4
and ~3.30 eV for compounds 5 and 6. These results
might indicate that the compounds with longer molecu-
lar length (more chemical moieties) exhibit the greater
-conjugation.

3.3. Electrochemical Properties

Cyclic voltammetry (CV) measurements of the new com-
pounds were performed in o-Cc,H,Cl, at 25 °C. The
compounds 1 and 2 exhibited oxidation peaks at around
+1.44 V (using ferrocene/ferrocenium as an internal stan-
dard at +0.7 V). The oxidation potential of compounds 3
and 4 3; E,, =+132V, 4; E, = +1.33 V) is slightly

@ ?

HOMO: -5.47 eV LUMO: -0.74 eV

HOMO: -5.35 eV

LUMO: -0.78 eV

e (¢ -5
Sy

HOMO: -5.36 eV

LUMO: -1.58 eV

kah

1077
Vps =—100 V
1077 3
<
%) E
8 E
107 -
13 1. 1 ' 1 n 1
10 -100 -50 0
Vg (V)

Figure 4. Representative device characteristic (transfer plot) of OTFT
device fabricated with thin films of compounds 5 on HMDS-treated SiO,
substrates (7}, = 60 °C).

shifted to more negative values, compared to that of com-
pounds 1 and 2. Phenylthienyl derivatives compounds §
and 6 exhibited the oxidation potentials shifted to more
negative values (E,, = +1.23 V and +1.12 V, respectively)
compared to compounds 1-4. Hence, HOMO energy lev-
els obtained by the conversion of oxidation potential using
ferrocene as the standard were higher for compounds 5 and
6 (—5.33 and —5.22 eV, respectively), compared to com-
pounds 1-4(—5.55-—5.42 eV). The LUMO energy levels
for each compound were calculated from the HOMO (from

(b) ] 3 »
25 2 O
_ q e
J J: 3.".“"
J.~.. 4 f .J“‘ >
<4

HOMO: -5.39 eV LUMO: -1.22 eV

(d)

HOMO: -5.41 eV LUMO: -1.55 eV

Figure 3. Molecular orbital surfaces of HOMO and LUMO by DFT calculation of compounds (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6.
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Figure 5. 6-260 XRD scans of thin films of compounds 1-6.

CV measurement) and the bandgap (from UV-vis measure-
ment), as shown in Table I.

3.4. Theoretical Calculation

The molecular structure and HOMO/LUMO energy distri-
bution of phenyl and phenylthienyl derivatives were deter-
mined by DFT (B3LYP) calculation with 6-31G basis
sets (Fig. 3). Overall, strong electron-donating character of
nitrogen of the carbazole and electron-accepting charac-
ter of the a-carboline are projected on the HOMO/LUMO
energy distribution. For compounds with only carbazole
moieties on both ends (compounds 1, 3, 5, and 6), the
HOMO was rather dispersed over the whole molecule
(except compound 6), while the LUMO was either dis-
persed (compounds 1 and 3) or localized on the phenylth-
iophene moieties (compounds 5 and 6). On the other hand,
compounds with both carbazole and a-carboline on both
ends (compounds 2 and 4) exhibited localized HOMO and

Table II. TFT device performance parameters based on thin films of
compounds 1-6 employed in this study (7},: deposition temperature, pu:
carrier mobility, 1, /I current on/off ratio,V;; threshold voltage).

Surface
Compound  treatment 7, (°C)  u (cm?/Vs) 1./ Vi (V)
1 HMDS 60 2.2x107° 1.8 x 10? -30
PS 20 1.7x107  2.7x10' —26
PMMA 60 35x107  3.1x10" =55
2 Not active
3 PS 60 5.4x10°° 1.1 x10? —44
PMMA 60 32x 107 42x10>° —49
4 OTMS 20 1.4x10°° 1.2 x 10? —-56
PMMA 20 1.3.x10°¢  1.0x10*> =55
5 PS 60 1.7x107°  82x10° —23
OTMS 60 1.5x107°  26x10* —26
HMDS 60 74x107° 45x10° —40
6 PS 60 2.1x107° 43x10' —65
PMMA 60 21x107  40x10" =32

J. Nanosci. Nanotechnol. 16, 910-919, 2016

LUMO distribution; the HOMO and LUMO was localized
on the carbazole and a-carboline moiety, respectively.

3.5. Thin-Film Transistor Characterization

New phenyl and phenylthienyl derivatives were tested as
organic semiconductors for top-contact/bottom gate OTFT
devices. All of the compounds were vacuum-deposited
on bare, HMDS-treated, OTMS-treated, PS-coated, and
PMMA-coated SiO,/Si substrates at 20 and 60 °C. The
representative device characteristics are shown in Figure 4.
Overall, devices were not active on hydrophilic bare
Si0,/Si substrates. Devices based on thin films of com-
pounds 1-6 (except compound 2) exhibited p-channel
activity with relatively low device performance (vide
infra). The OTFT devices exhibited carrier mobilities of
10751077 cm?/Vs and a current on/off ratio of ~10*~10*.
Unfortunately, no clear correlation between device perfor-
mance, surface treatment, and deposition temperature was
found in this series of compounds. Of the compounds that
were employed in this study, compound 5 exhibited the

Figure 6. AFM image (5 x5 wm?) of thin films (70 nm) of (a) com-
pound 1 (on PMMA at 60 °C), (b) compound 2 (on Bare at 60 °C),
(c¢) compound 3 (on PMMA at 20 °C), (d) compound 4 (on PMMA at
20 °C), (e) compound 5 (on HMDS at 60 °C), and (f) compound 6 (on
PS at 60 °C).
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highest device performance with carrier mobility as high
as 1.7 x 107° cm?/Vs.

3.6. Thin-Film Microstructure and Morphology

Film microstructure and surface morphology of vacuum-
deposited films were characterized using wide-angle 6—26
XRD and AFM to evaluate device performance. Devices
with high electrical performance generally exhibit films
with high film crystallinity and large grain size. Figure 5
shows conventional 6/26 XRD scans of thin films based
on compounds 1-6. As shown, all of films did not exhibit
any significant Bragg reflections, indicating poor film tex-
ture. Furthermore, surface morphologies of organic semi-
conductor thin films (70 nm) were characterized by AFM
(Fig. 6). As shown, thin films of phenyl and phenylthienyl
derivatives showed either ball-shaped grains with small
grain sizes (compounds 1, 3, and 4) or relatively smooth
surface (compounds 2, 5, and 6).

4. CONCLUSIONS

A family of new phenyl and phenylthienyl end-
functionalized with carbazole and/or a-carboline moiety
was synthesized and characterized. Thin-film transis-
tors fabricated from these molecules exhibited p-channel
device characteristics with relatively low electrical perfor-
mance, possibly due to poor film microstructure and grain
morphology. Further molecular engineering on phenyl and
phenylthienyl derivatives are in progress.
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