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Two fluorene-based conjugated copolymers containing hexyl-thiophene derivatives, PF-IT and PF-4T, were 
synthesized via the palladium-catalyzed Suzuki coupling reaction. The number-average molecular weights 
(Mi) of PF-IT and PF-4T were found to be 19,100 and 13,200, respectively. These polymers were soluble in 
common organic solvents such as chloroform, chlorobenzene, toluene, etc. The UV-vis absorption maximum 
peaks ofPF-1 T and PF-4T in the film state were found to be 410 nm and 431 nm, respectively. Electrochemical 
characterization revealed that these polymers have low highest occupied molecular orbital (HOMO) levels, 
indicating good resistance against oxidative doping. Thin film transistor devices were fabricated using the top 
contact geometry. PF-IT showed much better thin-fllm transistor performance than PF-4T. A thin film of PF- 
1T gave a saturation mobility of 0.001-0.003 cm2 V-1 s-1, an on/off ratio of L0 x [(已 and a small threshold 
voltage of-83 V, To support TFT performance, we carried out DSC, AFM, and XRD measurements.
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Introduction

Conjugated polymers have attracted considerable attention 
for various applications, including light-emitting diodes 
(OLEDs),1-3 thin-film transistors (TFTs),4-6 and photovoltaic 
cells (PVs)7-9 Among these organic electronic devices, 
organic TFTs can be used in low cost memories, smart cards, 
and the driving circuits of large-area display devices?0-12 To 
enable low-cost manufacturing, it is preferable to be fabri
cated TFTs using simple solution techniques under ambient 
conditions. However, many solution-processable semicon
ducting polymers showed poor TFT performances including 
low mobility and low current on/off ratio when the TFT 
devices were fabricated in ambient conditions. To solve 
these problems, it is important to design and synthesize 
organic semiconductors with good resistance against atmo
spheric oxygen doping. The oxidative doping of semicon
ducting conjugated polymers depends on their ionization 
potentials (IPs), i.e., their highest occupied molecular orbital 
(HOMO) levels from vacuum?3 Therefore, to reduce 
oxidative doping, semiconducting materials must have low 
HOMO levels. Recently, new semiconducting polymers 
with low HOMO levels and good ordering from side alkyl 
chains have been reported?3-13

In this paper, we report solution-processable fluorene-

+This paper is dedicated to professor Sang Chui Shim on the occasion 
of his honorable retirement.

based copolymers containing hexyl-thiophene derivatives in 
the main chain that can be employed to lower the HOMO 
levels. Especially this paper suggests very important infor
mation on the relationship between the structures of semi
conducting materials and their TFT device performances by 
coupling hexyl-thiophene derivatives having different thio
phene unit lengths.

Experimental Section

Materi 시s. 3-Hexylthiophene, T^bromosuccinimide (NBS), 
2-Isopropoxy-4?4?5?5?-tetramethyl-1 ?3?2-dioxaborolane, tetra- 
kis(triphenylphosphine)palladium, Aliquat® 336 were pur
chased from Aldrich Chemical Co, All reagents purchased 
commercially were used without further purification except 
for tetrahydrofuran (THF) dried over sodium/benzophenone.

Synthesis of the Monomers. 2?2*-(9?9-Dihexyl-9H-fluo- 
rene-2?7-diyl)bis(4?4?5?5-tetramethyl-1 ?3?2-dioxaborolane) 
was synthesized according to the literature method?6 
NMR (CDCh, 400 MHz): (ppm) 7.77 (d, 2H), 7.73 (s, 
2H), 7.71 (d, 2H), L98 (m, 4H), L37 (s, 24H), 0.99 (m, 
12H)? 0.72 (t, 6H), 0.53 (m, 4H). EIMS 前艺 586.45. AnaL 
Calcd for C为压6%。4： C, 75.78; H, 9.62. Found: C, 75.97; 
H, 9.86.

2-Bromo-3-hexylthiophene (1): To a solution of 3- 
hexylthiophene (10.0 g, 59.42 mmol) and 120 mL acetic 
acid, NBS (1L63 g, 6536 mmol) was added in one portion 
and stirred for 30 min. And then water was added into the 
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resulting solution, and also stirred for 10 mia The mixture 
was washed with ether, saturated aque이is NaHCCb, and 
water, and dried with MgSCM The solvent was removed via 
rotary evaporation, and 2-bromo-3-hexylthiophene (12.54 g, 
86%) was obtained.NMR (CDC13? 400 MHz):贝ppm) 
7.17 (d, 1H)? 6.80 (d, 1H)? 2.59 (t, 2H), L60 (m, 2H), 135 
(m, 6H), 0.93 (t, 3H).

2,5-Dibromo-3-hexylthiophene (2): To a stirred solution 
of 2-bromo-3-hexylthiophene (1) (4.0 g, 16.18 mmol) in 
chloroform and acetic acid (120 mL, 1:1 v/v)? NBS (5.76 g, 
3236 mmol) was added, and mixture was refluxed for L5 h. 
Water was added, and the organic layer was extracted with 
chloroform, washed with 2.0 M KOH, and dried with 
MgSCM The solvent was removed via rotary evaporation, 
and the resulting dark oil was filtered through a short pad of 
silica with hexanes. Removal of the solvent by rotary 
evaporation yielded 3.21 g (61%) of (2) as a colorless oil 
NMR (CDC农 400 MHz): ^(ppm) 6.77 (s, 1H)? 2.51 (t, 2H), 
L54 (m, 2H), 133 (m, 6H), 0.91 (m, 3H). EIMS 曲艺 326.04. 
AnaL Calcd for CioHi4Br2S: C, 36.83; H, 433; S, 9.83. 
Found: C, 36.85; H, 4.38; S, 9.87.

2-(4-Hexylthi 이JheH-2-yD-4,4,5,5-tetramethyJL3,2서i- 
oxabol祈aIle (3): To a solution of 3-hexylthiophene (4.68 g, 
27.80 mmol) in THF (50 mL) at -15 °C? 4.62 mL (30.59 
mmol) of TMEDA and 17.99 mL (30.59 mmol) of tert-BuLi 
(L7 M in pentane) was added, by syringe. The mixture was 
stirred at 60 °C for 2 h. 2-Isopropoxy-4?4?5?5?-tetramethyl- 
1 ?3>2-dioxaborolane (6.24 mL, 30.59 mmol) was added to 
the solution, and the resulting mixture was stirred at -78 °C 
for 1 h and warmed to room temperature and stirred for 12 h 
The mixture was poured into water, extracted with ether, 
dried with MgSCM The solvent was removed via rotary 
evaporation, and the residue was distilled. The product yield 
was 4.66 g (57%).NMR (CDC13? 400 MHz): ^(ppm) 
7.48 (s, 1H)? 7.20 (s, 1H)? 2.62 (t, 2H), L63 (m, 2H), 130 
(m, 18H)? 0.89 (t, 3H).

S^^Dihexyl-l^^bithiophene (4): To a stirred mixture of 
2-(4-hexylthiophen-2-yl)-4?4?5?5-tetramethyl-l?3?2-dioxa- 
borolane (3) (6 g, 20.39 mmol), tetrakis(triphenylphos- 
phine)palladium (0.95 g, 0.82 mmol), and Aliquat® 336 
(0.085 g, 0.21 mmol) in 40 mL of anhydrous toluene, 2 M 
aqueous sodium carbonate solution (13.26 mL) was added. 
The solution was refluxed with vigorous stirring for 20 h 
under nitrogen atmosphere. The mixture was poured into 
water (100 mL) and extracted with ethyl acetate. The extract 
was successively washed water and brine. After dryness 
(MgSQ+), the solvent was evaporated and the residue was 
purified by column chromatography on silica gel with 
hexane to give product (6.2 g, 91%). 0 NMR (CDCh, 400 
MHz): ^(ppm) 7.16 (d, 1H)? 6.99 (s, 1H)? 6.95 (d, 1H)? 6.90 
(s, 1H)? 2.80 (t, 2H), 2.65 (t, 2H), L68 (m, 4H), 137 (m, 
12H)? 0.94 (m, 6H).

5七七dihexyl-2,2七bithi이jhene (5): 5-Bromo- 
3?4-dihexyl-2?2*-bithiophene (5) was synthesized using the 
same method as for compound (1) with 0.90 g of 3?4*- 
dihexyl-2?2-bithiophene (4) and 0.53 g of NBS, The final 
product was obtained after drying, yielding 0.70 g (64%).

NMR (CDCh, 400 MHz): (ppm) 7.15 (d, 1H)? 6.91 (d, 
1H)? 6.81 (s, 1H)? 2.72 (t, 2H), 2.56 (t, 2H), L61 (m, 4H), 
135 (m, 12H)? 0.91 (m, 6H). 13C NMR (CDC13? 400 MHz):

(ppm) 1422 139.8, 135.6, 129.9, 129.8, 126.7, 123.8, 
108A 3L6, 3L5, 30.6, 29.6, 29.5, 29.4, 29.2, 29丄 29.0, 
28.8,22.6,14.0.

2-(3,4l-Dihexyl-2^l-bithiophen-5-yl)-4,4,5^5-tetramethyl- 
13^2-dioxaborolane (6): 2-(3?4*-Dihexyl-2?2-bithiophen-5- 
yl)-4?4?5?5-tetramethyl-1 ?3 ?2-dioxaborolane (6) was synthe
sized using the same method as for compound (3) with 2.0 g 
of 3?4*-dihexyl-2?2-bithiophene (4) and 134 mL of 2- 
isopropoxy-4?4?5?5?-tetramethyl-1,3 ?2-dioxaborolane. The 
final product was obtained after drying, yielding 2.13 g (77 
%).NMR (CDC农 400 MHz): ^(ppm) 7.43 (s, 1H)? 6.97 
(s, 1H)? 6.87 (s, 1H)? 2.74 (t, 2H), 2.61 (t, 2H), L59 (m, 4H), 
130 (m, 24H), 0.85 (m, 6H).

4T (7): 4T (7) was synthesized using the same method as 
for compound (4) with 0.7 g of 5-bromo-3?4-dihexyl-2?2- 
bithiophene (5) and 0.78 g of 2-(3?4-dihexyl-2?2-bithio- 
phen-5-yl)-4?4?5?5-tetramethyl-1 ?3?2-dioxaborolane (6). The 
final product was obtained after drying, yielding 0.77 g (68 
%). 0 NMR (CDCh, 400 MHz):贝ppm) 7.15 (d, 1H)? 6.96 
(m, 5H), 2.65 (m, 8H), L67 (m, 8H), 136 (m, 24H), 0.92 (m, 
12H). 13C NMR (CDCh, 400 MHz): ^(ppm) 143.5, 139.6, 
135.5, 133.9, 133.5, 130.9, 130.5, 130.4, 130A 128.6, 
1283, 127丄 127.0, 123.4, 119.9, 119.8, 3L6, 30.6, 30.5, 
30.4,303,29.4,293,29.2,29丄 29.0,22.6,14.0.

Dibromo-4T (8): To a solution of 4T (7) (0.71 g, L06 
mmol) and 7 mL chloroform and acetic acid (1:1 v/v)? NBS 
(038 g, 2.13 mmol) was added in one portion and stirred for 
30 min. And then water was added into the resulting 
solution, and also stirred for 10 mia The mixture was 
washed with washed with ether, saturated aqueous NaHCCb, 
and water, and dried with MgSCM A solvent was removed 
via rotary evaporation, and dibromo-4T (8) (0.83 g, 95%) 
was obtained.NMR (CDC农 400 MHz):贝ppm) 6.96 (s, 
1H)? 6.89 (s, 1H)? 6.88 (s, 1H)? 6.85 (s, 1H)? 2.71 (m, 8H), 
L65 (m, 8H), 136 (m, 24H), 0.92 (m, 12H). EIMS 曲艺 
82437. AnaL Calcd for C4oH56Br2S4： C, 58.24; H, 6.84; S, 
15.55. Found: C, 58.68; H, 6.89; S, 15.96.

Polymerization. The synthesis of the copolymers was 
carried out using palladium-catalyzed Suzuki coupling. All 
starting materials, reagents, and solvents were carefully 
purified, and all the procedures were performed under an air
free environment. 2?2-(9?9-dihexyl-9H-fluorene-2?7-diyl)- 
bis(4?4?5?5-tetramethyl-l?3?2-dioxaborolane)? Pd(PPh3)4 
(0.02 mol %), a thiophene-containing comonomer, 2,5- 
dibromo-3-hexylthiophene (2) or dibromo-4T (8), and 
several drops of Aliquat® 336 were dissolved in a solution of 
toluene and aqueous 2 M NazCCb, respectively The mixture 
was stirred for 3 days at 80 °C, and then bromo-benzene and 
phenyl boronic acid was added as end cappers in order at6h 
intervals. After additional stirring for 6 h, aqueous 2 M HC1 
solution was added into the mixture was poured into 
methanol The resulting solids were washed with acetone to 
remove oligomers and other impurities.

!H NMR (CDC13? 400 MHz): 5 (ppm), PF-1T: 7.66 (b, 
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4H), 7.49 (b, 2H), 7.33 (b, 1H), 2.77 (b, 2H), 2.06 (b, 4H), 
1.73 (b, 2H), 1.39 (b, 8H), 1.11 (b, 14H), 0.79 (b, 9H). PF- 
4T: 7.70 (b, 5H), 7.53 (b, 2H), 6.99 (b, 3H), 2.70 (b, 8H), 
2.01 (b, 4H), 1.70 (b, 8H), 1.33 (b, 24H), 1.06 (b, 14H), 0.81 
(b, 20H).

Anal. Calcd for PF-1T (C35H48S): C, 83.94; H, 9.66; S, 
6.40. Found: C, 83.13; H, 9.31; S, 6.23. Calcd for PF-4T 
(C65H90S4): C, 78.10; H, 9.07; S, 12.83. Found: C, 78.02; H, 
8.95; S, 12.59.

Fabrication of 나le OTFT Devices. Thin-film transistors 
(TFTs) were fabricated on silicon wafer using the top contact 
geometry (channel length Z =150 //m, width W = 1500 //m) 
in ambient conditions without taking any special precautions 
to exclude air, moisture, and light. A heavily n-doped silicon 
wafer with a 300 nm thermal silicon dioxide (SiO?) was used 
as the substrate/gate electrode, with the top SiO? layer 
serving as the gate dielectric. The SiO? surface of the wafer 
substrate was fir아 cleaned with piranha solution and the 
cleaned wafer was immersed in a solution of octyltrichloro
silane (OTS-8) in toluene at room temperature for 2 h. The 
semiconductor layer was spin-coated at 2000 rpm from 0.4 
wt % chloroform solution, with a thickness of 40 nm. 
Subsequently, a series of gold source/drain electrode pairs 
were deposited by vacuum evaporation through a shadow 
mask. Silicon oxide at the backside of the silicon wafer of 
the TFT device was removed with sandpaper to provide a 
conductive gate contact.

Results and Discussion

Synthesis. The synthetic routes for the monomers and 
polymers are shown in Schemes 1 and 2, respectively. The 
polymers were prepared by using the palladium-catalyzed 
Suzuki coupling method. The two polymers were soluble in 
common organic solvents such as chloroform and chloro
benzene without evidence of gel formation at room temper
ature. The molecular weights and polydispersity indices of 
the polymers were determined via gel permeation chromato
graphy (GPC) using THF as the eluent and polystyrene as 
the standard. The number-average molecular weights (Mi) 
of PF-IT and PF-4T were found to be 19,100 and 13,200, 
with polydispersity indices of 1.98 and 2.03, respectively.

Optical and Eelectrochemical Properties. Figure 1 
shows the normalized UV-vis absorption and photolumine
scence (PL) emission spectra of the polymers in the film

l)tert-BuLi/THF

Scheme 1. Synthetic routes for the monomers.

state. The UV-vis absorption maximum peaks of PF-IT and 
PF-4T in the film 아ate appeared at 410 and 431 nm, 
respectively. The PL emission maximum peak of PF-1T in 
the film state appeared at 503 nm with shoulder peaks at 473 
nm whereas PF-4T appeared at 577 nm. These results 
indicate that the effective conjugation length of PF-4T is 
longer than that of PF-IT in the bulk 아ate of the film.

Scheme 2. Synthetic routes for the polymers.
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Wav이ength (nm)

Figure 1. UV-vis absorption and PL emission spectra of PF-IT 
(solid line) and PF-4T (dotted line) in film form.

o 600
-1 1 I 1 I 1 I 1 I - 
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Figure 2. TGA thermograms of PF-IT (solid line) and PF-4T 
(dotted line).

The electrochemical behavior of the polymers was 
inve아igated using cyclic voltammetry (CV). The oxidation 
potential £ox (p-doping) for PF-IT and PF-4T was 1.25 and 
1.10 V respectively, corresponding to HOMO levels of 
-5.53 and -5.38 eV respectively (with respect to the energy 
level of the ferrocene reference -4.8 eV below the vacuum 
level)/기£ The ionization potential of PF-IT was 0.15 eV 
higher than that of PF-4T. Therefore, PF-IT has a greater 
resistance against oxidative doping.

Thermal and Crystalline Properties. Thermal stabilities 
of the polymers were inve아igated by thermogravimetric 
analysis (TGA) (see the Figure 2). The two polymers, PF-IT 
and PF-4T, showed very good thermal stability and did not 
decompose until roughly 400 °C under nitrogen atmosphere. 
Differential scanning calorimetry (DSC) measurements 
were also performed under N? flow, and the results are 
shown in Figure 3. DSC results showed that PF-IT has a 
phase transition at 185 °C due to backbone melting, but does 
not exhibit liquid crystalline (LC) phases. In the case of PF- 
4T, no phase transitions were shown. It is thought that PF-4T 
might have an amorphous 아mcture or a transition temper
ature might exi아 above higher temperature.

I 1 I 1 I ' I 1 I - 
50 100 150 200 250

Temperature (°C)

Figure 3. DSC thermogram ofPF-lT (a) and PF-4T (b).

0 5 10 15 20 25 30 35 40
26

Figure 4. XRD patterns ofPF-lT as a film.

Structural orderings of PF-IT in thin film were studied by 
X-ray diffraction (XRD). Thin film of this polymer was 
prepared on an OTS-8 modified sub아rate by drop-casting 
from 1 wt % polymer solution in chlorofrom. Out-of-plane 
XRD spectrum of the PF-IT is shown in Figure 4. In the 
XRD pattern of the film, there is a clear peak at 15.3 A (20= 
5.8°), which corresponds to the distance governed by the 
hexyl-groups, and a broad peak at 4.5 A (20= 19.6°), which 
corresponds to the foce-to-foce distance between coplanar 
polymer chains. These peaks are consistent with the previ
ously reported layer periodicities observed for alkyl-sub- 
stituted fluorene- or thiophene-based polymers.19'22 These 
results sugge아 that the PF-IT chains are aligned to a 
significant extent and are separated from each other by hexyl 
groups that are oriented normal to the sub아rate to some 
extent. This alignment of the polymer chains is expected to 
enhance the performance ofPF-lT-based TFT devices.

Film Morphology. Atomic force microscopy (AFM) 
measurements were taken for the same sub아rates which 
were fabricated fbr TFT devices. Figure 5 shows the AFM 
images of semiconducting layers that did not undergo any 
thermal treatments. These AFM images indicate significant 
morphological differences between PF-IT and PF-4T as
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Figure 5. Atomic force microscopy images of PF-IT (a) and PF-4T 
(b).

-100 -80 -60 -40 -20 0
Drain Voltage, [V]

Gate Voltage(V)

Figure 6. Electrical characteristics of PF-IT in air: (a) output 
characteristics and (b) transfer characteristics (drain-source voltage 
= -100V).

films. PF-IT film has an isotropic nodule structure similar to 
high-MW P3HT?3 Thus, the main backbone chains ofPF-lT 
can interconnect ordered areas and prevent charge carriers 
from being trapped by the disordered boundary regions by 
creating a continuous pathway through the film. However, in 
the case of PF-4T, crystalline regions did not exist and 
numerous film defects such as pin holes were detected. 
These film defects and non-crystalline regions degraded the 
thin-film tratisi아or (TFT) performance.

TFT Characteristics. The TFT properties of the poly
mers as a solution-processed thin-film semiconductor were 

evaluated using a top-contact TFT configuration built on an 
n-doped silicon wafer. Figure 6 shows the typical output and 
transfer curves of a representative as-prepared TFT device 
under ambient conditions without taking any precautions to 
insulate the materials and devices from exposure to air, 
moisture, and light. The field-effect mobility was extracted 
from the following equation:24

Saturated regime (Pd> Pg): Id=(出72£)#(项片-Ft)2

where 7d is the drain current in the saturated region, W and L 
are the channel width and length, respectively,卩 is the field
effect mobility, G is the capacitance per unit area of the gate 
dielectric layer, and Vq and Ft are the gate and threshold 
voltages, respectively, A thin film of PF-IT gave a saturation 
mobility of 0.001-0.003 cm2V-1 s-1, an on/o任 ratio of 1.0 x 
10\ and a small threshold voltage of -83 V. In the case of 
the PF-4T, the thin-film transi아ot mobility was 6 x 10-6 cm2 
V-1 s-1. PF-4T was expected to have more effective conju
gation length. However, the mobility of PF-IT was much 
higher than that of PF-4T because the former had much 
better crystalline regions due to the well ordered alignments 
of the molecular structure. When these alternating copoly
mers were synthesized, hexyl-thiophene derivatives random
ly coupled with fluorene monomers regardless of the alkyl 
direction of thiophene derivatives. Therefore, due to the 
longer unit length of the thiophene derivatives of PF-4T 
compared to PF-IT, interchain alignment of PF-4T was 
twated 아erically. These results suggest that the relationship 
between the structures of semiconducting materials and their 
TFT device performances is very important. In addition, 
because of fluorene moieties in polymer backbones, TFT 
devices showed significantly low off-current. This can be 
attributed to the stable HOMO energy levels in these 
polymers, similar to the case ofFSTT.25

Conclusions

PF-IT and PF-4T copolymers were successfully synthe
sized through the palladium-catalyzed Suzuki coupling 
reaction. The synthesized polymers were found to exhibit 
good thermal stability, losing less than 5% of their weights 
on heating to about 400 °C, as determined with TGA. Cyclic 
voltammetry measurements showed that the two polymers 
have low HOMO levels, indicating high resistance against 
oxidative doping. AFM and XRD results showed that PF-IT 
has superior ordered regions because it has a lesser hindered 
structure than PF-4T. TFT devices were fabricated using the 
top contact geometry. TFT devices of PF-IT gave a mobility 
of0.001-0.003 cm2V-1 s-1, an on/o任ratio of 1.0 x 10七 and a 
small threshold voltage of -83 V. In the case of PF-4T, the 
mobility was 6 x 10-6 cm2V-1 s-1. These results suggest that 
molecular 아ructures have significant impact on the TFT 
device performances.
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