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ABSTRACT: We have synthesized a new p-type polymer, poli{i®@octylfluorenealt-biselenophene) (F8Se2),

via the palladium-catalyzed Suzuki coupling reaction. The number-average molecular Wgjpbt F8Se2 was

found to be 72 600. F8Se2 dissolves in common organic solvents such as chloroform and chlorobenzene. The PL
emission peak of a film of F8Se2 is clearly red-shifted with respect to that of its sulfur analogue, pety(9,9
dioctylfluorenealt-bithiophene) (F8T2), due to the electron-donating properties of selenium and the strong
interactions between the biselenophene moieties in neighboring copolymer chains. We confirmed that F8Se2 is
a thermotropic liquid crystalline polymer with an aligned structure by carrying out DSC, PLM, and XRD
measurements. The introduction of the selenophene moiety into the liquid-crystalline polymer system results in
better field-effect transistor (FET) performance than that of F8T2. A solution-processed F8Se2 FET device with
a bottom contact geometry was found to exhibit a hole mobility of 0.01Z(vhs) and a low threshold voltage

of —4 V, which is the one of the highest solution-processable FET performances.

Introduction well as good film-forming and hole-transporting properfigs.

Organic semiconductors have recently received significant Interest in these copolymgrs was.§parked by resgarch §howing
attention because of their applications as active layers in organicthat enhgnced charge carr!er_mobmty could be ach|_eve_>d in poly-
electronic devices such as organic light-emitting diodes (9,g-n-d|octy_|f|u<_)renea_lt-b_lth|ophen¢) (F8T2) by aligning the
(OLEDSs)1-3 organic field-effect transistors (OFETSY and polymer chains in the liquid-crystalline (LC) pha@él\{e have
photovoltaic device$:1? Organic FETs can be used in low- also reported the FET behaviors of the fluorene-thiend,2-
cost memories, smart cards, and the driving circuits of large- th|ophene-b§sed conjugated_ cop_olymer (F8TT). In tha_t study,
area display device$: 1> To minimize manufacturing costs, the the introduction of groups with high degrees of planarity and
FET fabrication process should ideally include solution-based rigidity was found to result in polymers that are more crystalline
methods such as spin-coating, stamping, or ink-jet printing. The and that offer better FET deV|.ce perfqrmaﬁéec copqumers
use of soluble polymeric semiconductors has made possible thebased on f'uore’?e are potential cz_andldates for solution-process-
development of active-matrix multipixel displays using solution- abIe_OFET semmonducto_r mate”als.’ and further development
based technologif of this class of polymers is still required.

Most p-channel organic semiconductors fabricated so far have Selenophene is a hgavy homplogue of thg series of ghalco-
been based on thiophene-derived oligomers and polymers. Ageno_ph_enes and exh|b|t_s chemical and physical properties that
few other systems that rely on aromatic macrocyclics such as are similar to those of thiopherfeAlthough polyselenophenes

metallophthalocyanines or fused aromatic rings such as penta-anOI oligoselenophenes have been little studied so far due to

cene and tetracene have also been devel&ipétost of these their low solubility and the lack of suitable synthetic methods
semiconductors have relatively low band gaps and high highest_and reagents, the replacement of sulfur by selenium is an

occupied molecular orbital (HOMO) levels. Therefore, they tend mtere_sting appro_ach to the _sgarch for highly conducting organi_c
to be easily oxidized, which results in their degradation. To solve ggize_lr_lals.. tﬁilhenlqm-c?ntﬁmmg olgﬁomfrskhavefbeenhlésgd n
these problems, the design and synthesis of organic semicon- | S|WI o € S'm f IC Hanglng etsdafhm?:é)T 'Le'ﬁ prlngf
ductors with a high charge carrier mobility and good stability molecules. Lisubo et al. have reported the enhaviors o

are desirable. With this aim in mind, FETs based on fluorene- the oligoselenophene and fused selenophhene compounds. In

based copolymers have recently been reported. Fluorene-baseg1at stydy, the selenophene-containing oligomers were vacuum-

polymers have better stability than thiophene-based polymers eposneq at elevated substrate temperature, and the ressultmg

because of their rigid structures and lower HOMO levels as FET devices s_howed h'g_h hole mobilities of up tdie.l(r
cn?/(V s), which are higher than those of the thiophene-
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device performance with a hole mobility of up to 2&n?/(V Scheme 1. Synthetic Route for F8S&2
s) because of strong interchain interactions. The general se i Se Se

properties of this derivative, including its liquid-crystalline and U —‘“ aYala

optical properties, were investigated to identify the nature of 1:X=H F8Se2

the mesophase of the F8Se2 film. il

I:- 2:X=Br —
iv Se Se
Experimental Section io = o '—‘ O.Q A
B E
(o]

2,2-Biselenophene (1)nto a stirred solution of selenophene (5 O'B \

g, 38.16 mmol) in dry ether (70 mL) at € under a nitrogen CaHiz CaHir

atmosphere was added a 2.5 N hexane solution of butyllithium  ageagents and conditions: @BuLi, dry ether, 0°C; (ii) CuCl,
(15.264 mL, 38.16 mmol) over a period of 10 min, and the mixture dry ether,—70 °C; (i) NBS, CHCk: CHsCOOH (1:1), 50°C; (iv)

was stirred fo 1 h at RT toproduce 2-lithioselenophene. After  Pd(PPB),, Aliquat 336, aqueous N&O;, toluene, 8C°C.

copper(ll) chloride (6.81 g, 50.18 mmol) was added portionwise

to the mixture cooled t6-70 °C, the mixture was stirred overnight ~ xRp measurements were performed in the reflection mode at 30
at RT, diluted with ether (50 mL), and filtered. The solid was v and 60 mA with a scanning rate of 0.0Ber 60 s and Cu K
thoroughly washed with ether, and the filtrate and washings were ragjation (with wavelengthh = 1.5406 nm) using a Rigaku,
combined and successively washed with wateN hydrochloric D/max-rc (12 kW) generator.

acid, 5% sodium hydrogen carbonate aqueous solution, and finally - aprication of the OFET Devices. Thin-film transistors were
water. After the solvent had been evaporated, the residue WaStshricated with a bottom contact geometry (channel width=
purified with column chromatography and recrystallization in 10 m, lengthL = 1 mm) with patterned AINd gates and an
methanol to providel as a yellow solid (0.8 g, 33%fH NMR insulating layer of poly(vinylphenol) (PVP) (dielectric constant
(CDCl;, 400 MHz): ¢ (ppm) 7.21 (dd, 2H), 7.25 (d, 2H), 7.86 (d, 45 ¢, = 5.72 x 10 F cn2). The spin-coated PVP film was
2H). *C NMR (CDCk, 400 MH2): 6 (ppm) 126.7, 129.6, 130.2.  ¢yogs-finked by heating at 10 for 10 min and again at 200
~5,5-Dibromo-2,2-biselenophene (2)nto a stirred solution of  for 60 min. A 650 nm semiconductor layer of F8Se2 was deposited
biselenophenelf (0.5 g, 1.92 mmol) in chloroformacetic acid by spin-coating from a 0.5 wt % solution in chloroform. After spin-
(1:1viv20 mL), NBS (0.69 g, 3.84 mmol) was added portionwise, ¢oating, the film was dried on a hot plate at 1D for 60 min in
and the mixture was stirred at RTrfé h and then at 56C for 30 air or in a glovebox. All the electrical characteristics of the OTFT
min. The mixture was poured into water (100 mL) and extracted geyices were measured in air. There was no difference between

with dichloromethane. The extract was successively washed with the performance of the devices prepared in air and those prepared
water, 5% sodium hydrogen carbonate aqueous solution, and brinejn 3 glovebox.

After the solvent had been evaporated, the residue was purified

with column chromatography and recrystallization in methanol to Results and Discussion

provide2 as a yellow solid (0.64 g, 80%)H NMR (CDCls, 400 . . .

MHz): 6 (ppm) 6.87 (d, 2H), 7.14 (d, 2H}*C NMR (CDCk, 400 Synthesis. Poly(9,9-n-dioctylfluorenealt-biselenophene)

MHz): ¢ (ppm) 115.6, 133.0. (F8Se2) was synthesized from the monomers 2,7-bis-

Poly(9,9-dioctylfluorene-alt-biselenophene) (F8Se2)To a (4,4,5,5,-tetramethyl-1,3,2-dioxaborolan-2-yl)‘9€octylfluo-

stirred mixture of 2,7-bis(4,4,5,5,-tetramethyl-1,3,2-dioxaborolan- rené&® and 5,5-dibromo-2,2-biselenophene. The syntheses of

2-yl)-9,9-dioctylfluorene (0.96 g, 1.53 mmol), 5,5-dibromo-2,2- the monomer containing selenophene and the resulting polymer

biselenophene (0.64 g, 1.53 mmol), tetrakis(triphenylphosphine)- are outlined in Scheme 1. The chemical structure of the polymer

palladium (0.018 g, 0.015 mmol), and Aliquat 336 (0.062 g, 0.15 \as verified with'H NMR, 33C NMR, and elemental analysis.

mmol) in anhydrous toluene (10 mL) was adde 2 Maqueous £gsen dissolves in common organic solvents such as chloroform

Sv?;jr:ltﬁngr%ﬁ)sgﬁ:ﬁnso;g?%n dfg%:&g ;ﬂﬁrsoguﬁ'g?mﬁisgfxﬁg and chlorobenzene without evidence of gel formation. The
9 g Y 9 P ’ number-average molecular weigM,) of F8Se2, as determined

excess amount of bromobenzene (0.024 g, 0.15 mmol), the end- " . )
capper, dissolved in 2 mL of anhydrous toluene was added, andWith gel permeation chromatography (GPC) using a polystyrene

stirring and heating were continued for 12 h. The reaction mixture Standard, was found to be 72 608{M., = 1.6). The insoluble
was then poured into methanol. The precipitated material was polymer present after the application of the acetone and
collected by filtration. The polymer was purified with column dichloromethane extraction method to the crude polymer was
chromatography and reprecipitation in methanol. The crude polymer found to have a narrow polydispersity coefficient and a well-
was first extracted consecutively with acetone in a Soxhlet defined molecular architecture.

apparatus. The residual insoluble component was then extracted Optical and Electrochemical Properties.Figure 1 shows

consecutively with dichloromethane with the same method. Finally, the normalized UV-vis absorption and photoluminescence (PL
%gdwﬁygly)mgr ENaS c))btained,_yiel7di7r§]71.zig(e(g_i5)%gl\zlxg %D(g'lf") emission spectra of the ponF;ner in thg film state TheJst( :

z): 6 (ppm) aromatic; 7.787. , 7. . . : )
aliphatic; 2.01 (b, 4H) 1.870.05 (b, 30H). Anal. Calcd for (SHso- absorption maximum and shoulder peaks appear at 517 and 486

Se)n C, 69.22; H, 7.45. Found: C, 68.24; H, 7.09. nm, respectively, and the PL emission maximum appears at 578

Instruments. Differential scanning calorimetry (DSC) and NM with shoulder peaks at 540 and 623 nm. Both the absorption
thermogravimetric analysis (TGA) were performed under a nitrogen and emission peaks of F8Se2 are red-shifted by arour@@0
atmosphere at a heating rate of 40/min with a Dupont 9900 nm with respect to those of F8T2, a sulfur analogue of F&Se2.
analyzer. Cyclic voltammograms (CV) of the polymer films (dip- The Se atom is larger and has stronger electron-donating abilities
coated onto Pt wire) were recorded on an AUTOLAB/PGSTAT12 than the S atom, which may contribute to the observed red
at room temperature in a solution of tetrabutylammonium tetrafluo- ghijft27.28

roborate (-Bu,NBF,) (0.1 M) in acetonitrile under nitrogen gas The electrochemical behavior of the polymer was investigated

protection at a scan rate of 50 mV/s. bVis measurements were . . ;
carried out on a Jasco V-530, and. the ph.otoluminescence (PL) EzlggzcﬁlIghvgxﬁr??iﬁryuﬁgvz)' -'ll—'rlﬁr Cgﬁggt:og?rgzggggnm :; d
spectrum of the polymer was obtained using a Spex Fluolog-3 9 :

spectrofluorometer. Polarized optical micrographs were obtained féduction were found to occur at 1.02 ard.78 V (vs SCE),
using a Nikon ME600 inspection microscope attached to a respectively, in the anodic and cathodic scans, which correspond
DXM1200F digital camera. The temperature was controlled by to HOMO and LUMO levels of —5.41 and —2.61 eV,
using a Mettler FP82HT hot stage with a FP90 control processor. respectively, with respect to the energy level of the ferroc&Eﬁ/
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Figure 1. UV—vis absorption and PL emission spectra of a F8Se2 Temperature [°C]
film. Figure 3. DSC thermogram of F8Se2 (inset: TGA curve of F8Se2).

chloroform. The film was then annealed to a temperature above
the liquid crystalline transition and then quickly cooled to
preserve liquid crystalline ordét.The cast pristine film of the
L polymer did not exhibit birefringence due to its amorphous
phase, whereas the film annealed to 2@produced a clear
birefringent image due to the liquid crystalline domains, which
- is consistent with the phase transition characteristics revealed
by the DSC analysis. Moreover, the film maintained its
birefringence image after quick cooling to room temperature,
as shown in Figure 4a. Figure 4b shows the corresponding PLM
image recorded with the polarization direction of the light rotated
by 9C°. This difference in transmissivity shows that the domains
are oriented to some degree in a liquid crystalline state. The
20 -15 -10 05 0.0 0.5 1.0 fthermotropic phase tr_ansition behavior of the polymer can result
in the formation of highly ordered, closely packed structures,

E(Vvs. SCE) which could lead to an increase in charge carrier mobility within
Figure 2. Cyclic voltammogram of F8Se2. the domain boundaries.

Current (A)

The crystallization of F8Se2 was further confirmed by
h h liahtly high | Icarrying out film and powder X-ray diffraction studies. Figure
nophene-based F8Se2 has a slightly higher HOMO energy levelg gy the XRD patterns of a film cast onto a quartz glass

than the thiophene-based F8T2X5 eV)*%2 The higher g rate and of a powdery sample. In the XRD pattern of the
HOMO energy level of FSS?Z should result in improved hole film, there is a clear peak at 15.5 A, which corresponds to the
injection in field effect transistors. distance between the F8Se2 main chains separated by the octyl
Liquid Crystalline Properties. Fluorene-based copolymers  groups?! In the XRD pattern of the powder sample, a broad
are known to exhibit liquid crystalline (LC) phases with high peak was observed at 4.8 A, corresponding to the distance
order parameters above their melting points. The phase transitionbetween ther—x stacked molecular chains, along with a weak
temperatures of fluorene- and thiophene-based copolymers argeak corresponding to the distance between the octyl side chains.
more than 100°C higher than that of the corresponding The intensity distributions of the reflections from the lamellar
polyfluorene homopolymer due to the incorporation of rigid layer structure andr—s interchain stacking in the film and
bithiophene or thieno[3,R}thiophene unit3!33 Such phase  powder are very different. The peak at 15.5 A caused by the
transition behavior is also observed in F8Se2. The thermally lamellar layer structure is much larger and sharper in the film
induced phase transition behaviors of F8Se2 were investigatedXRD pattern than in the powder XRD pattern. Such differences
with differential scanning calorimetry (DSC). F8Se2 showed between the XRD patterns of powdery and cast film samples
typical LC characteristics, i.e., both exothermal crystalline and of z-conjugated polymers have been used to conclude that the
endothermal liquid crystalline peaks. The crystallization and polymer is aligned on the substrét@hus, this result suggests
melting peaks of F8Se2 appear at 192 and ZBgespectively,  that the F8Se2 chains are aligned to a significant extent and
as shown in Figure 3. The enthalpic changes of crystallization separated from each other by octyl groups that are oriented
and melting are-6.38 and 2.96 J/g, respectively. In addition, normal to the substrate. This alignment of the polymer chains
F8Se2 was found to exhibit very good thermal stability, losing is expected to enhance the performance of F8Se2-based FET
less than 5% of its weight on heating to about 42Z0) as devices.
determined with TGA under a nitrogen atmosphere (see the inset  FET Characteristics. The F8Se2 thin-film transistors were
in Figure 3). found to exhibit typical p-channel FET characteristics. Plots of
The thermotropic liquid crystalline properties of F8Se2 were the transfer curve [i.elp = f (Vg)] at constantvp = —20 V
also directly observed with polarized light microscopy (PLM). and the hole mobility vs gate-source voltage characteristics of
A film of the polymer was prepared on a quartz glass substrate the F8Se2 device are shown in Figures 6 and 7, respectively.
by solution casting a solution of the polymer (1.0 wt %) in The field-effect mobility was calculated in the saturation regiEBV

reference £4.8 eV below the vacuum levely:3° The sele-
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Figure 4. (a) PLM image of a quickly cooled F8Se2 film after annealing. (b) PLM image of the same sample but with the polarization direction

of the light rotated by 90

(a) film
3
s |
>
o
)]
c
3
= (b) powder
1 1 1 1
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20/°
Figure 5. XRD patterns of F8Se2 as (a) a film and (b) a powder.
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Figure 6. Transfer characteristics for the F8Se2 device(semilogarithmic
plot of —Ip vs Vg (left axis) and plot of £Ip)Y? vs Vg (right axis)).

using the following equatio® Ip = (W2L)uCi(Ve — V1)3,
wherelp is the drain-source current in the saturated regiin,
andL are the channel width and length, respectivelys the
field-effect mobility, C; is the capacitance per unit area of the
insulation layer, andVg and Vr are the gate and threshold
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Figure 7. Hole mobility vs gate-source voltage characteristics of the
F8Se2 device.

ecules. Further, as shown in the PLM and XRD results, the
highly ordered structure of F8Se2 can play an important role
in high carrier mobility. We conclude that the high mobility of
F8Se2 results from the close molecular packing and well-defined
orientation of the Se-containing polymer chains.

Conclusion

We have successfully synthesized a new conjugated copoly-
mer based on fluorene and biselenophene, poly({®&ic-
ctylfluorenealt-biselenophene) (F8Se2), via a palladium-
catalyzed Suzuki coupling reaction. The thermotropic liquid
crystallinity and chain alignment behavior of F8Se2 were
demonstrated with DSC, PLM, and XRD analysis. The F8Se2
organic field effect transistor fabricated with a bottom contact
geometry was found to exhibit a field effect mobility of 0.012
cn?/(V s). Our Se-containing copolymer, F8Se2, exhibits
improved charge carrier mobility with respect to that of its sulfur
analogue due to the electron-donating properties of selenium
and the resulting stronger chain interactions between neighboring
chains. We conclude that-conjugated polymers containing
selenophene are promising candidates for use in field effect
transistors as active layers; the present results provide useful

voltages, respectively. The F8Se2 device switches on at a gateguidelines for the molecular design of high-mobility conjugated

voltage of around-4 V, and its field effect mobility was found
to be 0.012 cri(V s) at a gate voltage of aroune8.4 V. This
mobility was obtained without the use of any alignment

polymers for solution-processable OFET applications.
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