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ABSTRACT: Several conjugated thieno[3ppyrazine-based donefacceptor copolymers were synthesized by
Stille and Suzuki copolymerizations, and their optical, electrochemical, and field-effect charge transport properties
were characterized. The new copolymers, poly(5,7-bis(3-dodecylthiophen-2-yl)thiebii$rdzine) (BTTP),
poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3pjpyrazinealt-2,5-thiophene) (BTTP-T), poly(5,7-bis(3-dode-
cylthiophen-2-yl)thieno[3,4]pyrazinealt-9,9-dioctyl-2,7-fluorene) (BTTP-F), and poly(5,7-bis(3-dodecylthiophen-
2-yl)thieno[3,4b]pyrazinealt-1,4-bis(decyloxy)phenylene) (BTTP-P), had moderate to high molecular weights,
broad optical absorption bands that extend into the near-infrared region with absorption maxima&:t®6an,

and small optical band gaps (%:1.6 eV). They showed ambipolar redox properties with low ionization potentials
(HOMO levels) of 4.6-5.04 eV. The field-effect mobility of holes varied from 42104 cn?/(V s) in BTTP-T

to 1.6 x 1078 cn¥/(V s) in BTTP-F. These results show that thieno[B]gyrazine-based donemcceptor
copolymers combine small optical band gaps with fairly high carrier mobilities and thus are promising for organic
electronic devices.

Introduction

Conjugated polymer semiconductors with electron denor
acceptor architectures are of growing interest for organic
electronic application;® including photovoltaic cell,light-
emitting diodes (LEDs},and field-effect transistors (FETS3).
Intramolecular charge transfer (ICT) interaction between the
electron donor (D) and electron acceptor (A) units within®
copolymers can facilitate ready manipulation of their electronic
structures (HOMO/LUMO levels) and thus electronic and
optoelectronic properti€s>® Through the careful design and
selection of the donor (p-type) and acceptor (n-type) building
blocks, the strength of ICT can be tuned, allowing suchD
copolymer semiconductors to exhibit small band gaps, broad
absorption bands that extend into the near-infrared spectral
range, high electron affinity and low ionization potenfit,
efficient photoinduced charge transfer and separétiand
ambipolar charge transport with high mobilit<. Conjugated
donor-acceptor copolymers with strong intramolecular charge

transfer between the donor and acceptor moieties are of specia

interest for photovoltaic applications because their small band
gaps, broad absorption spectra, and ambipolar charge transpo
could facilitate efficient harvesting of the solar spectrum and
improve charge photogeneration and collecfion.

Although many electron-accepting moieties, including quino-

line,2 quinoxaline2d4b:522 1, 3-benzothiadiazofé and pyridaziné!

have been explored im-conjugated B-A copolymer systems,
their electron-accepting properties, and thus the strength of the
ICT in most of these copolymers, are not strong enough to
extend the absorption bands into the near-infrared. A few strong
electron acceptors, such as thieno[B]gyrazine3e--4d[1,2,5]-
thiadiazolo[3,4g]quinoxaline®¢ and pyrazino[2,3fjquinoxaline2®
have been incorporated into dor@cceptor conjugated poly-
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mers to achieve small band gap polymer semiconductors for
electronic device applications. Although the charge carrier
transport properties of conjugatedHd copolymers are critical

to their applications in photovoltaic cells, LEDs, and thin film
transistors, only a few of these materials have known carrier
mobility.> The hole mobility and ambipolar charge carrier
transport in thiophenequinoxaline and thiopherehiadiazole
copolymers were recently reported by our grtgnd others®

A [1,2,5]thiadiazolo[3,4g]quinoxaline-based BA oligomer
was also recently showed to have a field-effect hole mobility
as high as 0.03 cff(V s).5¢ This latter result suggests that higher
hole mobility may be achievable with high molecular weight
D—A copolymers since the charge carrier mobility of conjugated
polymers strongly depends on molecular weight.

In this paper, we report the synthesis, electrochemical and
optical properties, and field-effect carrier mobility of a series
of new conjugated donetacceptor copolymer semiconductors
based on thieno[3,8}pyrazine as the electron acceptor comono-
ner. Four new conjugated copolymers were synthesized by Stille
or Suzuki polymerization and investigated, including poly(5,7-

is(3-dodecylthiophen-2-yl)thieno[3@pyrazine) (BTTP), poly-
5,7-bis(3-dodecylthiophen-2-yl)thieno[3Mpyrazinealt-2,5-
thiophene) (BTTP-T), poly(5,7-bis(3-dodecylthiophen-2-
yhthieno[3,4b]pyrazinealt-9,9-dioctyl-2,7-fluorene) (BTTP-F),
and poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[&}pyrazine-
alt-1,4-bis(decyloxy)phenylene) (BTTP-P) (Chart 1). The parent
conjugated copolymer BTTP (Chart 1) has an alternating
acceptor (Ay-donor (D) chain structure of the form--A—
DD—A—DD----, where A is thieno[3,4]pyrazine and D is 2,5-
linked thiophene. To allow for the systematic modulation of
the ICT strength and thus the electronic and optical properties,
derivatives with a chain structure--A—DED—A—DED-:--
were designed, where the moiety E is a dialkylfluorene,
dialkoxyphenylene, or thiophene. We show that theseAD
copolymers exhibiting strong intramolecular charge transfer have
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very small optical band gaps (+1.6 eV), broad absorption

bands that extend into the near-IR region, and ambipolar redox

properties with rather small ionization potentials (4504 eV).
Initial organic field-effect transistors (OFETs) made from the
copolymer semiconductors showed field effect hole mobilities
of up to 1.6x 1072 cnm?(V s). We note that while our work
was in progress a report of an octyl derivative of BTTP
synthesized by oxidative Fefbolymerization appearet.

Results and Discussion
Synthesis and Characterization.The synthetic routes to the

monomers and polymers are outlined in Scheme 1. The coupling
reaction between the Grignard reagent of 2-bromo-3-dodecylth-

iophene and 5,7-dibromothieno[3pyrazine in the presence
of a catalytic amount of NiG{dppp) afforded compound.

Bromination of 1 by N-bromosuccinimide (NBS) gave the
dibromo monome®. The monome3, 2,5-didecyloxyphenylene-

1,4-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolate), was prepared

by the boronation of 1,4-dibromo-2,5-bis(decyloxy)benzene with
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. Poly(5,7-
bis(3-dodecylthiophen-2-yl)thieno[3lpyrazine) (BTTP) and
poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3Mpyrazinealt-
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of the copolymers were in good agreement with their structures.
ThelH NMR spectra of BTTP, BTTP-F, and BTTP-P are shown
in Figure 1. The singlet resonance at 8.61 ppm, assigned to the
two protons (labeled “a” in Figure 1) adjacent to the imine
nitrogen atoms of thienopyrazine unit, was observed in the
spectra of all the copolymers. The resonances at 7.24, 7.39, and
7.35 ppm in the spectra of BTTP, BTTP-F, and BTTP-P,
respectively, are assigned to the two protons in the thiophene
ring. Resonances at 7.66.73 ppm in the spectrum of BTTP-F
are assigned to the protons in the fluorene ring. The peak at
7.61 ppm in the BTTP-P spectrum corresponds to the two
protons in the phenylene ring. The peaks in the range-0.9
4.19 ppm arise from alkyl groups in the copolymers; the peak
area ratio between the aromatic and aliphatic protons in the
NMR spectra agrees with the molecular structures of the
copolymers. FT-IR spectra of the copolymers also confirmed
their molecular structures. The vibrational bands at 1535'cm

in all the copolymers are due to stretching vibrations of the
C=N group and are characteristic of the thieno[B]gyrazine

ring. The strong bands at about 1468 ¢rare assigned to the
stretching vibrations oé,o’-coupled thiophene rings.

The thermogravimetric analysis (TGA) scans of the four
copolymers are shown in Figure 2. The TGA thermograms
revealed that the onset decomposition temperatures of-thfe D
copolymers under nitrogen were in the range -3480 °C
(Table 1), indicative of good thermal stability. BTTP has a 5%
weight loss before its onset decomposition temperature at 378
°C probably because of the low molecular weight portion in
this copolymer. The thermal transitions of the copolymers were
investigated by differential scanning calorimetry (DSC). Co-
polymers BTTP-P and BTTP-T exhibited broad endotherms
centered at 250 and 32C, respectively, in the second-heating
DSC scans. BTTP showed a crystallization peak at’t7and
no melting peaks up to 350C. BTTP-F showed a glass
transition temperature of 97C and no crystallization and
melting transitions up to 356C.

2,5-thiophene) (BTTP-T) were synthesized by Pd(0)-mediated ~Optical Properties. The optical absorption spectra of the

Stille coupling polymerization in chlorobenzene. Poly(5,7-bis-
(3-dodecylthiophen-2-yl)thieno[3 Hpyrazinealt-9,9-dioctyl-
2,7-fluorene) (BTTP-F) and poly(5,7-bis(3-dodecylthiophen-2-
ylthieno[3,4b]pyrazinealt-1,4-bis(decyloxy)phenylene) (BTTP-
P) were synthesized by Suzuki coupling polymerization in high
yields (90-95%). All the copolymers except BTTP-T were
partly soluble in organic solvents such as chloroform, toluene,

model compound, 5,7-bis(3-dodecylthiophen-2-yl)thienof$4-
pyrazine (), in dilute (10°® M) toluene solution, the copolymers

in dilute (108 M) chlorobenzene solution, and the thin films
of soluble copolymers (BTTP, BTTP-P, and BTTP-F) are shown
in Figure 3. The dilute chlorobenzene solution of BTTP-T was
filtered by using a 0.4mm filter to remove insoluble residue
before the absorption spectrum was obtained. The optical

and chlorobenzene at room temperature and completely solubleabsorption spectrum of BTTP-T thin film was not recorded due
in high boiling point solvents (e.g., chlorobenzene) at high 1O its poor solubility in most organic solvents. The main optical
temperature. BTTP-T was not soluble in most organic solvents Properties of the B-A copolymers are collected in Table 2
probably due to its high molecular weight or the absence of The 305 nm band in the absorption spectrum of the model
solubilizing groups on the extra thiophene ring. The weight- compoundl in dilute solution can be assigned to the-z*
average molecular weightsM(,) of BTTP, BTTP-F, and transition whereas the 506 nm band is due to intramolecular
BTTP-P were determined by gel permeation chromatography charge transfer (ICT)between the thiophene donor and the
(GPC) against polystyrene standards in trichlorobenzene andthieno[3,4b]pyrazine acceptor moieties. Similarly, the absorp-
found to be 5306172 600 with a polydispersity indexviy/ tion spectra of the copolymers in dilute solutions are character-
M,) of 1.51-3.69 (Table 1). The molecular weight of BTTP-T  ized by two bands, one near 41425 nm and the other centered
was not determined by GPC because of its poor solubility in at 612-745 nm (Figure 3A). The former band can be assigned
organic solvents. We note that the molecular weight of BTTP to 7#—z* transition whereas the lowest energy band is due to
is a factor of 2 higher compared to a similar 3-octylthiophene ICT between the donor and the thieno[®jpyrazine acceptor
thieno[3,4b]pyrazine copolymer that was made by oxidative moieties. The solution absorption spectrum of BTTP-T, with
polymerization with ferric chloridé’ Although the molecular ~ an absorption maximumifs) at 745 nm (1.66 eV), is
weight of BTTP is not high, it can be increased by optimizing broadened and red-shifted compared to those of B'III‘,EX#
the Stille polymerization condition, such as use of different 675 nm), BTTP-Pi(ﬁqb;X= 630 nm), and BTTP-FﬂQb:X= 612
solvents or catalysts. nm). This can be explained by the much stronger ICT effects
The molecular structures of the copolymers were verified by in the BTTP-T copolymer than those in BTTP, BTTP-P, and
IH NMR, FT-IR, and U\~vis spectra. ThéH NMR spectra BTTP-F. Among these four copolymers, BTTP-T has C?IBV
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Table 1. Molecular Weights2 Thermal Properties, and Hole Mobility
of Copolymers

polymer  yield (%) Mw Mw/Mn T (°C)  un (cMP(V S))
BTTP 53 5300 1.51 378 74104
BTTP-F 94 172600 3.69 410 16103
BTTP-P 90 10000 1.59 397 141078
BTTP-T 95 —b —b 405 4.2x 1074

aMolecular weights determined by GPC in trichlorobenzene at°{35
using polystyrene standardsNot determined due to the poor solubility in
organic solventst Onset decomposition temperature measured by TGA
under N.

alternating---*A—DDD—A—DDD-+-+ chain structure and high-
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spectra in dilute solutions. The large increase in the electronic
delocalization length of the copolymers in the solid state is
explained by their much more planar conformations in the solid
state. Both BTTP-P and BTTP have very broad absorption bands
that extend into the near-infrared region witii g« at 810 nm

for BTTP-P and 780 nm for BTTP. The optical band gE@’b
derived from the absorption edge of the thin film spectra was
in the range 1.21.6 eV (Table 2). As expected, BTTP with
the strongest intramolecular charge-transfer interaction has the
smallest optical band gap, 1.1 eV, which is much smaller than
that of poly(3-alkylthiophene) homopolymer2.0 eV)! This
further supports the idea that the ICT interaction between donor

est degree of electronic delocalization. In the chain structures and acceptor moieties in-PA copolymers is an efficient method

of BTTP-P and BTTP-F;:-*A—DED—A—DED--+, the ad-
ditional dialkyloxyphenylene or dialkylfluorene moiety (E) is

to lower the band gap of conjugated polym&#&.h The 1.1
eV band gap of BTTP is comparable to that of a similar

a poorer electron-donating unit compared to thiophene, and it 3-octylthiophene-thieno[3,4b]pyrazine copolymer (1.3 eV¥.

significantly lowers the chain structure symmetry, resulting in

However, we note that the optical band gaps of electrochemi-

a large decrease in the ICT and thus electronic delocalization.cally synthesized poly(2,3-dialkylthieno[3p}pyrazine) ho-

Figure 3B shows the optical absorption spectra of thin films
of the thieno[3,4b]pyrazine-based copolymers. The thin film

mopolymers have been reported to be as small as 0.66-0.79 eV,
which is very unusual when compared to the present denor

absorption spectra are generally similar in shape to those inacceptor conjugated copolymér¥ " The small optical band

dilute solutions with two characteristic bands centered at442
474 and 667810 nm. The absorption maximum of BTTP-F at

gaps and very broad absorption bands of these thienb]3,4-
pyrazine-based copolymer semiconductors suggest that they

667 nm is 55 nm red-shifted compared to the corresponding could be useful materials for photovoltaic applicatiéns.

spectrum in dilute solution. In the case of BTTP-P and BTTP,

The normalized photoluminescence (PL) emission spectra of

their absorption spectra in the solid state exhibit huge red shifts the model compoundl and some of the thieno[3 pyrazine-

(180 nm for BTTP-P and 105 nm for BTTP) in the lowest-

based B-A copolymers are shown in Figure 4. The PL spectrum

energy absorption maxima compared to the correspondingof BTTP-T was not recorded due to its poor solubility in orgaeiBV
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Figure 3. Optical absorption spectra of compouddn a 106 M
toluene solution and BA copolymers in 10° M chlorobenzene
solutions (A) and as thin films on glass substrates (B).

(EA, LUMO level) of 3.1 eV (EA= E%g®+ 4.4)1° The 4.6

eV IP value of BTTP is 0.3 eV less than that of poly(3-
hexylthiophene) (4.9 eV), whereas its EA value (3.1 eV) is 0.6
eV higher than that reported for the poly(2,3-dioctylthieno[3,4-
blpyrazine) homopolymer<2.5 eV)8 The lower IP and higher
EA values of BTTP compared to those of the homopolymers
poly(A) and poly(D) are clearly due to the strong intramolecular

charge transfer exhibited by this-BA copolymer. Similar

nm in dilute toluene solution. BTTP-F has a broad, featureless reversible oxidation and reversible reduction were observed in
emission band centered at 760 nm in chlorobenzene solutionanelectropolymerized thieno[3pjpyrazine-thiophene copolymét.

and at 785 nm in thin film. Although the broad and featureless
emission bands of conjugated thin films are commonly due to
aggregation and excimer emissibthe weak PL emission of
the present doneracceptor copolymers originates from ICT

The IP and EA values of BTTP-F were similarly estimated to
be 5.04 and 2.8 eV, respectively. Given that the HOMO and
LUMO levels of poly(9,9-octylfluorene) (PFO) are 5.6 and 2.0
eV, respectively, when measured under the same conditions, it

excited states. BTTP and BTTP-P similarly had broad emission is clear that the HOMO/LUMO levels of BTTP-F have been

bands with peaks at 734 nm (BTTP) and 798 nm (BTTP-P) in
dilute chlorobenzene solutions. Both BTTP and BTTP-P have
no detectable emission in thin films.

Electrochemical Properties.The electronic states, ionization
potential/electron affinity (HOMO/LUMO levels), of the soluble
thieno[3,4b]pyrazine-based conjugated dor@cceptor co-
polymers were investigated by cyclic voltammetry (CV). The
oxidation and reduction cyclic voltammograms of the copolymer
thin films are shown in Figure 5, and all the electrochemical

significantly varied relative to those of PFO and BTTP due to
the modulated ICT strength. Our IP value for BTTP-F is almost
identical to that reported for a similar copolymer of fluorene,
thiophene, and thieno[3 dlpyrazine (APFO-Green 2), whereas

the EA value of BTTP-F is 0.7 eV less than that of APFO-
Green 22" An IP value of 4.64 eV and EA value of 2.8 eV

were found in the case of BTTP-P. The highly reversible
electrochemical oxidation and reduction and low IP values of
these D-A copolymers suggest good prospects for efficient

data are summarized in Table 2. The copolymers have reversiblehole/electron injection/transport in organic electronic devices.
oxidation and reversible reduction as evident from the areas The electrochemical band gaEgk = IP — EA) was deter-

and close proximity of the anodic and cathodic peaks. The
formal reduction potentials of BTTP, BTTP-P, and BTTP-F are
—1.4,—-1.73, and—1.9 V (vs SCE), respectively. The formal
oxidation potentials of the copolymers are in the range ©.29
0.71 V (vs SCE).

The onset oxidation potential and onset reduction potential
of the parent copolymer BTTP are 0.2 and.3 V, respectively,
from which we estimate an ionization potential (IP, HOMO
level) of 4.6 eV (IP= EX**'+ 4.4)0 and an electron affinity

mined to be 1.5 eV for BTTP, 1.84 eV for BTTP-P, and 2.24
eV for BTTP-F, which are 040.6 eV larger than the optically
determined onessf™ = 1.1-1.6 eV). This difference can be
explained by the exciton binding energy of conjugated polymers
which is thought to be in the range 6f0.4—-1.0 eV1!
Field-Effect Transistor Characteristics. The field-effect
carrier mobilities of the thieno[3,8}pyrazine-based BA
copolymers were investigated by fabricating and evaluating thin
film field-effect transistors based on the bottom contact geonEB)(/
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Table 2. Optical and Redox Properties of Copolymers

maxabs(nm)
copolymer solution fiim  E(eV) Eoseta (V) E2.P (V) IP¢ (eV) Eonseta (V) E%L (V) EAd (eV) E; (eV)
BTTP 675 780 1.1 0.2 0.5 4.6 -1.3 —-1.4 3.1 1.5
BTTP-P 630 810 1.3 0.24 0.29 4.64 —-1.6 —-1.73 2.8 1.84
BTTP-F 612 667 1.6 0.67 0.71 5.04 —1.64 -1.9 2.8 2.24

aOnset oxidation and reduction potentials vs SEEormal oxidation and reduction potentials vs SCEnization potential was obtained based on
IP = EX**'+ 4.4 eV. 9 Electron affinity was obtained based on EAESS®'+ 4.4 eV.
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0.1 M BwNPF; solution in acetonitrile at a scan rate of 40 mV/s. Figure 6. Output (A) and transfer (B) characteristics of a BTTP-P

o . field-effect transistor (50um width and 25um channel length)
similar to our previous reporté2¢ The copolymers showed  processed from chlorobenzene.

typical p-channel output characteristics (plot of drain current

Io vs drain voltageVp at different gate voltage¥c) when for the observed poor on/off ratio is not yet clear; it is probably
operated in the accumulation moten the saturation region,  qye to the low IP value (4.64 eV) and consequent unintentional
Io can be described by eq'i: oxygen doping of the BTTP-P FETs in ambient air testing.
Figure 7 shows the output and transfer characteristics of BTTP-F
lp = (WI2L)Cytty (Vg — V1) 1) FETs. These devices showed typical p-channel FET character-

istics with good drain-current modulation and well-defined linear
whereuy, is the field-effect hole mobility\V is the channel width, and saturation regions. A field-effect mobility of holes of 9.6
L is the channel lengtiCy is the capacitance per unit area of x 1074 cn?/(V s) and an on/off ratio of Z 10* were observed
the gate dielectric layer (SKP300 nm,Co = 11 nF/cnd), and in BTTP-F FETs processed from chlorobenzene. A slight
V7 is the threshold voltage. The saturation region field-effect enhancement in hole mobility to 1.6 103 cm?/(V s) and
mobility was thus calculated from the transfer characteristics similar on/off ratios were observed in BTTP-F FETs processed
of the OFETSs involving plottindp? vs V. To promote the ~ from the higher-boiling 1,2,4-trichlorobenzéfesolutions.
molecular chain ordering of the polymer semiconductor at the OFETs processed from trichlorobenzene also showed much

gate dielectric/semiconductor interface, the gate dielectric lower threshold voltagesVg = —3 V) compared to those
surface was modified by the silylating agent octadecyltrichlo- processed from chlorobenzenér(= —12 V), suggesting that
rosilane (OTS-18}4 BTTP-F devices from 1,2,4-trichlorobenzene have more ordered

The output and transfer characteristics of BTTP-P field-effect polymer chains that help in minimizing structural disorder at
transistors processed from chlorobenzene are shown in Figurethe polymer/dielectric interface. The much lower ionization
6. A saturation region mobility of 1.k 1073 cm?/(V s) with potential (5.04 eV) of BTTP-F compared to that of poly(9,9-

an on/off current ratio of 100 was obtained (Table 1). The reason dialkylfluorene) homopolymer (5:65.8 eV)2cdfacilitates hoIeCDV



Macromolecules, Vol. 39, No. 25, 2006

Drain Current, 1

-10 -20 -30 -40 -50 -60 -70 -80
Drain Voltage, VD V)

10-6 "B T
7 Jo.o01
_107 10.0008 =
< o
_: ‘An
£ J0.0006 =
=
: :
£ J0.0004 =
: :
210 =
10 z
J0.0002 2
10}
0
20 100

—~——t—
Gate Voltage, Vc V)

Figure 7. Output (A) and transfer (B) characteristics of a BTTP-F
field-effect transistor (50Qem width and 25um channel length)
processed from 1,2,4-trichlorobenzene.

injection and transport with respect to the gold electrodes
(® =5.2 eV) in the OFETSs. The much higher molecular weight
and thus lower concentration of chemical defects of BTTP-F
(M,, = 172 600) than that of BTTP-PM, = 10 000) could
explain its better FET performance, as found in other polymer
semiconductor§.

BTTP and BTTP-T FETs processed from chlorobenzene
solutions had a saturation region hole mobility of 21104
and 4.2x 1074 cn?/(V s), respectively. However, FETs from
these two copolymers had rather high “off” currents and large
threshold voltages>80 V) and very low on/off current ratios.
The large threshold voltages and very low on/off ratios are
probably due to unintentional ambient oxygen doping of the
BTTP and BTTP-T copolymer thin film FETs during the testing
in air. Although the cyclic voltammetry results showed clear

ambipolar redox properties, n-channel FET characteristics were
not observed in any of the copolymer semiconductors. These

copolymers thus did not exhibit ambipolar field-effect charge
transport properties based on gold source/drain electrodes.

Conclusions

Soluble thieno[3,4]pyrazine-based conjugated donaic-
ceptor polymer semiconductors with moderate to high molecular
weights were synthesized by Suzuki and Stille coupling
polymerizations. The strength of intramolecular charge-transfer
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yDhthieno[3,4b]pyrazine. The copolymers had small optical band
gaps in the range of 1-11.6 eV and ambipolar redox properties
with rather low ionization potentials (4-6.04 eV), which
facilitated hole injection and transport in thin film field-effect
transistors. The field-effect mobility of holes varied from 4.2
x 1074 cn?/(V s) for the poorly soluble BTTP-Tto 1.6 1072
cm?/(V s) with an on/off ratio of 3x 10* in the high molecular
weight BTTP-F. These results demonstrate that thiendjB,4-
pyrazine-based conjugated doraicceptor copolymers combine
fairly high charge carrier mobility with broad visible-to-near-
infrared absorption of interest for photovoltaic cells and other
device applications.

Experimental Section

Materials. All starting materials and reagents were purchased
from Aldrich and used without further purification. 2-Bromo-3-
dodecylthiophené® 5,7-dibromothieno[3,4]pyrazinel” and 2,5-
bis(trimethylstannyl)thiopheA® were prepared according to the
literature methods.

5,7-Bis(3-dodecylthiophen-2-yl)thieno[3,4]pyrazine (1). A
Grignard reagent was prepared slowly adding a solution of 2-bromo-
3-dodecylthiophene (8.38 g, 25.3 mmol) in 20 mL of anhydrous
tetrahydrofuran (THF) to a stirred suspension of magnesium powder
(1.1 g, 45.5 mmol) in 50 mL of THF under argon. The resulting
mixture was stirred at 68C for 7 h. The Grignard reagent was
then added via a cannula to a mixture of 5,7-dibromothieno[3,4-
b]pyrazine (2.98 g, 10.1 mmol) and [1,3-bis(diphenylphosphino)-
propane]dichloronickel(Il) (NiG(dppp)) (137 mg, 0.25 mmol) in
100 mL of anhydrous THF at @C under argon. The mixture was
refluxed for 18 h. Subsequently, the reaction mixture was poured
into 600 mL of water, and the product was extracted with methylene
chloride (CHCI,). The organic layer was washed twice with water
and dried over anhydrous sodium sulfate. After evaporation of the
solvent, the crude product was purified by column chromatography
on silica gel (5% ether in hexane as eluent) to yield compdund
as a purple solid (35%); mp 79:79.8°C. 'H NMR (300 MHz,
CDCl3): 6 8.58 (s, 2H), 7.45 (d) = 5.4 Hz, 2H), 7.08 (d) = 5.1
Hz, 2H), 2.88 (tJ = 7.8 Hz, 4H), 1.71 (mJ = 7.2 Hz, 4H), 1.25
(m, 36H), 0.90 (tJ = 6.3 Hz, 6H). MS (ESI mode): Found M,
637.7, GgHseN,S; requires M, 637.06.

5,7-Bis(5-bromo-3-dodecylthiophen-2-yl)thieno[3,4b]pyra-
zine (2). To a solution ofl (0.76 g, 1.19 mmol) in a mixture of
DMF (130 mL) and CHCI;, (15 mL) at room temperature in the
dark was added dropwise a solutionNbromosuccinimide (0.47
g, 2.63 mmol) in DMF (20 mL). The resulting solution was stirred
for 16 h and then was poured into water (500 mL). The product
was extracted with CKCl,, The organic phases were washed with
water and dried over sodium sulfate, and the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography on silica gel (2% ether in hexane) to afford
compound? (873 mg, 92%) as purple crystals; mp 8t&L.9°C.

IH NMR (300 MHz, CDC}): 6 8.57 (s, 2H), 7.00 (s, 2H), 2.84 (t,
J=7.5Hz, 4H), 1.68 (mJ = 7.5 Hz, 4H), 1.24 (m, 36H), 0.88 (t,
J = 6.3 Hz, 6H). MS (ESI mode): Found Mt 1, 795.6, GgHss
BroN,S; requires M, 794.85.
2,5-Didecyloxyphenylene-1,4-bis(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolate) (3).n-BuLi (4.2 mL of 2.5 M solution in hexane,
10.5 mmol) was added dropwise to a solution of 1,4-dibromo-2,5-
bis(decyloxy)benzene (2.5 g, 4.56 mmol) in THF (60 mL) at
—78 °C under argon. The solution was stirred-af8 °C for 25
min, then warmed to 0C, and kept at OC for 15 min. The solution
was cooled ta-78 °C again and kept for 15 min, and 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.8 mL, 13.7 mmol) was
added quickly. The solution was allowed to warm to room
temperature and then stirred for 22 h before being poured into water.

interaction and thus the electronic and optical properties of the The product was extracted with ether. The organic layer was
thieno(3,4b]pyrazine-based copolymers were systematically subsequently washed with water and brine and dried over sodium
varied by incorporating dioctylfluorene, bis(decyloxy)phenylene, sulfate, and the solvent was removed by rotary evaporation.
or thiophene moieties along with 5,7-bis(3-dodecylthiophen-2- Recrystallization from a mixture of hexane/methanol afforeegDV
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(50%) as white crystals; mp 76:77.0°C. '"H NMR (300 MHz,
CDCly): 6 7.10 (s, 2H), 3.95 (t) = 6.3 Hz, 4H), 1.77 (m) = 6.6
Hz, 4H), 1.51 (mJ = 7.5 Hz, 4H), 1.29 (m, 48H), 0.90 3,= 6.9
Hz, 6H). MS (ESI mode): Found M+ 1, 643.7, GgHesB20s
requires M, 642.56.
Poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3,4]pyrazine)
(BTTP). To a mixture of2 (300 mg, 0.38 mmol) and hexameth-
ylditin (124 mg, 0.38 mmol) in dry chlorobenzene (8 mL) were
added tris(dibenzylideneacetone)dipalladium(0) (6.9 mg, 0.007
mmol) and trie-tolylphosphine (9.2 mg, 0.03 mmol) as the catalysts.
The reaction mixture was stirred at 132 under argon for 5 days
and precipitated into a mixture of methanol (100 mL) and
concentrated hydrochloric acid (5 mL) and stirred 2ch atroom
temperature. The precipitate was filtered, washed with excess
methanol, and dried. The polymer was purified by a Soxhlet
extraction with acetone and methanol for 24 h each. After drying
under vacuum, a green powder of BTTP (125 mg, 53%) was
obtainedH NMR (CDCl), 6 (ppm): 8.61 (s, 2H), 7.24 (s, 2H),
2.90 (b, 4H), 1.27 (b, 40H), 0.89 (b, 6H). FT-IR (film, cf): 3033,

2959, 2921, 2852, 1535, 1501, 1470, 1292, 1214, 1044, 936, 843,

723.

Poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3,4]pyrazine-alt-
9,9-dioctyl-2,7-fluorene) (BTTP-F).To a three-necked flask was
added 9,9-dioctylfluorene-2,7-bis(trimethyleneboronate) (281 mg,
0.5 mmol), compoun@ (400 mg, 0.5 mmol), Aliquat 336 (70 mg),
and toluene (15 mL). Once the two monomers were dissolved, 2
M aqueous sodium carbonate solution (10 mL) was added. The
flask equipped with a condenser was then evacuated and filled with
argon several times to remove traces of air. PdgRRh1.6 mg,
0.01 mmol) was then added, and the mixture was stirred for 72 h

Macromolecules, Vol. 39, No. 25, 2006

spectra were obtained with a Photon Technology International (PTI)
Inc. model QM-2001-4 spectrofluorimeter.

Cyclic voltammetry experiments were done on an EG&G
Princeton Applied Research potentiostat/galvanostat (model 273A)
in an electrolyte solution of 0.1 M tetrabutylammonium hexafluo-
rophosphate (BINPF;) in acetonitrile. A three-electrode cell was
used in all experiments. Platinum wire electrodes were used as both
counter and working electrodes, and silver/silver ion (Ag in 0.1 M
AgNO; solution, Bioanalytical System, Inc.) was used as a reference
electrode. The Ag/Ag (AgNOs) reference electrode was calibrated
at the beginning of the experiments by running cyclic voltammetry
on ferrocene as the internal standard. The potential values obtained
in reference to Ag/Ag electrode were then converted to the
saturated calomel electrode (SCE) scale. The films of the polymers
were coated onto the Pt working electrode by dipping the Pt wire
into a 1 wt %chlorobenzene solution of each copolymer sample
and dried under vacuum at 8C for 24 h.

Fabrication and Characterization of Thin Film Transistors.
Bottom-contact geometry was used to fabricate the thin-film field-
effect transistors. Heavily n-doped Si with a conductivity of 10
S/cm was used as a gate electrode with 300 nm thick Biy@r as
the gate dielectric. By use of photolithography and a vacuum
sputtering system (2 1076 Torr), two 90 nm thick gold electrodes
(source and drain) with a 10 nm thick adhesive layer of TiW alloy
were fabricated onto the SjQayer. A channel lengthL{ of 25

um and a channel width() of 500 um were used. Thin films of

the thienopyrazine-based-IA copolymers except BTTP-T were
made by spin-coating a hot 0.2 wt % chlorobenzene or 1,2,4-
trichlorobenzene solution onto modified Si€urface and dried for
10—12 h at 60°C in a vacuum oven. Thin films of BTTP-T were

at 105°C under argon. The reaction mixture was cooled to room made by drop-casting a hot 0.2 wt % chlorobenzene solution onto
temperature, and the organic layer was separated, washed witithe FET devices. The gate electrode launching pad was placed on
water, and precipitated into methanol. The green fibrous copolymer top of the Si gate electrode after the Sigate dielectric had been

sample was filtered, washed with excess methanol, dried, andmechanically etched away. Electrical characteristics of the devices
purified by a Soxhlet extraction with acetone for 2 days (94% yield). were measured by using a Keithley 4200 semiconductor parameter

IH NMR (CDCl), 6 (ppm): 8.61 (s, 2H), 7.667.73 (m, 6H), 7.39
(s, 2H), 3.00 (b, 4H), 2.11 (b, 4H), 1.85 (b, 4H), 1.29 (b, 60H),
0.87 (b, 12H). FT-IR (film, cm?'): 3033, 2958, 2924, 2852, 1532,
1466, 1422, 1376, 1266, 1002, 935, 814, 721.
Poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3,4]pyrazine-alt-
1,4-bis(decyloxy)phenylene) (BTTP-P).This copolymer was
prepared by a procedure similar to thaBafTP-F using compound
3instead of 9,9-dioctylfluorene-2,7-bis(trimethyleneboronate) as the
monomer (90% vyield)!H NMR (CDCl), 6 (ppm): 8.61 (s, 2H),
7.61 (s, 2H), 7.35 (s, 2H), 4.19 (m, 4H), 2.98 (m, 4H), 2.03 (m,
4H), 1.81 (m, 4H), 1.33 (b, 64H), 0.90 (b, 12H). FT-IR (film, ch
3033, 2959, 2922, 2851, 1603, 1535, 1501, 1468, 1379, 1290,
1214, 1044, 936, 843, 722.
Poly(5,7-bis(3-dodecylthiophen-2-yl)thieno[3,4]pyrazine-alt-
2,5-thiophene) (BTTP-T). This glossy green copolymer sample
was prepared by a procedure similar to that of BTTP using 2,5-
bis(trimethylstannyl)thiophene instead of hexamethylditin as the
monomer (95% yield). The NMR and FT-IR spectra of this polymer
were not recorded due to its poor solubility in most organic solvents.
Characterization. FT-IR spectra were taken on a Perkin-Elmer
1720 FTIR spectrophotometer with KBr pellets or NaCl plates.
NMR spectra were recorded on a Bruker-AF300 spectrometer at
300 MHz. MS spectra were obtained on a Bruker Esquire LC/ion
trap mass spectrometer. Melting points were determined on an
Electrothermal 1A9100 digital melting point instrument at a heating
rate of 1°C/min. Gel permeation chromatography (GPC) analysis
of the polymers was performed on a Waters gel permeation
chromatograph with Shodex gel columns and M-150-C (64/25)

detectors using trichlorobenzene as eluent and polystyrene standards

as reference. Differential scanning calorimetry (DSC) analysis was
performed on a TA Instruments Q100 DSC underdtla heating
rate of 10°C/min, and thermogravimetric analysis (TGA) analysis
was conducted with a TA Instruments Q50 TGA at a heating rate
of 20 °C/min under a nitrogen gas flow. UWis absorption spectra
were recorded on a Perkin-Elmer model Lambda 900 UV/vis/near-
IR spectrophotometer. The photoluminescence (PL) emission

analyzer (Keithley Instruments, Inc., Cleveland, OH). All the
measurements were done under ambient laboratory conditions.

Surface Treatment of SiQ by Self-Assembled Monolayers
(SAMs). The SiQ surfaces of the FET substrates were treated with
octadecyltriethoxysilane (OTS-18) through a standard vapor deposi-
tion. The wafers were placed in a desiccator with a small vial of
OTS-18. Then the desiccator was put under vacuum, heated to 80
°C, and left overnight for the deposition of the OTS-18 SAM on
the SiQ surface. After deposition, the FET substrates were
sonicated for 1 min in anhydrous toluene and stored in vacuum
before use.
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