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(57) ABSTRACT 

Disclosed are molecular and polymeric compounds having 
desirable properties as semiconducting materials. Such com 
pounds can exhibit desirable electronic properties and pos 
sess processing advantages including solution-processability 
and/or good stability. Organic transistor and photovoltaic 
devices incorporating the present compounds as the active 
layer exhibit good device performance. 
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SEMCONDUCTING COMPOUNDS AND 
DEVICES INCORPORATING SAME 

0001. This application is a continuation of and claims 
priority to and the benefit of patent application Ser. No. 
14/298,523 filed Jun. 6, 2014 and issued as U.S. Pat. No. 
9,240,556 on Feb. 19, 2016, which was a divisional of and 
claimed priority to and the benefit of patent application Ser. 
No. 13/429,005 filed Mar. 23, 2012 and issued as U.S. Pat. 
No. 8,754,188 on Jun. 17, 2014, which claimed priority to and 
the benefit of Provisional Patent Application Ser. No. 61/467, 
015 filed on Mar. 24, 2011 and Provisional Patent Application 
Ser. No. 61/466,801 filed on May 9, 2011, the disclosure of 
each of which is incorporated by reference herein in its 
entirety. 
0002 This invention was made with government support 
under grant number DE-SC0001059 awarded by the Depart 
ment of Energy. The government has certain rights in the 
invention. 

BACKGROUND 

0003) A new generation of electronic, optical or optoelec 
tronic devices such as organic thin film transistors (OTFTs), 
organic light-emitting transistors (OLETs), organic light 
emitting diodes (OLEDs), or organic photovoltaics (OPVs) 
are fabricated using organic semiconductors as their active 
components. To be commercially relevant, these organic 
semiconductor-based devices should be processable in a cost 
effective manner. 
0004 Several p- and n-channel organic semiconductors 
have achieved acceptable device performance. For example, 
OTFTs based on acenes and oligothiophenes (p-channel) and 
perylenes (n-channel) exhibit carrier mobilities (us)>0.5 
cm/V's in ambient conditions. Furthermore, a variety of 
polymeric and molecular semiconductor materials incorpo 
rating one or more fused thiophene rings have been synthe 
sized and/or proposed as organic semiconductor building 
blocks, which includes naphthodithiophene rings reported in 
Umeda, R., et al., Comptes Rendus Chimie (2009), 12(3-4), 
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378-384; Coropceanu, V., et al., Chemistry—A European 
Journal (2006), 12(7), 2073-2080: Takahashi, T., et al., JP 
2010180151 A: Takimiya, K., et al., WO 2010058692 A1; 
Katakura, T., et al., JP 2006216814 A; and Katz, H. E., et al., 
U.S. Pat. No. 5.936,259 A. Although many of these materials 
exhibit acceptable carrier mobilities, improved processability 
is required for commercial feasibility. For example, penta 
cene exhibits high hole mobility >5 cm/V's with its highly 
crystalline nature, but cannot be processed via printing meth 
odologies due to its insolubility. 
0005 Accordingly, the art desires new polymeric or 
molecular semiconductors, particularly those having well 
balanced semiconducting properties and processing proper 
ties. 

SUMMARY 

0006. In light of the foregoing, the present teachings pro 
vide polymeric and molecular semiconductors that can 
address various deficiencies and shortcoming of the prior art, 
including those outlined above. Also provided are associated 
devices and related methods for the preparation and use of 
these semiconductors. The present semiconductors can 
exhibit properties Such as excellent charge transport charac 
teristics, low temperature processability, satisfactory solubil 
ity in common solvents, and processing versatility (e.g., print 
ability). As a result, field effect devices such as thin film 
transistors that incorporate one or more of the present semi 
conductors can exhibit high performance, for example, dem 
onstrating one or more of large hole mobility, large electron 
mobility, low threshold voltages, and high current on-off 
ratios. Similarly, other organic semiconductor-based devices 
such as OPVs, OETs, and OLEDs can be fabricated effi 
ciently using the organic semiconductor materials described 
herein. 
0007 Generally, the present teachings provide polymeric 
and molecular semiconducting compounds comprising a 
5,10-dialkoxynaphtho2,3-b:6.7-b'dithiophene (NDT) moi 
ety. For example, various embodiments of the present com 
pounds can be represented by: 

formula (I) 

formula (II) 
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wherein R', R. Ar", Ar., Ar., Art, L. m. m. m. m. p. xand 
y are as defined herein. 
0008. The present teachings also provide methods of pre 
paring such polymeric and molecular semiconductor materi 
als, as well as various compositions, composites, and devices 
that incorporate the polymeric and molecular semiconductor 
materials disclosed herein. 
0009. The foregoing as well as other features and advan 
tages of the present teachings will be more fully understood 
from the following figures, description, examples, and 
claims. 

BRIEF DESCRIPTION OF DRAWINGS 

0010. It should be understood that the drawings described 
below are for illustration purposes only. The drawings are not 
necessarily to scale, with emphasis generally being placed 
upon illustrating the principles of the present teachings. The 
drawings are not intended to limit the scope of the present 
teachings in any way. 
0011 FIG. 1 illustrates four different configurations of 
thin film transistors: bottom-gate top contact (a), bottom-gate 
bottom-contact (b), top-gate bottom-contact (c), and top-gate 
top-contact (d); each of which can be used to incorporate 
compounds of the present teachings. 
0012 FIG. 2 illustrates a representative structure of a bulk 
heterojunction organic photovoltaic device (also known as 
Solar cell), which can incorporate one or more compounds of 
the present teachings as the donor and/or acceptor materials. 
0013 FIG. 3 illustrates a representative structure of an 
organic light-emitting device, which can incorporate one or 
more compounds of the present teachings as electron-trans 
porting and/or emissive and/or hole-transporting materials. 
0014 FIG. 4 provides the UV/Vis absorption spectra (a) 
and cyclic voltammograms (b) of NDT (4c) and BDT (7c). 
0015 FIG. 5 shows optical absorption spectra of polymer 
P1-P3 solutions in chloroform and films (a), P4-P5 solutions 
(b), and P4-P5 films (c). Polymer films were deposited on 
quartz. Substrate by spin coating from chloroform Solution (5 
mg/mL). 
0016 FIG. 6 provides OFET response plots for polymer 
P4a-based device: (a) transfer plot at VS-100 V; and (b) 
output plot at V. ranging from 0 V to -100 V. 
0017 FIG. 7 shows optical absorption spectra (A) of NDT 
(TDPP) in chloroform solution and as a film; (B) log scale 
0-20 X-ray diffraction pattern of a drop cast NDT(TDPP), 
film (from 10 mg-mL in chloroform) on a Si/SiO/HMDS 
substrate, annealed at 110° C.; (C) typical output and (D) 
transfer plot (V, -100V) from a drop cast NDT(TDPP), 
OFET annealed at 110° C. 

DETAILED DESCRIPTION 

0018. The present teachings provide organic semiconduc 
tor materials that include polymeric and molecular semicon 
ductors and associated compositions, composites, and/or 
devices. Organic semiconductor materials of the present 
teachings can exhibit semiconducting behavior Such as high 
carrier mobility and/or good current modulation characteris 
tics in a field-effect device, light absorption/charge separation 
in a photovoltaic device, and/or charge transport/recombina 
tion/light emission in a light-emitting device. In addition, the 
present materials can possess certain processing advantages 
Such as solution-processability. The materials of the present 
teachings can be used to fabricate various organic electronic 
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articles, structures and devices, including field-effect transis 
tors, unipolar circuitries, complementary circuitries, photo 
Voltaic devices, and light emitting devices. 
0019. Throughout the application, where compositions 
are described as having, including, or comprising specific 
components, or where processes are described as having, 
including, or comprising specific process steps, it is contem 
plated that compositions of the present teachings also consist 
essentially of, or consist of the recited components, and that 
the processes of the present teachings also consist essentially 
of or consist of the recited process steps. 
0020. In the application, where an element or component 

is said to be included in and/or selected from a list of recited 
elements or components, it should be understood that the 
element or component can be any one of the recited elements 
or components, or can be selected from a group consisting of 
two or more of the recited elements or components. Further, 
it should be understood that elements and/or features of a 
composition, an apparatus, or a method described herein can 
be combined in a variety of ways without departing from the 
spirit and scope of the present teachings, whether explicit or 
implicit herein. 
0021. The use of the terms “include “includes”, “includ 
ing,” “have.” “has or “having should be generally under 
stood as open-ended and non-limiting unless specifically 
stated otherwise. 
0022. The use of the singular herein includes the plural 
(and Vice versa) unless specifically stated otherwise. In addi 
tion, where the use of the term “about is before a quantitative 
value, the present teachings also include the specific quanti 
tative value itself, unless specifically stated otherwise. As 
used herein, the term “about” refers to a +10% variation from 
the nominal value unless otherwise indicated or inferred. 
0023. It should be understood that the order of steps or 
order for performing certain actions is immaterial so long as 
the present teachings remain operable. Moreover, two or 
more steps or actions may be conducted simultaneously. 
0024. As used herein, a “polymeric compound' (or “poly 
mer”) refers to a molecule including a plurality of one or more 
repeating units connected by covalent chemical bonds. As 
used herein, a repeating unit in a polymer must repeat itself at 
least twice (as specified by its degree of polymerization) in 
the polymer. A polymer can be represented by the general 
formula: 

wherein M is the repeating unit or monomer. The degree of 
polymerization (n) can range from 2 to greater than 10,000, 
typically in the range from 5 to about 10,000. The polymer 
can have only one type of repeating unit as well as two or 
more types of different repeating units. When a polymer has 
only one type of repeating unit, it can be referred to as a 
homopolymer. When a polymer has two or more types of 
different repeating units, the term “copolymer can be used 
instead. The polymer can be linear or branched. Branched 
polymers can include dendritic polymers, such as den 
dronized polymers, hyperbranched polymers, brush poly 
mers (also called bottle-brushes), and the like. Unless speci 
fied otherwise, the assembly of the repeating units in a 
copolymer can be head-to-tail, head-to-head, or tail-to-tail. In 
addition, unless specified otherwise, the copolymer can be a 
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random copolymer, an alternating copolymer, or a block 
copolymer. For example, the general formula: 

can be used to represent a copolymer of A and B having X 
mole fraction of A and y mole fraction of B in the copolymer, 
where the manner in which comonomers A and B is repeated 
can be alternating, random, regiorandom, regioregular, or in 
blocks. 
0025. As used herein, a “cyclic moiety' can include one or 
more (e.g., 1-6) carbocyclic or heterocyclic rings. The cyclic 
moiety can be a cycloalkyl group, a heterocycloalkyl group, 
an aryl group, or a heteroaryl group (i.e., can include only 
saturated bonds, or can include one or more unsaturated 
bonds regardless of aromaticity), each including, for 
example, 3-24 ring atoms and can be optionally substituted as 
described herein. In embodiments where the cyclic moiety is 
a “monocyclic moiety, the “monocyclic moiety' can include 
a 3-14 membered aromatic or non-aromatic, carbocyclic or 
heterocyclic ring. A monocyclic moiety can include, for 
example, a phenyl group or a 5- or 6-membered heteroaryl 
group, each of which can be optionally Substituted as 
described herein. In embodiments where the cyclic moiety is 
a “polycyclic moiety, the “polycyclic moiety' can include 
two or more rings fused to each other (i.e., sharing a common 
bond) and/or connected to each other via a spiro atom, or one 
or more bridged atoms. A polycyclic moiety can include an 
8-24 membered aromatic or non-aromatic, carbocyclic or 
heterocyclic ring, such as a Caryl group or an 8-24 mem 
bered heteroaryl group, each of which can be optionally sub 
stituted as described herein. 
0026. As used herein, a “fused ring or a “fused ring 
moiety' refers to a polycyclic ring system having at least two 
rings where at least one of the rings is aromatic and Such 
aromatic ring (carbocyclic or heterocyclic) has a bond in 
common with at least one other ring that can be aromatic or 
non-aromatic, and carbocyclic or heterocyclic. These poly 
cyclic ring systems can be highly U-conjugated and can be 
optionally substituted as described herein. 
0027. As used herein, “halo” or “halogen” refers to fluoro, 
chloro, bromo, and iodo. 
0028. As used herein, “oxo” refers to a double-bonded 
oxygen (i.e., =O). 
0029. As used herein, “alkyl refers to a straight-chain or 
branched Saturated hydrocarbon group. Examples of alkyl 
groups include methyl (Me), ethyl (Et), propyl (e.g., n-propyl 
and iso-propyl), butyl (e.g., n-butyl, iso-butyl, sec-butyl, tert 
butyl), pentyl groups (e.g., n-pentyl, iso-pentyl, neopentyl), 
hexyl groups, and the like. In various embodiments, an alkyl 
group can have 1 to 40 carbon atoms (i.e., Cao alkyl group), 
for example, 1-20 carbon atoms (i.e., Co alkyl group). In 
Some embodiments, an alkyl group can have 1 to 6 carbon 
atoms, and can be referred to as a “lower alkyl group.” 
Examples of lower alkyl groups include methyl, ethyl, propyl 
(e.g., n-propyl and iso-propyl), and butyl groups (e.g., n-bu 
tyl, iso-butyl, sec-butyl, tert-butyl). In some embodiments, 
alkyl groups can be substituted as described herein. An alkyl 
group is generally not substituted with another alkyl group, an 
alkenyl group, or an alkynyl group. 
0030. As used herein, “haloalkyl refers to an alkyl group 
having one or more halogen Substituents. At various embodi 
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ments, a haloalkyl group can have 1 to 40 carbon atoms (i.e., 
Cao haloalkyl group), for example, 1 to 20 carbon atoms 
(i.e., Co haloalkyl group). Examples of haloalkyl groups 
include CF, CFs, CHF, CHF, CC1, CHC1, CHCl, 
C-Cls, and the like. Perhaloalkyl groups, i.e., alkyl groups 
where all of the hydrogen atoms are replaced with halogen 
atoms (e.g., CF and CFs), are included within the definition 
of "haloalkyl. For example, a Cao haloalkyl group can have 
the formula —CH2-X", where X', at each occurrence, is 
F. Cl, Br or I, S is an integer in the range of 1 to 40, and t is an 
integer in the range of 1 to 81, provided that t is less than or 
equal to 2s +1. Haloalkyl groups that are not perhaloalkyl 
groups can be substituted as described herein. 
0031. As used herein, “alkoxy' refers to —O-alkyl group. 
Examples of alkoxy groups include, but are not limited to, 
methoxy, ethoxy, propoxy (e.g., n-propoxy and isopropoxy), 
t-butoxy, pentoxy, hexoxy groups, and the like. The alkyl 
group in the -O-alkyl group can be substituted as described 
herein. For example, an —O-haloalkyl group is considered 
within the definition of “alkoxy” as used herein. 
0032. As used herein, “alkylthio’ refers to an —S-alkyl 
group (which, in Some cases, can be expressed as —S(O)- 
alkyl, wherein w is 0). Examples of alkylthio groups include, 
but are not limited to, methylthio, ethylthio, propylthio (e.g., 
n-propylthio and isopropylthio), t-butylthio, pentylthio. 
hexylthio groups, and the like. The alkyl group in the —S- 
alkyl group can be substituted as described herein. 
0033. As used herein, “arylalkyl refers to an -alkyl-aryl 
group, where the arylalkyl group is covalently linked to the 
defined chemical structure via the alkyl group. An arylalkyl 
group is within the definition of a Y—Caryl group, 
where Y is defined as a divalent alky group that can be option 
ally Substituted as described herein. An example of an aryla 
lkyl group is a benzyl group (—CH2—CHs). An arylalkyl 
group can be optionally substituted, i.e., the aryl group and/or 
the alkyl group, can be substituted as disclosed herein. 
0034. As used herein, “alkenyl refers to a straight-chain 
or branched alkyl group having one or more carbon-carbon 
double bonds. Examples of alkenyl groups include ethenyl, 
propenyl, butenyl, pentenyl, hexenyl, butadienyl, pentadi 
enyl, hexadienyl groups, and the like. The one or more car 
bon-carbon double bonds can be internal (such as in 2-butene) 
or terminal (such as in 1-butene). In various embodiments, an 
alkenyl group can have 2 to 40 carbon atoms (i.e., Cao 
alkenyl group), for example, 2 to 20 carbonatoms (i.e., Co 
alkenyl group). In some embodiments, alkenyl groups can be 
Substituted as described herein. An alkenyl group is generally 
not substituted with another alkenyl group, an alkyl group, or 
an alkynyl group. 
0035. As used herein, “alkynyl refers to a straight-chain 
or branched alkyl group having one or more triple carbon 
carbon bonds. Examples of alkynyl groups include ethynyl, 
propynyl, butynyl, pentynyl, hexynyl, and the like. The one or 
more triple carbon-carbon bonds can be internal (such as in 
2-butyne) or terminal (such as in 1-butyne). In various 
embodiments, an alkynyl group can have 2 to 40 carbon 
atoms (i.e., Cao alkynyl group), for example, 2 to 20 carbon 
atoms (i.e., Coalkynyl group). In some embodiments, alky 
nyl groups can be substituted as described herein. An alkynyl 
group is generally not substituted with another alkynyl group, 
an alkyl group, or an alkenyl group. 
0036. As used herein, “cycloalkyl refers to a non-aro 
matic carbocyclic group including cyclized alkyl, alkenyl, 
and alkynyl groups. In various embodiments, a cycloalkyl 
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group can have 3 to 24 carbon atoms, for example, 3 to 20 
carbon atoms (e.g., C. cycloalkyl group). A cycloalkyl 
group can be monocyclic (e.g., cyclohexyl) or polycyclic 
(e.g., containing fused, bridged, and/or spiro ring systems), 
where the carbon atoms are located inside or outside of the 
ring system. Any Suitable ring position of the cycloalkyl 
group can be covalently linked to the defined chemical struc 
ture. Examples of cycloalkyl groups include cyclopropyl. 
cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, cyclopen 
tenyl, cyclohexenyl, cyclohexadienyl, cycloheptatrienyl, nor 
bornyl, norpinyl, norcaryl, adamantyl, and spiro4.5 decanyl 
groups, as well as their homologs, isomers, and the like. In 
Some embodiments, cycloalkyl groups can be substituted as 
described herein. 

0037. As used herein, "heteroatom” refers to an atom of 
any element other than carbon or hydrogen and includes, for 
example, nitrogen, oxygen, silicon, Sulfur, phosphorus, and 
Selenium. 

0038. As used herein, “cycloheteroalkyl refers to a non 
aromatic cycloalkyl group that contains at least one ring 
heteroatom selected from O, S, Se, N. P. and Si (e.g., O, S, and 
N), and optionally contains one or more double or triple 
bonds. A cycloheteroalkyl group can have 3 to 24 ring atoms, 
for example, 3 to 20 ring atoms (e.g., 3-14 membered cyclo 
heteroalkyl group). One or more N. P. S. or Seatoms (e.g., N 
or S) in a cycloheteroalkyl ring may be oxidized (e.g., mor 
pholine N-oxide, thiomorpholine S-oxide, thiomorpholine 
S.S.-dioxide). In some embodiments, nitrogen orphosphorus 
atoms of cycloheteroalkyl groups can bear a substituent, for 
example, a hydrogen atom, an alkyl group, or other Substitu 
ents as described herein. Cycloheteroalkyl groups can also 
contain one or more oxo groups, such as oXopiperidyl, oXoox 
azolidyl, dioxo-(1H.3H)-pyrimidyl, oxo-2(1H)-pyridyl, and 
the like. Examples of cycloheteroalkyl groups include, 
among others, morpholinyl, thiomorpholinyl, pyranyl, imi 
dazolidinyl, imidazolinyl, oxazolidinyl, pyrazolidinyl, pyra 
Zolinyl, pyrrolidinyl, pyrrolinyl, tetrahydrofuranyl, tetrahy 
drothiophenyl, piperidinyl, piperazinyl, and the like. In some 
embodiments, cycloheteroalkyl groups can be substituted as 
described herein. 

0039. As used herein, “aryl refers to an aromatic mono 
cyclic hydrocarbon ring system or a polycyclic ring system in 
which two or more aromatic hydrocarbon rings arefused (i.e., 
having a bond in common with) together or at least one 
aromatic monocyclic hydrocarbon ring is fused to one or 
more cycloalkyl and/or cycloheteroalkyl rings. An aryl group 
can have 6 to 24 carbon atoms in its ring system (e.g., Co 
aryl group), which can include multiple fused rings. In some 
embodiments, a polycyclic aryl group can have 8 to 24 carbon 
atoms. Any Suitable ring position of the aryl group can be 
covalently linked to the defined chemical structure. Examples 
of aryl groups having only aromatic carbocyclic ring(s) 
include phenyl, 1-naphthyl (bicyclic), 2-naphthyl (bicyclic), 
anthracenyl (tricyclic), phenanthrenyl (tricyclic), pentacenyl 
(pentacyclic), and like groups. Examples of polycyclic ring 
systems in which at least one aromatic carbocyclic ring is 
fused to one or more cycloalkyland/or cycloheteroalkyl rings 
include, among others, benzo derivatives of cyclopentane 
(i.e., an indanyl group, which is a 5,6-bicyclic cycloalkyl/ 
aromatic ring system), cyclohexane (i.e., a tetrahydronaph 
thyl group, which is a 6,6-bicyclic cycloalkyl/aromatic ring 
system), imidazoline (i.e., a benzimidazolinyl group, which is 
a 5,6-bicyclic cycloheteroalkyl/aromatic ring system), and 
pyran (i.e., a chromenyl group, which is a 6,6-bicyclic cyclo 
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heteroalkyl/aromatic ring system). Other examples of aryl 
groups include benzodioxanyl, benzodioxolyl, chromanyl. 
indolinyl groups, and the like. In some embodiments, aryl 
groups can be substituted as described herein. In some 
embodiments, an aryl group can have one or more halogen 
Substituents, and can be referred to as a "haloaryl group. 
Perhaloaryl groups, i.e., aryl groups where all of the hydrogen 
atoms are replaced with halogen atoms (e.g., —CFs), are 
included within the definition of "haloaryl. In certain 
embodiments, an aryl group is substituted with another aryl 
group and can be referred to as a biaryl group. Each of the aryl 
groups in the biaryl group can be substituted as disclosed 
herein. 

0040. As used herein, "heteroaryl refers to an aromatic 
monocyclic ring system containing at least one ring heteroa 
tom selected from oxygen (O), nitrogen (N), sulfur (S), sili 
con (Si), and selenium (Se) or a polycyclic ring system where 
at least one of the rings present in the ring system is aromatic 
and contains at least one ring heteroatom. Polycyclic het 
eroaryl groups include those having two or more heteroaryl 
rings fused together, as well as those having at least one 
monocyclic heteroaryl ring fused to one or more aromatic 
carbocyclic rings, non-aromatic carbocyclic rings, and/or 
non-aromatic cycloheteroalkyl rings. A heteroaryl group, as a 
whole, can have, for example, 5 to 24 ring atoms and contain 
1-5 ring heteroatoms (i.e., 5-20 membered heteroaryl group). 
The heteroaryl group can be attached to the defined chemical 
structure at any heteroatom or carbon atom that results in a 
stable structure. Generally, heteroaryl rings do not contain 
O—O, S. S, or S-O bonds. However, one or more N or S 
atoms in a heteroaryl group can be oxidized (e.g., pyridine 
N-oxide, thiophene S-oxide, thiophene S.S.-dioxide). 
Examples of heteroaryl groups include, for example, the 5- or 
6-membered monocyclic and 5-6 bicyclic ring systems 
shown below: 

Cy C, Cy C, Ry, 
C fly fly OO 
N1 N s N N1 N OOOO 
OOOOOC) 
4. N 2 \ e N COCOO) 
N21 N N21 \ N21 \ O) OC Oy 
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-continued N 
21 N 21 y Y y 
N T^ Nn Ty Nan T 
21 21 N 21 N 

Sa N N N N y 
N T N T N T 

where T is O, S, NH, N-alkyl, N-aryl, N-(arylalkyl)(e.g., 
N-benzyl), SiH, SiH(alkyl), Si(alkyl). SiH(arylalkyl). 
Si(arylalkyl), or Si(alkyl)(arylalkyl). Examples of such het 
eroaryl rings include pyrrolyl, furyl, thienyl, pyridyl, pyrim 
idyl, pyridazinyl, pyrazinyl, triazolyl, tetrazolyl pyrazolyl, 
imidazolyl, isothiazolyl, thiazolyl, thiadiazolyl, isoxazolyl, 
oxazolyl, oxadiazolyl, indolyl, isoindolyl, benzofuryl, ben 
Zothienyl, quinolyl, 2-methylduinolyl, isoquinolyl, quinox 
alyl, quinazolyl, benzotriazolyl, benzimidazolyl, benzothia 
Zolyl, benzisothiazolyl, benzisoxazolyl, benzoxadiazolyl, 
benzoxazolyl, cinnolinyl, 1H-indazolyl, 2H-indazolyl, 
indolizinyl, isobenzofuyl, naphthyridinyl, phthalazinyl, pte 
ridinyl, purinyl, oxazolopyridinyl, thiazolopyridinyl, imida 
Zopyridinyl, furopyridinyl, thienopyridinyl, pyridopyrimidi 
nyl, pyridopyrazinyl, pyridopyridazinyl, thienothiazolyl, 
thienoxazolyl, thienoimidazolyl groups, and the like. Further 
examples of heteroaryl groups include 4,5,6,7-tetrahydroin 
dolyl, tetrahydroquinolinyl, benzothienopyridinyl, benzofu 
ropyridinyl groups, and the like. In some embodiments, het 
eroaryl groups can be substituted as described herein. 
0041 Compounds of the present teachings can include a 
"divalent group' defined herein as a linking group capable of 
forming a covalent bond with two other moieties. For 
example, compounds of the present teachings can include a 
divalent Coalkyl group (e.g., a methylene group), a diva 
lent C2-20 alkenyl group (e.g., a vinylyl group), a divalent 
C2-20 alkynyl group (e.g., an ethynylyl group). a divalent 
C. aryl group (e.g., a phenylyl group); a divalent 3-14 
membered cycloheteroalkyl group (e.g., a pyrrolidylyl), and/ 
or a divalent 5-14 membered heteroaryl group (e.g., a thieny 
lyl group). Generally, a chemical group (e.g., —Ar—) is 
understood to be divalent by the inclusion of the two bonds 
before and after the group. 
0042. The electron-donating or electron-withdrawing 
properties of several hundred of the most common substitu 
ents, reflecting all common classes of Substituents have been 
determined, quantified, and published. The most common 
quantification of electron-donating and electron-withdraw 
ing properties is in terms of Hammetta values. Hydrogen has 
a Hammett a value of Zero, while other substituents have 
Hammett a values that increase positively or negatively in 
direct relation to their electron-withdrawing or electron-do 
nating characteristics. Substituents with negative Hammetta 
values are considered electron-donating, while those with 
positive Hammetta values are considered electron-withdraw 
ing. See Lange's Handbook of Chemistry, 12th ed., McGraw 
Hill, 1979, Table 3-12, pp. 3-134 to 3-138, which lists Ham 
mett a values for a large number of commonly encountered 
substituents and is incorporated by reference herein. 
0043. It should be understood that the term “electron 
accepting group' can be used synonymously herein with 
“electron acceptor and “electron-withdrawing group”. In 
particular, an “electron-withdrawing group” (“EWG') or an 
'electron-accepting group' or an “electron-acceptor refers 
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to a functional group that draws electrons to itself more than 
a hydrogen atom would if it occupied the same position in a 
molecule. Examples of electron-withdrawing groups include, 
but are not limited to, halogen or halo (e.g., F. Cl, Br, I), 
- NO, CN, NC, -S(R')", N(R)', -SOH, 
- SOR', SOR', SONHR', SON(R'), COOH, 
COR, COOR, CONHR, CONCR), Ca 

haloalkyl groups, Caryl groups, and 5-14 membered elec 
tron-poor heteroaryl groups; where R' is a Coalkyl group, 
a Coalkenyl group, a Coalkynyl group, a Cohaloalkyl 
group, a C-20 alkoxy group, a C6-14 aryl group, a C-14 
cycloalkyl group, a 3-14 membered cycloheteroalkyl group, 
and a 5-14 membered heteroaryl group, each of which can be 
optionally substituted as described herein. For example, each 
of the C-2 alkyl group, the C2-20 alkenyl group, the C2-20 
alkynyl group, the Co haloalkyl group, the Co alkoxy 
group, the C-14 aryl group, the C-14 cycloalkyl group, the 
3-14 membered cycloheteroalkyl group, and the 5-14 mem 
bered heteroaryl group can be optionally substituted with 1-5 
Small electron-withdrawing groups such as F, Cl, Br, —NO, 
—CN, NC, -S(R')", N(R')", -SOH, -SOR, 
- SOR, -SONHR, -SON(R), -COOH, -COR, 
COOR, CONHR', and CONCR). 

0044. It should be understood that the term “electron 
donating group' can be used synonymously herein with 
'electron donor. In particular, an “electron-donating group' 
or an “electron-donor refers to a functional group that 
donates electrons to a neighboring atom more than a hydro 
genatom would if it occupied the same position in a molecule. 
Examples of electron-donating groups include —OH, 
—OR, NH, -NHR'. - N(R'), and 5-14 membered 
electron-rich heteroaryl groups, where R' is a C-2 alkyl 
group, a C2-20 alkenyl group, a C2-20 alkynyl group, a C-14 
aryl group, or a C-14 cycloalkyl group. 

0045 
described as electron-rich (or L-excessive) or electron-poor 

Various unsubstituted heteroaryl groups can be 

(or U-deficient). Such classification is based on the average 
electron density on each ring atom as compared to that of a 
carbon atom in benzene. Examples of electron-rich systems 
include 5-membered heteroaryl groups having one heteroa 
tom Such as furan, pyrrole, and thiophene; and their benzo 
fused counterparts such as benzofuran, benzopyrrole, and 
benzothiophene. Examples of electron-poor systems include 
6-membered heteroaryl groups having one or more heteroa 
toms such as pyridine, pyrazine, pyridazine, and pyrimidine; 
as well as their benzofused counterparts such as quinoline, 
isoquinoline, quinoxaline, cinnoline, phthalazine, naphthyri 
dine, quinazoline, phenanthridine, acridine, and purine. 
Mixed heteroaromatic rings can belong to either class 
depending on the type, number, and position of the one or 
more heteroatom(s) in the ring. See Katritzky, A. R and 
Lagowski, J. M., Heterocyclic Chemistry (John Wiley & 
Sons, New York, 1960). 
0046. At various places in the present specification, sub 
stituents are disclosed in groups or in ranges. It is specifically 
intended that the description include each and every indi 
vidual Subcombination of the members of Such groups and 
ranges. For example, the term "Ce alkyl is specifically 
intended to individually disclose C, C, C, C, Cs, C. 
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6s C-Cs. C-C, C-C, C-C2. C2-C6, C2-Cs. C2-C4. 
2-Cs. Cs-Co, Ca-Cs. Ca-Ca-Ca-Co, Ca-Cs, and Cs-C alkyl. 
y way of other examples, an integer in the range of 0 to 40 

is specifically intended to individually disclose 0, 1,2,3,4, 5, 
6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 
24, 25, 26, 27, 28, 29, 30, 31, 32,33, 34,35,36, 37,38, 39, and 
40, and an integer in the range of 1 to 20 is specifically 
intended to individually disclose 1,2,3,4,5,6,7,8,9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19, and 20. Additional examples 
include that the phrase “optionally substituted with 1-5 sub 
stituents’ is specifically intended to individually disclose a 
chemical group that can include 0, 1, 2, 3, 4, 5, 0-5, 0-4, 0-3, 
0-2, 0-1, 1-5, 1-4, 1-3, 1-2, 2-5, 2-4, 2-3, 3-5, 3-4, and 4-5 
Substituents. 

0047 Compounds described herein can contain an asym 
metric atom (also referred as a chiral center) and some of the 
compounds can contain two or more asymmetric atoms or 
centers, which can thus give rise to optical isomers (enanti 
omers) and diastereomers (geometric isomers). The present 
teachings include such optical isomers and diastereomers, 
including their respective resolved enantiomerically or dias 
tereomerically pure isomers (e.g., (+) or (-) stereoisomer) 
and their racemic mixtures, as well as other mixtures of the 
enantiomers and diastereomers. In some embodiments, opti 
cal isomers can be obtained in enantiomerically enriched or 
pure form by standard procedures known to those skilled in 
the art, which include, for example, chiral separation, diaste 
reomeric salt formation, kinetic resolution, and asymmetric 
synthesis. The present teachings also encompass cis- and 
trans-isomers of compounds containing alkenyl moieties 
(e.g., alkenes, azo, and imines). It also should be understood 
that the compounds of the present teachings encompass all 
possible regioisomers in pure form and mixtures thereof. In 
Some embodiments, the preparation of the present com 
pounds can include separating Such isomers using standard 
separation procedures known to those skilled in the art, for 
example, by using one or more of column chromatography, 
thin-layer chromatography, simulated moving-bed chroma 
tography, and high-performance liquid chromatography. 
However, mixtures of regioisomers can be used similarly to 
the uses of each individual regioisomer of the present teach 
ings as described herein and/or known by a skilled artisan. 
0048. It is specifically contemplated that the depiction of 
one regioisomer includes any other regioisomers and any 
regioisomeric mixtures unless specifically stated otherwise. 
0049. As used herein, a “leaving group” (“LG”) refers to a 
charged or uncharged atom (or group of atoms) that can be 
displaced as a stable species as a result of for example, a 
Substitution or elimination reaction. Examples of leaving 
groups include, but are not limited to, halogen (e.g., Cl, Br, I), 
azide (N), thiocyanate (SCN), nitro (NO), cyanate (CN), 
water (H2O), ammonia (NH), and Sulfonate groups (e.g., 
OSO-R, wherein R can be a Co alkyl group or a C 
aryl group each optionally Substituted with 1-4 groups inde 
pendently selected from a Coalkyl group and an electron 
withdrawing group) Such as tosylate (toluenesulfonate, OTs), 
mesylate (methanesulfonate, OMs), brosylate (p-bromoben 
Zenesulfonate, OBs), nosylate (4-nitrobenzenesulfonate, 
ONs), and triflate (trifluoromethanesulfonate, OTf). 
0050. As used herein, a “p-type semiconductor material' 
or a p-type semiconductor” refers to a semiconductor mate 
rial having holes as the majority current or charge carriers. In 
Some embodiments, when a p-type semiconductor material is 
deposited on a Substrate, it can provide a hole mobility in 
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excess of about 10 cm/Vs. In the case of field-effect 
devices, a p-type semiconductor can also exhibit a current 
on/off ratio of greater than about 10. 
0051. As used herein, an “in-type semiconductor material' 
oran “in-type semiconductor” refers to a semiconductor mate 
rial having electrons as the majority current or charge carriers. 
In some embodiments, when an n-type semiconductor mate 
rial is deposited on a Substrate, it can provide an electron 
mobility in excess of about 10 cm/Vs. In the case of field 
effect devices, an n-type semiconductor can also exhibit a 
current on/off ratio of greater than about 10. 
0052. As used herein, “mobility” refers to a measure of the 
Velocity with which charge carriers, for example, holes (or 
units of positive charge) in the case of a p-type semiconductor 
material and electrons in the case of an n-type semiconductor 
material, move through the material under the influence of an 
electric field. This parameter, which depends on the device 
architecture, can be measured using a field-effect device or 
space-charge limited current measurements. 
0053 As used herein, fill factor (FF) is the ratio (given as 
a percentage) of the actual maximum obtainable power, (P. 
or V*.J.), to the theoretical (not actually obtainable) 
power, (JXV). Accordingly, FF can be determined using 
the equation: 

where J, and V, represent the current density and voltage at 
the maximum power point (P), respectively, this point being 
obtained by varying the resistance in the circuit until JV is at 
its greatest value; and J and V represent the short circuit 
current and the open circuit Voltage, respectively. Fill factoris 
a key parameter in evaluating the performance of Solar cells. 
Commercial solar cells typically have a fill factor of about 
0.60% or greater. 
0054 As used herein, the open-circuit voltage (V) is the 
difference in the electrical potentials between the anode and 
the cathode of a device when there is no external load con 
nected. 

0055 As used herein, the power conversion efficiency 
(PCE) of a solar cell is the percentage of power converted 
from absorbed light to electrical energy. The PCE of a solar 
cell can be calculated by dividing the maximum power point 
(P) by the input light irradiance (E, in W/m) understandard 
test conditions (STC) and the surface area of the solar cell (A 
in m). STC typically refers to a temperature of 25°C. and an 
irradiance of 1000 W/m with an air mass 1.5 (AM 1.5) 
spectrum. 

0056. As used herein, a component (such as a thin film 
layer) can be considered “photoactive' if it contains one or 
more compounds that can absorb photons to produce excitons 
for the generation of a photocurrent. 
0057 Throughout the specification, structures may or may 
not be presented with chemical names. Where any question 
arises as to nomenclature, the structure prevails. 
0058. In one aspect, the present teachings relate to poly 
meric semiconducting compounds, as well as the use of these 
compounds in electronic, optoelectronic, or optical devices. 
The polymeric compounds (or polymers) according to the 
present teachings generally can be represented by formula (I): 
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wherein: 

R" and R independently are a C-2 alkyl group or a C-20 
haloalkyl group; 

Ar' and Arf independently are an optionally substituted Ca 
aryl group or an optionally substituted 5-14 membered het 
eroaryl group; 
It is an optionally Substituted polycyclic aryl or heteroaryl 
group; 

m" and mindependently are 0, 1, 2, 3 or 4: 
p is 0 or 1: 
Xandy are real numbers representing mole fractions, wherein 
0<xs 1,0sy<1, and the sum of x and y is about 1; and 
the polymeric compound has a degree of polymerization (n) 
in the range of 5 to 10,000. 
0059. To illustrate, each of RandR independently can be 
a linear or branched Cao alkyl groups such as methyl, ethyl, 
n-propyl, isopropyl. n-butyl, iso-butyl, sec-butyl, tert-butyl, 
n-pentyl, iso-pentyl, neo-pentyl, n-hexyl, n-dodecyl 

s 
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C10H21 

C8H17 

s , and 
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or a linear or branched Cao haloalkyl groups where one or 
more hydrogenatoms in, for example, the Cao alkyl groups 
shown above, are replaced by a halogen Such as F. 
I0060) Examples of Ar' and Art include various conjugated 
monocyclic and polycyclic moieties which can be optionally 
substituted as described herein. For example, each of Ar' and 
Ar optionally can be substituted with 1-6R" groups, where 

I0061) R', at each occurrence, independently is selected 
from a) halogen, b) —CN, c) —NO, d) —N(R), e) 
oxo, f)-OH.g)=C(R), h)-C(O)R, i)—C(O)OR, 
j) - C(O)N(R), k) – SH, 1)-S(O) R, m)—S(O) 
OR, n) —(OCHCH)OR, o)–(OCFCF) OR, p) 
—(OCHCF),OR, q) —(OCFCH)OR, r) 
—(CHCHO).R, s) —(CFCFO).R, t) 
—(CHCFO),R, u) —(CFCHO),R, v) a Cao alkyl 
group, w) a C2ao alkenyl group. X) a C2ao alkynyl 
group, y) a Cao alkoxy group, Z) a Cao alkylthio 
group, aa) a Cao haloalkyl group, ab) a —Y—Cso 
cycloalkyl group, ac) a Y—Caryl group, ad) a 
—Y—Chaloaryl group, ae) a —Y-3-12 membered 
cycloheteroalkyl group, and af) a —Y-5-14 membered 
heteroaryl group, wherein each of the Cao alkyl group, 
the C2ao alkenyl group, the C2ao alkynyl group, the 
Cao alkoxy group, the Cao alkylthio group, the Cao 
haloalkyl group, the Co cycloalkyl group, the Ca 
aryl group, the Chaloaryl group, the 3-12 membered 
cycloheteroalkyl group, and the 5-14 membered het 
eroaryl group is optionally substituted with 1-4 R' 
groups: 

0062) R, at each occurrence, independently is selected 
from H, a Cao alkyl group, a Chaloalkyl group, and 
a —Y-C-aryl group; 

I0063 R', at each occurrence, independently is selected 
from a) halogen, b) —CN, c) —NO, d) oxo, e) —OH, 
f) NH, g). NH(C-2 alkyl),h) N(C-20 alkyl)-i) 
—N(C-20 alkyl)-Co-1 aryl, j) —N(C-14 aryl), k) 
—S(O)H, I)—S(O), Co alkyl, m)—S(O)OH, n) 
—S(O) OC alkyl, o) —S(O) OC aryl, p) 
—CHO, q). —C(O)—Co alkyl, r) —C(O)—Ca 
aryl, s) —C(O)OH, t) —C(O)—OC alkyl, u) 
—C(O)—OC-aryl, v)—C(O)NH, w) —C(O)NH 
Co alkyl, X) —C(O)N(Coalkyl), y)—C(O)NH 
C. aryl, Z) —C(O)N(Co alkyl)-C aryl, aa) 
—C(O)N(C. aryl), ab) —C(S)NH2, ac) —C(S) 
NH Coalkyl, ad)—C(S)N(Coalkyl), ae)—C(S) 
N(C-14 aryl), af) –C(S)N(C-20 alkyl)-C4 aryl, ag) 
—C(S)NH C aryl, ah) —S(O)NH ai) —S(O) 
NH(Co alkyl), a) —S(O)N(Co alkyl), ak) 
—S(O)NH(Caryl), all) —S(O)N(Coalkyl)-C. 
14 aryl, am) —S(O)N(C. aryl), an) —SiH, ao) 
—SiH(Co alkyl), ap) —SiH(Co alkyl), aq). —Si 
(C-20 alkyl)s, ar) a C1-20 alkyl group, as) a C2-20 alkenyl 
group, at) a Co alkynyl group, au) a Co alkoxy 
group, av) a C-20 alkylthio group, aw) a C-2 haloalkyl 
group, ax) a Co cycloalkyl group, ay) a C- aryl 
group, aZ) a C- haloaryl group, ba) a 3-12 membered 
cycloheteroalkyl group, or bb) a 5-14 membered het 
eroaryl group; 

0064. Y. at each occurrence, independently is selected 
from a divalent Co alkyl group, a divalent Co 
haloalkyl group, and a covalent bond; 

0065 t is 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10; and 
0.066 w, at each occurrence, independently is 0, 1, or 2. 

0067 Examples of monocyclic (hetero)aryl groups 
include a phenyl group or a 5- or 6-membered heteroaryl 
group Such as a pyrrolyl group, a furyl group, a thienyl group, 
a pyridyl group, a pyrimidyl group, a pyridazinyl group, a 
pyrazinyl group, a triazolyl group, a tetrazolyl group, a pyra 
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Zolyl group, an imidazolyl group, an isothiazolyl group, a 
thiazolyl group, and a thiadiazolyl group. For example, at 
least one of the Ar" and/or the Argroups can include at least 
one 5-membered heteroaryl group that includes at least one 
Sulfurring atom. Examples of such Sulfur-containing 5-mem 
bered heteroaryl group include a thienyl group, a thiazolyl 
group, an isothiazolyl group, and athiadiazolyl group, each of 
which optionally can be substituted with 1-4 R groups, 
where R, at each occurrence, independently can be selected 
from a halogen, CN, oxo. —C(CN), a Cao alkyl group, a 
Cao haloalkyl group, a Cao alkoxy group, and a C-40 
alkylthio group. 
0068 Examples of bicyclic 8-14 membered (hetero)aryl 
groups include a naphthyl group and various bicyclic (e.g., 
5-5 or 5-6) heteroaryl moieties that include at least one sulfur 
ring atom. Examples of Such sulfur-containing bicyclic het 
eroaryl moieties include a thienothiophenyl group (e.g., a 
thieno 3.2-bithiophenyl group or a thieno2,3-bithiophenyl 
group), a benzothienyl group, a benzothiazolyl group, a ben 
Zisothiazolyl group, and a benzothiadiazolyl group each of 
which optionally can be substituted with 1-4 R groups, 
where R, at each occurrence, independently can be selected 
from a halogen, CN, Oxo, =C(CN), a C-40 alkyl group, a 
Cao haloalkyl group, a Cao alkoxy group, and a Cao 
alkylthio group. 
I0069. By way of example, Ar' and Ar, at each occurrence, 
independently can be selected from: 

R4 
R4 R4 

R 

R*, S s 

R4 
R4 R4 R4 

NV 7 N 
N S S S 

R4 s s 

R4 R4 

R4 s R4 s 

R4 

N 

N X 
S S 

R4 R4 s 

-O U 
s O s 
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where R', at each occurrence, independently can be Hor R. 
and R can be selected from a halogen, CN, oxo, =C(CN), 
a Cao alkyl group, a Cao haloalkyl group, a Cao alkoxy 
group, and a Cao alkylthio group. 
0070. In various embodiments, at least p and/or at least 
one of m' and m is not 0. For example, in certain embodi 
ments, each of m' and m can be 1, and Ar' and Ar, at each 
occurrence, independently can be an optionally Substituted 
thienyl group or an optionally Substituted bicyclic heteroaryl 
group comprising a thienyl group fused with a 5-membered 
heteroaryl group. In particular embodiments, the present 
polymers can have the formula: 

wherein: 

R. R. R. and Rindependently are selected from Hand R7, 
wherein R', at each occurrence, independently is selected 
from a halogen, CN, a C-2 alkyl group, a C-2 haloalkyl 
group, a C-2 alkoxy group, and a C-2 alkylthio group; and 

R", R, L, p. x and y are as defined herein. 

0071. In certain embodiments, p can be 0. An example of 
Such embodiments can be a polymer having the formula: 

where R' and R independently can be a Co alkyl group; 
and n is an integerranging from 5 to 10,000. Another example 
of Such embodiments can be a polymer having the formula: 
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where R' and R independently can be a C-20 alkyl group, 
where each R" is selected from a halogen, CN, a Co alkyl 
group, a C-2 haloalkyl group, a C-20 alkoxy group, and a 
Co alkylthio group; and n is an integer ranging from 5 to 
10,000. 

0072. In certain embodiments, p can be 1. Examples of 
Such embodiments can include polymers having the formula: 

wherein It is an optionally substituted heteroaryl group. For 
example, Ju can be a polycyclic Cs-2 aryl group or a polycy 
clic 8-24 membered heteroaryl group, where each of these 
groups can be optionally substituted with 1-6 R' groups, 
where R is as defined herein. In certain embodiments, it can 
include at least one electron-withdrawing group. In certain 
embodiments. It can include one or more solubilizing groups. 
For example. It can include one or more solubilizing groups 
Selected from a Cao alkyl group, a Cao alkoxy group, a 
Cao alkylthio group, a Cohaloalkyl group, —(OCH2CH2) 
OR, —(OCFCF),OR, —(OCHCF),OR, 
—(OCFCH)OR,-(CHCHO), R, -(CFCFO),R, 
—(CHCFO),R, or —(CFCHO),Re; where t is 1, 2, 3, 4, 
5, 6, 7, 8, 9 or 10, and R is a Co alkyl group or a Co 
haloalkyl group. 
0073. In certain embodiments. It can be an optionally sub 
stituted heteroaryl group represented by a formula selected 
from: 
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wherein Het, at each occurrence, is a monocyclic moiety 
including at least one heteroatom in its ring and optionally 
substituted with 1-2 R' groups, wherein R. R. and R' 
independently can be H or R", wherein R', at each occur 
rence, independently is selected from a halogen, CN, a Co 
alkyl group, a C-2 haloalkyl group, a C-20 alkoxy group. 
and a Coalkylthio group; and R', R, Xandy areas defined 
herein. 
0074. In particular embodiments. It can be selected from: 

10 

O 
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/ N 

where R. R. and R' independently can be selected from H. 
halogen, CN, a C-2 alkyl group, a C-2 haloalkyl group, a 
C-2 alkoxy group, and a C-2 alkylthio group. 

0075) 
formula: 

To illustrate, an example of a polymer having the 
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where R', R and R' independently can be a Co alkyl -continued 
group, and n is an integer ranging from 5 to 10,000. () 
0076. In some embodiments, polymers according to the 
present teachings can have the formula: ( ) 

wherein Het, at each occurrence, is a monocyclic moiety 
including at least one heteroatom in its ring and optionally 
substituted with 1-2 R' groups, wherein R. R. and R' 

at-l : independently can be H or R", wherein R', at each occur 
rence, independently is selected from a halogen, CN, a Co 
alkyl group, a C-2 haloalkyl group, a C-20 alkoxy group. 
and a C-2 alkylthio group; and R', R, Xandy are as defined 
herein. 
0077. To illustrate, an example of such embodiments can 
be a polymer having the formula: 

wherein It is as defined herein. For example. It can be an 
optionally Substituted heteroaryl group represented by a for 
mula selected from: 

s 

9 

wherein R', RandR' independently area Coalkyl group, 
( ) , and and n is an integer ranging from 5 to 10,000. 

0078. In one aspect, the present teachings relate to 
(e) molecular semiconducting compounds, as well as the use of 

these compounds in electronic, optoelectronic, or optical 
devices. These molecular compounds can be represented by 
formula (II): 

(Aril 11, Ar. Ar- (-t-). (-Art),4, 
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wherein: 

R" and R independently are a C-2 alkyl group or a C-20 
haloalkyl group; 

Ar", Art, Ar., and Ar" independently are an optionally sub 
stituted Caryl group or an optionally Substituted 5-14 
membered heteroaryl group; 
JU, at each occurrence, independently is an optionally Substi 
tuted polycyclic aryl or heteroaryl group; 
m", m, mand mindependently are 1, 2, 3 or 4; and 
p is 0 or 1. 
0079. To illustrate, each of RandR independently can be 
a linear or branched Cao alkyl groups such as methyl, ethyl, 
n-propyl, isopropyl. n-butyl, iso-butyl, sec-butyl, tert-butyl, 
n-pentyl, iso-pentyl, neo-pentyl, n-hexyl, n-dodecyl 

s 
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-continued 

or a linear or branched Cao haloalkyl groups where one or 
more hydrogen atoms in, for example, the Cao alkyl groups 
shown above, are replaced by a halogen Such as F. 
0080 Examples of Ar", Ar., Ar., and Art include various 
conjugated monocyclic and polycyclic moieties which can be 
optionally substituted as described herein. For example, each 
of Ar", Ari, Ar., and Ar" optionally can be substituted with 
1-6R" groups, where 

I0081) R', at each occurrence, independently is selected 
from a) halogen, b) —CN, c) —NO, d) —N(R), e) 
oxo, f) -OH, g)=C(R), h)-C(O)R, i) = C(O)OR, 
j) - C(O)N(R), k) – SH, I) - S(O).R. m) - S(O) 
OR, n) (OCHCH)OR, o) —(OCFCF),OR, p) 
(OCHCF),OR, q)-(OCFCH)OR, r) (CHCHO) 
R, s) (CFCFO).R, t) (CHCFO),R, u) (CFCHO) 
R. V) a Cao alkyl group, w) a C2ao alkenyl group, X) a 
C2-ao alkynyl group, y) a Cao alkoxy group, Z) a Clao 
alkylthio group, aa) a Cao haloalkyl group, ab)ay Co 
cycloalkyl group, ac) a YC-14 aryl group, ad) a YC-14 
haloaryl group, ae) aY-3-12 membered cycloheteroalkyl 
group, and af) a Y-5-14 membered heteroaryl group, 
wherein each of the Cao alkyl group, the Coalkenyl 
group, the Cao alkynyl group, the Cao alkoxy group, 
the Cao alkylthio group, the Cao haloalkyl group, the 
Cso cycloalkyl group, the C-14 aryl group, the C-14 
haloaryl group, the 3-12 membered cycloheteroalkyl 
group, and the 5-14 membered heteroaryl group is 
optionally substituted with 1-4 R groups: 

0082 R. at each occurrence, independently is selected 
from H, a Cao alkyl group, a Cao haloalkyl group, and 
a YC-14 aryl group: 

I0083) R', at each occurrence, independently is selected 
from a) halogen, b) —CN, c) —NO, d) oxo, e) —OH, 
f)—NH2 g) —NH(Coalkyl), h)—N(Coalkyl), i) 
—N(C-20 alkyl)-Co-1 aryl, j) —N(C-14 aryl), k) 
—S(O)H, I) —S(O), Co alkyl, m) —S(O)OH, n) 

and 
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—S(O) OC alkyl, o) —S(O) OC aryl, p) 
—CHO, q). —C(O)Clo alkyl, r) —C(O)C aryl, s) 
—C(O)CH, t) —C(O)—OC alkyl, u) —C(O)— 
OC-aryl, v) —C(O)NH2, w) —C(O)NHC alkyl, 
X) —C(O)N(Co alkyl), y) —C(O)NHC aryl, Z) 
—C(O)N(Co alkyl)C aryl, aa) —C(O)N(C- 
aryl), ab) —C(S)NH2, ac) —C(S)NHC alkyl, ad) 
—C(S)N(Co alkyl), ae) —C(S)N(C. aryl), af) 
—C(S)N(Co alkyl)-Caryl, ag)—C(S)NH-C- 
aryl, ah)—S(O)NH2, ai)—S(O)NH(Co alkyl), a) 
—S(O)N(Co alkyl), ak) —S(O)NH(C. aryl), 
al) —S(O)N(Co alkyl)-Cola aryl, am) —S(O)N 
(C6-4 aryl), an) —SiH, ao) —SiH(Co alkyl), ap) 
—SiH2(C-20 alkyl), aq). —Si(C-20 alkyl)s ar) a C-2 
alkyl group, as) a C2-20 alkenyl group, at) a C2-20 alkynyl 
group, au) a C-20 alkoxy group, av) a C-2 alkylthio 
group, aw) a C-2 haloalkyl group, ax) a Cso 
cycloalkyl group, ay) a C-14 aryl group, aZ) a C-14 
haloaryl group, ba) a 3-12 membered cycloheteroalkyl 
group, or bb) a 5-14 membered heteroaryl group; 

I0084 Y, at each occurrence, independently is selected 
from a divalent Co alkyl group, a divalent Co 
haloalkyl group, and a covalent bond; 

0085 t is 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10; and 
I0086) w, at each occurrence, independently is 0, 1, or 2. 

0087. Examples of monocyclic (hetero)aryl groups 
include a phenyl group or a 5- or 6-membered heteroaryl 
group Such as a pyrrolyl group, a furyl group, a thienyl group, 
a pyridyl group, a pyrimidyl group, a pyridazinyl group, a 
pyrazinyl group, a triazolyl group, a tetrazolyl group, a pyra 
Zolyl group, an imidazolyl group, an isothiazolyl group, a 
thiazolyl group, and a thiadiazolyl group. For example, at 
least one of Ar", Ar., Ar., and Ar" can include at least one 
5-membered heteroaryl group that includes at least one sulfur 
ring atom. Examples of Such sulfur-containing 5-membered 
heteroaryl group include a thienyl group, a thiazolyl group, an 
isothiazolyl group, and a thiadiazolyl group, each of which 
optionally can be substituted with 1-4R groups, where R, at 
each occurrence, independently can be selected from a halo 
gen, CN, OXO. —C(CN)2, a Cao alkyl group, a Cao 
haloalkyl group, a Cao alkoxy group, and a Cao alkylthio 
group. 
0088. Examples of bicyclic 8-14 membered (hetero)aryl 
groups include a naphthyl group and various bicyclic (e.g., 
5-5 or 5-6) heteroaryl moieties that include at least one sulfur 
ring atom. Examples of Such sulfur-containing bicyclic het 
eroaryl moieties include a thienothiophenyl group (e.g., a 
thieno 3.2-bithiophenyl group or a thieno2,3-bithiophenyl 
group), a benzothienyl group, a benzothiazolyl group, a ben 
Zisothiazolyl group, and a benzothiadiazolyl group, each of 
which optionally can be substituted with 1-4 R groups, 
where R, at each occurrence, independently can be selected 
from a halogen, CN, Oxo, =C(CN), a Cao alkyl group, a 
Cao haloalkyl group, a Cao alkoxy group, and a Cao 
alkylthio group. 
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I0089. By way of example, Ar", Ar., Ar, and Art, at each 
occurrence, independently can be selected from: 

R4 
R4 R4 

R 

R*, S s 

R4 
R4 4 4 

S-V 71 N 
N S S S 

R4 s s 

R4 R4 

O S 
R4 s R4 s 

R4 

N 

N X 
S S 

R4 R4 s 

-O U 
s O s 

where R', at each occurrence, independently can be Hor R. 
and Rican be selected from a halogen, CN, oxo, =C(CN), 
a Cao alkyl group, a Cao haloalkyl group, a Cao alkoxy 
group, and a Cao alkylthio group. 
0090. In certain embodiments, Ar", Ari, Ar., and Ar, at 
each occurrence, independently can be an optionally Substi 
tuted thienyl group or an optionally Substituted bicyclic het 
eroaryl group comprising a thienyl group fused with a 
5-membered heteroaryl group. In particular embodiments, a 
molecular semiconducting compound according to to the 
present teachings can have the formula: 
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wherein: 
0091 R. R. R. and R, at each occurrence, indepen 
dently are selected from Hand R", wherein R', at each 
occurrence, independently is selected from a halogen, 
CN, a Coalkyl group, a Cohaloalkyl group, a Co 
alkoxy group, and a C-20 alkylthio group; and 

0092 R', R, L, and pare as defined herein. 
0093. In certain embodiments, p, at each occurrence, can 
be 1. In certain embodiments. It can be an optionally Substi 
tuted heteroaryl group represented by a formula selected 
from: 

wherein Het, at each occurrence, is a monocyclic moiety 
including at least one heteroatom in its ring and optionally 
substituted with 1-2 R' groups, wherein R. R. and R' 
independently can be H or R', wherein R7, at each occur 
rence, independently is selected from a halogen, CN, a Co 
alkyl group, a Co haloalkyl group, a Coalkoxy group. 
and a Coalkylthio group; and R', R, Xandy areas defined 
herein. In particular embodiments. It can be selected from: 
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-continued 

: 
/ N 

and 

where R. R. and R' independently can be selected from H, 
halogen, CN, a C-2 alkyl group, a C-2 haloalkyl group, a 
Coalkoxy group, and a Coalkylthio group. 
0094. To illustrate, a molecular semiconducting com 
pound according to the present teachings can have the for 
mula: 
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wherein R', R and R' independently can be a Co alkyl 
group. 
0095 Compounds of the present teachings can be pre 
pared according to procedures analogous to those described 
in the Examples. In particular, Stille coupling can be used to 
prepare polymeric compounds according to the present teach 
ings with high molecular weight and in highyield (>75%) and 
purity, as confirmed by "H NMR spectra, elemental analysis, 
and GPC measurements. 
0096. Alternatively, the present compounds can be pre 
pared from commercially available starting materials, com 
pounds known in the literature, or via other readily prepared 
intermediates, by employing standard synthetic methods and 
procedures known to those skilled in the art. Standard syn 
thetic methods and procedures for the preparation of organic 
molecules and functional group transformations and manipu 
lations can be readily obtained from the relevant scientific 
literature or from standard textbooks in the field. It will be 
appreciated that where typical or preferred process conditions 
(i.e., reaction temperatures, times, mole ratios of reactants, 
Solvents, pressures, etc.) are given, other process conditions 
can also be used unless otherwise stated. Optimum reaction 
conditions can vary with the particular reactants or solvent 
used, but such conditions can be determined by one skilled in 
the art by routine optimization procedures. Those skilled in 
the art of organic synthesis will recognize that the nature and 
order of the synthetic steps presented can be varied for the 
purpose of optimizing the formation of the compounds 
described herein. 

0097. The processes described herein can be monitored 
according to any Suitable method known in the art. For 
example, product formation can be monitored by spectro 
scopic means, such as nuclear magnetic resonance spectros 
copy (NMR, e.g., "H or 'C), infrared spectroscopy (IR), 
spectrophotometry (e.g., UV-visible), mass spectrometry 
(MS), or by chromatography such as high pressure liquid 
chromatograpy (HPLC), gas chromatography (GC), gel-per 
meation chromatography (GPC), or thin layer chromatogra 
phy (TLC). 
0098. The reactions or the processes described herein can 
be carried out in suitable solvents which can be readily 
selected by one skilled in the art of organic synthesis. Suitable 
Solvents typically are substantially nonreactive with the reac 
tants, intermediates, and/or products at the temperatures at 
which the reactions are carried out, i.e., temperatures that can 
range from the solvents freezing temperature to the Solvents 
boiling temperature. A given reaction can be carried out in 
one solvent or a mixture of more than one solvent. Depending 
on the particular reaction step, Suitable solvents for a particu 
lar reaction step can be selected. 
0099 Certain embodiments disclosed herein can be stable 
under ambient conditions (“ambient stable'), soluble in com 
mon solvents, and in turn Solution-processable into various 
articles, structures, or devices. As used herein, a compound 
can be considered “ambient stable' or “stable at ambient 
conditions” when the carrier mobility or the reduction-poten 
tial of the compound is maintained at about its initial mea 
Surement when the compound is exposed to ambient condi 
tions, for example, air, ambient temperature, and humidity, 
overa period of time. For example, a polymer according to the 
present teachings can be described as ambient stable if its 
carrier mobility or reduction potential does not vary more 
than 20% or more than 10% from its initial value after expo 
Sure to ambient conditions, including, air, humidity and tem 
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perature, over a 3 day, 5 day, or 10 day period. Without 
wishing to be bound by any particular theory, it is believed 
that the strong electron-depleted electronic structure of the 
thienocoronene moiety, and in the case of the polymers, the 
regioregular highly U-conjugated polymeric backbone, can 
make the present compounds ambient-stable n-channel semi 
conductor materials without requiring additional t-core func 
tionalization (i.e., core Substitution of the thienocoronene 
moiety) with strong electron-withdrawing functionalities. 
0100. As used herein, a compound can be considered 
soluble in a solvent when at least 0.1 mg of the compound can 
be dissolved in 1 mL of the solvent. Examples of common 
organic solvents include petroleum ethers; acetonitrile; aro 
matic hydrocarbons such as benzene, toluene, Xylene, and 
mesitylene; ketones such as acetone, and methyl ethylketone; 
ethers such as tetrahydrofuran, dioxane, bis(2-methoxyethyl) 
ether, diethyl ether, di-isopropyl ether, and t-butyl methyl 
ether; alcohols such as methanol, ethanol, butanol, and iso 
propyl alcohol; aliphatic hydrocarbons such as hexanes; 
esters such as methyl acetate, ethyl acetate, methyl formate, 
ethyl formate, isopropyl acetate, and butyl acetate; amides 
Such as dimethylformamide and dimethylacetamide, Sulfox 
ides such as dimethylsulfoxide; halogenated aliphatic and 
aromatic hydrocarbons such as dichloromethane, chloro 
form, ethylene chloride, chlorobenzene, dichlorobenzene, 
and trichlorobenzene; and cyclic solvents such as cyclopen 
tanone, cyclohexanone, and 2-methypyrrolidone. 
0101. As used herein, “solution-processable” refers to 
compounds (e.g., thienocoronene-imide copolymers), mate 
rials, or compositions that can be used in various solution 
phase processes including spin-coating, printing (e.g., inkjet 
printing, screen printing, pad printing, offset printing, gravure 
printing, flexographic printing, lithographic printing, mass 
printing and the like), spray coating, electrospray coating, 
drop casting, dip coating, and blade coating. 
0102 The present teachings, therefore, further provide 
methods of preparing a semiconductor material. The methods 
can include preparing a composition that includes one or 
more compounds disclosed herein dissolved or dispersed in a 
liquid medium Such as a solvent or a mixture of Solvents, 
depositing the composition on a Substrate to provide a semi 
conductor material precursor, and processing (e.g., heating) 
the semiconductor precursor to provide a semiconductor 
material (e.g., a thin film semiconductor) that includes a 
compound disclosed herein. In various embodiments, the liq 
uid medium can be an organic Solvent, an inorganic Solvent 
Such as water, or combinations thereof. In some embodi 
ments, the composition can further include one or more addi 
tives independently selected from Viscosity modulators, 
detergents, dispersants, binding agents, compatiblizing 
agents, curing agents, initiators, humectants, antifoaming 
agents, wetting agents, pH modifiers, biocides, and bactere 
riostats. For example, Surfactants and/or polymers (e.g., poly 
styrene, polyethylene, poly-alpha-methylstyrene, poly 
isobutene, polypropylene, polymethylmethacrylate, and the 
like) can be included as a dispersant, a binding agent, a 
compatiblizing agent, and/or an antifoaming agent. In some 
embodiments, the depositing step can be carried out by print 
ing, including inkjet printing and various contact printing 
techniques (e.g., Screen-printing, gravure printing, offset 
printing, pad printing, lithographic printing, flexographic 
printing, and microcontact printing). In other embodiments, 
the depositing step can be carried out by spin coating, drop 
casting, Zone casting, dip coating, blade coating, or spraying. 
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0103 Compounds of the present teachings can be used to 
prepare semiconductor materials (e.g., compositions and 
composites), which in turn can be used to fabricate various 
articles of manufacture, structures, and devices. In some 
embodiments, semiconductor materials incorporating one or 
more compounds of the present teachings can exhibit p-type 
semiconductor activity, ambipolar activity, light absorption, 
and/or light emission. 
0104. The present teachings, therefore, further provide 
methods of preparing a semiconductor material. The methods 
can include preparing a composition that includes one or 
more compounds disclosed herein dissolved or dispersed in a 
liquid medium Such as a solvent or a mixture of Solvents, 
depositing the composition on a Substrate to provide a semi 
conductor material precursor, and processing (e.g., heating) 
the semiconductor precursor to provide a semiconductor 
material (e.g., a thin film semiconductor) that includes a 
compound disclosed herein. In various embodiments, the liq 
uid medium can be an organic Solvent, an inorganic Solvent 
Such as water, or combinations thereof. In some embodi 
ments, the composition can further include one or more addi 
tives independently selected from Viscosity modulators, 
detergents, dispersants, binding agents, compatiblizing 
agents, curing agents, initiators, humectants, antifoaming 
agents, wetting agents, pH modifiers, biocides, and bactere 
riostats. For example, Surfactants and/or polymers (e.g., poly 
styrene, polyethylene, poly-alpha-methylstyrene, poly 
isobutene, polypropylene, polymethylmethacrylate, and the 
like) can be included as a dispersant, a binding agent, a 
compatiblizing agent, and/or an antifoaming agent. In some 
embodiments, the depositing step can be carried out by print 
ing, including inkjet printing and various contact printing 
techniques (e.g., Screen-printing, gravure printing, offset 
printing, pad printing, lithographic printing, flexographic 
printing, and microcontact printing). In other embodiments, 
the depositing step can be carried out by spin coating, drop 
casting, Zone casting, dip coating, blade coating, or spraying. 
0105 Various articles of manufacture including electronic 
devices, optical devices, and optoelectronic devices, such as 
thin film semiconductors, field effect transistors (e.g., thin 
film transistors), photovoltaics, photodetectors, organic light 
emitting devices such as organic light emitting diodes 
(OLEDs) and organic light emitting transistors (OLETs), 
complementary metal oxide semiconductors (CMOSs), 
complementary inverters, diodes, capacitors, sensors, D flip 
flops, rectifiers, and ring oscillators, that make use of the 
compounds disclosed herein are within the scope of the 
present teachings as are methods of making the same. The 
present compounds can offer processing and operation 
advantages in the fabrication and/or the use of these devices. 
0106 For example, articles of manufacture such as the 
various devices described herein can be an electronic or opto 
electronic device including a first electrode, a second elec 
trode, and a semiconducting component in contact with the 
first electrode and the electrode, where the semiconducting 
component includes a compound of the present teachings. 
These devices can include a composite having a semiconduct 
ing component (or semiconductor material) of the present 
teachings and a Substrate component and/or a dielectric com 
ponent. The Substrate component can be selected from doped 
silicon, an indium tin oxide (ITO), ITO-coated glass, ITO 
coated polyimide or other plastics, aluminum or other metals 
alone or coated on a polymer or other Substrate, a doped 
polythiophene, and the like. The dielectric component can be 
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prepared from inorganic dielectric materials such as various 
oxides (e.g., SiO, Al2O, Hf()), organic dielectric materials 
Such as various polymeric materials (e.g., polycarbonate, 
polyester, polystyrene, polyhaloethylene, polyacrylate), and 
self-assembled superlattice/self-assembled nanodielectric 
(SAS/SAND) materials (e.g., as described in Yoon, M-H. et 
al., PNAS, 102 (13): 4678-4682 (2005), the entire disclosure 
of which is incorporated by reference herein), as well as 
hybrid organic/inorganic dielectric materials (e.g., described 
in U.S. patent application Ser. No. 1 1/642,504, the entire 
disclosure of which is incorporated by reference herein). In 
Some embodiments, the dielectric component can include the 
crosslinked polymer blends described in U.S. patent applica 
tion Ser. Nos. 11/315,076, 60/816,952, and 60/861,308, the 
entire disclosure of each of which is incorporated by refer 
ence herein. The composite also can include one or more 
electrical contacts. Suitable materials for the source, drain, 
and gate electrodes include metals (e.g., Au, Al, Ni, Cu), 
transparent conducting oxides (e.g., ITO, IZO, ZITO, GZO. 
GIO, GITO), and conducting polymers (e.g., poly(3,4-ethyl 
enedioxythiophene)poly(styrenesulfonate) (PEDOT:PSS). 
polyaniline (PANI), polypyrrole (PPy)). One or more of the 
composites described herein can be embodied within various 
organic electronic, optical, and optoelectronic devices such as 
organic thin film transistors (OTFTs), specifically, organic 
field effect transistors (OFETs), as well as sensors, capaci 
tors, unipolar circuits, complementary circuits (e.g., inverter 
circuits), and the like. 
0107 Accordingly, an aspect of the present teachings 
relates to methods of fabricating an organic field effect tran 
sistor that incorporates a semiconductor material of the 
present teachings. The semiconductor materials of the present 
teachings can be used to fabricate various types of organic 
field effect transistors including top-gate top-contact capaci 
tor structures, top-gate bottom-contact capacitor structures, 
bottom-gate top-contact capacitor structures, and bottom 
gate bottom-contact capacitor structures. 
(0.108 FIG. 1 illustrates the four common types of OFET 
structures: (a) bottom-gate top-contact structure, (b) bottom 
gate bottom-contact structure, (c) top-gate bottom-contact 
structure, and (d) top-gate top-contact structure. As shown in 
FIG. 1, an OFET can include a gate dielectric component 
(e.g., shown as 8, 8", 8", and 8"), a semiconducting compo 
nent or semiconductor layer (e.g., shown as 6, 6' 6", and 6"). 
a gate electrode or contact (e.g., shown as 10, 10", 10", and 
10"), a substrate (e.g., shown as 12, 12", 12", and 12"), and 
Source and drain electrodes or contacts (e.g., shown as 2, 2', 
2", 2", 4, 4', 4", and 4"). As shown, in each of the configu 
rations, the semiconducting component is in contact with the 
Source and drain electrodes and the gate dielectric compo 
nent. 

0109. In certain embodiments, OTFT devices can be fab 
ricated with the present compounds on doped silicon Sub 
strates, using SiO, as the dielectric, in top-contact geom 
etries. In particular embodiments, the active semiconductor 
layer which incorporates at least a compound of the present 
teachings can be deposited at room temperature or at an 
elevated temperature. In other embodiments, the active semi 
conductor layer which incorporates at least one compound of 
the present teachings can be applied by spin-coating or print 
ing as described herein. For top-contact devices, metallic 
contacts can be patterned on top of the films using shadow 
masks. 
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0110. In certain embodiments, OTFT devices can be fab 
ricated with the present compounds on plastic foils, using 
polymers as the dielectric, in top-gate bottom-contact geom 
etries. In particular embodiments, the active semiconducting 
layer which incorporates at least a compound of the present 
teachings can be deposited at room temperature or at an 
elevated temperature. In other embodiments, the active semi 
conducting layer which incorporates at least a compound of 
the present teachings can be applied by spin-coating or print 
ing as described herein. Gate and Source/drain contacts can be 
made of Au, other metals, or conducting polymers and depos 
ited by vapor-deposition and/or printing. 
0111. In various embodiments, a semiconducting compo 
nent incorporating compounds of the present teachings can 
exhibit semiconducting activity, for example, a carrier mobil 
ity of 10 cm/V-sec or greater and/or a current on/off ratio 
(I/I) of 10 or greater. 
0112. Other articles of manufacture in which compounds 
of the present teachings are useful are photovoltaics or Solar 
cells. Compounds of the present teachings can exhibit broad 
optical absorption and/or a tuned redox properties and bulk 
carrier mobilities, making them desirable for Such applica 
tions. Accordingly, the compounds described herein can be 
used as a donor (p-type) semiconductor material in a photo 
Voltaic design, which includes an adjacent n-type semicon 
ductor material that forms a p-n junction. The compounds can 
be in the form of a thin film semiconductor, which can be 
deposited on a Substrate to form a composite. Exploitation of 
compounds of the present teachings in such devices is within 
the knowledge of a skilled artisan. 
0113. In various embodiments, a semiconducting compo 
nent incorporating compounds of the present teachings can 
enable photovoltaic cells with power conversion efficiency of 
about 1% or greater. 
0114. Accordingly, another aspect of the present teachings 
relates to methods of fabricating an organic light-emitting 
transistor, an organic light-emitting diode (OLED), or an 
organic photovoltaic device that incorporates one or more 
semiconductor materials of the present teachings. FIG. 2 
illustrates a representative structure of a bulk-heterojunction 
organic photovoltaic device (also known as Solar cell) which 
can incorporate one or more compounds of the present teach 
ings as the donor and/or acceptor materials. As shown, a 
representative solar cell generally includes a substrate 20 
(e.g., glass), an anode 22 (e.g., ITO), a cathode 26 (e.g., 
aluminium or calcium), and a photoactive layer 24 between 
the anode and the cathode which can incorporate one or more 
compounds of the present teachings as the electron donor 
(p-channel) and/or electron acceptor (n-channel) materials. 
Optional interlayers (not shown) also can be present. FIG. 3 
illustrates a representative structure of an OLED which can 
incorporate one or more compounds of the present teachings 
as electron-transporting and/or emissive and/or hole-trans 
porting materials. As shown, an OLED generally includes a 
substrate 30 (not shown), a transparent anode 32 (e.g., ITO), 
a cathode 40 (e.g., metal), and one or more organic layers 
which can incorporate one or more compounds of the present 
teachings as hole-transporting (n-channel) (layer 34 as 
shown) and/or emissive (layer 36 as shown) and/or electron 
transporting (p-channel) materials (layer 38 as shown). In 
embodiments where the present compounds only have one or 
two of the properties of hole transport, electron transport, and 
emission, the present compounds can be blended with one or 
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more further organic compounds having the remaining 
required property or properties. 
0115 The following examples are provided to illustrate 
further and to facilitate the understanding of the present 
teachings and are not in any way intended to limit the inven 
tion. 

0116 N-Bromosuccinimide (NBS), n-butyllithium (2.5 
Min hexanes), BF.OEt, MeSnCl and Pd(PPh) were pur 
chased from Aldrich. Bis(2,2-diethoxyethyl)disulfide was 
purchased from TCI America. NBS was recrystallized from 
H2O and all other reagents commercially available were used 
as received without further purification. 
0117 THF was distilled from Na/benzophenone. All reac 
tions were carried out under an inert atmosphere of N. Ana 
lytical thin-layer chromatography (TLC) was performed on 
aluminum sheets, precoated with silica gel 60-Fs (Merck 
5554). Flash column chromatography was carried out using 
silica gel 60 (Silicycle) as the stationary phase. NMR spectra 
were recorded on either a Bruker Avance III 500 spectrometer 
or a Varian Unity Plus 500 spectrometer, with working fre 
quencies of 499.4 MHz for "H and 125.6 MHz for "C. 
Chemical shifts are reported in ppm and referenced to the 
residual non-deuterated solvent frequencies (CDC1: 8 7.27 
ppm for 'H,877.0 ppm for 'C). High resolution mass spectra 
were recorded on an Agilent 6210 LC-TOF multimode ion 
ization (MMI) mass spectrometer. Electrospray mass spec 
trometry was performed with a Thermo Finnegan model LCQ 
Advantage mass spectrometer. UV-Visible spectroscopy was 
performed on a Varian Cary 5000 UV-Vis-NIR spectropho 
tometer or a Varian Cary 50 Scan UV-Vis spectrophotometer. 
Electrochemistry was performed on a C3 Cell Stand electro 
chemical station equipped with BAS Epsilon software (Bio 
analytical Systems, Inc., Lafayette, Ind.). Photoreactions 
with UV irradiation was carried out in a photochemical reac 
tor Rayonet model RPR 600 MINI (Southern New England 
Ultraviolet Company) equipped with 254 nm UV ramp. Dif 
ferential scanning calorimetry (DSC) was performed on TA 
model DSC 2920 with a heating ramp of 10° C./min and 
reported for the second heating-cooling cycle. Polymer 
molecular weights were determined on a Polymer Laborato 
ries PL-GPC 220 using trichlorobenzene as eluent at 150° C. 
versus polystyrene standards. OFET device measurements 
were carried out at room temperature in a customized probe 
station in air. Coaxial and/or triaxial shielding was incorpo 
rated into Signatone probes to minimize noise levels. Organic 
field effect transistor (OFET) characterizations were per 
formed with a Keithley 6430 subfemto ammeter (drain) and a 
Keithley 2400 (gate) source meter, operated by a locally 
written Labview program. Thin films were analyzed using 
wide-angle X-ray diffractometry (WAXRD) on a Rigaku 
ATX-G using standard 0-20techniques, with monochromatic 
CuKO. radiation. Tapping mode atomic force microscopy 
(AFM) was performed with a Bruker Dimension ICON. OPV 
characterization was performed on a Spectra-Nova Class A 
Solar Simulator with AM1.5G light (100mW/cm) from a Xe 
arc lamp. The light source was calibrated with an NREL 
certified Sidiode equipped with a KG3 filter to bring spectral 
mismatch to unity. Current VS potential (J-V) measurements 
were recorded with a Keithly 2400 digital source meter. 
External quantum efficiency (EQE) was performed using an 
Oriel Model S3 QE-PV-SI (Newport Instruments) equipped 
with an NIST-certified Si-diode and a Merlin lock-in ampli 
fier and optical chopper. Monochromatic light was generated 
from a 300 W Xe arc lamp. 
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Example 1 

Synthesis of Dialkoxy NDT and BDT Derivatives 

0118 

Scheme 1 

i) n-BuLi 
ii) 

OMe 

OEt 

EtO S ~s Y 

Br N^ OEt 
OEt 
-e- O THF Br 50% 

OMe 

1 

OMe OEt 

S ~s Polyphos 
OEt phoric acid 
-e- 

EtO PhCl 

N^ 42% 
OEt OMe 

2 

ROH 

TsOH, toluene 
49-67% 

4a: R = 2-octyldodecyl 
4b; R = n-tetradecyl 
4c: R = 2-ethylhexyl 

i) n-BuLi 
4 ii) Me3SnCl 
a-e — - 

86% 

O1 R 

S 

-)-COO-(- / \s \ 

-O R 

5a: R = 2-octyldodecyl 
5b: R = n-tetradecyl 
5c: R = 2-ethylhexyl 
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-continued 

6a: R = 2-octyldodecyl 

0119 Scheme 1 shows a synthetic route of 5,10-dialkox 
ynaphtho2,3-b:6.7-b'dithiophene (4a-c) and its 2.7-bis(tri 
methyltin)- (5a-c) and 2,7-dibromo- (6a) derivatives, as well 
as BDT derivatives as comparative compounds (7a-c and 
8b-c). In this route, methoxy-substituted NDT (3) was syn 
thesized first, then a trans-etherification reaction was used to 
convert (3) to NDTs with various alkoxy side chains. While it 
also is possible to introduce the alkoxy chains before the 
ring-closure reaction, the synthetic route shown in Scheme 1 
allows introduction of the alkoxy side chains at the end of the 
monomer synthesis, thereby enabling NDTs with various side 
chains to be prepared conveniently from a stock of methoxy 
NDT (3). 

2,6-Bis(2,2-diethoxyethyl)sulfanyl-1,5-dimethox 
ynaphthalene (2) 

I0120 2,6-Dibromo-1,5-dimethoxynaphthalene (1) (2.00 
g, 5.78 mmol), synthesized from 2,6-dibromo-1,5-dihydrox 
ynaphthalene as described in Wheeler et al., J. Org. Chem. 
1930, 52,4872), was solubilized in anhydrous THF (190 mL) 
and cooled at -78° C. under N. n-Butyllithium (5.8 mL, 
2.5M) was then added and the stirring was continued for 2 
hours. The reaction mixture was treated with bis(2,2-di 
ethoxyethyl)disulfide (4.66 g. 15.6 mmol) and kept at -78°C. 
for 30 minutes, then warmed up to room temperature and 
stirred overnight. The reaction was stopped by adding water, 
and the mixture was extracted with diethyl ether, dried over 
MgSO filtered, and concentrated in vacuo. The crude prod 
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uct was purified by column chromatography (30% ethyl 
acetate in hexanes) to afford 1.46 g of a yellow oil. 
(Yield=52%). "H NMR (500 MHz, CDC1, 298 K): 7.80 (d. 
J=8.9 Hz, 2H); 7.51 (d. J=8.6 Hz, 2H); 4.68 (t, J=5.3 Hz, 2H): 
3.99 (s, 6H);3.68 (quintet, J=7.1 Hz, 4H);3.56 (quintet, J–7.1 
Hz, 4H); 3.23 (d. J=5.7 Hz, 4H); 1.19 (t, J=6.9 HZ, 12H) ppm. 
'C NMR (125 MHz, CDC1, 298 K): 154.46; 128.40; 128. 
14; 125.20; 118.24; 101.91; 62.17; 61.11:36.28; 15.25 ppm. 
HRMS (ESI-TOF-MS): m/z calcd for CHOS, M+Na 
507.1846. found 507.1853. 

5,10-Dimethoxynaphtho2,3-b:6.7-b'dithiophene (3) 

0121 Polyphosphoric acid (2.90 g) was dissolved in chlo 
robenzene (90 mL) and heated at reflux for 3 hours. A solution 
of compound (2) (2.25 g, 4.64 mmol) in chlorobenzene (17 
mL) was added dropwise to the reaction mixture. Stirring was 
pursued for 24 hours before evaporating chlorobenzene. The 
crude product was solubilized in dichloromethane, washed 
with NaHCO and water. The solution was dried over MgSO 
and concentrated in vacuo. The product was purified by flash 
column chromatography (40% dichloromethane in hexanes) 
to afford 0.589 g of the title compound as a yellow powder. 
(Yield=42%). "H NMR (500 MHz, CDC1, 298 K): 8.51 (s, 
2H); 7.49 (m, 4H); 4.25 (s, 6H) ppm. "C NMR (125 MHz, 
CDC1, 298 K): 149.37; 138.81; 127.20; 126.14; 123.61; 
123.38: 109.95: 59.64 ppm. HRMS (ESI-TOF-MS): m/z 
calcd for CHOS, 300.0273. found 300.0264. 

5,10-Bis(2-octyldodecyloxy)naphtho2,3-b:6,7-b' 
dithiophene (4a) 

0122 Compound (3) (0.400 g, 1.33 mmol) was weighed 
into a flame-dried 2-meck flask fitted with a condenser. Tolu 
ene (13 mL), 2-octyl-1-dodecanol (1.59 g, 5.32 mmol), and 
p-toluenesulfonic acid (0.051 g, 0.266 mmol) were then 
added. The mixture was placed in a 130° C. heat bath and 
stirred overnight. The mixture was diluted with water, 
extracted with dichloromethane, dried over MgSO, filtered 
and concentrated. The product was purified via column chro 
matography (10% dichloromethane in hexanes) to yield com 
pound (4a) as a yellow solid (0.735 g. 66%). H NMR (500 
MHz, CDC1, 298 K): 8.46 (s. 2H); 7.45 (m, 4H); 4.27 (d. 
J=5.4 Hz, 4H); 2.01 (quintet, J=6.2 Hz, 2H); 1.73 (m, 4H); 
1.47 (m, 60H): 0.89 (m, 12H) ppm. "C NMR (125 MHz, 
CDC1, 298 K): 149.87; 139.70; 127.98; 127.08; 124.83; 
124.62: 110.84; 75.85: 39.38; 31.96; 31.42: 30.18; 29.76; 
29.71; 29.43; 29.41; 27.06: 22.74; 14.18 ppm. HRMS (ESI 
TOF-MS): m/z calcd for CHsOS 832.6220. found 832. 
6217. 

5, 10-Ditetradecyloxynaphtho2,3-b:6.7-b' 
dithiophene (4b) 

0123 Compound (3) (0.500 g, 1.66 mmol) was weighed 
into a flame-dried 2-meck flask fitted with a condenser. Tolu 
ene (17 mL), 1-tetradecanol (1.42 g. 6.64 mmol), and p-tolu 
enesulfonic acid (0.063 g, 0.332 mmol) were then added. The 
mixture was placed in a 130° C. heat bath and stirred over 
night. The mixture was diluted with water, extracted with 
dichloromethane, dried over MgSO filtered, and concen 
trated. The product was purified via column chromatography 
(20% dichloromethane in hexanes) to yield compound (4b) as 
a yellow solid (0.540 g, 49%). "H NMR (500 MHz, CDC1, 
298 K): 8.48 (s. 2H); 7.47 (m, 4H); 4.38 (t, J–6.6 Hz, 4H); 
2.02 (quintet, J=7.7 Hz, 4H); 1.65 (quintet, J=7.8 Hz, 4H); 
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1.39 (m, 40H): 0.89 (t, J=7.1 Hz 6H) ppm. "C NMR (125 
MHz, CDC1, 298 K): 149.74; 139.68: 128.05: 127.36; 124. 
87; 124.64; 110.97; 73.54; 31.96: 30.66; 29.73; 29.70; 29.54; 
29.40; 26.18:22.73; 14.17 ppm. HRMS (ESI-TOF-MS): m/z 
calcd for CHOS,664.4348. found 664.4356. 

5,10-Diethylhexyloxynaphtho2,3-b:6,7-b' 
dithiophene (4c) 

0.124 n-Butyllithium (2.5M solution in hexane, 13.0 mL. 
32.5 mmol) was added dropwise to a solution of 2,6-dibromo 
1,5-diethylhexyloxynaphthalene (7.04 g. 13.0 mmol) in dry 
THF (240 ml) at -78° C. The mixture was stirred at this 
temperature for 2 hand then bis(2,2-diethoxyethyl)disulfide 
(10.5 g., 35.2 mmol) was added. After stirring for 30 min, the 
reaction was allowed to warm up to room temperature and 
stirred overnight. The reaction was quenched with water and 
extracted with ether (3 A-100 mL), then dried over MgSO, 
filtered, and concentrated in vacuo. Volatile impurities were 
further removed in vacuo at 150° C. The residue was chro 
matographed on SiO (hexanes-EtOAc, gradient from 99:1 to 
97:3) to afford 2,6-bis(2,2-diethoxyethyl)sulfanyl-1,5-di 
ethylhexyloxynaphthalene as a yellow oil (6.36 g., 72%). H 
NMR (500 MHz, CDC1, 298 K): 8–7.77 (d. J=9.0 Hz, 2H), 
7.49 (d. J=9.0 Hz, 2H), 4.65 (t, J=5.5 Hz, 2H), 3.96 (d. J=6.0 
Hz, 4H), 3.97-3.51 (m, 8H), 3.21 (d. J=5.5 Hz, 4H), 1.94-1.86 
(m. 2H), 1.76-1.35 (m. 16H), 1.18 (t, J–7.0 Hz, 12H), 1.03 (t, 
J=7.0 Hz, 6H), 0.95 (t, J=7.0 Hz, 6H) ppm. "C NMR (125 
MHz, CDC1, 298 K): 8=153.8, 128.7, 128.1, 125.1, 118.0, 
102.0, 76.4, 62.1, 40.7, 36.4, 30.3, 29.2, 23.7, 23.1, 15.2, 14.2, 
11.3 ppm. Anal. Calcd for C.H.O.S: C, 67.02; H, 9.47. 
Found: C, 67.71; H, 9.39. 
0.125. A solution of 2,6-bis(2,2-diethoxyethyl)sulfanyl 
1,5-diethylhexyloxynaphthalene (4.89 g, 7.18 mmol) in dry 
CHCl (800 mL) was added dropwise over 4.5 h to a reflux 
ing solution of BFOEt (2.0 mL, 16 mmol) in dry CHCl, 
(2000 mL). The mixture was refluxed overnight and poured 
into sat. NaHCO (aq) (1000 mL) and cooled to ambient 
temperature. The organic layer was separated and combined 
with CHCl extracts (2 A-100 mL), dried over MgSO, 
filtered, and concentrated. The residue was chromatographed 
on SiO, (hexanes-EtOAc, gradient from 100:0 to 99.3:0.7) to 
afford the title compound as a yellow powder (495 mg, 14%). 
"H NMR (500 MHz, CDC1,298 K): 8–8.47 (s. 2H), 7.46 (m, 
4H), 4.28 (d. J=5.5 Hz, 4H), 2.00- 1.93 (m, 2H), 1.84-1.40 (m, 
16H), 1.08 (t, J=7.5 Hz, 6H), 0.95 (t, J–7.5 Hz, 6H) ppm. "C 
NMR (125 MHz, CDC1, 298 K): 3=149.8, 139.7, 128.0, 
127.1, 124.8, 124.6, 110.8, 75.5, 40.8, 30.5, 29.2, 23.9, 23.2, 
14.2, 11.4 ppm. Anal. Calcd for CHOS: C, 72.53; H, 
8.12. Found: C, 72.68; H, 8.16. 

2.7-Bis(trimethylstannyl)-5,10-bis(2-octyldodecy 
loxy)naphtho2.3-b:6.7-b'dithiophene (5a) 

0.126 Compound (4a) (0.350 g, 0.420 mmol) was solubi 
lized in anhydrous THF (17 mL) and cooled at -78°C. under 
N. n-Butyllithium (0.42 mL, 2.5M) was then added and the 
stirring was continued for 30 minutes at this temperature and 
then 30 minutes at room temperature. The reaction mixture 
was cooled to -78°C. again before adding trimethylstannyl 
chloride (1.1 mL, 1.0M). The reaction was warmed up to 
room temperature and stirred overnight. The reaction was 
stopped by adding water, and the mixture was extracted with 
diethyl ether, dried over MgSO filtered, and concentrated in 
vacuo. The crude monomer was solubilized in 5 mL of THF 
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and then dropped in methanol (200 mL). The product was 
allowed to precipitate in the freezer overnight before filtering 
and washing with cold methanol to afford a yellow fluffy 
powder as the title compound (0.420 g, 86%). "H NMR (500 
MHz, CDC1, 298 K): 8.43 (s. 2H); 7.51 (s. 2H); 4.29 (d. 
J=5.4 Hz, 4H); 2.00 (quintet, J=6.0 Hz, 2H); 1.74 (m, 4H); 
1.45 (m, 60H): 0.88 (m, 12H): 0.47 (s, 18H) ppm. "C NMR 
(125 MHz, CDC1, 298 K): 149.22: 142.73; 141.25; 132.62: 
130.19; 124.51; 109.71; 75.50; 39.37; 31.99; 31.97; 31.42: 
30.23; 29.83; 29.82; 29.78; 29.75; 29.47; 29.42: 27.08; 22.74; 
14.19; 14.18; 8.40 ppm. HRMS (ESI-TOF-MS): m/z calcd 
for CHOSSn 1158.5516. found 1158.5543. 

2.7-Bis(trimethylstannyl)-5,10-ditetradecyloxynaph 
tho2,3-b:6,7-b'dithiophene (5b) 

0127. Compound (4b) (0.500 g, 0.752 mmol) was solubi 
lized in anhydrous THF (40 mL) and cooled at -78°C. under 
N. n-Butyllithium (0.75 mL, 2.5M) was then added and the 
stirring was continued for 30 minutes at this temperature and 
then 30 minutes at room temperature. The reaction mixture 
was cooled to -78°C. again before adding trimethylstannyl 
chloride (1.9 mL, 1.0M). The reaction was warmed up to 
room temperature and stirred overnight. The reaction was 
stopped by adding water, and the mixture was extracted with 
diethyl ether, dried over MgSO filtered, and concentrated in 
vacuo. The crude monomer was solubilized in 5 mL of THF 
and then dropped in methanol (200 mL). The product was 
allowed to precipitate in the freezer overnight before filtering 
and washing with cold methanol to afford a yellow fluffy 
powder as the title compound (0.650 g, 86%). H NMR (500 
MHz, CDC1,298 K): 8.45 (s.2H): 7.53 (s.2H); 4.38 (t, J=6.6 
Hz, 4H); 2.01 (quintet, J–7.9 Hz, 4H); 1.65 (quintet, J–7.7 
Hz, 4H); 1.39 (m, 40H): 0.89 (t, J–7.0 Hz 6H): 0.47 (s, 18H) 
ppm. "C NMR (125 MHz, CDC1, 298 K): 149.07: 142.85; 
141.22; 132.66: 130.48; 124.58: 109.85; 73.20; 31.96: 30.65; 
29.76; 29.73; 29.70; 29.57; 29.41; 26.17; 22.73; 14.17; 8.38 
ppm. HRMS (ESI-TOF-MS): m/z calcd for CHsOSSn 
990.3638. found 990.3670. 

2.7-Bis(trimethylstannyl)-5,10-bis(2-ethylhexyloxy) 
naphthoI2,3-b:6.7-b'dithiophene (5c) 

0128 n-Butyllithium (2.5 M solution in hexane, 0.6 mL, 
1.5 mmol) was added dropwise to a solution of compound 
(4c) (295.3 mg, 0.595 mmol) in dry THF (50 mL) at -78° C. 
The mixture was stirred at this temperature for 30 min and 
then at room temperature for 30 min. After cooling down to 
-78° C. MeSnCl (1 M solution in hexane, 1.5 mL, 1.5 
mmol) was added dropwise. After stirring for 30 min at this 
temperature, the reaction was returned to room temperature 
and stirred overnight. The reaction was quenched with 
NaHCO (aq) and solvent was removed in vacuo. The residue 
was dissolved in hexane and washed with NaHCO, aq (1 
A-25 mL) and with water (2 A-25 mL), then dried over 
MgSO filtered, and concentrated in vacuo. Recrystalliza 
tion in iPrOH yielded the target compound as a yellow pow 
der (411.2 mg, 84%). "H NMR (500 MHz, CDC1, 298 K): 
3–8.44 (s.2H), 7.52 (s. 2H), 4.30 (d. J–5.5 Hz, 4H), 2.00- 1.92 
(m. 2H), 1.84-1.40 (m, 16H), 1.08 (t, J–7.5 Hz, 6H), 0.98 (t, 
J=7.0 Hz, 6H), 0.48 (s, 18H) ppm. C NMR (125 MHz, 
CDC1, 298 K): 3=149.2, 142.7, 141.2, 132.6, 130. 1, 124.5, 
109.6, 75.2, 40.8, 30.5, 29.2, 23.9, 23.2, 14.2, 11.4, -8.4 ppm. 
Anal. Calcd for CHOSSn: C, 52.58; H, 6.86. Found: C, 
53.03; H, 6.86. 
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2,7-Dibromo-5,10-bis(2-octyldodecyl)oxynaphtho2. 
3-b:6,7-b'dithiophene (6a) 

I0129. Compound (4a) (0.268 g., 0.322 mmol) was solubi 
lized in anhydrous THF (21 mL) and cooled at -78°C. under 
N. n-Butyllithium (0.32 mL, 2.5M) was then added and the 
stirring was continued for 30 minutes at this temperature and 
then 30 minutes at room temperature. The reaction mixture 
was cooled to -78° C. again before adding carbon tetrabro 
mide (0.267 g. 0.805 mmol). The reaction was warmed up to 
room temperature and stirred overnight. The reaction was 
stopped by adding water, and the mixture was extracted with 
diethyl ether, dried over MgSO filtered, and concentrated in 
vacuo. The crude monomer was solubilized in 5 mL of THF 
and then dropped in methanol (200 mL). The product was 
allowed to precipitate in the freezer overnight before filtering 
and washing with cold methanol to afford an orange powder 
as the title compound (0.226g, 71%). "H NMR (500 MHz, 
CDC1, 298 K): 8.25 (s. 2H); 7.43 (s. 2H); 4.19 (d. J=5.5 Hz, 
4H); 1.96 (quintet, J–5.9 Hz, 2H); 1.68 (m, 4H); 1.44 (m, 
60H): 0.90 (m, 12H) ppm. C NMR (125 MHz, CDC1, 298 
K): 148.76; 139.25; 128.40; 127.21; 124.71; 117.73; 110.02; 
76.00; 39.30; 31.97; 31.33:30.13:29.76; 29.75; 29.72; 29.42: 
27.01; 22.74; 14.19 ppm. HRMS (ESI-TOF-MS): m/z calcd 
for CHBrO.S., 988.4431. found 988.4418. 
0.130 Compounds (7a), (7b), (7c), (8b), and (8c) were 
prepared according to the procedures described in Launay, 
J.-P. et al., J. Phys. Chem. B, 2007, 111,6788-6797; Hou, J. et 
al., Macromolecules, 2008, 41, 6012-6018; and Liang, Y. et 
al., J. Am. Chem. Soc. 2009, 131, 7792-7799. 

Example 2 
Characterization of Monomers 

I0131 UV/Vis absorption spectra of NDT with 2-ethyl 
hexyl chains (4c) and analogous BDT (7c) were recorded in 
dichloromethane solution (5uM). As shown in FIG. 4, NDT 
presents abroad and strong absorption up to 430 nm, which is 
a red-shift of ~60 nm compared to BDT and reasonably 
confirms its extended t-conjugation. Cyclic Voltammograms 
of 4c and 7c were recorded using a dichloromethane Solution 
in the presence of tetrabutylammonium hexafluorophosphate 
(BuNPF, 0.1 M) as the electrolyte, and showed their oxi 
dation potentials at 0.34V and 0.45 V vs. ferrocene/ferroce 
nium, respectively. This result indicates that HOMO level of 
NDT is 0.11 eV higher than that ofBDT, which is suitable for 
NDT to work as a more conjugated alternative to BDT to give 
semiconductor materials with similar or slightly higher 
HOMO levels. 

Example 3 
Synthesis of Polymer Semiconductors 

(0132 
Scheme 3 

RI 
O1 

S 

\-? O / M / \s \ 

1' 
5a 



US 2016/O 133858 A1 May 12, 2016 
21 

-continued -continued 

13a; R = n-tetradecyl 
13b; R = 2-butyloctyl 

P4a: R = n-tetradecyl, R = n-tetradecyl 
P4b; R = 2-ethylhexyl, R = 2-butyloctyl 

Br S 13c: R2 = n-dodecyl 
\ f 13b; R = 2-butyloctyl 

-R 

P5a: R = dodecyl, R = n-dodecyl P3: R = 2-octyldodecyl is seley, roley 
P5b: R' = 2-ethylhexyl, R = 2-butyloctyl 

RI 
O1 

0.133 Scheme 3 shows the synthesis of several different 
\ / O S / embodiments of the present semiconducting polymers based -Sn / -- on NDT: the homopolymer P1, the copolymer with thiophene 
/ S P2, the copolymer with bithiophene P3, and the copolymer 

with thiophene-capped diketopyrrolopyrrole (TDPP) P4a-b. 
-O Branched and long alkyl chains (2-octyldodecyl) were 

employed in P1-P3 to ensure the solution processability. For 
5b-c P4a-b, linear alkyl chains (n-tetradecyl) and shorter branched 

alkyl chains (2-ethylhexyl and 2-butyloctyl) were employed, 

v 
R1 
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as the alkyl side chains of comonomer TDPP could help 
solubility of the resulting copolymers. Copolymers with BDT 
and TDPP with linear side chains (P5a) and branched side 
chains (P5b) were also synthesized for comparison to P4a and 
P4b, respectively. Generally, P1-P5 can be synthesized by 
Stille coupling reaction using stannylated NDTs (5a-c) or 
stannylated BDTs (8b-c) and corresponding brominated 
comonomers shown in Scheme 3. All polymers have good 
solubility for device fabrication (at least 5 mg/mL) in chlo 
roform or in chlorobenzene. 

0134 General Procedure for Synthesis of P1-P3: 
0135 The two monomers, Pddba (2.8%) and P(o-tol) 
(11.2%) were loaded in a flame-dried one neck flask mounted 
with a condenser. Dry and degassed toluene (5 mL) was then 
added and the reaction was heated to 110°C. under nitrogen 
for 24 hours. Afterward, end-capping reaction was performed 
by adding 10% of 2-bromothiophene and 4 hours later 10% of 
2-(tributylstannyl)thiophene. After 2 additional hours of stir 
ring the reaction was allowed to cool down to room tempera 
ture and dropped into 250 mL of methanol. The resulting 
solids were subjected to Soxhlet extraction with acetone and 
hexanes and then dissolved in chloroform. The soluble frac 
tion was concentrated under vacuum, precipitated in metha 
nol, and filtered to give the polymers as dark red solids. 
0.136 Polymer P1: 
0.137 This product was obtained as a dark red solid (48% 

yield). H NMR (500 MHz, CDC1, 298 K): 8.35 (br, 2H): 
7.71 (br 2H); 4.22 (br, 4H); 1.28 (br, 66H): 0.80 (br. 12H) 
ppm. M-13.7 kg/mol, M-301.6 kg/mol, PDI-22.0. 
0138 
0.139. This product was obtained as a dark red solid (95% 

yield). H NMR (500 MHz, CDC1, 298 K): 7.74 (br, 2H): 
6.95 (br, 4H); 4.15 (br, 4H); 1.32 (br, 66H): 0.82 (br. 12H) 
ppm. M-15.5 kg/mol, M=48.5 kg/mol, PDI-3.1. 
0140 Polymer P3: 
0141. This product was obtained as a dark red solid (34% 

yield). H NMR (500 MHz, CDC1, 298 K): 7.07 (br, 4H); 
6.70 (br, 4H); 4.06 (br, 4H); 1.29 (br, 66H): 0.84 (m. 12H) 
ppm. M-15.7 kg/mol, M=101.5 kg/mol, PDI-6.5. 
0142 

Polymer P2: 

Synthesis of Monomers 13a and 13b: 

i) n-BuLi 
ii) CBra 

14a: R = n-tetradecyl 
14b; R = 2-butyloctyl 
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-continued 

13a: R = n-tetradecyl 
13b; R = 2-butyloctyl 

2,5-Ditetradecyl-3,6-di(thien-2-yl)pyrrolo 3,4-c. 
pyrrole-1,4-dione (14a) 

0143 TDPP (2.20 g, 7.33 mmol) and KCO (4.20 g, 30.4 
mmol) were solubilized in anhydrous DMF (50 mL) and 
heated up to 145° C. under N. n-tetradecyl bromide (9.40 g, 
33.9 mmol) was then added and the stirring was continued 
overnight at this temperature. The reaction was cooled down 
to room temperature and poured into iced water (100 g) and 
extracted with chloroform. The extract was dried over 
MgSO4, filtered, concentrated in vacuo, and then chromato 
graphed on SiO (30% hexanes in chloroform) to afford a 
dark purple powder as the title compound (2.31 g, 46%). H 
NMR (500 MHz, CDC1,298 K): 8.94 (m, 2H): 7.65 (m,2H): 
7.30 (m, 2H); 4.08 (t, J=7.9 Hz, 4H); 1.75 (quintet, J=7.8 Hz, 
4H); 1.42 (quintet, J–7.5 Hz, 4H); 1.26 (m, 40H): 0.88 (t, 
J=7.1 Hz, 6H) ppm. "C NMR (125 MHz, CDC1, 298 K): 
161.36: 14001: 135.26; 130.69; 129.75; 128.60; 107.74; 
42.21; 32.79; 31.91; 29.94; 29.64; 29.56; 29.52; 29.42:29.35: 
29.24; 26.86; 25.71; 22.69; 14.13 ppm. HRMS (ESI-TOF 
MS): m/z calcd for CHNOS, M+H 693.4482. found 
693.4473. 

2.5-Bis(2-butyloctyl)-3,6-di(thien-2-yl)pyrrolo3,4- 
cpyrrole-1,4-dione (14b) 

0144 TDPP (2.20 g, 7.33 mmol) and KCO (4.21 g, 30.5 
mmol) was solubilized in anhydrous DMF (50 mL) and 
heated up to 145° C. under N. 2-Butyloctyl bromide (8.55g, 
34.3 mmol) was then added and the stirring was continued 
overnight at this temperature. The reaction was cooled down 
to room temperature and poured into iced water (100 g) and 
filtered with suction. The solid was dissolved in chloroform 
and concentrated in vacuo, and then chromatographed on 
SiO (40% hexanes in chloroform) to afford a dark purple 
powder as the title compound (1.08 g, 23%). H NMR (500 
MHz, CDC1, 298 K): 8.87 (n,2H): 7.64 (m, 2H): 7.28 (m, 
2H); 4.03 (d. J–7.8 Hz, 4H); 1.91 (quintet, J=5.5 Hz, 2H): 
1.30-1.21 (m, 32H): 0.84 (m, 12H) ppm. "C NMR (125 
MHz, CDC1, 298 K): 16175; 140.42; 135.19; 130.50; 129. 
80; 128.39; 107.90: 46.15:37.68:31,74; 31.11:30.84; 29.66: 
28.37; 26.14; 23.05; 22.62: 14.08; 14.03 ppm. HRMS (ESI 
TOF-MS): m/z calcd for CsINOSM+H" 637.3856. 
found 637.3857. 

3,6-Bis(5-bromo-2-thienyl)-2,5-ditetradecylpyrrolo 
3,4-cpyrrole-1,4-dione (13a) 

(0145 Protected from light, NBS (870 mg, 4.89 mmol) was 
added in portions to a solution of 14a (1.54g, 2.22 mmol) in 
chloroform (60 mL) at room temperature. The reaction was 
stirred at room temperature overnight and poured into 100 mL 
of methanol, and filtered with suction. The residue was chro 
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matographed on SiO (30% hexanes in chloroform) to afford 
a dark purple solid as the title compound (480 mg, 25%). "H 
NMR (500 MHz, CDC1,298 K):8.70 (d. J–4.2 Hz, 2H); 7.25 
(d. J–4.2 Hz, 2H); 3.99 (t, J–7.8 Hz, 4H); 1.72 (quintet, J–7.5 
Hz, 4H); 1.41 (m, 4H); 1.28 (m, 40H): 0.88 (t, J–7.0 Hz, 6H) 
ppm. C NMR (125 MHz, CDC1, 298 K): 161.03: 138.99; 
135.37; 131.63; 131.07:119.16; 107.75; 42.27; 31.91; 29.96: 
29.68; 29.64; 29.55; 29.47; 29.35; 29.18; 26.80; 22.69; 14.13 
ppm. HRMS (ESI-TOF-MS): m/z calcd for 
CHBr NOS 848.2614. found 848.2572. 

3,6-Bis(5-bromo-2-thienyl)-2,5-bis(2-butyloctyl) 
pyrrolo 3,4-cpyrrole-1,4-dione (13b) 

0146 Protected from light, NBS (268 mg, 1.51 mmol) was 
added in portions to a solution of 14b (436 mg, 0.684 mmol) 
in chloroform (20 mL) at room temperature. The reaction was 
stirred at room temperature overnight and poured into 25 mL 
of methanol, and filtered with suction. The residue was chro 
matographed on SiO, (40% hexanes in chloroform) to afford 
a dark purple solid as the title compound (332 mg, 61%). "H 
NMR (500 MHz, CDC1,298 K):8.63 (d. J–4.2 Hz, 2H): 7.23 
(d. J=4.2 Hz, 2H); 3.93 (d. J–7.8 Hz, 4H); 1.89 (quintet, J=5.5 
Hz, 2H); 1.30-1.21 (m, 32H): 0.85 (m, 12H) ppm. "C NMR 
(125 MHz, CDC1, 298 K): 161.41; 139.40; 135.30; 131.43; 
131.11; 118.97: 107.99; 46.28; 37.70; 31.75; 31.07; 30.79; 
29.64; 28.33: 26.10; 23.02; 22.62: 14.09: 14.02 ppm. HRMS 
(ESI-TOF-MS): m/z calcd for CHBr NOSM+H" 
793.2066. found 793.2040. 
0147 3.6-Bis(5-bromo-2-thienyl)-2,5-bis(n-dodecyl)pyr 
rolo 3,4-cpyrrole-1,4-dione (13c) and TDPP were synthe 
sized according to the procedures described in Tamayo, A. B. 
et al., J. Physc. Chem. C, 2008, 112, 15543-15552. 
0148 General procedure for synthesis of P4-P5: 
0149. The two monomers and Pd(PPh)(10 mol %) in 
anhydrous toluene (5 mL) were heated at 110°C. with stirring 
under nitrogen for three days. Afterward, end-capping reac 
tion was performed by adding 10% of 2-bromothiophene and 
4 hours later 10% of 2-(tributylstannyl)thiophene. After 2 
additional hours of stirring the reaction was allowed to cool 
down to room temperature and dropped into methanol. The 
resulting solids were subjected to Soxhlet extraction with 
acetone and hexanes, then dissolved in chloroform and chlo 
robenzene by Soxhlet extraction, precipitated in methanol, 
and filtered to give the copolymer as a purple Solid. 
0150 Polymer P4a: 
0151. This product was obtained as a dark purple solid 
(73% yield). "H NMR (500 MHz, CDC1,403 K): 8.92 (br. 
2H); 8.48 (br, 2H); 7.59 (br, 4H); 4.54 (br, 4H); 4.22 (br, 4H); 
2.13-0.96 (m. 108H) ppm. M-1.1 kg/mol, M=20.2 kg/mol, 
PDI-17.6. (Low M, and high PDI may probably due to aggre 
gation in trichlorobenzene Solution even at high temperature 
of 150° C.) 
0152 Polymer P4b. 
0153. This product was obtained as a dark purple solid 
(60% yield). "H NMR (500 MHz, CDC1, 298 K): 9.10 (br. 
2H); 8.04 (br, 2H); 7.06 (br, 4H); 4.27 (br. 8H); 1.78-0.78 (m, 
76H) ppm. M-13.6 kg/mol, M-79.6 kg/mol, PDI-5.8. 
0154) 
0155 This product was obtained as a dark purple solid 
(35% yield). "H NMR (500 MHz, CDC1,403 K): 8.90 (br. 
2H); 7.74 (br, 2H): 7.54 (br, 2H); 446(br, 4H); 4.19 (br, 4H); 
2.04-0.96 (m, 92H) ppm. M, 2.7 kg/mol, M=35.7 kg/mol, 
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PDI-13.3. (Low M, and high PDI may probably due to aggre 
gation in trichlorobenzene Solution even at high temperature 
of 150° C.) 
0156 Polymer P5b. 
0157. This product was obtained as a dark purple solid 
(89% yield). "H NMR (500 MHz, CDC1, 298 K): 9.21 (br. 
2H); 7.64 (br, 2H); 7.14 (br, 2H); 4.15 (br. 8H); 1.85-0.80 (m, 
76H) ppm. M-12.9 kg/mol, M=114.4 kg/mol, PDI-8.8. 

Example 4 

Characterization of Polymer Semiconductors 

0158 UV/Vis absorption spectra of these polymers were 
collected in solution and as thin films, and depicted in FIG.5. 
The homopolymer P1 shows an absorption peak at 347 nm 
and relatively weaker absorption around 430-550 nm both in 
solution and as thin film. As the number of thiophene 
increases from 0 (P1), 1 (P2) to 2 (P3) in the repeating unit, the 
absorption at low energy region (450–570 nm) is greatly 
enhanced with vibronic structure while the absorption peak of 
P1 at 347 nm gets relatively weaker with a slight red shift to 
367 nm. These observations can be understood as a result of 
greater n-conjugation with enhanced order which is also seen 
in regioregular polythiophenes. For P1-P3, absorption spec 
tra of thin films are almost identical to those in solutions 
except for the larger peak at 441 nm in P2. Copolymer with 
TDPP (P4 and P5) have broad absorption up to >900 nm with 
absorption maxima around 760 nm due to their low band gap 
energy induced by the copolymerization of electron-donating 
monomer (NDT and BDT) and electron-deficient monomer 
(TDPP). In solution, polymers with branched alkyl chains 
P4b and P5b have very similar absorption profiles, from the 
peak at 750 nm to the low energy end (-865 nm). In contrast, 
polymers with linear alkyl chains P4a and P5a show broader 
absorption than P4b and P5b, respectively, to varying 
degrees. This suggests that polymers with linear alkyl chains 
aggregate to form strong U-7 tinteractions in Solution, whereas 
those with branched chains do not. These observations have 
good agreement with the relatively poor solubility of the 
polymers with linear chains. Thin film absorption spectra of 
P4a, P4b and P5b exhibit a shoulder at longer wavelength 
(around 840-900 nm) compared to those in solution, while 
P5a have almost identical spectra in this region between 
Solution and thin film. This shoulder indicates greater orga 
nization in solid state for P4a, P4b and P5b compared to the 
Solution phase and, on the other hand, P5a has similar degree 
of organization in Solution and in Solid State due to the aggre 
gation in Solution as discussed above. Note that the absorp 
tion shoulders of P5a and P5b are larger than those of P4a and 
P4b, indicating that BDT-based polymers have greater solid 
state ordering than NDT-based polymers. The optical band 
gaps (EP) of the polymers are estimated from the red 
absorption edge and shown in Table 1. P1-P3 have band gaps 
in the range of 2.00-2.08 eV which are similar to the band 
gaps of BDT-based polymers previously reported in Hou, J. et 
al., Macromolecules, 2008, 41, 6012-6018. As described 
above, P4 and P5 have a low band gap ranging from 1.33 to 
1.38 eV due to the electron-deficient feature of TDPP unit. 
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TABLE 1. 

Optical and Electrochemical Properties of P1-P5 

EoP Eonset HOMO LUMO 
(eV) (eV) (eV) (eV) 

P1 2.08 O.S4 -534 -3.26 
P2 2.00 O.39 -5:19 -3.19 
P3 2.04 O46 -5.26 -3.22 
P4a 1.35 O4O -52O -3.85 
P4b 1.38 0.37 -5.17 -3.79 
PSa 1.36 O.39 -5:19 -383 
PSb 1.33 O48 -528 -3.95 

Optical band gap estimated from absorption edge of polymer films. 
ectrochemically determined vs Fc/Fc". Electrochemically determined vs Fc/Fc' 

HOMO = -(E+4.80). 
LUMO = HOMO + EP. 

Example 5 

Transistor Device Fabrication and Characterization 

0159. The charge transport properties of the present poly 
mers were studied using bottom-gate top-contact OFET 
devices. The OFET devices were fabricated on either hexam 
ethyldisilazane (HMDS)-treated or octadecyltrichlorosilane 
(OTS)-treated p-doped Si (100) wafers with 300 nm of ther 
mally grown SiO, as dielectric layer. The capacitance of the 
300 nm SiO, gate insulator is ~12 nF-cm'. Si wafers were 
cleaned by sonication in ethanol followed by 5 minutes of O. 
plasma. Trimethylsilation of the Si/SiO surface was com 
pleted by exposure of the Si wafer to HMDS vapor in an 
air-free reaction vessel under N at room temperature. OTS 
treatment of the Si/SiO, surface was completed by exposure 
of the Si wafer to a ethanol solution of OTS in an air-free 
reaction vessel under Nat room temperature. Polymer films 
were deposited by spin-coating from 5 mg/mL or 10 mg/mL 
chloroform or chlorobenzene solutions in air. After spin 
coating the semiconductor films of P1-P5, the films were 
annealed under Vacuum at selected temperatures, as Summa 
rized in Table 2. To complete the device fabrication, 50 nm of 
Au was thermally evaporated through a shadow mask at 
~1x10° Torr to yield the source and drain electrodes with a 
channel length and width of 100 and 5000 um, respectively. 
0160 Device characterization was carried out either under 
vacuum or in air. 
0161 To allow comparison with other organic FETs, 
mobilities (LL) were calculated by standard field effect transis 
tor equations. In traditional metal-insulator-semiconductor 
FETs (MISFETs), there is typically a linear and saturated 
regime in the Is VS Vs curves at different V (where Is is 
the Source-drain Saturation current, Vs is the potential 
between the Source and drain, and V is the gate Voltage). At 
large Vs the current Saturates and is given by: 

where L and W are the device channel length and width, 
respectively, C, is the capacitance of the oxide insulator (~10 
nF/cm for ~300 nm SiO.), and V, is the threshold voltage. 
Mobilities (u) were calculated in the saturation regime by 
rearranging equation (2): 

1,-(2IsL)/IWC (Vo-V.) (2) 

The threshold voltage (V) can be estimated as the X-axis 
intercept of the linear section of the plot of V versus (Is)' 
(at V, -100 V). 
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TABLE 2 

OFET Device Performances for P1-P5 
Measured in Ambient Conditions 

Substrate Tannealing li, V. Ion/ 
treatinent (° C.) (cm2 V-1s-1) (V) of 

P1G HMDS 150 NA NA NA 
Pa HMDS 150 2 x 10 -10 104 
P3a HMDS 150 7 x 10 -14 103 
P4a OTS 240 O.1 -2 104 
P4b OTS 2OO O.04 0.1 10? 
PSa OTS 240 O.O6 4 103 
PSb OTS 240 4 x 10 1 104 

Measured under vacuum. 

0162. As shown in Table 3, the copolymers based on NDT 
and TDPP (P4a–b) exhibited a p-type transistor operation 
with a high hole mobility up to 0.1 cm.V's' and on/off 
ratio of 10 with an optimized device fabrication condition, 
whereas P2 and P3 exhibited a moderate hole mobility of 
2x10 cmsV's and 7x10 cmsV's', respectively, 
and P1 did not show any transistor activity. Representative 
transfer and output plots of P4a-based OFET devices are 
shown in FIG. 6. As the optimized conditions for OFET 
device fabrication of P4a–b, polymer films were deposited on 
OTS-treated substrate (contact angle ~1030) and annealed at 
relatively high temperature of 200° C. or 240° C. OTS is 
selected as many high performance polymers based on TDPP 
have been reported devices on OTS and higher mobility was 
observed with P4b on OTS than on HMDS. The effect of 
alkoxy side chains on OFET performances was studied, and 
linear chains (P4a) were found to give higher performances 
(u0.1 cm.V's') than branched chains (P4b.: u. 0.04 
cm.V's'). Without wishing to be bound to any particular 
theory, the higher performance with linear chains over 
branched chains can be understood as a result of better orga 
nization and IL-7L stacking in thin films as shown in UV/Vis 
spectra. For a comparison between NDT and BDT OFET 
devices with BDT-based polymers (P5a-b) were fabricated 
and tested. The hole mobilities are 0.06 cm.V's with P5a 
and 4x10 cm.V's with P5b, both lower than those of 
the corresponding NDT-based polymers P4a (1-0.1 cm.V. 
1's') and P4b (LL-0.04 cm.V's'). Interestingly, as shown 
in the previous section, UV/Vis spectra of NDT-based poly 
mers have less pronounced shoulders near the red absorption 
edge compared to BDT-based polymers, which indicates 
Smaller degree of solid State ordering and thus is unfavorable 
for effective intermolecular charge transport. Without wish 
ing to be bound to any particular theory, it was speculated that 
other factors such as intrinsic properties of the monomers, or 
microstructural and morphological characteristics of the 
polymer films in relation to the actual device architecture, 
could be affecting the device performances. Note that 
extended L-conjugation of NDT to promote intermolecular 
orbital overlap and/or the low reorganization energy in NDT 
core discussed above could possibly be contributing the high 
mobility in NDT-based polymers. 
0163 X-ray diffraction (XRD) and atomic force micros 
copy (AFM) analyses were conducted to evaluate the micro 
structures and morphologies of the polymer films. XRD of P1 
indicated low crystallinity compared to the other polymers 
and no significant grains were observed in the AFM image. 
This amorphous-like feature of P1 is unfavorable for effective 
intermolecular charge transport and should be one of the 
reasons for no activity in OFET devices. The lack of order 
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observed is probably due to the high density of bulky octyl 
dodecyl side chains within the homopolymer. On the other 
hand, AFM images of P2 and P3 show noticeable grains, 
which should favor intermolecular charge transport. How 
ever, the diffraction pattern in P2 film is almost featureless. 
By comparison, the better performing polymers P4 and P5 
show more pronounced grains in AFM images and larger 
diffraction peaks are observed compared to P2 and P3. These 
results show a good correlation between high degree of solid 
state ordering and high performances in OFET devices. For 
the copolymers with TDPP (P4a–b and P5a-b), XRD con 
firmed the clear trend that linear chains promote crystallinity 
and would reasonably explain the OFET performances of 
these polymers. The diffraction patterns of P4a and P5a (with 
linear chains) show distinct peaks up to third order, which 
indicates highly crystalline order in the polymer films, 
whereas only a single peak is observed for P4b and P5b (with 
branched chains). Likewise, AFM images of polymers with 
linear chains present crystalline grains with larger size than 
those of polymers with branched chains. These results are 
also in good agreement with the red-shift in UV/Vis absorp 
tion spectra with linear chains compared to those with 
branched chains. As for comparison between BDT and NDT 
cores, BDT-based polymer P5a and P5b showed a similar 
diffraction pattern to the NDT-based P4a and P4b, respec 
tively, although slight differences in the peak shape could be 
noticed between P4b and P5b. On the other hand, AFM 
images show significant differences in morphology between 
BDT-based and NDT-based polymers. BDT-based P5b pre 
sents a fibril-like feature, which can be found in previously 
reported high-performance polymers, whereas NDT-based 
P4b presents random-shaped grains. Without wishing to be 
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bound to any particular theory, it was speculated that the 
fibrils of P5b do not have sufficient contacts between each 
other in terms of orbital overlap and thus inter-fibril charge 
carrier transport is not efficient. The slight difference in the 
peak shape of XRD between P4b and P5b could be under 
stood as a result of this morphology difference. The best 
performing NDT-based polymer with linear side chains, P4a, 
presents similar grain shapes in its AFM image to P4b (with 
branched chains) but much larger grain size. As discussed 
above, the large grain size and high crystallinity should con 
tribute the high mobility with this polymer (10.1 cm.V. 
1's'). The analogous BDT-based polymer P5a shows even 
larger grain size than P4a, but the mobility (10.06 cm.V. 
1's') is not as high as that of P4a. There are noticeable gaps 
between grains in its AFM image and these grain boundaries 
could possibly be limiting the performance of this polymer. 
Note that it is difficult to quantify grainboundaries from AFM 
images and NDT-based polymers P4a and P4b might have 
similar degree of grain boundaries as P5a and P5b. However, 
P4a exhibits a high mobility of 0.1 cm.V's', and even P4b 
with rather low crystallinity and small grain size also exhibits 
a relatively high mobility of 0.04 cm.V.'s. Without wish 
ing to be bound to any particular theory, it is proposed that the 
extended U-conjugation of NDT core provides a good chance 
of intermolecular orbital overlap even in less crystalline 
region Such as grain boundaries. 

Example 6 

Synthesis and Characterization of NDT(TDPP), 

(0164 

TDPP-Br, Pd(PPH)4, 
toluene/DMF, 120° C. 
-> 

NDT(TDPP) 
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0165 TDPP-Br: 
(0166 Protected from light, NBS (522 mg, 2.93 mmol) in 
CHC1 (50 mL) was added to a solution of TDPP (1.54g, 2.93 
mmol) in CHCl (100 mL) at 0°C. over 6 h. The reaction was 
stirred at ambient temperature overnight and the solvent was 
removed under reduced pressure. The residue was chromato 
graphed on SiO (hexanes-CHCl, gradient from 9:1 to 3:2) to 
afford the title compound as a purple solid (93.4 mg, 53%). "H 
NMR (500 MHz, CDC1, 298 K): 8–8.92 (d. J–3.5 Hz, 1H), 
8.65 (d. J=4.0 Hz, 1H), 7.65 (d. J=5.0Hz, 1H), 7.28(dd, J=5.0 
Hz, 4.0 Hz, 1H), 7.23 (d. J=4.0 Hz, 1H), 4.07-3.90 (m, 4H), 
1.90-1.82 (m, 2H), 1.38-1.22 (m, 16H), 0.91-0.82 (m, 12H) 
ppm. "C NMR (125 MHz, CDC1, 298 K): 3=161.6, 161.5, 
140.9, 138.9, 135.6, 135.1, 1314, 131.2, 130.9, 129.7, 128.5, 
118.6, 108.1, 107.7, 45.9, 45.9, 39.1, 39.0, 30.1, 30.1, 28.3, 
23.5, 23.5, 23.0, 23.0, 14.0, 10.4 ppm. HRMS (ESI-TOF 
MS): m/z calcd for CHBrNOS, M+H+ 603.1714. 
found 603.1715. Anal. Calcd for CHBrNOS: C, 59.69; 
H, 6.51. Found: C, 59.72; H, 6.45. 
(0167 NDT(TDPP): 
(0168 Dry toluene (10 mL) and dry DMF (2 mL) were 
added to compound 5c (80.4 mg., 0.0978 mmol), TDPP-Br 
(147 mg, 0.243 mmol) and Pd(PPh) (11.5 mg, 0.00996 
mmol). The reaction was heated to 120° C. and stirred for 24 
h, then poured into MeOH (150 mL) and stirred for 20 min. 
The resulting precipitate was collected by vacuum filtration 
and chromatographed on SiO (hexanes-CHCl, gradient 
from 30:70 to 0:100) to afford the title compound as a shiny, 
bronze-colored solid (120 mg, 80%). H NMR (500 MHz, 
CDC1, 298 K): 8–8.97 (d. J=4.5 Hz, 2H), 8.95 (d, J=4.0 Hz, 
2H), 8.35 (s. 2H), 7.65-7.64 (m, 4H), 7.50 (d. J=4.0 Hz, 2H), 
7.29 (d. J–4.5 Hz, 2H), 4.30 (d. J=5.5 Hz, 4H), 4.14-4.02 (m, 
8H), 2.02-1.20 (m, 54H), 1.12 (t, J–7.5 Hz, 6H), 1.01 (t, J=7.0 
Hz, 6H), 0.97-0.86 (m, 24H) ppm. C NMR (125 MHz, 
CDC1, 298 K): 3=161.6, 161.5, 149.2, 142.1, 140.3, 14.0.2, 
139.3, 136.9, 136.5, 135.5, 130.7, 129.8, 129.6, 128.5, 126.5, 
126.4, 125.7, 121.7, 111.3, 108.5, 108.1, 75.6, 45.91, 40.8, 
39.3, 39.1, 30.4, 30.4, 30.2, 29.7, 29.2, 28.6, 28.3, 23.9, 23.7, 
23.5, 23.2, 23.2, 23.1, 14.3, 14.2, 14.1, 11.4, 10.6, 10.5 ppm. 
MS (ESI): m/z calcd for CH, NOS. M+H+ 1541.7. 
found 1541.5. Anal. Calcd for CHNOS: C, 70.09: H, 
7.58: N, 3.63. Found: C, 70.19; H, 7.55; N, 3.54. 
(0169. NDT(TDPP), optical spectra in chloroform (FIG. 
7A) reveal W 624 nm with a very high molar absorption 
coefficient of 1.1x10 Limol' cm'. A spun cast film from 
CHCl (10 mgmL') exhibits a red-shifted of 676 nm, 
Suggesting molecular aggregation and coplanarity in the Solid 
state. The absorption onset for the spun cast film is 720 nm, 
corresponding to an optical band gap of ~1.72 eV. Cyclic 
voltammetry was used to estimate the HOMO energy. The 
onset of oxidation at 0.60 V, versus ferrocene/ferrocenium, 
yields a HOMO energy of -5.4.0 eV, and from the optical band 
gap and measured HOMO, the LUMO energy is estimated to 
be -3.68 eV. 

(0170 FIG. 7B shows wide-angle X-ray diffraction 
(WAXRD) data using standard 0-20 techniques for a drop 
cast NDT(TDPP), filmona HMDS-treated Si/SiO, substrate. 
The reflections at 20–5.69 and 11.39° correspond to d-spac 

26 
May 12, 2016 

ings of 15.53 and 7.77 angstroms and indicate long-range 
order, possibly with edge-on molecular orientation. 

Example 7 

Fabrication and Characterization of OFETs and 
OPVs Based on NDT(TDPP) 

0171 Bottom-gate/top-contact OFETs were fabricated on 
HMDS-treated p-doped Si (001) wafers with 300 nm ther 
mally grown SiO, as dielectric layer as described in Example 
5. The semiconductor layer was deposited by placing 5 drops 
of NDT(TDPP), or NDT(TDPP), PCBM (w:w) at 10 
mg mL and 20 mg-mL, respectively, from anhydrous 
chloroform on an HMDS-treated wafer. After 30 seconds, the 
remaining solution not dried off was flung off by hand. After 
the semiconductor was deposited, the device was annealed at 
110°C. To complete the device fabrication, 50 nm of Au was 
thermally evaporated through a shadow mask at ~1x10'Torr 
to yield the source and drain electrodes with a channel length 
and width of 100 and 5000 um, respectively. Device charac 
terization was carried out in air. Table 3 summarizes the 
top-contact OFET performance of drop-cast NDT(TDPP) 
and various blendratios between NDT(TDPP), and PCBM 
on HMDS-treated Si/SiO, wafer annealed at 110° C., mea 
Sured in air. 

TABLE 3 

OFET Device Performances for 
NDT(TDPP), and NDT(TDPP)2PC6 BM 

Blend Ratio li, V. Io, 
D:A (cm2V-s) (V) Iof 
23:1 3 x 103 -19.5 8 x 102 
1.5:1 3 x 103 -19.5 5 x 102 
1:1 4 x 10 -17.5 5 x 102 

NDT(TDPP), 7 x 10 -14.9 4 x 10 

0172. The output and transfer plots of a top-contact OFET 
from a drop cast NDT(TDPP), film on a Si/SiO/HDMS 
substrate (FIGS. 7C-7D) indicate p-type behavior with I-7x 
10 cm.V's', among the highest mobilities reported for a 
solution-processed small-molecule OPV electron donor. 
OFETs of NDT(TDPP). PCBM blends exhibit only 
slightly lower LL values, suggesting the formation of BHJ 
domains by the presence of PCBM within the NDT 
(TDPP) network. 
0173 OPV devices were fabricated and tested using vari 
ous blend ratios between NDT(TDPP), and PCBM. Pat 
terned ITO-coated glass (Thin Film Device, Inc.), with a 
resistivity of <1092/D and a thickness of 280 nm was cleaned 
in sequential sonications at 50° C. in soap/DI water, DI water, 
methanol, isopropanol, and acetone for 30 min. After the final 
sonication step, substrates were blown dry with a stream of N, 
gas. ITO substrates were then treated for 30 minutes in a 
UV/O, oven (Jelight Co.). PEDOT:PSS (Clevios PVP Al 
4083) was then spun-cast at 5000 rpm for 30 sec and subse 
quently annealed at 150° C. for 15 min. Immediately follow 
ing PEDOT:PSS annealing, samples were blown with a 
stream of N gas to drive off moisture. Samples were then 
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transferred to a N-filled glovebox for active layer and top 
contact deposition. Active layers containing donor NDT 
(TDPP), and acceptor PCBM (>99.5%pure, American Dye 
Source) were formulated inside the glove box in various 
ratios (w:w) at a total concentration of 20 mgmL' in dis 
tilled chloroform. Active layer solutions were then allowed to 
stir at 600-800 rpm for 1.5 h at 40° C. The active layer 
solutions were spun-cast at 4000 rpm for 15 sec to afford an 
active layer thickness of -75 nm (by AFM). Samples were 
then either thermally annealed at various temperatures (60 
150° C.) for 10 min on a temperature-controlled hot plate or 
left as cast. To finish device fabrication, LiF(1.0 nm)/Al(100 
nm) were thermal evaporated, sequentially, atabase pressure 
of ~4.0x10 torr. The top Al electrodes were then encapsu 
lated with epoxy and a glass slide before testing. J-V charac 
teristics were measured using the methods stated previously. 
Each pixel of the device was carefully masked with black 
rubber to prevent parasitic charge leakage and inaccurate 
electrode overlap. Each substrate had 4 pixels with a defined 
area of 0.06 cm. Table 4 summarizes the J-V and EQE 
response of various blend ratios between NDT(TDPP), and 
PCBM annealed at 110° C. for 10 minutes. 

TABLE 4 

J-V and EQE response of OPV devices based on 
NDT(TDPP) oPCBM blends 

Jsc Jsc 
Blend Ratio Voc mA/cm) FF PCE EQEszo (mA/cm 

D:A mV measured (%) (%) (%) calculated 

23:1 870 8 40 2.9 45 8 
1.5:1 840 11 43 4.1 66 11 

1:1 800 9 38 2.9 S4 9 

Calculated JSC from integrating entire EQE spectrum. 

0.174 Previous small-molecule bulk-heterojunction 
(BHJ) solar cells utilizing PCBM as the electron acceptor 
fullerene have yielded PCEs no higher than 3.7%. The PCE of 
4.1% for the NDT(TDPP):PCBM (1.5:1, w/w) device 
reported here is believed to be the highest reported PCE for a 
PCBM-based small-molecule device and among the high 
est for any solution-processed small-molecule OPV. 

Example 8 

Preparation of P(NDT(2EH)-TPD) 

0175 

-2-EH 
S 

A. / OO s4- -- / \s / ". 
On 2-EH 

11 
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-continued 

O N O 
He 

Br S Br 

14 

0176 Compound 14 was synthesized according to the lit 
erature procedure (Zou et al., J. Am. Chem. Soc. (2010) 132, 
5330-5331). Compound 11 (94.0 mg, 0.114 mmol), TPD 
monomer 14 (54.7 mg, 0.114 mmol), the catalyst Pd(PPh.) 
(13.5 mg, 0.01.16 mmol), and toluene (15 ml) were combined 
under N2 atmosphere and the reaction mixture was stirred at 
110° C. for 3 days. 2-Bromothiophene (0.1 ml) was added to 
the reaction and the reaction was refluxed for 12 hours, then 
cooled and concentrated in vacuo to the amount of ~ 1 ml. The 

concentrated solution was dropped into methanol (100 ml) 
and the precipitate was then collected via filtration. The black 
solid was Soxhlet extracted by acetone (1 day), hexane (1 
day) and toluene (1 day) in this order. The toluene extract was 
concentrated and reprecipitation in methanol afforded a dark 
brown solid (43.1 mg). 
0177. The present teachings encompass embodiments in 
other specific forms without departing from the spirit or 
essential characteristics thereof. The foregoing embodiments 
are therefore to be considered in all respects illustrative rather 
than limiting on the present teachings described herein. Scope 
of the present invention is thus indicated by the appended 
claims rather than by the foregoing description, and all 
changes that come within the meaning and range of equiva 
lency of the claims are intended to be embraced therein. 
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We claim: 
1. An electronic, optical or optoelectronic device compris 

ing a molecular semiconductor component, the molecular 
semiconductor component comprising a compound having 
formula (II): 

(Ari t-i-, (-Ar. Ar- (-t-), Ar"),4, 

wherein: 
R" and R independently are a C-2 alkyl group or a C-2 

haloalkyl group; 
Ar", Ari, Ar, and Art independently are an optionally 

Substituted Caryl group or an optionally substituted 
5-14 membered heteroaryl group: 

JU, at each occurrence, independently is an optionally Sub 
stituted polycyclic aryl or heteroaryl group; 

m", m, mand mindependently are 1, 2, 3 or 4; and 
p is 0 or 1. 
2. The device of claim 1, wherein Ar", Ari, Ar, and Art 

independently are an optionally Substituted thienyl group or 
an optionally Substituted bicyclic heteroaryl group compris 
ing a thienyl group fused with a 5-membered heteroaryl 
group. 

3. The device of claim 1, wherein the compound has the 
formula: 

wherein: 

R. R. R. and R, at each occurrence, independently are () 
selected from Hand R", wherein R', at each occurrence, 
independently is selected from a halogen, CN, a Co (e) 

R8 
alkyl group, a C-2 haloalkyl group, a C-2 alkoxy 
group, and a Coalkylthio group; and R9 

R", R, L, and pare as defined in claim 1. 
4. The device of claim 3, wherein p is 1. ( ) , and 
5. The device of claim 4, wherein it is an optionally sub 

stituted heteroaryl group represented by a formula selected (e) 
from: 
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-continued 

( ) s 

wherein Het, at each occurrence, is a monocyclic moiety 
including at least one heteroatom in its ring and optionally 
substituted with 1-2 R' groups, wherein R. R. and R' 
independently can be H or R', wherein R7, at each occur 
rence, independently is selected from a halogen, CN, a Co 
alkyl group, a Co haloalkyl group, a Coalkoxy group. 
and a C-2 alkylthio group. 

6. The device of claim 1, wherein the compound is: 

wherein R', RandR' independently area Coalkyl group. 
7. A compound having formula (II): 

Ar- (-t-), Ar"),4, 

wherein: JU, at each occurrence, independently is an optionally Sub 
R" and R independently are a C-2 alkyl group or a C-2 stituted polycyclic aryl or heteroaryl group; 

haloalkyl group; m", m, mand mindependently are 1, 2, 3 or 4; and Ar", Ari, Ar, and Art independently are an optionally 
Substituted Caryl group or an optionally substituted 
5-14 membered heteroaryl group: k . . . . 

p is 0 or 1. 

  


