PCT/SG2009/000057 Received 16 December 2009 Dt. THIENOTHIOPHENE DERIVATIVES

BACKGROUND OF THE INVENTION The present invention relator) generally to organic comp unds
for semiconductor applications. Organic materials. Offer a low-cost alternatiye tdPfrddfoH IO ic

‘meter als such as inorganic silicon and gallium arsenide that are presentyRBefigdisedrranher2h9
device manufacturing. Additionally, their compatibility with plastic substrates renders them ideal for
compact, lightweight, mechanically flexible, and structurally inspiring electronic device designs.
However, currently, known solution-processablesemi-conducting polymers typically afford poor

transistor properties such as, for exaﬁﬁBT@EIHWE?HQRj@EQrWWW%d low current on/off ratlorh

when such semlconductors are ‘
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deposited in air. Thus, it would he desirable to have, an organic semiconductor material that retains
desirable semiconductor properties when processed under ambient SUMMARY OF THE INVENTION
The inventiogvgr%ﬂg%ss&ﬁ}mpounds that are particularly useful when employgdassemigRaductors or
charge transport materials in electronic devices such as organic field effect transistors (OFETS),

organic light emilting diodes (OLEDS), and organic photovoltaic diodes. In a first aspect, the invention
provides a compound of formula (1):

In a first aspect, the invention provides a compound of

formula (I):

s, //S\\S//S\\RQZST\ }n

Rq

(1)

wherein
n is an integer from 1 to 500, inclusive; and
Rl and R2 are each independently a moiety having an

atom length of from about 8 atoms to about 20 atoms.

In some examples, one or both of R1 and R2 may have an atom
length of from about 10 atoms to about 16 atoms. In some

examples, one or both of Rl and R2 may have an atom length

of about 12 atoms.

In the above formula, one or both of R1 and R2 may
independently comprise one or more of a group comprising:
an alkyl, an alkenyl, an alkynyl, an amine, a carbonyl, an
ester, a carbonate ester, an ether, a sulphide, an
organosilane and a thicate. In some examples, one ér both
of Rl and R2 may comprise a straight chained alkyl. 1In one

embodiment, both R1 and R2 are dodecyl.

In some examples, n may be an integer from 4 to 40,

inclusive.



S2 "Sx) CSn () wherein n is an integer from 1 to 500, inclusive; and R1 and R2 are each
independently a moiety having an atom length of from about 8 atoms to about 20 atoms. Inbsom(i6
examples, o I f R1 and R2 may have an atom length of from abqut 10 atoms to about
atoms? In sorr%%egez@%% gé} one or both of R1 and R2 may have an atom Ie%ﬁ?ﬁsglz BEULT2 atoms. In
the above formula, one or both of R1 and R2 may independently comprise one or more of a croup
comprising: an alkyl, an alkenyl, an alkynyl, an amine, a carbonyl, an ester, a carbonate ester, an
ether, a sulphide, an organosilane and a thioate. In some examples, one or both of R1 and R2 may
comprise a straight chained alkyl. In one embodiment, both R1 and R2 are dodecy!l.

The compounds of formula (I) have suitably long side-chains.
This improves solution processability. Additionally, the
compounds of formula (I) have substantial structural
regularity. Advantageously, this induces and facilitates
molecular self-assembly. Additionally, due to proper
control of its extended p-conjugation, an excellent balance
is struck between transistor functionality and oxidative
doping stability. This extends the life span of a device.
Further advantages include high charge carrier mobility and

high current on/off ratio in air.

In another aspect, the invention provides an organic
semiconductor material comprising a compound of formula (I)

as defined above.

In another aspect, the invention provides an organic
semiconductor device comprising a layer of an organic
semiconductor material, the organic semiconductor material

comprising a compound of formula (I) as defined above.

In yet another aspect, the invention provides a method of
forming an organic semiconductor device including the steps
of providing a semiconductor substrate, and preparing a
nanoparticle suspension of a compound of formula (I) as
defined above in a solvent. An organic semiconductor layer
is formed on the semiconductor substrate with the

nanoparticle suspension.

Other objects, features, advantages and aspects of the

present invention will become apparent to those skilled in



In some examples, n may be an integer from 4 to 40, inclusive. The compounds of formula (I) have
suitably long side-chains. This improves solution processability. Additionally, the compounds of

formula (;) ha‘;égz}g%ﬂ%gi'?l structural regularity. Advantageously, this indu&gﬁ/wofg,&&uﬁ}?ges molecular

self-assembly. lonally, due to proper control of its extended p-conjugation, an excellent balance is
struck between transistor functionality and oxidative doping stability. This extends the life span of a
device. Further advantages include high charge carrier mobility and high current on/off ratio in air. In
another aspect, the invention provides an organic semiconductor material comprising a compound of
formula (1) as defiredatover om ahbthefdspeet rthedaeentign: providesianppgadiesermizonductor

device comprising a I3yekatan BRanie semieodcionpalsda), the graanic semicandugior pateria

comprising a compound of foLmula (I) as defined above. In yet another aspect, the inventior provides

a method of forfinGHn-Bigdific SBRREIHRILIG FeVice iRiRE 87 S s Trpreviang #Béhficonductor

substrate, and piegaring amanopastielestspensisuohacompesnd of formuadhasdefinggdabove in a
solvent. An orga 'iqfseenmi%ondvtégtor Igi\{er .iﬁ %r&%%gn the seTiconq,uctor substrate with the
nanoparticle sus%ensmn. Other 8hjects, featlires, advantages and aspedts of tHadHesent Mention will
become appareficdihdsaskited initHeiart fom swifollowimyldescriptionfandhapphimtebeladns. It

should be undergtoach houvevierthabthe-fllowingsdescrintion, appended glaims .and spgcifig

examples, while indicating preferred embodiments of the invention, are given by way of illustration
only. Various chiR§e&BhdhBifcaaonewithis the L pRiERd-scope of the disclosed invention will
become readily apparent to those skilled in the art from reading the following.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an enlarged cross-sectional view of an organic
field effect transistor (OFET) in accordance with an

embodiment of the present invention.

FIG. 2 1is an enlarged cross-sectional view of an OFET in

accordance with another embodiment of the present invention.

FIG. 3 is a flow diagram illustrating a method of forming
an organic semiconductor device in accordance with an

embodiment of the present invention.

FIG. 4 1s a graph showing a Vp-Ip characteristic of an
organic thin film transistor including, as a channel layer,
a semiconductor thin film made of ©poly(2,6-bis(3-
dodecylthiophen-2-yl)dithieno(3,2-b;2"',3'-d] thiophene) | in

accordance with an embodiment of the present invention.

FIG. 5 1s a graph showing a V¢-Ip, characteristic of an
organic thin film transistor including, as a channel layer,

a semiconductor thin film made of poly(2,6-bis(3-



BRIEF DESCRIPTION OF THE DRAWINGS FIG. 1 is an enlarged cross-sectio_nal vie_w of an organic
field effect transistor (OFET) in accordance_ with an embodiment of the present invention. FIG. 2 is an
enlarged cro @g&}b%f?% view of an OFET in accordance with another emt%)ocdjl,/@gnt of the present

: i ) , : 2009/00005 L
invention. FI Is a flow diagram illustrating a method of forming an organic semiconductor device in

accordance with an embodiment of the present invention. FIG. 4 is a graph showing a VD-ID

characteristic of an organic thin film transistor including, as a channel layer, a semiconductor thin film
made of poly(2,6-bis(3- dodecylthiophen-2-yl)dithieno[3,2-b;21,3'-d]thiophene) in accordance with an
embodiment of thedsreserbirphtsn2F1G.) Sissh iraph Shawing a \3G-10) ¢ierapteristic of ahmorganic

thin film transistakinsiuding cas a:channek kayss s samieenqugtor.thin fil made of poly(2,6-bis(3- WO
2009/105041PCT/SG2009/000057 dodecylthiophen-2-yl)dithieno[3,2-b;2',3'-d]thiophene)in

accordance with an embodiment of the present invention.
FIG. 6 1is a graph showing a Vp-Ip characteristic of an

organic thin film transistor including, as a channel layer,
a semiconductor thin film made from a nanoparticle
suspension of poly(2,6-bis(3-dodecylthiophen-2-
yl)dithieno[3,2-b;2',3'-d] thiophene) in hexane in

accordance with an embodiment of the present invention.

FIG. 7 is a graph showing a Vg-Ip characteristic of an
organic thin film transistor including, as a channel layer,
a semiconductor thin film made from a nanoparticle
suspension of poly(2,6-bis(3-dodecylthiophen-2-
vl)dithieno[3,2-b;2',3'-d] thiophene) in hexane in

accordance with an embodiment of the present invention.
DETAILED DESCRIPTION

Listed below are definitions of wvarious terms used to
describe the compounds of the present invention. These
definitions apply to the terms as they are used throughout
the specification unless they are otherwise limited in
specific instances either individually or as part of a

larger group.

The term “alkyl” as used herein refers to branched or
straight chain hydrocarbon groups, comprising preferably 1
to 20 carbon atoms. Examples of alkyl groups include, but
are not limited to, methyl, ethyl, n-propyl, isopropyl, n-
butyl, isobutyl, t-butyl, pentyl, hexyl, 2-ethylhexyl,



FIG. 6 is a graph showing a VD-ID characteristic of an organic thin film transistor including, as a
channel layer, a semiconductor thin film made from a nanoparticle suspension of

poly(2,6-bis(%ﬂ%(a§99¥&%iﬁphen-2- yl)dithieno[3,2-b;2',3'-d]thiophene)inhexgg,%b%&%&% e with an

embodiment of the present invention. FIG. 7 is a graph showing a VG-ID characteristic of an organic
thin film transistor including, as a channel layer, a semiconductor thin film made from a nanoparticie
suspension of poly(2,6-bis(3-dodecylthiophen-2- yl)dithieno[3,2-b;2',3'-d]thiophene)inhexanein
accordance with an embodiment of the present invention. DETAILED DESCRIPTION Listed below are
definitions of varistittekms uBead descitfevthe coripderds of théqsteseht invarstiora deivask, definitions

apply to the termseas thay,are g&qu@yghogtg&gg%ggqa}ti(gwnlesgﬂhgm@}@ oélgg%sglg@ited in
specific instances either indit\_'/i_dtualléor as part of a larger group. The term "alkyl" as used herein refers
to branched or sHaigHt ERRTT hiHictarEan B ohp iSRG preferaaly i 28R rBEn BiiRs.
g - y - p -
Examples of alkghgretips wecltide, st are eidt limited ke rogty|, elliyer-paapytlisopriopyh rebutyl,
'SObUtyl’t'bUtyl’Qﬁatyé'&eﬁyiﬂé'?thﬂtlgwles of substituted alkyl groups include,
but are not limited to, haloalkyl groups such as CF;, CCl;,
CBrs, CIi, CyFs, C3Fs, CgHs, CsFi1, CgHiz, CyHis, CgHis, CoFis,
CioF21, CuFaz, CioFzs, Ci1sFzs, Ci6F33, CF,CHy, CF.CpHs, CF,C3Hy,
CF.C4Hy, CFCsHyy, CFoCyHis, CFpC11C23, CCLyCiiHay,  CBraCiiHas,
CI2CiiHzs, CF2Ci3Hzy, CFoCisHiy, etc. or other substituted alkyl
groups such as 2-methylhexyl, 2-ethylhexyl, 2-methyldodecyl
2-ethyldodecyl, 3-ethyldoceyl, 4-ethyldocyl, 11~
methyldodecyl, and the like.

The term “lower alkyl” as used herein refers to branched or
straight chain alkyl groups comprising 1 to 6 carbon atoms,
preferably 1 to 4 carbon atoms. Examples of lower alkyl
groups include, but are not limited to, methyl, ethyl, n-
propyl, i-propyl, n-butyl, i-butyl, sec-butyl, t-butyl,
' pentyl, and hexyl. A lower alkyl group may be
unsubstituted or optionally substituted with one or more
substituents including, but not limited to, substituents
such as halogen, nitrile, CFi;, CCl;, CBr;, CI;, C,Fs, C3F,
C4Hy, and the like.

The term “alkenyl” as used herein refers to branched or
straight chain groups, comprising preferably 2 to 20 carbon
atoms, and containing one or more double bonds. Examples of
alkenyl groups include, but are not limited to, ethenyl,
propenyl, butenyl, penentyl, hexenyl, heptenyl, nonenyl,
decenyl, etc. An alkenyl group may be unsubstituted or



heptyl, nonyl,decyl, undecyl,dodecyl,tetradecyl, hexadecyl, octadecyl, t-octadecyl, etc. An alkyl group
may be unsubstituted or optionally substituted with one or more substituents selected from halogen,

lower alkyl, rqygcam@?#égﬁclike. Examples of substituted alkyl groups inclu%%lgg,éﬁ}%@%gnited to,

haloalkyl groups suc F3, 0013, C3r3, 013, C2F5, C3 F7C4119C5F 1 -115C8H17
1 C9F 19 CIOF 21 | CliF 23 1 CI2F25 r C14F29C16F33CF2CH3CF202H5CF 203147 CF2C4H9
yCF20514111CF2C71115CF2C11C23 CC120111423CBr2CIIH23, CI2011H23, CF20111121,
CF2C15H31, etc. or other substituted alkyl groups such as 2-methylhexyl, 2-ethylhexyl,
2-methyldodecyPr-ethiadddecyk Eethitdoeay|, 4cbtiyldooy, 1lemethyidedecyband thetike. The

term "lower alkykzas used herein rafersdabranghed o strajoht ghain alkyl groups comprising 1 to 6
carbon atoms, preferably 1 to 4 carbon atoms. Examples of lower alkyl groups include, but are not

limited to, methyl, ethyl, npropyl, i-propyl, n-butyl, i-butyl, sec-butyl, t-butyl, pentyl, and hexyl. A lower
alkyl group mayhe unsshstitutetkgnentionally sisgestitiiesavith onerer@oressuBstitentsiingluding, but

not limited to, sulsfi ‘;{e@lt% sueh as halogen, nitrile CF3 CC13, CBr3 %l?:,zCZtFS,z%SF?, 4H9, and
the like. The term "a gny " as used here r’efersmt% Branched or s?@%% chain f]roups?%]é Btising
preferably 2 to ZFea¥onaiemscane tohtningonerommaore douilpé dohdsdBxamBlesgd kdenyl

groups include, it @i@cpﬁpﬂm&@&%set{‘@é‘i’hﬁ‘?pB[M’ butenybpenepiyl. hexanyle bgpianyl, nonenyl,

decenyl, etc. An alkenyl group may be unsubstituted or optionally substituted with one ormore
substituents selBERRYIEM haBYEX Rikrile, BROMREYke. Bexynyl, heptynyl, nonynyl

decynyl etc. An alkenyl group may be unsubstituted or
optionally substituted with one or more substituents

selected from halogen, nitrile, and the like.

The terms “lower alkenyl” and “lower alkynyl” have
corresponding meanings to the term “lower alkyl” as defined
above. Examples of lower alkenyl and lower alkynyl groups
include, but are not limited to, ethenyl, propenyl, butenyl,
ethynyl, propynyl and butynyl. A lower alkenyl or alkynyl |
group may be unsubstituted or optionally substituted with
one or more substituents selected from halogen, nitrile,

and the like.

The term “amine” or “amino” as used herein refers to a
group containing —NH- or —-NR—, whérein R may be an alkyl
group as defined above such as, for example, methyl, ethyl,
n-propyl, i-propyl, n-butyl, i-butyl, sec-butyl, t-butyl,
pentyl, hexyl, and the like. |

The term ‘“carbonyl” as used herein refers to a group

containing —(C=0)-.



The tel0 "alkynyl" as used herein refers to branched or straight chain groups, comprising preferably 2
to 20 carbon atoms, and containing one or more triple bonds. Examples of alkynyl groups include, but

are not limited to, ethynyl, propynyl, butynyl, penyntyl, hexynyl, heptynyl, nonynyl decynyl etc. An
alkenyl groupWa%(/)qgéY ?fﬁghbstituted or optionally substituted with one or m%(r:i// %%fg%ﬁg selected
from halogen, nitrile, and the like. The terms "lower alkenyl” and "lower alkynyl" have corresponding
meanings to the term "lower alkyl" as defined above. Examples of lower alkenyl and lower alkynyl
groups include, but are not limited to, ethenyl, propenyl, butenyl, ethynyl, propynyl and butynyl. A lower
alkenyl or alkynyTiegoups evay bé emsebstituted oneptiondilgrsubstitutedarith one or anorgsulnstituents
selected from halggen; pitrlg. ane kg lke ;The tarr1gmine” or "amino” as used herein refers to a
group containing -NH- or -NR-, wherein R may be an alkyl group as defined above such as, for
example, methyl, ethyl, n-propyl, i-propyl, n-butyl, i-butyl, sec-butyl, t-butyl, pentyl, hexyl, and the like.
The term "carbonyl assused beteiphafess & groupLantaining (£590) e Fhe derp "astgroap used
herein refers to %gﬁ%%gggggaiﬂ@%-ig:) 0- or -0(0=0)-. The term "carbonate ester" as used herein
refers to a group containing=0(0= SO- e term "ether" as used herein refers to a group containing O.
The term "sulphide” as used herein refers to a group containing -S-. The term "organosilane" as used

herein refers to a)gEouR goRtainipgSIRR. "5 WherginR apd Riymay-gagh independently, ofgach other

be H, a lower alkyl as defined above, or the like.
containing ~O—.

-The term *“sulphide” as used herein refers to a group

containing —-S—.

The term “organosilane” as used herein refers to a group
containing —SiR°R%°—~, wherein R° and R°® may each
independently of each other be H, a lower alkyl as defined

above, or the like.

The term “thicate” as used herein refers to a group

containing —S(C=0)— or —(C=0)~.

The term “halo” or “halogen” as used herein refers to F, (L,

Br or 1.

The term “nitrile” as used herein refers to the group —C=N.
The term “substituted” is intended to describe moieties
having substituents replacing a hydrogen atom on one or

more atoms, e.g. C, © or N, of a molecule.

As described herein above, the present invention relates to

compounds of formula (I), to use of such compounds in



The term "thioate" as used herein refers to a group containing -3(0=0)- or -(0=0)-. The term "halo" or
"halogen" as used herein refers to F, CI, Br or I. The term "nitrile" as used herein refers to the group

-C=N. The te%"ﬁ)ldpﬁyghq?d" is intended to describe moieties having subs@%gé%gﬁggé&%gp a

hydrogen atom on one or more atoms, e.g. C, 0 or N, of a molecule. As descti eln above, the
present invention relates to compounds of formula (I), to use of such compounds in semiconductor
applications, -and to methodstheir preparation. Preferred are the compounds of formula (I) wherein one
or both of R1 and R2 have an atom length of from about 10 atoms to about 16 atoms, and more
preferably an atéemeéagttotabout Eraloms.tAlsogprefearat] arecthewenipeimdstefformukaift) wherein
one or both of RhapdR2 indgpendently comprise one or more of a group comprising: an alkyl, an
alkenyl, an alkynyl, an amine, a carbonyl, an ester, a carbonate es er, an ether, a sulphide, an
organosilane and a thioate.

Preferred are the compounds of formula (I) wherein one or
both of Rl and R2 have an atom length of from about 10

atoms to about 16 atoms, and more preferably an atom length

of about 12 atoms.

Also preferred are the compounds of formula (I) wherein one
or both of Rl and R2Z independently comprise one or more of
a group comprising: an alkyl, an alkenyl, an alkynyl, an
amine, a carbonyl, an ester, a carbonate ester, an ether, a

sulphide, an organosilane and a thioate.

Further preferred are the compounds of formula (I) wherein

one or both of R1 and R2 comprise a straight chained alkyl.

Also preferred are the compounds of formula (I) wherein n

is an integer from 4 to 20, inclusive.

Some examples of the compounds of formula (I) are shown by
the following structural formulas, but the present

invention is not limited to these embodiments.



Further preferred are the compounds of formula (I) wherein one or both of R1 and R2 comprise a
straight chained alkyl. Also preferred are the compounds of formula (I) wherein n is an integer from 4

ONGs g xgmples of the compounds of formula (1) are showgg&[{%a‘%%%ng structural

to 20, mclusk\;éeR
formulas, b e presen invention is not limited to these embodiments. s)’

: L /),
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WO 2009/105041 PCT/SG2005/600057
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(Id) Compounds provided by the invention are hereinafter designated as "compound(s) of the
invention”. It will be appreciated that the compounds of the invention may exist in the form of optical
isomers, racmgﬁ Bgsq;&stereoisomers. The scope of this invention embgacesallslgsaRrshemically
isomeric forms of the compounds. For WO 2009/105041PCT/SC2009/000057 example, although the
compound of formula (l)is illustrated in an anti-syn conformation, it should be understood that the
present invention embraces all other stereochemically isomeric forms of the compound of formula (1)
including the anti-anti conformation illustrated below as an example: (I')

{Ic)

12



The tetw "stereochemically isomeric forms" as used herein therefore means all possible isomeric folms
which the compounds of the invention may possess. Unless otherwise mentioned or indicated, the
chemical str%w B3/ f,é/% tematic names and formulae of the compounds dq;&qt@é m%%ge of all
possible stereoclg\emlca y isomeric forms, containing all diastereomers and enantiomers of the basic
molecular structure. In particular, stereogenic centers may have the R- or S-configuration. Compounds
of the present invention are particularly useful when employed as semiconductors or charge transport
materials in electronic devices such as organic field effect transistors (OFETS), organic light emitting
diodes (OLEDs), and organic photovoltaic diodes. The compounds of the present invention when
employed as the active semiconducttor in an organic thin film transistor may be used, for example, in
organic and plastic electronic devices iRcluding radio frequency identification devices (RFIDs), smart
cards, driving circuits for liquid crystal d ys, semi-conducting components-based displays,
organiclightemittingdiodes(OLED)(including\applications in both the charge transport and
electroluminescent layers), photovoltaic.or sensor devices, photoconductors, electrophotographic
recording, organic memory devices, BIOFET sensors, as electrode materials in batteries, etc. The
performance of organic thin film transistor (OTFT) devices is principally based upon the charge carrier
mobility of the semi-conducting material and the current.on/off ratio. Accordingly, the ideal
semiconductor should have low conductivity in the off state and high charge carrier mobility (i.e.,
greater than 1x10-3 cm2V-13-1). Additionally, it is importantthat the semi-conducting material is
relatively stable to oxidation, that is, a high ionization potential,_as oxidation leads to reduced device
performance. Organic semiconductor materials of theqresent invéntion are easily synthesized, have
high charge carrier mobility and good pgocess it \/- ganic oe fconductor materials of the
present invention may be processed#0 foim , , lange \an or uge-m electronic devices. The
organic semiconductor materials of thg present |rS/ent|on 8¢ oxidatigély stBble, and have been shown
to retain, and even improve, the desirable\properties of semiconductor devices made therefrom. More
particularly, the organic semiconductor materials of the present invention have been shown to afford
excellent thin film transistor (TFT) performance (e.g. field effect mobility up to 0.3 cm2V-Is-1 and
current on/off ratio greater than 1x107) under ambi@nt conditions when used as the active layer in
bottom-contact OTFTs via a solution-processed procedure. Further advantageously, no precautionary
measures such as, for example, to exclude oxygen, mojsture, or light, were required during device
fabrication. In summary, the organic semiconductor materials of the present invention afford the
following advantages: high charge carrier mobility; large curkent on/off ratio in air; good solution
processability for low cost manufacturing; and high stability against polymer oxidation.

(1d)

Compounds provided by the invention are hereinafter

designated as “compound(s) of the invention”.

It will be appreciated that the compounds of the invention
may exist in the form of optical isomers, racemates or
diastereoisomers. The scope of this invention embraces all

stereochemically isomeric forms of the compounds. For

13



General Synthetic Methods The compounds of the present invention may be prepared by the methods
depicted in the reaction schemes shown below. The starting materials and reagents used in preparing
these compounds are either available commercially or are prepared by methods known to those skilled
in the art. Thesa sthemes are merely illustrative of some of the methods b@cmﬁogﬂgoggsr%pounds of
this invention can be synthesized, and various modifications to these schemes can be made and will
be suggested to one skilled in the art having referred to this disclosure. SCHEME A:Preparation of
2,6-Eis-(3-alkyl-thiophen-2- y1)-dithieno[3,2-b;2',3"-dithiophene

W02009/105041PETESG 20093 HbB08 3L PrepasatiosiaBBigt (3-aikyl-tHiophea-y 1§ Idithiero([3,2-b;
2',3"-d]thiopheneimaye-aHliled thyough Suziki copplingsgactian pesnally ieteRlouia  pe
2,6-Dibromo-dithieno[3,2-b;2'13'-d]thiophene [Frey, Joseph; Bond, Andrew D.; Holmes, Andrew B.
Chem. Commun‘.”i%f) ?56?342‘2{1 52 _flgnopresent invention embraces all other
4,4,5,5-Tetrametiydx243rdadenylthiophsasizy1 [ 1f 32jdiosdbambanedtgeniel, d&ns; MenaQsteritz,

Elena; Pschierer NeiG. Muelien. faus; Baeusils, Pelet- Org, Blomol: Ghern. 2005, 3(8).995-995.1
are prepared according to the respective published procedures.
as an example:

S
Soo N/ NS
‘(‘Q S S J i

The term “stereochemically isomeric forms” as used herein
therefore means ‘all possible isomeric ‘forms which the
compounds of the invention may possess. Unless otherwise
mentioned or indicated, the chemical structures, systematic
names and formulae of the compounds denote the mixture of
all possible stereochemically isomeric forms, containing
all diastereomers and enantiomers of the basic molecular
structure. In particular, stereogenic centers may have the

R- or S-configuration,

Compounds of the present invention are particulafly useful
when employed as semiconductors or charge  transport
materials in electronic devices such as organic field
effect transistérs (OFETs), organic light emitting diodes
(OLEDs), and organic photovoltaic diodes. The compounds of
the present invention when employed as the active

semiconductor in an organic thin film transistor may be

14



Step 2: To a Schlenk flask is added 2,6-Dibromodithieno[3,2-b;2',3'-d]thiophene(lequivalent),2-(3-
dodecyl-thiophen-2-y1)-4,4,5,5-tetramethyl[1,3,2]dioxaborolane (1.1 equivalents), potassium
carbonate (10 equivalents), then the flask is evacuated and filled with nitrogen several times to remove
traces of ai(r. ?3&’% Y equivalents) is then added under the prOteCtld%j’B/fSﬁ&ng O HF/H20
(volume ratio: 3/2) solution is bubbled with nitrogen for 15 mins, and added intc the flask. The
concentration of potassium carbonate in aqueous solution is 2M. The flask is securely sealed and
stirred for 72 h at 95C.The reaction mixture is cooled to room temperature. The organic layer is
separated, diluté® @fth héaihe, eirrivthba wadhed QiaRater. The pupd asroilact isleistairemaiioy

separation thro%&l&%geu@@iummr@rom@%ra@bwa@hla%a@a@ééb@féa%%n devices
2,6-Bis-(3- dodec -thiophen-2-y1)-dithieno[3,2-b,2',31- d]thiophene: 1H-NME (300mHz, JCL d 7.25 (s,

2H), 7.22 (d, 2H Yash: 2 PP DB RTAS), 087 (TPIHT LFSUART 3678, déw%rﬁn

(75MHz, CDCl?@l@ﬂzZl@}gs 140.35&86.9;&8@1&&.36@5,130:&:rﬂ;2én4aﬂﬂ.9.2933s£9d30.7,d29;§12@)5 ,29.6 (20),

295, 29.4, 2933940 22 7, 141y RCHEME BiR{gparaton Y ROl (2. fsBiss3-akW et uging
applications in both the charge transport and
electroluminescent layers), photovoltaic or sensor devices,
photoconductors, electrophotographic recording, organic
memory devices, BIOFET sensors, as electrode materials in

batteries, etc.

The performance of organic thin film transistor (OTFT)
devices 1is principally based wupon the charge carrier
mobility of the semi-conducting material and the current
on/off ratio. Accordingly, the ideal semiconductor should
have low conductivity in the off state and high charge
carrier mobility (i.e., greater than 1x107° cm®*v'ig™l).
Additionally, it is dimportant that the semi-conducting
material is relatively stable to oxidation, that is, a high
ionization potential, as oxidation leads to reduced device

performance.

Organic semiconductor materials of the present invention
are easily synthesized, have high charge carrier mobility
and good processability. The organic semiconductor
materials of the present invention may be processed to form
thin, large area films for use in electronic devices. The
organic semiconductor wmaterials of the present invention
are oxidatively stable, and have been shown to retain, and
even improve, the desirable properties of semiconductor

devices made therefrom. More particularly, the organic
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thiophen-2-y1)-dithieno[3,2-b;21,31-d]thiophene)  Poly(2,6-bis(3-dodecythiophen-2-yl)dithieno[3,2-b;
2',3'- d]thiophene) may be synthesized from its corresponding

monomer,2,l€}§?)i%@; %gﬁcyl-thiophen-Z-yl)-dithieno[3,2- b;2',3'-d] thiophm&e&ﬁ&%@-{gedia&d

oxidative coupling polymerization in chlorobenzene. Step 1: A slurry of iro orl .0 mmol)
and chlorobenzene (15 ml) is added through a 2-mm tube to a stirred solution of monomer (1.0 mmol)
in chlorobenzene (15 m1). The polymer solution is stirred for 36 h at 50C, while dry oxygen is bubbled
through. The black mixture is washed with water to remove excess FeC13 to give a dark green-black
mixture. This is SFeE WA/ ohebaelabments Bhtmomiassemnt chiorsierizemefor 80eims at room

temperature to pspewee adeurpleriesk-ehlosghenzang solutign which js washed seyvsral times.with water
and dried over M%S 4. Removal of the solvent at reduced pressure gives a dark pulLple solid.

Purification by SBXhtst BXiacHon Fith hekift i dfsde fiRht it vacuPdrymgafford& the Bulk

polymer. Poly(2 #adis(3:doeacytivinphén-2eplidithignef8t2-b; 21h3'n dithiopheng)akt-NAR {888MHz,

(:DC13)d-132Q%£%QtZéEE when used as the active layer in bottom-contact
OTFTs via a solution-processed procedure. Further
advantageously, no precautionary measures such as, for
example, to exclude oxygen, moisture, or light, were
required during device fabrication. In summary, the
organic semiconductor materials of the present invention
afford the following advantages: high charge carrier
mobility; large current on/off ratio in air; good solution
processability for low cost manufacturing; and high

stability againét polymer oxidation.
General Synthetic Methods

The compounds of the present invention may be prepared by
the methods depicted in the reaction schemes shown below.
The starting materials and reagents used in preparing these
compounds are either available commercially or are prepared
by methods known to those sgkilled in the art. These
schemes are merely illustrative of some of the methods by
which the compounds of this invention can be synthesized,
and various modifications to these schemes can be made and

will be suggested to one skilled in the art having referred

to this disclosure.

SCHEME A: Preparation of 2,6-Bis-(3-alkyl-thiophen-2-
yl)-dithieno(3,2-b;2',3'-d] thiophene
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(s, 2H), 2.79 (br, 4H), 1.69 (br, 4H), 1.26 (br, 36H), 0.87 (t, 611). SCHEME C:Preparation of

poly(2,6-Bis-(3-alkyl- thiophen-2-y1)-dithieno[3,2-b;2',3'-d]thiophene)
d]thiophene) may alternati

Poly(2,6-bis(§i]%02q|)ec/¥

thio

vel tge Prepared
through Stille coup |%g%sgﬁolymerizationbetween2,6_-Bis- trimethylstannanyﬁﬁi‘ffﬁgﬁ@%ﬂ-%

2',3'-d]thiopheneand 5,5'-Dibromo-4,4'-dialky1-12,2'1 bithiophene.

E)hen-z-yl)dithieno[3,2-b;2',3'-

R
\ . [—g\ , Pd(PhsP); / KoCOy [ﬁ}h
B B s R THF / HyO Qj S S
R

Preparation of 2,6-Bis- (3-alkyl-thiophen-2-y1) -
dithieno[3,2-b;2',3'-d] thiophene may be fulfilled through

Suzuki coupling reaction normally.

Step 1: 2,6-Dibromo-dithieno[3,2-b;2',3'-d]thiophene [Frey,
Joseph; Bond, Andrew D.; Holmes, Andrew B. Chem. Commun.
2002, 20, 2424-2425.] and 4,4,5,5-Tetramethyl-2- (3-dodecyl-

thiophen-2-yl)-{[1,3,2]dioxaborolane [Cremer, Jens; Mena-

Osteritz, Elena; Pschierer, Neil G.; Muellen, Klaus;

Baeuerle, Peter. Org. Biomol. Chem. 2005, 3(6), 985-995.]

are prepared according to the respective published
procedures.
Step 2: To a 8chlenk flask is added 2,6-Dibromo-

dithieno(3,2-b;2',3'-d]l thiophene (1 equivalent), 2-(3-
dodecyl-thiophen-2-yl)-4,4,5,5-tetramethyl-

(1,3,2]dioxaborolane (1.1 equivalents), potassium carbonate
(10 equivalents), then the flask is evacuated and filled
with nitrogen several

PA(PPh3)s (5%

times to remove traces of air.

added

equivalents) is then under the

protection of nitrogen. THF/H,0 (volume ratio: 3/2)

solution is bubbled with nitrogen for 15 mins, and added

into the flask. The concentration of potassium carbonate

in aqueous solution is 2M. The flask is securely sealed

and stirred for 72 h at 95°C. The reaction mixture is

cooled to room temperature. The organic layer is separated,

diluted with hexane, and then washed with water. The pure

17



Step 1:2,6-Bis-trimethylstannanyl-dithieno[3,2-b;2',3'- d]thiophene [Frey, Joseph; Bond, Andrew D.;
Holmes, Andrew B. Chem. Commun. 2002, 20, 2424-2425.] and
5,5'-Dibromo4,4'-didodecyl-[2,2"]bithiophene[Takahashi, Masabumi; Masui, Kentaro: Sekiguchi, Hiroki;
Kobayashi, N‘XBu%%ﬂ?&"ﬁﬂ i, Atsunori; Funahashi, Masahiro; Tamaoki, Nogﬁﬁﬁﬁ?%gﬂ%?#hem. Soc.
2006, 128(33), 10930-10933.] are prepared according to the respective published procedures. Step
2:To a Schlenkflaskisadded?2,6-Bis- trimethylstannanyl-dithieno[3,2-b;2',3'-d]thiophene (1 equivalent),
5,5'-Dibromo-4,4'-didodecyl-(2,211bithiophene (1 equivalent), tri(o-toyl) phosphine (8 moil- equivalent),
tris(dibenzyliderneeeétsrie)dipatltiim«2 rhgi% eepivediéntl dind dngbhpidberzarrel (3®mirander the
protection of nitragen Theflaghis securelisealed andstisred for 48 h at 120C. After cooling to room
temperature, the reaction mixture is precipitated into a mixture of methanol (100 ml) and concentrated
hydrochloric acid (4 ml) and stirred for 16 h. The precipitate is collected, extracted with methanol
(Soxhlet) for 24 1, ard sietbuade=wAHN iowitond the butkipradiehReferripg noysto-FIG. 1, an
enlarged cross-sectional view of an organic, fi lxq[x-ﬁffec ransistor (OFET) 10 ig accordance, with an
embodiment of t ect élrjécs)gﬁte ﬁ]e\\‘/'enfl}gn%lig%hgzwér% i€ 0 {)0 cgorr%pr?sges}g’ ga?éﬁeiec?rb%&e 1(%¥, 'a gate
dielectric layer 12Hforméd ¥n thd gakielecttodd 14 tandté sourte&lectrode 4t andla 2fain®lectrode 18
formed on the gatggielegtriGlayer 144 layer2(haf ap-aiganic serpicondyctpl material,@f the present
invention is provided as a channel layer between the source electrode 16 and the drain electrode 18.

Referring now td £fc 72, aﬁ%a‘?ﬂérge cldsssectithat view ot afi 'org%lﬁ?cﬁeld eftect traridistor (OFET)

50in 29.7(2C), 29.6 (2C), 29.5, 29.4, 29.3, 29.2, 22.7, 1l4.1.

SCHEME B: Preparation of poly(2,6-Bis-(3-alkyl-
thiophen-2-yl)-dithieno[3,2-b;2',3'-d] thiophene)

~ R R
\ _Fech/o;
\ Chlorobenzene "
R R!

Poly(2,6-bis(3-dodecythiophen-2-yl)dithieno[3,2-b;2',3"'-

d] thiophene) may be synthesized from its corresgponding
monomer, 2,6-Bis- (3-dodecyl-thiophen-2-yl)-dithieno{3,2-
b;2',3'-d] thiophene, by FeCli-mediated oxidative coupling

polymerization in chlorobenzene.

Step 1: A slurry of iron (III) Chloride (2.0 mmol) and
chlorobenzene (15 ml) is added through a  2-mm tube to a
stirred solution of monomer (1.0 mmol) in chlorobenzene (15
ml) . The polymer solution is stirred for 36 h at 50°C,
while dry oxygen is bubbled through. The black mixture is
washed with water to remove excess FeCl, to give a dark

green-black mixture. This is stirred with 20 ml of conc.
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accordance with another embodiment of the present invention is shown. The OFET 50 comprises a
gate electrode 52 and a gate dielectric layer 54 formed on the gate electrode 52. A layer 56 of an

organic semigzx%uzjuog;%rsm?terial of the present invention is formed on the q)at%zsdiglegtor(i)%olgyer 54 as a
channel layer, 810" $60tte electrode 58 and a drain electrode 60 are formed of the organic

semiconductor layer 56. Referring now to FIG. 3, a flow diagram illustrating a method 100 of forming
an organic semiconductor device in accordance with an embodiment of the present invention is
shown.The method 100 begins at step 102 with the provision of a semiconductor substrate.At step
104, a nanopart!8685en3BRGT R cofipduridtd PR Bt ink&ition fs préperedih aB8Rent of

reduced toxicity ssepeasa for-examplgran@dane hawipg drom abeHt 6401006 20 cashen atams (e.9.
hexane, heptan%hoctgnei,setc}f’)é stglggne or tetralhydr,ofuran THF). The nanooarticle suspension may be

PaSoricatibh 56 cess An g &fic 88MicBhdGtoETEr is

prepared, in one embodifient, \ia an uft
formed on the sém$sandudtemsiiastraté withethealarmpartidlie sedpersiopat stepré06.ikxamples The

invention is descried ylibdelerenge &0 e (pllonRg XENRIFS sl be ApReRIRh A £he
invention is not limited to these examples.
hexane and subsequent in vacuo drying affords the bulk

polymer,

Poly(2,6-bis(3-dodecythiophen-2-yl)dithieno[3,2-b;2',3"'~
d]thiophene): *H-NMR (300MHz, CDCls) d 7.32 (s, 2H), 7.05
(s, 2H), 2.79 (br, 4H), 1.69 (br, 4H), 1.26 (br, 36H), 0.87
(t, 6H). '

SCHEME C: Preparation of poly(2,6-Bis-(3-alkyl-
thiophen-2-yl)-dithieno[3,2-b;2',3'-d] thiophene)

R[

m,[ﬁ}\ o B by P | (01obP
’ SrMEs Chlaroberzene
R Rl

Poly(2,6-bis(3-dodecythiophen-2-yl)dithieno(3,2-b;2',3"'-

dl thiophene) may alternatively be prepared through Stille
coupling copolymerization between 2,6-Bis-
trimethylstannanyl—dithieno[3,2-b;2',3'-d1thiophenel and
5,5'-Dibromo-4,4'-dialkyl-[2,2'] bithiophene. -

Step 1: 2,6-Bis-trimethylstannanyl-dithieno[3,2-b;2',3"'-
d] thiophene [Frey, Joseph; Bond, Andrew D.; Holmes, Andrew
B. Chem. Commun. 2002, 20, 2424-2425.] and 5,5'-Dibromo-
4,4'-didodecyl- [2,2']bithiophene [Takahashi, Masabumi; Masui,

Kentaro; Sekiguchi, Hiroki; Kobayashi, Nobuhiko; Mori,
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Example 1Device Characteristics Field effect transistor substrates were made using a heavily doped
N-type silicon wafer as the common gate electrode and a 100 nm thermally oxidized 5i02 layer as the
gate dielectric. The gold source and drain electrodes were patterned in a bottom contact configuration
using a convé’%(t)lc%?l%g?lﬁ)ﬁ%%lithography method. A 10 nm layer of titanium was GS3Y L% Sdhesion
layer for the gold on Si02. The Si02 surface of the wafer substrate was first cleaned with Piranha
solution (mixture of 70% sulfuric acid and 30% hydrogen peroxide) and then modified with
organosilane by immersing the clean wafer in 10 mM hexane solution of octyltrichlorosilane (OTS-B)
for 45 minutes gk tsomrrenperanpdahbioudhiy aihsirg th@xubstrate Witkvlexbae and 2-phopanol then

blowing dry with-jjtrggen gas. The @@éol soyree @and sﬂrairi@é%%wg%weﬁe meoglif ied%ggg@hiol
self-assembled monolayer to reduce the contact resistance. The substrate was immersed into 5m14

solution of octylfhf19A R dI Tl RorE RBA P4 KEuR BhUTHER rRsRaSHtT 8fhanol before depositing

the semiconductor layer. For the purpose of confirming the device characteristics of an organic

semiconductor rpaterial agcording to an e iment of the present jnventi solytion of
poly(2,6-bis(3-drcgigéth?l?ythizca)%hen-g-gyl)dit?lieno&q,]le-(:‘b]'[;gl}zﬁ',31—E Zflhglgpherjig) in gré%%éfous%h?or%) enzene
(4mg/m1) was deposrédvhsthennagifibdcSioziantdce By irég-castiad thiepbeores were afinealed in

a vacuum oven at 160 fendp minutes apgdibenslawly cepled & rQam tempeyatire heforefvaluation.
The substrate was patterned with a series of transistors with various channel lengths (L) from 20 Am

to 100 gm and widthSWY AORPS him 16 1R YEle T BIBE idS offhettr&Rict8rs-Feke -
characterized using &(Gabeacky Micratecl: praolpe Sthitienl dad AnwAgilent il 0Bq8StatlRrecision
Measurement Maipframe at @@é%b%q%@%ns MWo%ltjakin g@ghprg%%uti ns i isplate th% gnaterial
and device from exposure to ambient oxygen, moisture, or light. The obtained results are shown in
FIGS. 4 and 5. THe-8R#gic fiellheffett #dhsistoSEOPET} nobility SFh e pltetriren ihe safuration

region of the I-Vigcuryes of F4€¢ 4 usingsthefollewing gguatien (Lodasa. e rature, the
reaction mixture.is precipitated into a mixture of methanol
(100 ml) and concentrated hydrochloric acid (4 ml) and
stirred for 16 h. The precipitate is collected, extracted
with methanol (Soxhlet) for 24 h, and dried under vacuum to

afford the bulk product.

Referring now to FIG. 1, an enlarged cross-sectional view
of an organic field effect transistor (OFET) 10 in
accordance with an embodiment of the present invention is
shown. The OFET 10 comprises a gate electrode 12, a gate
dielectric layer 14 formed on the gate electrode 12, and a
source electrode 16 and a drain electrode 18 formed on the
gate dielectric layer 14. A layer 20 of an oxganic
semiconductor material of the present invention is providéd
as a channel layer between the source electrode 16 and the

drain electrode 18.

Referring now to FIG. 2, an enlarged cross-sectional view

of an organic field effect transistor (OFET) 50 in
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The calculations show that field effect mobility of up to 0.3 cm217-1s-1 are attainable with
poly(2,6-bis(3- dodecylthiophen-2-yl)dithieno[3,2-b;2',31-dithiophene). Further, as can be seen from

FIG. 5, a current f ratio of greater than 1x107 is achievable with poly(%gfygé%()g/oooos,/
dodecylthiopwen-g@}//@éﬁéﬁlfeno[3,2-10,2',3'-dithiophene). Itisconcludedthereforethatpoly(2,6-bis(3-

dodecylthiophen-2-yl)dithieno[3,2-b;2',3'-dIthiophene) affords excellent thin film transistor (TFT)
performance (field effect mobility of up to 0.3 cm2V-13-1 and current on/off ratio above 1x107) under

ambient conditions when used as the active layer in a bottom-contact organic thin film transistor
(OTFT) formed Bft6GgRIASSULdHIpraBestsF priteadidahpaficbe, Bif§RlordbERAEH©RS the

solvent. Further aglvantageoushhdogpecasionaiysreasyes tgexeludp-exyaa nBoistie, ar light are
required during device fabrjcatjon. Example 2Solution Processability

Ultrasonicationofpoly( ,6%15@1556&??/%%%9%{2} ﬁf&?ﬁ%?er%ts,?36;2%,?8]%868868% attalkane
having from abctt 8 &yaboli 20 cérban atongsi(e.g. hesmbeohéptane; octaner béd.), tofuenkeor THF

for one hour was found, fo fegpltin; e formation of auLplishnspension.at polymer nanoparticles.

The field effect transistor (Eta’) properties of the polymer nanogartlcles were characterized using a
bottom-gate, boftSnEcdtaBihin Y FansiRif (FFFPY&iEe RoRRGHRIRNS FhaTETS \i&ieiBuilt on an

n-doped silicon waderwithansectyiichiyasianesmogifie bl gatesdiglestiaandor 1ayer
octanethiol-modgged gold source/drain electrodes, the fabrication of which is described above in

Referring now to FIG. 3, a flow diagram illustrating a
method 100 of forming an organic semiconductor device in
accordance with an embodiment of the present invention is
shown. The method 100 begins at step 102 with the
provision of a semiconductor substrate. At step 104, a
nanoparticle suspension of a compound of the present
invention is prepared in a solvent of reduced toxicity such
as, for example, an alkane having from about 6 to about 20
carbon atoms (e.g. hexane, heptane, octane, etc.), toluene
or tetrahydrofuran (THF). The nanoparticle suspension may
be prepared, in one embodiment, wvia an ultrasonication
process. An organic semiconductor layer is formed on the
semiconductor substrate with the nanoparticle suspension at

step 106.

Examples
The invention is described with reference to the following
examples. It is to be appreciated that the invention is not

limited to these examples.

Example 1 Device Characteristics
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Example 1.A nanoparticle suspension of poly(2,6-bis(3- dodecythiophen-2-yl)dithieno[3,2-b;
2',3'-d]thiophene)in hexane is prepared by agitating a mixture of poly(2,6-
bis(3-dodecythiophen-2-yl)dithieno[3,2-b;2',3'-d]thiophene) and hexane (4 i ial in an
uItr(asonic bg}ﬁoa%)or%%lr%s?glmperature for 1 hour. The suspension of the polygr}f?é/?(r%a%%@g}&%es in
hexane (4mg/m1) is then drop-deposited into the TFT channels of the above devices and dried in an
oven. The processing of the organic thin film transistor (OTFT) devices are carried out under ambient
conditions without taking precautionary measures to isolate the material and devices from exposure to
ambient oxygen, moisture or light. Electrical properties of the transistors were characterized using

similar methods@s.ware deserihed in-Example, 1 and,the-ehtained fesults gre shown,inEIGS. 6 and 7.

The organic field effect transistor (OFET) mobility was computed from the saturation region of the 2-V
curves of FIG. 615&Hg tjudidn@) Jivéimbovet Ak pafad sthe FET S owPPRI kiR of
4.2x10-3 cm2 Vell sdrardian-erioff rato ofid Ot Adtentharmnalanneaiag st d60 Q0 ctheadeiges -
exhibited signifi improve ts_in hath mohility and on/off ratia._In_particular, these values
increased to 0.1 crré12 %E-f\%?r?%%ﬁciogﬁ}gsggk(}tét/eﬁ/?%%esearre@u%srgrlencc?r(‘r\[]%g%arbﬂg?g the *°
performance of BR-OFFTedeviéds fabrichdd-#om gentorcbenzanidaution describedng  a

conventional photolithography method. A 10 nm layer of
titanium was used as an adhesion layer for the gold on SiO,.
The S$i0; surface of the wafer substrate was first cleaned
with Piranha solution (mixture of 70% sulfuric acid and 30%
hydrogen peroxide) and then modified with organosilane by
immersing the clean wafer in 10 mM hexane solution of
octyltrichlorosilane (0OTS-8) for 45 minutes at room
temperature, thoroughly rinsing the substrate with hexane
and 2-propancl then blowing dry with nitrogen gas. The gold
source and drain electrodes were modified with octylthiol
self-assembled monolayer to reduce the contact resistance.
The substrate was immersed into 5mM solution of octylthiol
in ethanol for more than 24 hours, and then rinsed with

ethanol before depositing the semiconductor layer.

For the purpose of confirming the device characteristics of
an organic semiconductor material according to an
embodiment of the present invention, a solution of
poly (2, 6-bis(3-dodecythiophen-2-yl)dithieno[3,2-b;2',3"'-

d] thiophene) in anhydrous chlorobenzene (4mg/ml) was
deposited on the modified SiO, surface by drop-casting. The
devices were annealed in a vacuum oven at 160°C for 45
minutes and then slowly cooled to room temperature before

evaluation. The substrate was patterned with a series of
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above in Example 1.This represents a first report of high-mobility polymer OTFTs fabricated from an
environmentally benign solvent (hexane) under ambient conditions, in contrast to most high-mobility

polymer semicanductors which require toxic chlorinated benzene solvents for fabrication, The

description o the %)rgé]f(ésr%ld embodiments of the present invention has bee%cgfg(s%%tgé%?gsﬂpurposes of

illustration and description, but is not intended to be exhaustive or to limit the invention to the forms
disclosed. It will be appreciated by those skilled in the art that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof. It is
understood, theteferss ihabthis inenhtioaisinoslimtednie the pagituiar @mbddionreris disclased, but

covers modificatjgs within, te, spirit, and scope of the presgnt invantion as defined by the appended
claims. Abbreviations Me3Sn = trimethyltin Pd(Ph3P)4 = tetrakis(triphenylphosphine)palladium Pd2
(dbda) = tris(dibenzylideneacetone)dipalladium THF = tetrahydrofuran

Electrical properties of the transistors were characterized
usihg a Cascade Microtech probe station and an Agilent
E5270B 8-Slot Precision Measurement Mainframe at ambient
conditions without taking any precautions to isolate the
material and device from exposure to ambient oxygen,

moisture, or light. The obtained results are shown in FIGS.

4 and 5.

The organic field effect transistor (OFET) mobility was
computed from the saturation region of the I-V curves of

FIG. 4 using the following eguation (1):

w 2
Lpsa =37 AV, =V,) (1) .

The calculations show that field effect mobility of up to
0.3 cm?vlgt are  attainable with  poly(2,6-bis(3-
dodecylthiophen-2-yl)dithieno([3,2-b;2',3'-d] thiophene) .

Further, as can be seen from FIG. 5, a current on/off ratio
of greater than 1x10° is achievable with poly(2,6-bis(3-
dodecylthiophen-2-yl)dithieno(3,2-b;2',3'-d] thiophene) .

It is concluded therefore that poly(2,6-bis(3-
dodecylthiophen-2-yl)dithieno[3,2-b;2',3'-d] thiophene)

affords excellent thin film transistor (TFT) performance
(field effect mobility of up to 0.3 cm®V''s™' and current

on/off ratio above 1x10’) under ambient conditions when
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WO 2009/105041PCT/SG2009/000057 CLAIMS 1.A compound of formula (I): SR2 (s5 Yc)\-4s)in (1)
wherein n is an integer from 1 to 500, inclusive; and

WO 2009/105041 PCT/SG2009/000057

used as the active layer in a bottom-contact organic thin
film transistor (OTFT) formed through a solution-processed
procedure, in particular, using chlorobenzene as the
solvent. Further advantageously, no precautionary measures

to exclude oxygen, moisture, or light are required during

device fabrication.
Example 2 Solution Processability

Ultrasonication of poly(2,6-bis(3-dodecythiophen-2-
yl)dithieno[3,2-b;2',3'-dlthiophene) in an alkane having
from about 6 to about 20 carbon atoms (e.g. hexane, heptane,
octane, etc.), toluene, or THF for one hour was found to

result in the formation of a purplish suspension of polymer

nanoparticles.

The field effect transistor (FET) propertiesvof the polymer
nanoparticles were characterized using a bottom-gate,
bottom-contact thin film transistor (TFT) device
configuration. The TFTs were built on an n-doped silicon
wafer with an octyltrichlorosilane-modified SiO;-gate
dielectric and octanethiocl-modified gold source/drain
electrodes, the fabrication of which is described above in
Example 1. A nanoparticle suspension of poly(2,6-bis(3-
dcdecythiophen—Z-yl)dithieno{3,2-b;2',3‘—d}thiophene) in
hexane is prepared by agitating a mixture of poly(2,6-
bis(3-dodecythiophen-2-yl)dithieno([3,2-b;2',3"'-d] thiophene)
and hexane (4mg/ml) in a vial in an ultrasonic bath at room
temperature for 1 hour. The suspension of the polymer
nanoparticles in hexane (4mg/ml) is then drop-deposited

into the TFT channels of the above devices and dried in an
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R1 and R2 are each independently a moiety having an atom length of from about 8 atoms to about 20
atoms. 2. The compound of claim 1, wherein one or both of R1 and R2 have an atom length of from
about 10 atoms to about 16 atoms. 3. The compound of claim 2, wherein one or both of R1 and R2
have an atom I%e)ng 5) aBout 12 atoms. 4. The compound of any one of tﬁg%§ggg%/ﬁﬁo%?&lms

wherein one or both of Rl and R2 independently comprise one or more of a group comprising: an
alkyl, an alkenyl, an alkynyl, an amine, a carbonyl, an ester, a carbonate ester, an ether, a sulphide, an
organosilane and a thioate. WO 2009/105041PCT/SG20091000057 5. The compound of.claim 4,
wherein one or B§#of RITA8d RECEHAPIiBg acsiraiditt chareialkyhie: Theloonspemsd etotaim 5,

wherein both R1an¢-R2 afefrdesyl, 7. The.ameaund,ef agyaoe of ifis prceding £laims, wherein n

is an integer from 4 to 40, inclusive. 8. An organic semiconductor material comprising a compound of
anyone(ﬁtherﬁé8§TH§ckﬁﬁ§1n9 precattionary measures to igolate the

material and devices from exposure to ambient oxygen,

molsture, or light.

Electrical properties of the transistors were characterized
using similar methods as were described in Example 1 and

the obtained results are shown in FIGS. 6 and 7.

The organic field effect transistor (OFET) mobility was
computed from the saturation region of the I-V curves of

FIG. 6 using equation (1) given above.

As prepared, the TFTs show a FET mobility of 4.2x107° cm?® v?'
s7' and an on/off ratio of 10°. After thermal annealing at
160 °C, the devices exhibited significant improvements in
both mobility and on/off ratio. In particular, these

values increased to 0.16 cm® V' s' and 10°, respectively.

These results are comparable to the performance of the OTFT
devices fabricated from a chlorobenzene solution described
above in Example 1. This represents a first report of
high-mobility polymer OTFTs fabricated from an
environmentally benign solvent (hexane) under ambient
conditions, in contrast to most high-mobility polymer
semiconductors which require toxic chlorinated benzene

solvents for fabrication.

The description of the preferred embodiments of the present

invention has been presented for purposes of illustration
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9. An organic semiconductor device comprising a layer of an organic semiconductor material of claim
8. 10. A method of forming an organic semiconductor device, comprising: providing a semiconductor
substrate; vsprt\g(ﬁ)aring a nanoparticle suspension of a compound of any one of claims 1 to 7 in a

solvent; and pr%mgo‘é]n organic semiconductor layer on the semicond0&EPSANEIPA8 With the

nanoparticle suspension. 11. The method of forming an organic semiconductor device of claim 10,
wherein the nanoparticle suspension is prepared via an ultrasonication process. 12. The method of
forming an organic semiconductor device of claim 10 or claim 11, wherein the solvent is one of an
alkane having fréRfalssur e irabenr 20 earon ams nbretredand téralkydrafirany(d|<4E). to

limit the invention to the forms disclosed. It will be
appreciated by those skilled in the art that changes could
be made to the embodiments described above without
departing from the broad inventive concept thereof. It is
understood, therefore, that this invention is not limited
to the particular embodiments disclosed, but covers
modifications within the spirit and scope of the present

invention as defined by the appended claims.
Abbreviations

Me;Sn = trimethyltin

Pd(Ph;P), = tetrakis(triphenylphosphine)palladium

Pd, (dbda), = tris (dibenzylideneacetone)dipalladium
THF = tetrahydrofuran
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CLAIMS

1. A compound of formula (I):

R

S 2\4
ataV¥an
S S S

R4

(1)

wherein
n is an integer from 1 to 500, inclusive; and
Rl and R2 are each independently a moiety having an

atom length of from about 8 atoms to about 20 atoms.

2. The compound of claim 1, wherein one or both of R1 and

R2 have an atom length of from about 10 atoms to about 16

atoms.

3. The compound of claim 2, wherein one or both of R1 and

R2 have an atom length of about 12 atoms.

4. The compound of any one of the preceding claims,
wherein one or both of Rl and R2 independently compfise one
or more of a group comprising: an alkyl, an alkenyl, an
alkynyl, an amine, a carbonyl, an ester, a carbonate ester,

an ether, a sulphide, an organosilane and a thioate.
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5. The compound of claim 4, wherein one or both of R1 and

R2 comprise a straight chained alkyl.

6. The compound of claim 5, wherein both R1 and R2 are
dodecyl.
7. The compound of any one of the preceding claims,

wherein n is an integer from 4 to 40, inclusive.

8. An organic semiconductor material comprising a

compound of any cne of the preceding claims.

S. An organic semiconductor device comprising a layer of
an organic semiconductor material of claim 8.

12

10. A method of forming an organic semiconductor device,
comprising:

providing a semiconductor substrate;

preparing a nanoparticle suspension of a compound of
any one of claims 1 to 7 in a soclvent; and

forming an organic semiconductor layer on the

semiconductor substrate with the nanoparticle suspension.

11. The method of forming an organic semiconductor device
of claim 10, wherein the nanoparticle suspension is

prepared via an ultrasonication process.

12. The method of forming an organic semiconductor device
of claim 10 or claim 11, wherein the solvent isg one of an
alkane having from about 6 to about 20 carbon atoms,

toluene and tetrahydrofuran (THF).
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