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materials that display a variety of desirable properties in a controllable

way continues to be one of tRELATEX ApPBIGATIISS of the contenporary
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| ength. Synthesis of regioregular PATs, first discovered by MCullough et
al . 8' 9 alesirablepropewsigs inya eantteslleble svaysontinuss thbe pre oighagrdabehallengasfodct - f r ee,

structurﬁlll honmogeneous g[ PA%’S. '.tlra.é%re | ¥ 1 roveggﬁl ectm}gi g.and

hot oni dr RGeS E0eaPet Sipcs el ibril ot ot MRl M5 tudiind bshierd if

stabi | i tiNe @M 970s,0R6dus dpiRichidnR offitidsé fidterilsAavé BeerDéxpldra@tue fRtheieds lies in
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studied conjugated polymer systems due to their exceptional spectroscopic and electronic

properties. The straightforward synthesis of PT derivatives generates soluble and
processable polymers with a wide range of practical applications, €.g., rechargeable
batteries,' electrochromic devices (ECDs);! chemical and optical sensors,' light-emitting
diodes (LEDs),*® and field-effect transistors (FETs).” While traditional approaches to
synthesize PTs derivatives via electrochemical or oxidative chemical polymerization
methods yield polymers with various degrees of regioregularity,’ regioselective synthesis
of poly(3-alkylthiophenes) (PATs) that contain almost exclusively head-to-tail (HT)
couplings result in improved electrical conductivities and a greater effective conjugation
length.

Synthesis of regioregular PATs, first discovered by McCullough et al.%°

and
followed by others,° results in the formation of defect-free, structurally homogeneous
HT-PATs with greatly improved electronic and photonic properties over regiorandom
analogues.'"'? Environmental stability can be good. The main difficulty of the original
methods lies in the preparation of highly pure 2-bromo-3-alkyl-5-
bromomagnesiothiophene.® This complication has been overcome with the discovery of
the Grignard Metathesis (GRIM) method which offers a quick and cost effective

technique for the large scale synthesis of high molecular weight, regioregular PATs.
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pol yt hi dperediatevitihihedreansmplelafine psthe ratedeteomining step) The experimental
observations from both McCullough and Grignard metathesis methods invalidated the

generally accepted mechanism for the nickel-catalyzed cross-coupling polymerization for
the synthesis of regioregular poly(3-alkylthiophenes).

“Living” polymerizations have attracted a great deal of attention due to the fact
that they afford polymers with predetermined molecular weights, low polydispersities,
specific functionalities and various architectures including block copolymers. See, e.g.,
Billmeyer, Textbook of Polymer Science, 3" Ed, John Wiley, 1984, pages 90, 121 and
references cited therein; Allcock et al., Contemporary Polymer Chemistry, Prentice-Hall,
1981, pages 72-74, 311-317. These attributes are important for conductive polymers. For
example, it is important to have access to regioregular poly(3-alkylthiophenes) and other
polythiophenes, including soluble polythiophenes and block copolymers, with controlled
molecular weights because the conductivities and other important properties depend on
the conjugation length, i.e., on the number of the monomer units incorporated into the
polymer. This can result in the ability to tune the electrical conductivity, thereby
allowing for the design of materials which are tailor made for specific applications in
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regioregular polythiophene having a 3-substituent, wherein the polymerization is carried

out under conditions which provides a degree of polymerization which can be
substantially predicted based on the first and second molar concentrations.

Another embodiment is a method comprising: (i) polymerizing a first thiophene
monomer by Grignard metathesis polymerization to form a polythiophene intermediate
under conditions which provide for living polymerization, (ii) chain extending the
intermediate with addition of a second thiophene monomer to form an AB block
copolymer.

To provide a more attractive commercial process, the thiophene monomer can

have two bromo leaving groups rather than one bromo and one iodo leaving group.
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Figure 2. Conversion (filled symbols) and logarithm of monomer concentration (open

symbols) vs. time plots for 2-bromo-5-chloromagnesium-3-hexylthiophene
polymerization at variable Ni(dppp)Cl; concentrations; [M]¢=0.07 mol/L; 23-25 °C.
Figure 3. Dependence of molecular weights and polydispersities on conversion for 2-
bromo-5-chloromagnesium-3-hexylthiophene polymerization at variable Ni(dppp)Cl,
concentrations; [M]¢=0.07 mol/L; 23-25 °C.

Figure 4. GPC traces for 2-bromo-5-chloromagnesium-3-hexylthiophene polymerization
[Ni(ID]o =1.5x10" mol/L; [M]¢=0.07 mol/L; 23-25 °C.

Figure 5. Conversion (filled symbols) and logarithm of monomer concentration (open
symbols) vs. time plots for GRIM polymerization at different 2-bromo-5-
chloromagnesium-3-hexylthiophene concentrations; [Ni(l)]¢=1.5x10 mol/L; 0 - 2 °C.
Figure 6. Dependence of molecular weights and polydispersities on conversion for GRIM
polymerization at different\Z-bromo-S-chloromagnesium-B-hexylthiophene
concentrations; [Ni(I)]¢=1.5x10" mol/L; 0 - 2 °C.

Figure 7. Plot of the logarithm of the initial rate of polymerization vs. logarithm of
monomer concentration ; [Ni(I)]o=1 5x10° mol/L; 0 - 2°C

Figure 8. Magnesium halogen exchange of H/Br terminated regioregular poly(3-
hexylthiophene).
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dodecylthiophene) (chain extension) Reaction conditions: [Mpr]o = 0.06 mol/L;
[Ni(II)]0=1.8x10'3 mol/L; [Mx]o=0.02 mol/L; [Mpr]; = 0.06 mol/L; 18 - 20 °C.

Figure 17, UV-VIS spectrum of poly(3-dodecylthiophene) (PDDT) precursor and poly(3-
dodecylthiophene)-b-polythiophene-b-poly(3-dodecylthiophene) (PDDT-5-PT-5-PDDT)
tri-block copolymer.

Figure 18. Conductivity of poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) and
poly(3-dodecylthiophene)-b-polythiophene-b-poly(3-dodecylthiophene) copolymers as a
function of the doping time.

Figure 19. SEM image of PHT-b-PDDT film.

Figure 20. SEM image of PDDT-5-PT-5-PDDT film.

Figure 21, Mechanism for the nickel initiated cross-coupling trimer formation.

Figure 22. Model reactions showing that Ni(0) reacts preferably with the newly formed
brominated aryl dimer, resulting in nearly 100% formation of the trimer.

Figure 23. Mechanism for Nickel-Initiated Cross-Coupling Polymerization

Figure 24. Conversion (filled symbols) and logarithm of monomer and concentration
(open symbols) vs time plots for 2-bromo-3-hexylthiophene polymerization at different
concentration of Ni(dppp)Cl; initiator (23-25°C); [M] = 0.075 mol/L: (w,)
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I nvention can enconpass net hods of making polynmers, including block
copolynmers, as well as polyneric conpositions, and compositions conprising
bl ock copol yners. For intro@ETARLED DESQIRIBEIONI t erature can be used in the
practice of the present i nvention including the followng. U S. Patent No.
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incorporated by referehce ih their entirety. These references
section.

All references cited herein are hereby incorporated by reference in their entirety.

The invention can encompass methods of making polymers, including block
copolymers, as well as polymeric compositions, and compositions comprising block
copolymers.

For introduction, technical literature can be used in the practice of the present
invention including the following.

U.S. Patent No. 6,602,974 to McCullough et al. describes one system of block
copolymers prepared by use of tailored endgroups and is incorporated by reference in its
entirety including for its description of devices, synthetic methods, and block copolymers
including both conductive and non-conductive segments. See also, Liu et al.,
Macromolecules, 2002, 35, 9882-9889; Liu et al., Angew. Chem. Int. Ed., 2002, 41, No. 2,
pages 329-332, which are incorporated by reference in their entirety. These references
also describe important morphological aspects of block copolymers including the
formation of nanowires.

U.S. Patent No. 6,166,172 to McCullough et al. describes an improved method for
synthesis of conducting polymers (GRIM methods) including larger scale methods and is
hereby incorporated by reference in its entirety. See also Loewe et al., Macromolecules,

'324-4333 which describes regioselectivity of these reactions.
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al so describe inportant norphol ogi cal aspects of bl ock copol yners i ncl udi ng
t he formation of nanowires. U S. Patent No. 6, 166, 172 to I\/bCuI I ough et al.
descri beg,?f) &ved nmet hod for synt hesi s of conduct % (GRI M

met hods) |nc ds and.is r
reference in WM%@{P‘@@Z@%W; Beve pofymgrs, asl@%ﬁ E? 324 4333
whi ch defagthérfetind ﬁgﬂoeaﬁdnqﬂé (1declmbu% ORP. MRAF! 1998 N& 2\/\94&9@51111@7160
PCT/ US2006/ 011840 dr ad"a p; nD; pftgr conducfive polyners, as
descri bechalengh et @hnHwbpek ?Jﬁ@@izdugumPolwmrem 2% Bbyp) 998( Chaptery Iphgasgh, Adv .
Mat er . #39% No. 2, pages 93-116, (ii) MCullough et at, Handbook of
Conductl cﬁyners 2nd Ed., 1998, Chapter 9, pages 225-258. In addition,
el ectrical | y moadifohi MectHodlly ®haudive p@ﬁ&&e&s a%dieh&bléh% EnE Yhk
Pol ymer Sci ence and n% neering, WIeéy 990, pages 298- 300, |ncI ud ng

4

pol yacetKalener Scignseypd H@ﬁwméb’lle)pdﬁ’%{)pm@%éw mludlmpqumt}slwr rol e,

d pol ph
ont i - ot PonRREeR e il henYbE B A PPN o el BB | on of
pol ymer srmv%h&&g&wéalwfme hﬂﬁ?éntfré’c&mﬁsqeferé?féblélsb'dé@é}ﬁié%leﬁﬂﬁgdesCr i bed,

for exanple, in Roncali, J., Chem Rev. 1992, 92, 711; Schopf et "al.
Pol yt hi cqmld@np@lyn@nwm Qfaxolwnemnmdudmgblopbmmmer fpmatigsr : Berlin, 1997.

Pol du
Ser Conduct o SIBPRRERS S Apbe i St in neiicly i B 2ol *33. o
5, 200171 1086lfonBePall, Polyiitb e OTactABRN Ot Poll eRe St gdr TR0 Sted "by

reference In i entirety. .Polynerization of polythi ophenes and bl ock
copol ynel997f or ot her types of non- thi ophene pol ymers are descri bed |n for
exanpl e, Yok Jour n «

(2008) " Bl oo BUBERS seericonduBlobiiTe ARRry okt o Sxpplte QPEniSBERREPT xarp! e
Yang ( EBelicontiigtotdveyy Kty ¥t 411, A)Ja&miéf%ﬁ@dima%h 3lo$.34200F, 206es 317- 327

("Bl ock Copolyners in Nanot échnol ogy"). Al so copofyners are descri bed
in, for pagafpd mchilingpagesdpdbBehoviych Mrabwemmat@dubmr@&rensg fvids), by Noshay
and MG at.h, Academ c Press, 1977. For exanple, this text describes A-B

di bl ock ‘ymers (chapter 5), A-B-A triblock copolyners (chapter 6), and

-(AB)"- mult Ipﬂlﬁﬁgnﬁﬁaﬁbypde yfhidHRAG £4d bldok c¥pbEAhers fR of ek Byl f Rahi s of

bl ock copolyner types in present invention. Additional bl ock copolyners
i ncl udi rthiopbénetpulypers axssdeserbeddnclor bxsanple,, Y dkozawx atgll, obmrenlowingl et  al .

SYNEN- 01,36, no. 2, pp. 65-83 (2004).
Block copolymers are generally known in the art. See for example Yang (Ed.),
The Chemistry of Nanostructured Materials, 2003, pages 317-327 (“Block Copolymers in

Nanotechnology”). Also block copolymers are described in, for example, Block
Copolymers, Overview and Critical Survey, by Noshay and McGrath, Academic Press,
1977. For example, this text describes A-B diblock copolymers (chapter 5), A-B-A
triblock copolymers (chapter 6), and -(AB),- multiblock copolymers (chapter 7), which
can form the basis of block copolymer types in the present invention. Additional block
copolymers including polythiophenes are described in, for example, Francois et al., Synth.
Met. 1995, 69, 463-466, which is incorporated by reference in its entirety; Yang et al.,
Macromolecules 1993, 26, 1188-1190; Widawski et al., Nature (London), vol. 369, June
2, 1994, 387-389; Jenekhe et al., Science, 279, March 20, 1998, 1903-1907; Wang et al.,
J. Am. Chem. Soc. 2000, 122, 6855-6861; Li et al., Macromolecules 1999, 32, 3034-3044;
Hempenius et al., J. Am. Chem. Soc. 1998, 120, 2798-2804.

These and other references cited in this application can be used in the practice of
the present invention.

In addition, the block copolymers can comprise the conductive block, having
coniugated structures which may or may not be doped, and the nonconductive block. The
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Met. 1995, 69, 463- 466, which is incorporated by reference in its entirety;

Yang et aI Macr onol ecul es 1993, 26, 1188-1190; Wdawski et al., Nature
(London) Ogﬁg June 2,1994, 387-389; Jenekhe et a @? 1%279
Mar ch 20 et, al . Am _ Chem 2
6855- 68@‘@1 WJ‘“/ %EMWBJ@W fé@f@&w@wlz@@&w mgqqa AioRs et al .

J. Am  Gagion e nﬂggg%meé%g ﬁ?@ﬁcﬁa% foF&?aﬁ?pl@'iﬁ'etBﬁ.&%r pdifddidggices cited | n

this appllcatlon can used in the practice of the present i Avention. In
addi ti orpol}teh@rSap@b'kth@rspmnyhmlsmmnaromapc pelomets; ah]ﬂmlbuqmi}merml ock, having

o ok S oAb o A s e e SRR T Bie DB chageney silanep, BBALE No
rvari et yikaf norp irﬁ@hﬁ&oﬂ%@ﬂé&&[ﬁér@édﬂ%ﬁb@dﬁ@ﬂfé%ﬁ%h&ﬁbtw% it ion, and

ri ng-opened polyners including for exanple, urethanes, polyani des
pol yesters, dﬁﬂgseltedehhs blankrwpolpmlegsman be biendedwith offier gompenendd mphndtngc

| het t | t t.h | at
Phoapha gt gladis and BiAE Rvell preer et techufioe HouBRC PSSR can be
used as dr?'ﬁn@ﬁaxﬁlr CRANEH/EN 8s BREL contifictfizSiolRflers %ﬁﬂertﬁf%é(saiﬁp@gy g@é Stwan be

bl ended wth ot corrponent s 1 ncluding 7 norganic glasses tals as
wel | as polytkiophenieytypasy or oftdiffdienttype (e gampalythidphene snthracnonpo]gﬂnophepo) yners,

|1 nduct t, f th t ,
ol vt hi dikaeckeppifes s Pufed A anmorhilihe Sgert ' polye bt bphene W th
nonpol yt hi opheAbnduchiig ot il 4R8O YFBLantA iRl iBEdIcE, LpagpRabicibld 21 ng

agent. The conducting pol ymer can be, for éxanple, a polyacetylene,
pol yphemplyhiephane, ppblvammph@méypyaroim byapolyphmqulep@mlpw rIulpamcular,a

pol yphenyl en LN articul t.h nduct ap be, for
Exanp! o e SpgRETE BRBREcs R fos rShtng esn i pREte. QPO S BkieiAb o *ac e
4- posi t iypd3. R%ﬂl@ﬁ)ta@ the-m?oﬁﬁ&g%;%btﬂg TRe LY hRIctif g PoRther b b@&'&”@daﬁl 1 a

pol yt hi ophene aryl, al koxy, aryloxy, “ether, polyether or

het er oamlmthophanbsmthjdhylsaryﬂ rallpxyt aryloiyy etherhpolyethei ot hﬂgroptwlnymsr can be a
regi oreg% ol yt hi ophene, and nore particularly, the conducting polyner
can be B‘F@ egul ar pol y(3-al kyl thi ophene). The anount of regioregularity

can be, Iﬁgérti%ﬁﬁﬁﬂh@corﬁﬁmﬁﬁ‘gaﬁélyﬁ% beafeBloréguldr pBSihispiRink, e@ﬁoﬁlore-rhe

conducting pol yrer can be a regioregul ar - poly(3-al’kylt hi ophene),
parti culpartx,culanlyetheumndmémglpbmnagncwbe hmmeg\daﬂ;&ly(éra‘ibyiﬁuoﬁmna] t'ﬁxenat ively,

4 12 b . Jh d b f
exanpl o, RETLTSEIOETARY St b6 S0 BPURIE. epot it SSHE #databBh o yrer  can
have a ryRhehdRYREPIRMIRIcER BE 8 tegibiegilhr Rly@LAKYlthiophene), in particular,

wherein the alkyl group has 4 to 18 carbons, or alternatively, 4 to 12 carbons.

The conducting polymer can be a copolymer including, for example, a random,
gradient, or block copolymer.

The conducting polymer can have a number average molecular weight of about
100,000 or less, or a number average molecular weight of about 50,000 or less, or
alternatively, a number average molecular weight of about 25,000 or less, or alternatively,
a number average molecular weight of about 10,000 or less, or alternatively, a number
average molecular weight of about 5,000 or less.

A variety of polymerization methods can be carried out in the present invention.

For example, one embodiment is a method comprising: (i) combining a soluble
thiophene monomer having a 3-alkyl substituent with an amide base and a divalent metal
halide to form a modified thiophene monomer; and (ii) polymerizing the modified
monomer at a first molar concentration [M] in the presence of a transition metal complex
polymerization initiator at a second molar concentration [I] under conditions to form
regioregular poly(3-alkylthiophene), wherein at the start of polymerization the ratio of
first molar concentration for monomer: second molar concentration for initiator is about
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100, 000 or |ess, or a nunber average nol ecul ar wei ght of about 50, 000 or
|l ess, or alternatively, a nunber average nol ecul ar wei ght of about 25,000

or |ess &% Qéé-ﬁ 0Pat ively, a number 3ver<rage \r/mlrecul arT(\fxﬁhg{bﬁwglfl?&bout
o A eI s AR TR M 07 % o

about 5

in the poQRMss, 60/EBE 1e8d) or 56:2Tor $e68."H dRsirdd) theaHE1A6A BRIMurfher donfifiseod
conprising: (i) conbining a soluble th|o§hene nmononer having a 3-al kyl

subst i t gkave exfending thegngigecanlas pobyidtalkkythiophene) withtaditionafiagecand f orm a

nodi fied.thioph 0, ; | 4 | yneri zing the nodified nononer at a
first rrgflééileggﬂ@gﬁ?r%g& %ﬁﬁfﬁﬁpﬁckﬁg&gﬁ%nce of a transition netal conplex
pol yneri zat i @othet embbdifnedt isa rHEEODEOHEH ihiakiagolibld thibpHerie

S :C(;?)K&EB
conditions to form regioregular pol y_((13- al%<y thi oE)hene), wherein at the
start ofMmopemphkavinge foHbtieent #thpnamide bassande divalens metelthelide orforme nononer :

second nol ntration for.initiator is.about 8. WO 2006/.107.740

T Us Bt TERGRA Bbrcabr nBling 833 Biiehiy i BBl metizli SEMtalid 0. 1 o
| ess, 9@ichomer t@:Sfirst B6lat cOiceh®tfon [M irlthe hrdsesice ofaGiahsiion!@&sl coftipldO: 1 or
|l ess. If desired, the nethod can further conprise chain extending the

r egi or egolymeripgiop(isitiataraf & Becopd arndar opneentraden i sndesicondiieasiadorm hi ophene

compr 1 serere R Raiafe e BT Bl Wi in R b g
3- Subst bieter didtiond whiBldsrobidsea degteetofbolpheiatioticihednste o form a

nodi fi ed thi gphene nononer havi r% a 3-substituent, (ii) polynerizing the
nodi f i edubstpstiallepredicted Hasedsen the|fiast and second malarionpatestions.t he presence of a

concent rat i ot BbUIEIcet & it Y Bhadl B5RERoRs Pk ne
havi ng ehigptiH®fionbmeby GilaaidimethiiesiPPolymefizaidhit® forSa pelytHiGshenout under

a
condi tions which provides a degree of polyneri zatl_on,wgi_(_:h can be
subst anintermediapa wndler cendlitiensevhiolhprowidefor liing pelyswseigaitbnrdiileghaioncent r at i ons.

Still further. .another..enbodi | & a t.hod conprising:. (. olynerizing a
First  PREBEReREERERERE B Ylon o el SHAlBOpEABRO Pt o orty BB o1

pol yt hi gRiRBEpolymter nedi ate under conditions which provide for living

pol yneri zation, (ii) chain extending the internmediate with addition of a

second t hi ophbapolypissiaetion enibecairied onpat abpelck te sbaityREs. orpiernglyslyer i zat i on
can be ri o ut 0 to about 50C, or alternatively, at about 10
to abpu?é%ﬁgfbfﬁéa?ﬁ%#lﬁ?or can conprise an organonetal lic conpound or a
transiti on nEh@initiAeNENOmprige ak siARbAetallid@ohipolhdbPs tréitidkiEmatani ckel ,

plati num or palladi um conpound. ) ) .
complex. For example, the initiator can be a nickel, platinum, or palladium compound.

Nickel(I) complexes can be used. The intiator, for example, can be a
nickel(IT)diphosphinohalogeno complex.

In a preferred embodiment, the conducting polymer is a polythiophene and the
initiator is an organometallic compound or a transition metal complex. In another
preferred embodiment, the conducting polymer is a regioregular polythiophene and the
initiator is a nickel compound. In another preferred embodiment, the conducting polymer
is a polythiophene having a namber average molecular weight of about 50,000 or less and
the initiator is an transition metal compound. Another embodiment cc.>mprises a
regioregular polythiophene substituted in the 3-position and having a number average
molecular weight of about 10,000 or less and the initiator is an organometallic nickel(IT)
compound.

The first molar concentration can be about 1 M or less, or alternatively, about 0.5
M or less, or alternatively, about 0.1 M or less.

Preferably, the polymerizing provides regioregular poly(3-alkylthiophene).
Preferably, the polymerizing provides regioregular poly(3-alkylthiophene), wherein the
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Ni ckel (I'1) conpl exes can be used. The intiator, for exanple, can be a
ni ckel (H) di phosphi nohal ogeno conplex. In a preferred enmbodi nent, the

conduct i % 88/ ¥0¥®o 1 S a pol ythiophene and the initiat qfcf/ﬁszﬁ 017840
Sﬁﬁiﬁf’n‘sﬁ@n@ aﬁgﬁ@%@iﬁﬁgﬁﬁ%@#@ﬁw Hnal SRR e Eiands Shiut Y m SLSf the

i ni tiat Gyhdr@indhdingtie®dr i§ @ R @ﬁ'oné?é 51 Ethe &ﬁ’ﬁ%ddaﬂgﬂ
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wei ght crbglatﬁgu{arbclyob@ﬂw ph@le)anrdlereln&mmm lsaa;bont 5@ 1 @nldss,awtsréin de et al

subet 1 t (VA ERPPE PR R 1T S P GOT, FE TP (O PO SPaGRHigh BATORT vei ght
of aboutg 41 60RO PrbfReEb1y AL $d1Pmbiitihg ﬁk@brdv@de%@e%&&?ﬂ%&%kﬂ ic ni ckel (1)

conpound. The first nolar concentration can | ess,
alter natan%émyoph&b@uwh@e@ the/ratio is @bant 5611 orllessy whereinghg ﬁr&tmmlar 0.1 M or | ess.

Pr of or aoycenEnBoR B RE 0.5 Mg B snd SReleER B0 eRts ERefIE SRR, SBEZRZ§
wher ei n Fr@i%rab?y YR piipaedAng Hoabiel SupaPDmibbid %@of%b&ut*wcwawﬂt sgd. 11k,

,. Bl 1i6;Rhe Tirst nmolar concentration i s about Mor less, and V\/nereln
the i ni twherein th@MMraken(dbpl(Hbcmmdﬁx, aﬂdeﬂ@ream};e alkyiegrw gamnsm Adp can

2oy 00 e SBhEo  BSRERE P08 bk e

wher ei n hi@isfdbbt 10091 @ﬂegsoa{;@%éﬁfmﬁalmﬁatamwl( Bpi¥sphi nbﬁ‘aflé%] nPr ef erably,
the polynerizing al So provi des regioregul ar pol y(3 al kylthi op ene), wherein

t he rat mmpéexatﬂmfer@w IhQ)natlbessabouWil@r tess, véheréin ghe fmst molar@omeetmtnm ion is

about M a e.r n. t.h itiat n | e

B of er alF PR FoRrar wheEthe ot sikeRiD bomlieRe PETHRbOLEE TR oc o
about 5Q§abod6@9fledrﬁe§sh9hér€intﬂlélﬁf¥t mo¥ar@ofiéenti@lidd 1s)ab6 Pl 8X les@iRheydigr €I N the
al kyl group conprises 4 to 18 carbons. Preferably, the first nolar

concent rthe 1minat0151salmmklel(ﬁ)<ﬁphnsphmbhaiegemdmm1ﬂ¢m withierein theetalkyligsoupbout 100: 1 or
| ess, and mhere he initiator i.s di alo en conpl ex.
Pr ef er alfIOYPPISE E’aﬁ% ‘E?ﬂi’(glsa \thg@)mf 1§"é‘§é gﬁeﬁ"%‘#‘?‘ﬂ@tf‘ q‘;gr

concent rgbLihbomn 10b@t@pdyﬁg4@wcl or less, and wherein the initiator is a
ni ckel (I'l1) conplex. Preferably, the ratio is about 50:1 or |ess, wherein

the first rmlﬁmothcrmﬁndmntm msthatloumpﬂsmgopolbfmsizingrﬁealkwhiophmei ni tiator

kel (I1 h th kyl
conpr 1 sdbonpries by SHERRRUmE RS BeRareiRi e 415, Re s r e e MheR out at a
t enper atgyd ﬁresé?fce bPaybr %.Q&néﬁllﬁ%‘l?m&&@hoﬂ?ﬁﬁii&r at@Eeestidmptar i s @ net hod

conprising: polynerizing 3-al kyl t'"hi ophene
concentration [I] under conditions to form regloregular poly(3-alkylthiophene), wherein

the polymerization is carried out under conditions which provides a degree of
polymerization which can be predicted based on the first and second molar
concentrations. This can be followed by chain extension. Preferably, the alkyl group
comprises 4 to 18 carbons, or alternatively, 4 to 12 carbons. Preferably, the polymerizing
is carried out at a temperature of about 0°C to about 50°C. Preferably, the ratio [M]o:[I] is
about 136:1 or less. Preferably, the first molar concentration is about 1 M or less.
Preferably, the initiator is a nickel(I) complex. Preferably, the polymerizing provides
regioregular poly(3-alkylthiophene). Preferably, the polymerizing provides regioregular
poly(3-alkylthiophene), wherein the initiator is a nickel(Il)diphosphinohalogen complex,
wherein the ratio [M]o:[I] is about 80:1 or less, and wherein the first molar concentration
is about 0.5 M or less. Preferably, the polymerizing provides regioregular poly(3-
alkylthiophene), wherein the alkyl group comprises 4 to 12 carbons, wherein the
polymerizing is carried out at a temperature of about 10°C to about 40°C, and wherein the
initator is a nickel(Il) complex. Preferably, the polymerizing provides regioregular
nolv(3-alkvlthiophene), wherein the first molar concentration is about 0.1 M or less and
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nmononer by Grignard netathesis polynerization at a first nolar concentration
[Mo in the presence of an organonetallic polynerization initiator at a

ol y( 3- m i gﬁ %uef%t ! %ﬁ'ﬁ; e C°“d'ré'r C7ati on. ?Q%ﬁﬁ%oﬁaﬁﬂﬂ%oafmder
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about 1 FESNPMEF by SEignaR e ‘é‘&’&E}FW yereaizptionsyndspeonditions el BEOVSE PS5 about 1 M
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I s abou eqgul ar
pol y( 3- tpaélgkly@lelt\a rﬁﬁ%ﬁ%ﬁlﬁ%ﬁgﬁgﬁﬁki&ﬁg IQHOig/ ?%%e%gfé}gn%’? ?és%\ggﬂ&%%%ﬁ%zﬂ% ar bons,

wher ei nundier copditipneta formgegisregaliar pd&(kﬂkylﬂﬂoﬁlme)ménemaﬁhefstaamﬁut 10C to
bout 40C d \Nh t t I Pr ef bly,

e SRS it lapﬁogﬁllaﬁoﬁ;ﬁ@%,?ﬁreg b B A cher 20 e

f t 40

PIC[I' 7 Usggg%? 8%3814%1 gg’ﬁ)rl~ ?n%}%}gi F T}aaa 4. 1? Bfliiggﬁo %ﬁg@pﬁgén%glzgner I zi ng

is carr |aedlnsnubn atetasl compiquqrod{ynmatlbn atiidator at(a(Seccnldaholar ceitentrationt[Her

&1 gnar ARMESERSERS Flor AenpoRt Aope A EUREF AL B ToPGURHEFL:

l'iving PA &@%ra' éeQJf polyidrBhfiord Qﬁmh*&hﬁﬁ@ﬁféﬁldﬂ%@d&@d o FheTRst £R3EENNd

substlt t he 3- p05|t|on 4-position, or both. The polynmer can be
chain exnoémdxadcexﬁraabm aPrieferabily)ehe comddticnis oumpnsmqmelod' ] rﬁek&l(lﬂy In'utlatop hene

or qanonErelpiEbly: Bt PRI IoRa ETBH o RO BTG et AoR ARy AHBH a0 CoREGHAN AL i on [ 1]
under” condidusg faﬁst:&n SO PO AUl K LT RRlossuner ei n 2t e

start o ymeri zation t ratio I's abou | ess
Prefer atﬁ’lrgferablyet]:remmddﬁmnmeompmnemse sta Bickell) inftiabphpolsmedringet alzaut 8°C i r st

Dol y o P2 SN SOIChAEY 28 (R ORBHO NP BRI Frogris

condi ti RSk rg?&&pd*&&rﬁ;&iéé&@%h@&arﬁ@ﬁs)/(ﬁeﬁl%wttﬁ‘é 9&1@31 p’ftﬁa&en the

polynerlzatlo rovides a degree of polynerizati an be predicted

based omegitreghlar mly@naiky]duop’rtbne)mﬂraferab@n ¢M1ncrlymenzmg pRrvedes regibsegulahe
conditio nISy(’f O{@ tiu%ghgnse v?ﬁerg'm | ecco%ldl 10ns L:th%ﬁs?et \?se of a nickel(I) initiator,

polymerizing at about 10°C to about 40°C, and an initial concentration of monomer of

about 1 M or less, and wherein the alkyl group comprises 4 to 12 carbons.

Another embodiment is a method comprising: polymerizing a first thiophene
monomer by Grignard metathesis polymerization to form a polythiophene intermediate
under conditions which provide for living polymerization, and chain extending the
intermediate with addition of a second thiophene monomer to form an AB block
copolymer. Preferably, the method provides further chain extending the AB block
copolymer with a third thiophene monomer which optionally is the same as the first
thiophene monomer. Preferably, the method further provides chain extending the AB
block copolymer to form an ABA copolymer. Preferably, the first thiophene monomer,
the second thiophene monomer, or both are substituted at the 3-position, the 4-position, or
both. Preferably, the method further comprises the steps of chain extension to form ABC
block copolymer. Preferably, the first thiophene monomer, the second thiophene
monomer, or both are substituted in the 3-position, the 4-position, or both, Preferably, the
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Preferably, the conditions conprise polynerizing at about O0C to about 50C.
Preferably, the conditions conprise an initial concentration of nononer of
about 1 W@006/809340 Preferably, the conditions conpri see@es266/@1siockel (11)
i ni ti at opnlymtisineisoahed Wb ttCminomehtiitiatoOGo]aa ratiossf aboit 148k 1 or

compr 1 sclss HrefougTE Aeatamenae broapigh o mitim vl romageppetergatla . OO
pr i 5€° OB A o Ny
01 or cukigr By 6B A BERed. (3T ALETAhl X cali PLITRL GG P Vi des

regi oregular po 3-al kyl thi op the conditions conprise use of
a ni ckel gholn) 50°a, anchtvherein the lABvelotlz comlaherdb auégid@gutappalythidphéficbloskd an

initial congentration, of no r.of about 1 Mor |ess, and wherein the
al kyl gr?ﬂ?ﬁfmp Preferably, 5 A2 blosk Sepalymeris eresios s pRlyEopheng bickhod
conpri si by%gryrreri zing a first thiophene nononer by Gignard netathesis ;
pol ymeri zati'on to form a pol yt hi ophene internmedi ate wunder conditions which
provi de for |Another gubodimentzah icompositich ainaprisire t anABrbdodkuepolyntegy medi at e

wi th addifion of second t.hi ophene ngner tqQ fo an ,AB bl ock copol yner.

Br of or antEroRHEe ARG HTSEIPIRRRIAF B b HUIPRERG A 3% BIROKJS 6 A3 bl ook

copoly ' e .0 : ' Y] ' h as the

i rat T P e o e e 8 o

ext endi ng0% hegidiBgulat, oc kt leagh &5 Yamegiotegulianyonahteadt8% oqpidrgguar. MRefefablybl y, t he
first thiophene nononer t he second thjiophene nongner, or both are

subst i t ufbed Rlpck ﬁr@?egtgs& lingﬁr,egt% pebithipphene s subsiited btk 3:pasiion, ¢ he

met hod fur, G rd t i tHangs| : BC bl ock

copol yne#.tﬁ%;fg?ée\lﬁg%??gﬁﬁeﬂﬁe?%?ﬁﬁgfégﬁggﬁeﬁmomr Ibfq%ﬁtel@%lte)%rgﬁf t hi ophene
mononer , palythiophénesis sulsstiited aitthe d-positivh.e Pieferalsliy; the i\ bloble add/pothied eock or bot h.

Preferably, the 11 2006/,107740. PCT/ US2006/.01184 m ~2ipiJ,, Od

.. qj |1 ¥eglopegy PP I B PDRBR G IS oA 6 - R (I T, tQ%XﬁO&Woror

| ess. Pr | 73 ey | Wt Rt A Rl

ronorer - Ty oy e elon it pORRAIGBGH 1p SRS (Rt pBOn B B g Rition, o

pol ymer i Brefegatily, thaAB Edclocdpolymertias b nGMbemwaverdgemol 6OMar weightwifebeutn t he AB
bl ock copol yner, i s _a regioregular pol ythi ophene hl ock copol yner.

Prefera %fQS/Q?{ée%ﬁBPE?{S@%YG ,béqc%cgp%]ym@g & V‘glﬁpeﬁﬂFMﬁ%bBB%ﬂ@rbl ock
copoly i | It ] 2 154,09 B bl ock
copol yggl;efs' %@F-"ﬁ%‘gﬁﬁﬁﬁ%"@@%ﬂ?@g?@&@gﬁ"fﬁ‘?’pﬁ%@{“ Elg'gp Ze r?é and the B
bl ock i sPrefezsbly thé B blvelgcopplymeriy sdlnlsipliacladingkelubkoin@rgamid sulvgmtd. yt hi ophene

e b b A Shok oadrnay ot B SRSt acic o
(e 5 o i e IR i LB o e e 1 on.

r egi or egedpalymer has a polydispersity of about 1.5 or less. Preferably, the A block and/or the B

block regioregular polythiophene is substituted at the 3-position, at the 4-position, or
both, and wherein the AB block copolymer is soluble, wherein the AB block copolymer
has a number average molecular weight of about 25,000 or less, and wherein the AB
block copolymer has a polydispersity of about 1.5 or less.

Another embodiment is a composition comprising: an ABA block copolymer,
wherein the A block is a regioregular polythiophene and the B block is also a regioregular
polythiophene. Preferably, the A block and/or the B block regioregular polythiophene is
substituted at the 3-position, at the 4-position, or both. Preferably, the A block and/or the
B block regioregular polythiophene is substituted at the 3-position. Preferably, the A
block and/or the B block regioregular polythiophene is substituted at the 4-position.
Preferably, the A block and/or the B block regioregular polythiophene is substituted at the
3-position and the 4-position. Preferably, the AB block copolymer has a number average
molecular weight of about 25,000 or less. Preferably, the AB block copolymer has a
volvdispersity of about 1.5 or less. Preferably, the AB block copolymer is soluble.
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pol yt hi ophene is substituted at the 3-position. Preferably, the A block
and/or the B block regioregular polythiophene is substituted at the
4-posi t iwo.20évwE0abl y, the A block and/or the B bl oclPCTA2006Hg1846r

pol %/t hi ommbl fi ﬁ:ﬁ?ﬁmmb; lmmsmﬁblmarﬁhmgﬁblp,whdréiﬁmhm tilbek ébmml 'ér:hasla o
Preferably, the AB ck, copo r. ha unber ayerage nolecul ar wei ght o
ebout - 2t eSrapBatecia PRfRa Pl bt g B gtk i B b e HE blgok

pol ydi s ' Qi ] erably, the AB bl ock copol yner has
a polydis glrygriyetr?&o?pazoSﬁe%tg&(‘)?ﬂoﬁgg'g.OEE%%ef erably, the AB bl ock copol yner

i s sol ubPreferabiy,|thel Arijockodndidrdéhé B bdeokangioregolay poltythiopHene isssubbiitytedtabtheAB bl ock

copol ynmey is,.soluble, wherein the AB bl qck c | yner has a, n er average

mol ecul at-PORHhEAL @F 4aRR5EHORS sr,”wﬁ whesen isieropo m@rmog%ek

copol y | 164 | abhoy : Y A bl ock
TRindiE i A8 m&w&gog%ﬁf b 40N %vggagg mdi€ciar e Abw 251080

and/or the B ock regi ar pol yt e I's substTtute
3- posi t i @rlgssaind wiserdinpibes A tlock epolymodrias apdlydispersity of itsufB.Shdrdeds. copol yner

i s sol ubl e, erein the, AB hl ock copol yner , has a r .aver age nol ecul ar
wei ght of aboliothe eaghedipentdsa comgp FORTRISI e %B%m?ﬂk@%%er has a
pol ydi s b | ' nposi tion

conpri s?‘ﬁge:%%lﬁhﬁ%A o% l%%%%%%iﬁag?ayt e%@?ﬁwﬂ?ﬁ%ﬂ%& ét?ggolgkﬁssag&?egi or egul ar

pol yt hi appersguien golytteofhenk carid wiereih she @ bieekiioaleg a regioregalby pdiyihipdphimee.

Subst 1 tut b afbemeS e br bird i opLoTARISReT TR, COPRAN PR @Al . the A
- posi 1 1SR e IXbing ! R ork ERLPIAY Bt O I & or eqular
/L ittt g e et i, o
3-posit i‘g’r?i%ﬁ’nlﬂv"’(tihEoﬁg%éié’iitl?q%cﬁﬁ@t@g&%ﬁ;b&g@ ctaﬁé’eRBmSYQi kltfg i ymer has a
number gy @&Fvitieﬁ%@agéflt\ﬂiérr Yesh caﬂfbeaaglﬁ}'!{/edgg’ﬂ%oﬁn@nt rlo?Fl%ck E&;S’Jl goly, the AB

bl ock copol ymer ol vdisnersity of about 1.5 or less. 'Preferably, the
AB bl ocknaneqmmidyetive compsnéntbdrel/orkie Min@Q 06 hdd-¢autihcRET bt 00fipArich8 ddh

1f Ot #bJgp" #TV; .U qc, Mnp, |jor, i.s sol ubl g, rein the AB bl ock copol yner
has a ﬁfeﬁf\@@ﬂda@féﬁag@mﬁ@weeﬁwwwﬁw stiehle DalneRRy GRIYRITEEY safa wher ei n

t he AB 9]% | spersity of about 1,5 or |ess.
Preferab gﬁh?]}% A %@ﬁta%}lgpmﬁég% bl ock regioregul ar pol ythi ophene is
substitut ed aApplivatiod: position, at the 4-position, or both, and wherein the

AB bl ock copolyner .is, soluhle, wherein the AB bl ack copoly has a nunber
aver age nol eciieApplieatipns 058"‘3&%@&3“ agfpeet particulasly limited Wé‘i“‘gﬁ? quiigalag bl ock

copol yne : I b1t Ve 1 gt)?gb nt is a
conposi t‘irl%&n‘%?o"?n%‘?“i?é%%@Hgt%ﬁﬂ%éﬁ%@@%‘ﬁbf@“nﬁl?ﬁ‘ﬁﬁ%?@ {bgﬁbgﬁ'gltﬁ block is a
r egi or eqOLBDs,[RILBDS,; isersbesn eansidtensefield effect Brahtistoks, bstterlesoflat screen displays,

organic lighting, printed electronics, nonlinear optical materials, dimmable windows,

RFID tags, fuel cells, and others. See for example Kraft et al., Angew. Chem. Int Ed.,

1998, 37, 402-428 and discussion of applications which is hereby incorporated by
reference in its entirety. See also, Shinar, Organic Light-Emitting Devices, Springer-
Verlag, 2004, See also ‘974 patent noted above. Hole-injection layers can be fabricated.
Multilayer structures can be fabricated and thin film devices made. Thin films can be
printed. Patterning can be carried out. Printing on consumer products can be carried out.
Small transistors can be fabricated. In many applications, the composition is formulated
to provide good solution processing and thin film formation. Blends with other polymers
including conductive polymers can be prepared. The nanowire morphology of the block
copolymers can be exploited in nanoscale fabrication.

The invention is further described with use of the following non-limiting working
examples including also a description of polymerization mechanism and examination

thereof with use of working examples.
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regi oregul ar pol yt hi ophene, and wherein the C block is also a regioregul ar
pol yt hi ophene. The polyners can be used in doped or undoped form Doping can

be anbi eR{q , gﬂbﬂgo. Dopi ng can be controlled to vary coe ts%wﬁé}/ from

| ati ng: i conduct i.ve.. to fully conductjve. Do QORRIIEY, b
e T R T o
10-5 S consRriAnafethisd " F! Idpaticad, heiORLL Shiifs BIEPALE! 1. 1RE, 10 S/em

can be achi eved. The anmpunt o Foc ¢opol ymer  non-conductTve tonponent,
and/ or t V6 Gnaird, Do fW i dfc(odledgls tR\R: Meaoniolonlpo2@04, 336266352845 i ed to hel p

trol ductiyit d id j t ahl I f ducti vit) d
OO EAER! b B A i A P2 B B o aptbip™ . one
of theseciimioas {daile?eré‘%&s,%ﬁ ﬂﬁ’@ilfpgférﬁeﬁfér&’n{a{ al. S BtEmbRC h‘ﬁl@ir&f)ttﬁecal’

el ectronic, energy, biomateria sem conduct’i ng, €l ectrol un iescent,

phot ovol addition bfEksious Grighard rbddeids, (R9pXdatsthe endiofpslimetizationehn restilt éig t
transistors, batteries, flat screen di sgl ays, ongani c lighting, printed
el ect r ontheendcapping ebreginregudan PAks with an &' erdd gioubi e wi ndows, RFID tags, fuel

Il's, and ot See, f le Kraft et al.. Angew. Chem l.nt .Ed.,

So0s 37 aop THbShiet Al HpEETTech i b B oA T thenel

i ncor por fHiededdrosd-eSuPag H6lyitrizhtSorefot iHe%Wt%%ﬁSflggﬁﬁe%lﬁH B (- Qrgani ¢
. ee al SO

Light-Em tting Devices, "Springer- Verl ag, ) 0 974 patent noted
above. Halkglthinphkene) (sae Figpea 23)cars pisplidiod reagtienischemg|aldol iagivendiereuct ur es can

be fabrigated.and thin,fi vi ce .. Thin filnms ca j nt ed.

Pat t er ni ﬁﬁg‘érsdibgreégf‘?}t%b@a@&%ﬁ?ﬂ%&(ﬁ’ﬁh@b@%ﬁ%Fqblr"c?gﬁécg " be carried
out.  Smallkdl) résANS ibnaffeshiabRenihaBXdharia@action, ABSYefaRed acatipong, the
conposition’is fornulated to provide good sol uti on processing and thin film

f or mat i oMetathesisd SRIM){Figure:1). gbisyreastion praveedsavitiy 2 omddrate degregef yners can be
repared. The, nanow r r pho . of .the Pl ock,. copol ymer a xpl oi t ed
PP nostegiucie R eidnats LagtiaR of talacBerntit s SRR IR E R T hesTiSien of the
f ol | ow ngg. | i g ] ' ' Litd.on of

bol yor § 2T oe GEINO AniGK e e KATRESr RIS fed fuaf S35 itdbherc
exanpl es(1)18invépa il ihtb/thé oRaikr, KKl dri@ HCvaspiot colisufgedked: { ~r s | dEl hi |

Q ng pol yneri zation of  thi ophenes can proceed via a chain-growh
mechani sm 27" Phe first plgp in thgmagchanipm iy hedpachion of § eqpXjof;bremops-: iy, J.;

3526, 35Z@I.S%ina?ﬁ%%@ga%#?é‘%@ﬁ%H&?@%@aﬂbﬁﬁi?{ e T A

figures, ofgagorgeled compstind, whithtundergoesiethadtive Rfintitatioafred i thend t he
suppl ementary material. Furthernore, if desired, the addition of various

G i gnar dformaemefan swegiatyd pair phhe Sprdiromebifhianyl failitertail gonpliagland i n

Ni(0). It is proposed that the associated pair is formed as a result of the coordination of

1,3-bis(diphenylphosphino)propane nickel(0) to the thiophene ring in 1 or n* bonded
fashion. Similar type of Ni(0)- 1% arene complexes were previously reported."”'35 The
dimer undergoes fast oxidative addition to the nickel(0) center generating a new
organonickel compound. Growth of the polymer chain occurs by insertion of one
monomer at a time, where the Ni(dppp) moiety is incorporated into polymer chain as an
end group (compound 2 in Figure 1). According to the proposed mechanism only one
structural defect (one tail-to-tail coupling) per polymer chain is generated during the
proposed catalytic cycle.

WORKING EXAMPLE 1

First, a kinetic study of the Grignard metathesis method for the synthesis of
regioregular poly(3-hexylthiophene) is described. The experimental results can be used to
demonstrate the “living” nature of this polymerization.

In the case of Grignard metathesis method, poly(3-alkylthiophenes) with relatively

ular weight were formed almost immediately. This observation was in
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t he end-capping of regioregular PATs with an R end group 29 The Shei na et
al . Macronol ecul es paper describes the nmechanismof the nickel initiated
cross- coW€ 208¢/143340y ner i zati on for the synthesis of regi REEYSALG/01P8A0Y ( 3-

al kyl t hi gpiyeEtitibhsdhiRe gimirdR@EReptéd steprptovth pdlymesizaiiemmecth@ise al so i s gi ven

h Fi . LT t t ,of 2,5-dib - 3z al.kyl t hi oph ith | [ f
I R e e e U S L
referreds, ﬁdi@@geggﬁ& &f%?%rl&%ﬂn%r @h&&a&%f%&ﬁo%lmla? Riphf gagga%(; g@uegaoceeds

wi th a nodera gree o regi osel ectivity leading to™a Ion of

r egi ochethiegedctiosoners (1) and (1') of 85:15 to 75:25. The GC- M anal ysi s

after the addjtjon of Ni(d Cl2 indicated that only isonmer (1) is

i ncor por at ed hﬂ‘&"ﬁﬁ@fgt&&‘yﬁgfélzmqeﬁgﬁﬁﬁer (1') was not consumed. The first
step in the neehafiexPrimendth &efeSREtornBd & vagioROIN c? fapions wi

chl oromagnesingm 3- algaill t?lrIE opﬁene rmnorrerv(f) W@Rﬁ% %%g%%‘%%ﬁét?aau ng a

bi s- or geomstantiehomen(l) comtentsitianh Thedeaohior satesihorshsedewsth theiinareaserin tkesul t i ng

in the formation of an assocjated pair of the 5,5 -dibronpbithienyl

(Fai 1<t oNREPPDE R RsPEeTERER o shpyepn Pt £ Theltly ol SORUoBRat ed pai r
is fornmeg | di A . R .

1, 3- bi's(glflgﬁ%ﬂgfsg\ﬁ%s%ﬁ%gé Bﬁlgg@ﬁ{é n%glef(}‘b?&? 1(1)' :[Tlﬁgn?% Elgf)aﬁje%én 1Fhleng ini2 or
, 14 bondsaildgasthnuin kirStioiplats woyldendifatblitieresenb o feeminatiamysaetias, whick

r evi ousl rted,. 33,35 The . dj mer unde fast oxidati.ve addition to
e i e retep® i one Birasatibihag palTEG At <ol e teat i R DecRREn h of { ne
ol ymer i i i : j , re the

poly E&éﬂoger%ﬁy&ée R%hé ﬁﬁﬁfahgx??%élgy%gﬁgr%g&gégglﬁenéﬁgé g&ﬁt@?s ardh&

Ni (dppp) noi €ty 1s I ncorporate end group
( conmpounatcassibie Frdurtkerinsertdmcafitie mgpnomer. HBugtodheseutlimearttpof then onl y one

structural .defect .(one.tajl-to-tail coyplin er polymer, chaln i,s generated
dur g« srniogea b Btett Rlaj 1 SStemcen R Ris E R R Vg Forner | ¢
study of« 151 es . - egi oregul ar
pol y( 3- heiy tﬁ%%ﬂ%ﬂg?e?%ﬁ@gécrl Béefgiph%ﬁzeﬂea%&??n%%% %raé%&?{lssc%an be used to
denonst r piogideladetter livimg” GRIMpelyofierizhfien.pol yneri zation. In the case of

I R S Bl B OER Th elAied,

2006/ 1074 B%&%Qgﬁ%}&ﬁf‘a@weﬁgﬁ whithl coRbdrsih, d&hi]k:ﬁ 'rbﬁﬂ offs algluasig‘:‘lijv'}ﬁgl’ II'ept ed

step growth polyneri zation nmechanism proposed fo | ckel - cat al yZed
cr 0ss- coclpiin grywtln ineckanism foronckelMirstiated cresswouipling ppbaerization. The

molecular weight of the polymers is a function of the molar ratio of monomer (1) to
Ni(dppp)Cl; initiator (Figure 3). Furthermore the number average molecular weight of
the polymers can be predicted by the formula:
)
" [Ni(dppp)CL ],

Accordingly to the proposed mechanism Ni(dppp)Cl; acts as an initiator rather than a

catalyst, and Ni(dppp) moiety is incorporated in polymer as an end group (polymer 2,
Figure 1).

Poly(3-hexylthiophenes) with relatively narrow polydispersities (PDI<1.5) were
obtained for the experiments performed at high concentrations of Ni(dppp)Cl, (Figure 3).
Influence of monomer concentration

To complement the previous experiments, another series of experiments were
conducted at a constant Ni(dppp)Cl; concentration, while varying the 2-bromo-5-
chloromagnesium-3-hexylthiophene (monomer) concentration. The polymerizations
were conducted at low temperatures (0 - 2° C) to slow the rate of reaction and conserve

the linearity of the semilogarithmic kinetic plots. The later allowed for a more accurate
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fast di sappearance of the nononer and increase of the nolecul ar wei ght
toward the end the reaction. Influence of N (dppp)Cl2 concentration Several
experi mert§ 2008116786 forned at various N (dppp) Cl2 concep |

const ant W ? £on @Q@{ J.Oon.. T%f reaction rates |§@§§%@§(&1&ﬁ2 ?he

i ncrease . Wﬁ%ﬁ’b@ : Y@‘Eﬁ%’&éﬂ% 5 omriedse 1RGFAteS Hiogsage with therp o

| i neari t jhofdasd Hhs ABnbAGAEAicEN fion'as BRSWSF inPFighie svas observed only up to - 40
% conversion. The non-linearity in the sem[ogarithmc kinetic plots would

i ndi cate the Muodenulasaveightve conveasiomplot @hgure O)slso showhtheduareaselofé due to the

aggregation o ol yner . chai ns. f tfg reaction dj,u econes

narer sgefissieg Sl i rORyHian Rat peb LERPS AEIoP R S ELTFRE Bler e centers
are not palyaRpsidbeHIIK] 9y iehesyntiesRed. on of the nononer. Due to the
non-linearity of the sem/logarithmc kinetic plots, the system can be

regarded as aArkgineoyii hfordhe reagtigomepderowith regpect to thewhongmesavag ebtainegt i on.

Furt her tium zatiop.in,the.reaction nditions can rovide a petter

T vi g S8 B §3bs REme D1gteS e TRE b IR iR Pilc SPRNBERAER B B (Rl ure 9)
and the {dgarithip6ftie tiongiee céhcentsdtivn (Fipard Tcr ease of nol ecul ar wei ght with
conversion, which supports a quasi-"living" chain growth nechanismfor

ni ckel - i Endigxoepl analysis of vegioregulay pioly(3-hiexylthiophemghe nol ecul ar wei ght of the

polymers is a~functio f .the lar.ratip of noner. (1 Ni (dppp) C12

Pnitiator (Figueaagmetafosis diemod for i S}({&ﬁ%@%ofﬁ@?g&gl#{}@i% ar wei ght of

the pol y eyhiatens) rehadiis edhoiatiohrkogieRlar ¥TimersAL98Y; hédtodapp) C12] 0
Accordingly to the proposed nmechani sm N (dppp) C12 acts as an initiator

rat her t eeupliags)c Qugnghing obmigkelit¢rapipaigd palyEralkylhiopheneh@obymeat 2, Rigyee Iner as

d | . Fi 1).. Pol = | thi oph ith | ati vel
e row pBry St TiGune pispBS b Rormiaoy b AR R R AR e e e
perforned at RAkdh eganplenthe Fil SOGMHz Ik KO Bp detran( 5fl dberate molédifldruence  of

nonomer concentration T,O COI’Tp| enment the BI’ evl ous experinments, anot her series

of exper veight regiosegnlarqpoh@diesylthiopheneoms PHR) isniresepisd)icFiguse Ac dhe main on,
whi | ing. the 2-b - 5. chl i um 3- hexyl t hi
Concent ¢ BSCBRionPreme IS PR FT AT PRSTEIed AERDWEh i PO PSR § B isbPaaf o5 (O -

2C) to s bk hi - ' '
et | ogariehay DR B I ARed AT SRE DY it 1) MR Ol 15 wo

2006/ 107 @d theMizst dagncabgitagu Gh and h') on the end units. Furthermore, the appearance

of the two separate triplet signals at different resonance frequencies is due to different

chemical environment around h and h' (Figure 9 (c)). When the H/Br terminated
polymer is subjected to a magnesium halogen exchange reaction (Figure 8) and quenched
with an acidic methanol/water mixture, a pristine H/H terminated rr-PHT is formed.
Consequently, the signal generated by the methylene protons h' is shifted down field with
the two groups (h and h') resonating at the same frequency (Figure 9 (b)). The
integration values from 'H NMR (500 MHz) spectrum of rr-PHT-H/Br and rr-PHT-H/H
terminated polymers are presented in Table 1. The intensity of the h peak is doubled in
the absence of the bromine atom relative to the main peak (b) of first B-substituent
methylene protons. These observations indicate that NMR analysis cannot distinguish
between the two different types of coupling (e.g., head-to-tail (HT) and tail-to-tail (TT)),
when rr-PHT H/H terminated contains only one structural defect per polymer chain.
However, it allows a relatively accurate determination of molecular weight from the
integration of end-group resonances relative to the bulk polymer. For instance, DP, for
the aforementioned polymer equals to the ratio of b to h and results in 50 monomer units

corresponding to M, = 8,300.
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the synthesis of poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) (PHT-5-PDDT)

block copolymer and is described herein for the first time.

The synthetic strategy used for the synthesis of PHT-5-PDDT is outlined in Figure

10.

The first step involves preparation of rr-PHT with well-defined end group and

structural homogeneity. The reaction parameters were chosen with a special

consideration with respect to the monomer (2,5-dibromo-3-hexylthiophene) concentration

(e.g., [HT]o=0.02 mol/L). Higher dilutions are preferable to insure an easier access to

the active centers and to avoid possible precipitation of the resultant polymer. The

second step of the reaction is preparation of 2-bromo-5-chloromagnesium-3-

dodecylthiophene using Grignard metathesis. This reaction generates a mixture of

regiochemical isomers with a typical distribution in the range of 75:25 to 85:15. The 5-

bromo-2-chloromagnesium-3-dodecylthiophene does not participate in the catalytic cycle

due to the sterically hindered 2-position.

The reaction was relatively fast and very efficient, reaching 90% conversion in

less than 3 hours, at room temperature. The molecular weight versus conversion plot
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Synthesis of poly(3-dodecylthiophene)-b-polythiophene-b-poly(3-dodecylthiophene)

Synthesis of poly(3-dodecylthiophene)-b-polytiophene-b-poly(3-
dodecylthiophene) tri-block copolymer was performed in a similar manner. The length of
polythiophene block was carefully chosen due to its very poor solubility. The shift in the
GPC traces indicates the formation of the block copolymer (Figure 16). However the low
molecular weight tailing in the GPC traces indicates the presence of some dead or
inactive chains during the chain extension process. The low solubility of the poly(3-
dodecylthiophene)-b-polythiophene could cause the precipitation of the nickel-terminated
polymer resulting in the loss of the activity towards further monomer insertion. This
could be prevented by the use of higher dilutions or lowering the polythiophene content.

The UV-Vis spectra of poly(3-dodecylthiophene) precursor and poly(3-
dodecylthiophene)-b-polythiophene-b-poly(3-dodecylthiophene) (Figure 17) films shows

a bathochromic shift as compared with the solution.

Conductivities of poly(3-alkylthiophene) block copolymers

The films of poly(3-hexylthiophene)-b-poly(3-dodecylthiophene) (PHT-5-PDDT) and
poly(3-dodecylthiophene)-b-polythiophene-b-poly(3-dodecylthiophene) (PDDT-5-PT-b-
PDDT) exhibited relatively good electrical conductivities. As illustrated in Figure 18, the

conductivity increased proportionally with doping times.
18
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the reaction mixture. The main components of the reaction mixture were 2-bromo-5-

chloromagnesium-3-hexylthiophene and 5-bromo-2-chloromagnesium-3-hexylthiophene
regioisomers. Usually less than 5 % of unreacted 2,5-dibromo-3-hexylthiophene was
detected by GC-MS analysis. The concentration of 2-bromo-5-chloromagnesium-3-
hexylthiophene isomer was considered as the initial monomer concentration. The oil bath
was then removed and the reaction mixture was allowed to cool down to 23-25 °C, at
which time Ni(dppp)Cl; (0.04 g, 0.075 mmol) was added as a suspension in 1 mL of
anhydrous THF. After addition of Ni(dppp)Cly, aliquots (1mL) were taken at different
time intervals and each was precipitated in methanol (5 mL). For each aliquot a sample
was prepared in Et;O (2 mL) and subjected to GC-MS analysis for the determination of
concentration of unreacted monomer. After filiration through PTFE filters (0.45 um), the
molecular weight of the pristine polymer samples was measured by GPC.
Chain Extension Experiment

A dry 250 mL three-neck round bottom flask (A) was charged with 2,5-dibromo-
3-hexvithiophene (1.6g, 5 mmol), p-dimethoxybenzene (internal standard) (0.3g) and
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measurements were performed on a Waters 2690 separations module apparatus and a
Waters 2487 dual A absorbance detector with chloroform as the eluent (flow rate 1
mL/min, 35 °C, A=254 nm) and a series of three Styragel columns (10%, 500, 100 A;
Polymer Standard Services). Toluene was used as an internal standard and calibration
based on polystyrene standards was applied for determination of molecular weights. 'H
NMR spectra of the polymer solutions in CDCI; were recorded on a Bruker Avance 500
MHz spectrometer.

UV-Vis-NIR spectra were measured on polymer solutions in anhydrous chloroform or
polymer thin films cast onto 22 mm square cover glass using a UV-Vis-NIR
Spectrophotometer Varian Cary 5000. Electrical conductivity measurements were
performed by a standard spring-loaded pressure contact Signatone S-301-4 four point
probe, which was connected to a Hewlett-Packard 6632A System DC Power Supply, a
Hewlett Packard 3457 A multimeter (for voltage measurements), and a Keithley Model
196 System DMM (for current measurements). Thin polymer films cast onto glass were

chemically oxidized by exposure to iodine vapors for various periods of time. The films
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Whi ch was congegliesl dx@mple#e Wheh b 0Pk oAb Miopliete (04D, SenRol) skpP! v,
methylthiophene (0.49 g, 5 mmol) in anhydrous THF (50 mL) cooled to -40 °C
(acetonitrile/dry ice bath) was charged with a dropwise addition of n-butyllithium (2 mL,
5 mmol) via a syringe. After stirring the reaction mixture for 40 min at -40°C, anhydrous
ZnCl; (0.7 g, 5 mmol) was added in one portion, and the stirring continued for another 15
min. The cooling bath was removed, and the reaction mixture was allowed to warm to
RT, at which point the reaction mixture was transferred to a different reaction flask
charged with 10 mmol an appropriate dibromoaryl compound (e.g., 2,5-dibromo-3-
methylthiophene, 2,5-dibromothiophene, or 1,4-dibromo-benzene) and 0.05 mmol of
[1,3-bis(diphenylphosphino)-propane]dichloronickel (IT) (Ni(dppp)C1;) via cannula. The
reaction was allowed to proceed for 12 h followed by quenching in water. The organic
layer was extracted with diethyl ether (Et;0) and subjected to GC-MS analysis to
determine product composition and distribution. The reaction schemes and obtained

results are provided in Figures 21 and 22.

WORKING EXAMPLE 3
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with dinitrogen (N,) and was charged with diisopropylamine (0.50 mL, 3.5 mmol) and
THF (30 mL); both were added via a syringe. The reaction flask was cooled to 0 °C, and
n-butyllithium (2.0 mL, 3 mmol) was added dropwise via syringe. After 20 min of
stirring at 0 °C, the solution was chilled to -76°C (acetone/dry ice bath), and stirring
continued for 5 min. To this reaction mixture a previously chilled to - 76°C 0.3 M
solution of 2-bromo-3-hexylthiophene (0.73 g, 3 mmol) in anhydrous THF (10 mL) was
added via cannula. The reaction mixture was stirred for 1 h at -76°C, at which time
anhydrous ZnCl1; (0.50 g, 3.6 mmol) was added in one portion and completely dissolved
after 30 min of stirring. The cooling bath was removed, and the reaction mixture was
allowed to warm to RT, at which time 2,2’-bithiophene (0.16 g, 1 mmol) was added in
one portion and used as an internal standard. To this mixture Ni(dppp)C1, (29 mg, 0.053
mmol) was added in one portion, and the reaction mixture was stirred at RT. Aliquots (1
mL) were taken at different time intervals (e.g., 1, 3, 5, 8 min etc., and the final aliquot
was taken at 12 h), and each was precipitated in methanol (5 mL). For each aliquot a GC
sample was prepared in Et,0 (2 mL) and was subjected to analytical GC and subjected to
GC-MS analysis. After filtration, the molecular weight of the pristine polymer samples
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with respect to Ni(dppp)Cl, concentration was obtained from the slope of the plot of the

logarithm of the initial rate of polymerization vs the logarithm of the Ni(dppp)Cl,
concentration.

The molecular weight vs. conversion plot (Figure 25) and the GPC traces (Figure
26) show the increase of molecular weight with conversion, providing a further support
for the mechanism of the nickel-initiated cross-coupling polymerization being a chain
process. The results indicate that the molecular weight of polymer can be predicted by
the molar ratio of monomer to Ni(dppp)Cl12 which means that 1 mol of Ni(dppp)CI2
initiates one polymer chain. In previous work, relatively low concentrations of
Ni(dppp)CI2 was used which leads to higher molecular weights and broad PDIs as
illustrated in Figure 25 (e.g., [M]0:[Ni(dppp)C12] = 136:1; Mw/Mn ranges from 1.2 to
1.6). When a lower ratio of monomer to initiator is employed, however, one finds a good
correlation between the theoretical and observed molecular weights, and narrow PDIs are
obtained (e.g., [M]O0:[Ni(dppp)CI2] =49:1; Mw/Mn ranges from about 1.2 to 1.3).
Figure 27 shows the plot of the logarithm of the initial rate of polymerization vs. the

23



nunol ) was added in one portion, and the reaction mxture was stirred at RT.
Ali quots (1 m.) were taken at different tine intervals (e.g., 1, 3, 5 8

mn etc. 9 ﬁ)l?ﬁof' nal aliquot was taken at 12 h) Q'; {;b 40

preci pi t,a For x@g’ pr epar ed
e B AR B A e &, S, LT

anal ysi smo]mt er filtration, the nolecul ar wei ght of the pristine pol yrrer

sarrpl es 22 WD 2006/ 10774Q PCT/ US2006/ 011840 paa wn tat el ~ 1"ga~Cn
t %Y. j pj r omat Hiprapiept ¢eprptiamalso 1efere tasthe fullpveap sefetenossswhiohdiel e appar at us

and a I th chl oroform t he el uent
(flow \r/\gibg Ié ﬁzbly%gére@g “g&%% BE%4W%§? FPLerenessinay %ef f e@ °g yr agel
col ums thé Pﬁt&hcé&ﬁhe pRBentinVativiBio 23tk ie nfade hat @8y of tRtdRAGeRS Used as
an internal standard, and calibration based on pol ystyrene standards was

appl i ed Froprigearer ni nati on of nol ecul ar wei ghts. GC-M5 was performed on an
Agi | ent ﬁ Eeg_ 5973 GC-M5 workstation. The GC columm was a Hewl ett - Packard
fused siNPEECCEEPY 1 ary colum cross- linked with 5% phenyl nethyl siloxane.
Hel iumwas the carrier gas (1 nL/mn). Unless otherw se noted, the

fol | owi ng corSkotlieis T\ andbedkbfICondastingBelieransd ydeagel Daklee:tmw York,

tenperature, RRY C initial tenperature, 70 C tenperature ranp, 10 ¢ mn;
final tzanperﬁtoﬁre%n @Oqté}nolm FUBRRIbald CRRUADABES, GPELRA AL LRERAN S
sever al exp E él&erﬁ.\%\ir?roﬁ? gé constant non ner conc atlon and

! oaching o ﬁ?@{ﬁ%{i’o i TR RS R St BalEiek (S e

reachin
reacti on rat s 'ncrease in N (dp )012 concentration
(Figure % HRATCRIGYT; 8. 4ol 0B, AdcB%p to 50%

conver sri;n (Iée Baoh, [M/] A ,[Nrpglmpp,p&dz]Macha@ .. AThengo,Ci Bleairochjmodicta
sem | ogarit hd001k46dR4%. pl ots woul d, however, indicate the presence of
t er m natd.on r@metdndasl, IWB.Chottio @. dAb‘@erdlIe prmnght}rsmm ®eyabldsar. ge
supr anol ecul qqdvamr&g@@(gslgfgjgol ymer species mxed with unassociated or

very veakly agsf aﬁ'e? yAh' I%Bﬁ?? ez, 6.7 BAbHOF, 0§46E:, 8 QQ“t 1
with respect #’o sINe af150? s obtained fromthe” s ope of the

o1y
pl ot of I’ & o& oICyrrerl VA %6 VS the
| enl T ativ6h:
ng\e/tglrts:‘ﬁ‘nn pIM g‘;ﬁ@ : 'g"gl ))?g%
4\ei

I ncrease of 3 ht with conversi on provr d| ng a furt her support

for the WechddheanTol.; W X Ricke, Rnﬁ)tlém&hemxfﬁﬂslﬁ%dﬂ?r@%ol ymeri zation
bei ng a ldhai McQultmebsR. Dhd.aves Rl S5 Jayatircat, 3.1 Bavbanly . ith] Aoddreon, Welght of
pol ymer can URrispasdNagledS.SyxsiMer. 1993355y HIO8o of nonomer to N (dppp)C 2 which
nmeans that 1 MBtul®ughl RAPEPWHigms, S. P.; Tristram-Nagle, S.; Jayaraman, M.; Ewbarnk,
P. C.; Miller, L. Synth.Met. 1995, 67, 279.
13.  Lowe, R. S.; Khersonsky, S. M.; McCullough, R. D. Adv. Mater. 1999, 11, 250.
14. Lowe, R. S.; Ewbank, P. C.; Liu, J.; Zhai, L.; McCullough, R. D. Macromolecules
2001, 34, 4324.
15.  Diederich, F.; Stang, P. J., Metal-catalyzed Cross-coupling Reactions. ed.; Wiley-
VCH: Wernheim, Germany, 1998.
16.  Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 4374.
17.  Kumada, M. Pure Appl. Chem. 1980, 52, 669.
18.  Negishi, E. Acc. Chem. Res. 1982, 15, 340.
19.  Negishi, E.; Takahashi, T.; Baba, S.; Van Hom, D. E.; Okukado, N. J. Am. Chem.
Soc. 1987, 109, 2393.
20.  Yamamoto, A.; Yamamoto, T.; Ozawa, F. Pure Appl. Chem, 1985, 57, 1799.
21. Ozawa, F.; Hidaka, T.; Yamamoto, T.; Yamamoto, A. J. Organomet.Chem. 1987,
330, 253.
22.  Yamamoto, T.; Wakabayashi, S.; Osakada, K. J Organomet.Chem, 1992, 428,
223.
23.  Parshall, G. W. J. Am. Chem. Soc. 1974, 96, 2360.
24.  Morrell, D. G.; Kochi, J, K. J. Am. Chem. Soc. 1975, 97, 7262.
25.  Tsou, T. T.; Kochi, J. K. J. Am. Chem. Soc. 1979, 101, 6319.
26.  Smith, G.; Kochi, J. K. J.Organomet. Chem. 1980, 198, 199,
27.  Sheina, E. E.; Liu, J; Iovu, M. C; Laird, D. W.; McCullough, R. D.
Macromolecules 2004, 37, 3526.

24



initiates one polyner chain. In previous work, relatively | ow concentrations
of N (dppp)d 2 was used which | eads to higher nol ecul ar wei ghts and broad
PDI s as WO08107a#ed in Figure 25 (e.g., [MO: [N (dppp)ERps2e0d@d84D; Mn/ Vh
ranges f @88m 1Yakpwamgd:.46) MikikioshiaR|; Aukozaved, To Microvesolediies 2004 BT tlilgépor i s

enpl oyed29| hOV\@Mﬁﬁes-E]D,Qva iSadeé, &. gofedullswdht R! Bt ey M@z@m@mtmﬂlomor etical and

obser vedsgp R, el BhMass@'JdP r.‘pd','ﬁé?; Ept%eﬁzr@ornﬁm Q'97§di c. .
7t0 13) Fi gure 27

[shMoars[l\lL Blogkﬂ T14 ei(e M'\mg]ﬁ El la 0(%9g0 y zation vs
oMo 9 '
e @Zg ﬁ{@ S ﬁ?g‘gc%ﬁﬁoﬁ%a@o s L

pr esent Scr él%cf ’Wé”‘?’ﬁ?tiqwf"n 99%1387 ehldas which are

i ncor por 8 Byowring; dncerech, Mell?en&iﬂi Bot§: Sances thebe $toner BndesArmay be
referred to |dChkemeS'q§'r,é'b@m€@”mum m@73HBésent invention, no adnmi ssion is made
t hat any36f tNaegeS.sBeryctc€s Maudlopgh, ®. DarMacr&eblecﬂacb&%, 29,938kot heim T.,
Handbook of Conducting Polynmers. ed.; Mrcel Dekker: New York, 1986. 2.
Skotheim T.; Reynolds, J.; Elsenbauer, R, Handbook of Conducting Pol yners.
ed.; Marcel Dekker: New York, 1998. 3. Nalwa, H S., Handbook of Organic
Conductive Ml ecules and Polyners. ed.; J.Wley &Sons: New York, 1996. 4.
Heuer, H W; Whrmann, R ; Kirchneyer, S. Adv.Funct. Mater. 2002, 12, 89. 5.
De Paoli, M A.; Nogueira, A F.; Machado, D. A ; Longo, C. Electrochim
Acta 2001, 46, 4243. 6. Goenendaal, L. B.; Zotti, G ; Aubert, P. H;
Waybright, S. M; Reynolds, J. R Adv. Mater. 2003, 15, 855. 7. Gamer, F.;
Yassar, A.; Hlaoui, R; Horowitz, G; Deloffre, F.; Servet, B.; Ries, S.;
Alnot, P. J..Am Chem Soc. 1993, 115, 8716. 8. MCullough, R D.; Lowe, R
S. J. Chem Soc., Chem Comun. 1992, 70. 9. McCullough, R D.; Lowe, R S ;
Jayaraman, M ; Anderson, D. L. J. Og. Chem 1993, 58, 904. 10. Chen, T.
A; Wi, X; Reke, R D J.Am Chem Soc. 1995, 117, 233. 11. MCullough, R
D.; Lowe, R S.; Jayaraman, M; Ewbank, P. C.; Anderson, D. L.;
Tristram Nagle, S. Synth. Met. 1993, 55, 1198.

25



12. McCullough, R D.; Wllians, S. P.; TristramNagle, S.; Jayaraman, M;
Ewbank, P. C.; Mller, L. Synth Met. 1995, 67, 279. 13. Lowe, R S.;
Khersons?l‘ﬂpz"i*ﬁ/l‘m740 MeCul | ou R D Adv. Mater. 1999, RCAI/USBO0G/01134. Lowe,
R S.;: MWWZ.M@MMQ%MWMM L.; MCullough, R D. Macronol ecul es
2001, 34, 4324. 15. Diederich, F.; St ang, P. J., Metal-catalyzed

Cr oss- coupl I ng Reacti ons. ed.; Wl ey- VCH Wrnheim Germany, 1998. 16.

Tamao, K. ; Sum t ani , K. : Kumada, M J. Am Chem Soc. 1972, 94, 4374. 17.
Kumada, %’Ht m 1980 52, 669. 18. Negishi, E. Ace. Chem Res.
1982, 151 ‘% E.: Takahashi, T.; Baba, S.; Van Horn, D. E. ;

Ckukado, : 1987, 109, 2393.. 20.. Yamanoto,. A : Yamanoto,
T.; Ozavva FC W@nﬁﬁr}ni bbi&whmbn@ﬁrhiws a%%ﬁy]@g‘?%tuexg With fhaka, T.:
Yamanot gymide basé A8 'XQﬁ@alerﬂ melal h%&@ﬂ)%ﬁﬁ aGhsittied @%phendROnodes: 22. Yanamot o,

T.; Wakabayashi, S.; Osakada, K. J.Organonet.Chem™ 1992, 428 223. 23.
Par shal |, G pelymierizing tl@hmdlﬁﬁbmondméma,t ag'ﬁst mﬂﬁﬂcomdntrdvtmr[b{]b intbe G : Kochi,
J Kochi, J. K J.

. 7, 1262.
A awse%%g" st et B ple Bl etization ipilaOR AL fecoid mEla o ganomet

\c/:lvI e&mjﬁ%lﬁ%&hﬁggn .[I}%ﬁder%ggcrhgﬁgé BFord roggor ?h &?flfghal%ﬁuﬂﬂpl%@%’geﬁor?%oD

PCTI USZGﬁﬂie&IathQ)olmemzaﬁohmbeamla of first moldr chncehbrition forlooamneer: sEcond
Macr onol e uI es 200 ffries-EL, M; Sauv6, G ; MCull ough,
It D. AdYO aﬁ\%&n&f’nmﬁz}’é@i “Péla?%i?b%éig ‘EOFISH, K J. P.; Masse, J. P.

J. Chem 30CrheGhemb 58 din %@?%vhe%é!iﬁthel%ﬂmls%%ﬁtstﬂo{-\lessR' eke, R D. J. Am
Chem Soc. 1992, 114, 10087. . OBrien, it A; Rieke, R D

Macr omlkcmmemwaqcomgmamha@n tlm:atlo 1sR7Q Iwlesot, R ; Topal ovic, I.;

Scott 9, .8,, 22 F.: Kruger, C.; Betz,
' oy s TR BeR BeringEp T auberein therag is sbogt 6N Ot legs. & ben ®l  Pent ol o

B R SperifeShethdd aécord%ﬂf‘? fuﬁher(éom?nsmécﬁ%lﬁ@k%ﬁm @H@ &quﬂ'n 1973, 31.

36. Yue S.; Berry R~ D. Macronpl ecul’es 1996, 29, 933.

poly(3-a1kylth10phene) with addition of a second thiophene monomer to form an AB
block copolymer.

6. The method according to 1, wherein the alkyl group comprises 4 to 18 carbons.

7. The method according to 1, wherein the first molar concentration is about 1 M or less.
8. The method according to 1, wherein the first molar concentration is about 0.5 M or
less.

9. The method according to 1, wherein the first molar concentration is about 0.1 M or
less.

10. The method according to 1, wherein the initiator is a nickel (II) complex.

11. The method according to 10, wherein the initiator is a nickel(I)diphosphino halogen
complex.

12. The method according to 1, wherein the polymerizing is carried out at a tempera'ture
of about 0°C to about 50°C.

13. The method according to 1, wherein the polymerizing provides regioregular poly(3-
alkylthiophene) which is at least 95% regioregular.

14, The method according to 1, further comprising chain extending the regioregular
poly(3-alkylthiophene) with addition of a second thiophene monomer to form an AB
block copolymer, wherein the ratio is about 100:1 or less, wherein the first molar
concentration is about 1 M or less, and wherein the initiator is a nickel(Il) complex.

15. The method according to 1, wherein the polymerizing provides regioregular poly(3-

allevlthionhene) which is at least 95% regioregular, wherein the ratio is about 50:1 or less,
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carbons, and wherein the polymerizing is carried out at a temperature of about 10°C to
about 40°C.
21. A method comprising:

combining a soluble thiophene monomer having a 3-substituent with an amide
base and a divalent metal halide to form a modified thiophene monomer having a 3-
substituent,

polymerizing the modified monomer at a first molar concentration [M] in the
presence of a transition metal complex polymerization initiator at a second molar
concentration [I] under conditions to form regioregular polythiophene having a 3-
substituent, wherein the polymerization is carried out under conditions which provides a
degree of polymerization which can be substantially predicted based on the first and
second molar concentrations.
22. The method according to 21, wherein the substituent is a heteroatom substituted
group or an alkyl group comprising 4 to 18 carbons.
23. The method according to 21, wherein the thiophene monomer also has a 4-
substituent,
24. The method according to 21, wherein the ratio [M]o:[I] is about 125:1 or less.
25. The method according to 21, wherein the first molar concentration is about 1 M or

less.
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COMPI X0y TP TR D00 AP O UhDRich s o301 140€ Tatio is about 50: 1 or

| ess, mhere N ar concen ronis out 0.1 or less, and
wher ei n 200 @hie idthal Mcotdingtor? 1¢ Wdkreir the ?OWﬁie@szg pvidédhegioréduda pags+ ding to
1, wherein the ratio. is, about 50:1 or [ess, wherein_the first nolar

concent rdlthiophene) mehigh i3 at legst 95&s regianpaunlas; Wh@m@ the ﬁﬂthgmuplcgnmnses 4

1" Car DA AR NHBREF IR SRR el oBLA A BRelabis P48 1DEERL, ST, € of
about 1Q6‘oﬁt010°@bﬁdtwlf’£§ntﬁéhmt&toﬁﬁtdlﬁékdl@lmb lexg: conbining a sol uble
t hi ophene nononer haV|n& (ﬁzfubstltuent W t an am de base and a dival ent

net al ha0 daemesthast spcar ehewinotha spbymesiangaTovides regiozeglarpabd?y t uent ,

pol ymer i r oin the
presencéﬁgﬁggkpggﬁgﬁ%&%ﬁq%%%éﬁgggﬁgﬁg %}§%%§R§§% ﬁQ&ﬂltfg%lﬁﬂgkk% second
nol ar  qoskrndiaMioetesk khd wedetio MMNETT is absutt50; If @irless) agl the pelinesrizigliyt hi ophene
having a 3- substituent, wherein _the polynerlzatlon is carried out under

condi t i GAEiedioutaf atempersbye of dbray A0 torabpai 40561 i zati on whi ch can be

subst an r ased on the first and second nolar concentrations.
22. The%&eﬁh%ﬁ&8§§8&@3g Bto 21, wherein the substituent is a heteroatom
substituted group or an al kyl group conprising 4 to 18 carbons. 23. The

met hod according to 21, wherein the thiophene nononmer also has a 4-

»‘
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substituent. 24. The nmethod according to 21, wherein the ratio [Mo:[1] is
about 125:1 or less. 25. The nethod according to 21, wherein the first nolar
concent r WMQ 2086/1874bout 1 M or |ess. 27 WO 2006/ 107740 FATU$180060168401 1840

2—r~]epl }OII:] diji g{*gﬁlmmi-gimgy_ﬂrﬂt]gimplmetlh@ndrr]mdrb&fﬁrﬁg‘na&&m@taltﬁe@isqiog}m&izaﬁomtoex. I 27.
The net accqording ta 21 erein the pol ynerizing praqvides regioregul ar
pol y( 3- gﬁ‘%ﬁﬁoﬁytgmgﬂ&m%ﬁﬁnsﬁgﬁeémﬁr qogggﬁmw%qhégpw g&Rnlng 28, The met hod
accordi l}qﬂeﬁ%ﬂnfﬁ“erei n the polymerizing provides regioregul ar poly(3-

al kyl t hi‘opfiene ich is at |east 95%regi oregul ar, wherein the initiator is
a nickel (1) chaphedeidinpthalicigenediateplithadditdonrofianeddnd thinphene/imunfdritoi s about
80:1 or | ess, fhﬁnfﬂ‘}@her in the first nolar concentration is about 0.5 M or

| ess. 29lomAD ABH Cap T'ng to 21, wherein the pol ynerizing provides

regi oreg 5 ] t : %‘ﬁh—f}; 11Sy ) i.Or egul ar,
wherein t ﬁ%&?“%?%ﬁ%&?gg??g@gﬂﬁgm 0 gr%:}gdrng%ﬁé%ﬁ%g}%e%% e polynerizing
i s carriespotymheraritipa thindpthiopherreamadonsdravttichl Gfidnally fthe bard©83 thafidstwher ei n t he
initator is_a nickel(l11) conplex. 30. The nethod according to 21, wherein
the pol yWHanhsNG OB des regi or egul ar pol y(3- al kyl t hi ophene) which is at

| east 95%4 regl I : i £ p\'?o[;] js about 0.1
M or | es%/g'a’g% @E@gggt@tﬁg& ?((5):?},{E]oﬁ{bgs%gg%{th%h%ﬁgrﬁ&ﬁggg&ﬁgn tﬂ%ﬂ pol yneri zi ng
is carréspdlymdr taform dreABAr adpolyeneef about 10C to about 40C. 31. A nethod

conprising: 28 2006/ 107740 PCT/ UJS2006/ 011840 To( pngl ppg; a #r#nmp9ne
monomner @43 s @\égpé PRI AR P L YHISIAEhG graﬁhmh@eﬁ mPB?IHFfa%tﬁﬁe?‘mﬁ ophene

i nt er med; Ry [Wo r.OMi bV Lzation,

chai 1 oxd R hortet Bk bo@aRe kR of e pdion e Lo B0 REREE. 2" onormer
to forn3sanTHEmbihed kcevedial yorBt, fudker coh@risig Biegs of cioimlextendion BlfogANPr i si ng
further chain extending the AB bl ock copolynmer with a third thiophene
nononer MCHodheanolamgry i s the sane as the first thiophene nononer. 33.
The met h [ . IS I [ ' AB bl ock
copol yretr, EEFEbEHedRE 10 3 IMh AP il e iR R0EL SREURRSEAR A0 01 CF)
the fir sthidphenpinenemen arsbstitifed i e 3Asbsition.

37. The method according to 31, wherein the AB block copolymer is a regioregular

polythiophene block copolymer which is at least 95% regioregular, and wherein the
polymerizing is carried out with a initial monomer:initiator molar ratio of about 140:1 or
less. |

38. The method according to 31, wherein the polymerizing is carried out with an initial
monomer:initiator molar ratio of about 80:1 or less. .

39. The method according to 31, wherein the polymerizing is carried out at about 0°C to
about 50°C, and wherein the AB block copolymer is a regioregular polythiophene block
copolymer.

40, The method according to 31, wherein the AB block copolymer is a regioregular
polythiophene block copolymer.
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t hi ophene nononer, or both are substituted at the 3-position, the
4-position, or both. 35. The nethod according to 31, further conprising
st eps of Wh061E%4%nsi on to form ABC bl ock copol yner. BB8r/uJioes/emsdood
accor di iy, tocstipostearsmprisie: f i r st thi ophene nononer, and the second

t hi ophene nononer bstituted in the 3-position. 37. The nethod

afe s
according to @@m&@pwﬂménﬂéwmiw@ 4 blpskyseregioregularpplythiophers, and

pol yt hi . LGh ] t least 95%regi oregul ar, and
wher ei n %gq’?%%‘g%?%ggﬁg*ggfaéﬁ@ﬁé%};h%ﬂ% with a initial nononer:initiator
nol ar r a2l Thefcompesitiod 4€oidifg to 4 §SeheredS the A 810¥RHOMr BRIPBIRY to 31, wherein

the polynmerizing is carried out with an initial nononer:initiator nolar
rati o ofregipgulagpelythigphene is subgiituted at theSrrnsitioncairthe Agositios,lor hetter ei n t he

pol ymer i zai [ . t QC.to bout ,50 erein the AB
Bl ook cagor meprplsibs esBilingly 20 Msro iecs iR B e EBSRYmer . a0, The
net hod &éﬁﬁfe@iﬂaﬁp@l }ﬁ&pheﬂ@ﬁrsﬁbﬁithtb@at“ﬁegéﬁb@hidﬁppm ymer is a regioregular

pol yt hi ophene bl ock .copol ynmer. 29 WO 2006/ 107740 PCT/ US2006/ 011840 41. A
cot hpust¥ dfie cempgsition agpording et b vdskeie hsod plesk anddoethsiBbloek A bl ock is a

regi or equl.ar | yt;hhephene, and. th | ock.is al so a regioregul ar

pol yt hi %ﬁ%@ﬁggﬁﬁéquﬁ%hggwggﬁﬁ%tﬁdEE@SBE)QO& olnol 41, wherein the A block
and/ or 43¢ TRekbapksitioe BtREEEE A1, ReYdiN R BIRk afid/oH !B bldcRd at the
3-position, at the 4-position, or both. 43. The conposition according to

41, wherregioreghlar poligthiethene i/ substithited Bt the depositioagind thadrpasitipn| yt hi ophene is
substituted,at the .3-positi.on ..41he go ition according ta 41, wherein
The A bitfcidt samBpsipat ot iR o 41 wiierite GRS Blrsk SRR HRE R FabBhifot i uced at
the 4- p%bﬂa%@ﬁ}ole’\‘:ﬁlarmﬁglﬁeﬂmlt%,goo 8fkgy. ding to 41, wherein the A block
and/ or the bl ock regioregul ar pol ythi ophene is substituted at the

3- posi t i4dn Thedompesitiepacriotdingto 46 whtrein therdB black sapelyoer liaswy to 41, wherein
the AB bl ock copol r nunber average nol ecul ar wei ght of about

25, 000 AONEED .SRX?.}laﬁ%q?ﬁWaSFértion according to 41, wherein the AB bl ock

copol yneR, Mag c8mpbativt hsRedifs to/a 0 wikRk the A bRIck cBFSlyntPis sbiifpl& onposi ti on
according to 41, "wherein the AB bl ock copol yner is soluble. 49. The

conposi 49 Thecompdsition a@ording tn eldim 4hovierein theeA BBldrkaokolyowo issotublé,s
sol ubl e,

wherein the AB block copolymer has a number average molecular weight of about 25,000
or less, and wherein the AB block copolymer has a polydispersity of about 1.5 or less.
50. The composition according to 41, wherein the A block and/or the B block
regioregular polythiophene is substituted at the 3-position, at the 4-position, or both, and
wherein the AB block copolymer is soluble, wherein the AB block copolymer has a
number average molecular weight of about 25,000 or less, and wherein the AB block
copolymer has a polydispersity of about 1.5 or less.
51. A composition comprising:

an ABA block copolymer, wherein the A block is a regioregular polythiophene
and the B block is also a regioregular polythiophene.
52. The composition according to 51, wherein the A block and/or the B block
regioregular polythiophene is substituted at the 3-position, at the 4-position, or both.
53. The composition according to 51, wherein the A block and/or the B block
regioregular polythiophene is substituted at the 3-position.
54, The composition according to 51, wherein the A block and/or the B block
regioregular polythiophene is substituted at the 4-position.
55. The composition according to 51, wherein the A block and/or the B block
regioregular polythiophene is substituted at the 3-position and the 4-position.

30



wherein the AB bl ock copol yner has a nunber average nol ecul ar wei ght of
about 25,000 or less, and wherein the AB bl ock copol yner has a
pol ydi spa¥a2aog/1ef7smbout 1.5 or |ess. 50. The conpositi opcEusmosiongsot o 41,

wher ei n wﬂmmxﬁmuﬁaﬂmaﬁdimwmmsﬂem the AP bREK b@golgﬁwﬁdaia%Me i's
substituted at the 3-positi at_the 4-position, th, and wherein the

AB bl ockavespgs maiseul P‘%Wﬁ@h OUW%QQQW g¥%e AB bl ock copol yner has a nunber

Copolymer midt sepdlicc Bt i, Shedi e, fiops BRONE] 105, Von "

conpri si pglydﬁper&BﬁobibmleQmésyrrer wherein the A block is a regioregul ar
pol yt hi ophene and the B block is also a r&oregul ar pol yt hi ophene. 52. The
conposi t Pé&nThe egrprsifion escgniingncilehereinetha Al Blork aenrolymen s golgblst ock

regi oregyha S on t he

4-posi ti (H{’,% Thg?%%ﬁ@“%@&fl@ t@t)gqn'p%v %Itéfngtgl aCC%IIQ glf g%&{f%nér s%@teei n the A

bl ock andhereir the AB blook Ieopdlymbﬂﬁasgttﬁmbea averhdy mpleeilar wslgau@ﬁibohuzseobmt t he
3-position, 54. The conposition according to 51, wherein the A bl ock and/ or

the B bl 8tless, aadnhersiuibgrAB Blogk sopaiasichas ¢ polysisnersityod abeuttlhborlegfosi t i on.

Fegi or ogll Sﬁﬂéééﬂlﬁfﬁh%&necﬁed“%té%giﬁvp%%@leth%”bl%ﬂ?m@%tﬁﬁﬁﬁaﬁéﬁé the o
4- posi ti eagioredf] ﬁﬁﬁ?h&&ﬁiéﬁbsﬁﬁfédﬁ&@@%@éﬁ%&t the 4-position, or both, and
erCdlrl Stu~rt1Ccdf. Sli[gU~;;~61, wherein the AB bl oc copolyrrer has a

nunber  Beteinihe A3 blogk &@pcmngrhls selublgpwhereirstho dd3 block eepplymer hagige

pol yai spur PGk Bibiyctiat vt BE Budhe o Pof: ReG i SEBRAERAS R ( 51

wher ei n &é}@]ﬁﬁeﬁﬁagqlpoyﬁp@em@bfa&mqlwless 59. The conposition according to
51, wherein the AB bl ock copolymer is soluble, wherein the AB bl ock

copol ynepl hés:ommalﬁisércowamage nol ecul ar wei ght of about 25, 000 or |ess,

and wherein t I S 5 or

| ess. 60. Theglgé%%o% ?ﬁgrﬁog@gof ﬁfﬁl %iﬂgv%gr ellgg{ ?%‘%‘Yai\%g iﬂtélerlll 7or the B
bl ock r aGikrirtly Bbloplolsydld mgﬁﬁ‘@uﬂzﬁr pamb?ﬁsmb,eaxdabhéraﬁ tBe QQﬂ(bdkl igAlsoat the
4-position, or both, and wherein the AB bl ock copolyner is soluble, wherein

the AB bR&giorepysl patthiaphene number average nol ecul ar wei ght of about
25,000 %, K 5pnabOg PO BBl RS ™ 122 5 POl sber el 1y o
wher ei n ghe A oRétpresardd bethedhatisd @coiidg/folBiophene,

64. A polymer prepared by the method according to 31.

65. A transistor comprising the composition according to 41.

66. A light emitting diode comprising the composition according to 41, 51, or 61.

67. A photovoltaic device comprising the composition according to 41, 51, or 61.

68. A sensor comprising the composition according to 41, 51, or 61.

69. A field effect transistor comprising the composition according to 41, 51, or 61.

70. A composition comprising:

a block copolymer comprising at least two different blocks, wherein at least two

of the blocks are regioregular polythiophene blocks.

71. The composition according to 70, wherein all of the blocks of the block copolymer

are regioregular polythiophene blocks.

72. The composition according to 70, wherein the block copolymer is an AB, an ABA, or

an ABC block copolymer.
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wherein the B block is also a regioregul ar pol ythi ophene, and wherein the C
block is also a regioregular polythiophene. 62. A polyner prepared by the
nmet hod according to 1. 63. A polyner prepared by the nmethod according to
21. 64. A polyner prepared by the nmethod according to 31. 65. A transistor
conprising the conposition according to 41. 66. Alight emtting diode
conprising the conposition according to 41, 51, or 61. 67. A photovoltaic
devi ce _conprising the conposition according to 41, 51, or 61. 68. A sensor
corrpri%HﬁémIﬂ@%ﬁ%QéSti on according to 41, 51, or 61. 69. A field effect
transi stor conprising the conposition according to 41, 51, or 61. 70. A
conposgitio .Sk QG bl ock copol yner conprising at | east two different
bl ock} V\he&rrg‘?tﬁgg@‘#\ggsslf\gtm of the blocks are regioregul ar pol ythi ophene
bl ocks. 71poljheriemgracfst thivphagoaosbme ByGrighardvirtathelisglolymdridatién 9 ocks of

t he bl ock copol yner . are regioregul ar. pol yt hi ophene bl ocks. 72. The
conpodorm apolyhichhensiptergedigle yider eanditions ‘%mqmeowe Hrlhenrg pelymsrizgionan ABA,
or a I . r . JoS 1. A conpri si ng:
pol yn&@ﬁn@eggbﬁﬁegﬂg{l%ﬁﬁﬁgﬁé %ﬁ%d%&mgﬁr% 14 %@?ggﬁm ymeri zation
to f eolynreripationtfor thelpehghiophehicrivdindddiatel ndiéch i€ predidiedmsedbh ¢z provi de for
l'iving pole/rrpri zation, _wherein the polynerization is carried out under
condi cerssairgtianc fsstahiopbenemenagnes and the Gonpsptiation af @ BANSitien M@l pINBIERi ophene
i nter ﬁgét&te which is predicted based on the concentration of first

t hi ophene ononmer and the concentration of a transition netal conplex
initiator, ckdimeXtefdihg i@ in@riediate Wity aditioatof aweédhdatifferehOthiopheie second

di fferent thiophene nononer to forman AB bl ock copolynmer. 2. The net hod
accor m%gﬁlpbtocfganmli\ﬁzb%kic@ﬁ%}nﬂurther chai n extending the AB bl ock
copolynmer with a third thiophene nononmer which optionally is the sane as the

553 RO S TS50 BBl A SROPT) =11

furthér chain exten copol yrmer. 4.

The nespudyméeceith &ihigl thivphbsd modomartiaiich optidnally isthe sarhé apihefiestnronomer, t he
second . thi ophene nmononer, or both are substituted at the 3-position, the

4- pos thippligne BronpHeR .

3. The method according to claim 1, comprising further chain extending the AB block
copolymer to form an ABA copolymer.

4, The method according to claim 1, wherein the first thiophene monomer, the second

thiophene monomer, or both are substituted at the 3-position, the 4-position, or both.

5. The method according to claim 1, further comprising steps of chain extension to form
ABC block copolymer.
6. The method according to claim 1, wherein the first thiophene monomer, and the

second thiophene monomer, are substituted in the 3-position.

7. The method according to claim 1, wherein the AB block copolymer is a regioregular
polythiophene block copolymer which is at least 95% regioregular, and wherein the

polymerizing is carried out with a initial monomer:initiator molar ratio of about 140:1 or less.

8. The method according to claim 1, wherein the polymerizing is carried out with an

initial monomer:initiator molar ratio of about 80:1 or less.
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5. The method according to claim1, further conprising steps of chain
extension to form ABC bl ock copolyner. 6. The nethod according to claim1,
wherein the first thiophene nononmer, and the second thiophene nononer, are
substituted in the 3-position. 7. The nethod according to claim1l1, wherein
the AB bl ock copolyner is a regioregular polythi ophene bl ock copol yner

whi ch §s at 9 I r in.the . : 71 is carried
out Wi%'h a ’If'ﬂglfﬁ gﬁogﬁg/en%ﬁe%:(lgﬁllgﬁgtvg?&gnglt}gér]sélgwghgg lsa%g}d%(&%@% & ort | ess. 8.
The medYthdo alemw 507G garidowhdreainithél A Biieckeiapolyheer jxod segioregilargpalghiophéneed out
with an initial nononer:initiator nolar ratio of about 80:1 or less. 32 9.
The mePlRECOROYBRH: ng to claim 1, wherein the polymerizing is carried out at
about O0C. to about 50C., and wherein the AB bl ock copolyner is a

regi or ggul i 0 png to

cr ai m S ERLEboARERE 1o P FRRERERD Bk R 108 R e

bl ock papthiophene bladk cobopyaherrer prepared by the met hod according to claim1.
12. The method of claim1l, wherein the polynerization of first thiophene
nmononef. is .initiated by a N (I1) conplex. 13, The nethod of claim12,

wher ei Ll't heAipﬁ)?‘?e&tpé?paF%ilé’%F eltl%(’dcﬁcgql’:‘@%ﬁ?ﬁ%‘fﬁllogeno conpl ex. 14. The

met hod of claim11, wherein the first nononmer or the second nononer is a 3-

subst | 131t eTRdYnemBg B clatife! Rhételnife BoIRHRRSIHS irknidPheYbnopficd . &l koxy,

aryl oxy, ether, polyether, or heteroatomc substitue e nmet hod of
cl ai m ihjtiardddryed Ni{{heotplest nonormer or the second nononer is a 2,5- dihal ogen
substituted thi ophene, wherein the hal ogens at 2- and 5-position are

identigcal o di fferent. . The thod of. claj , erei.n the hal ogens at
i, polis mshod ot gise 12 sphercinhe magtdrds foRUTdiRlosP e BAICaa0r of o ¢ he

hal ogegfisin@itx 2- and 5-position are Br and | respectively. 18. The nethod of
claim1, wherein the chain extending of the internmediate with addition of a
second t hi ophene nmononer to forman AB bl ock copolynmer is done by Gignard
met at hbbsi s Plud method péclamm 1, whereifirtbe fiest hwdowkr of the second whmogienistahe AB bl ock

copol r.ha unber . aver ]l ecul ar i.ght. of about. 100,000 Da or
Cobe Y Sktitnred thioPhle, BhOEIIRL sub AL sl Y AlkoRY ARG R I P as o nunber

aver agfylyether, or heteroatomic substituent.

15.  The method of claim 1, wherein the first monomer or the second monomer is a 2,5-
dihalogen substituted thiophene, wherein the halogens at 2- and 5-position are identical or

different.
16.  The method of claim 15, wherein the halogens at 2- and 5-position are both Br.

17.  The method of claim 15, wherein the halogens at 2- and 5-position are Br and [

respectively.

18.  The method of claim 1, wherein the chain extending of the intermediate with addition
of a second thiophene monomer to form an AB block copolymer is done by Grignard

metathesis polymerization.

19.  The method of claim 1, wherein the AB block copolymer has a number average

molecular weight of about 100,000 Da or less.

20.  The method of claim 1, wherein the AB block copolymer has a number average

molecular weight of about 25,000 Da or less.
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nol ecul ar wei ght of about 25,000 Da or less. 33 21. The nethod of claim1,
wherein the AB bl ock copol yner has a pol ydi spersity of about 2.0 or |ess.
22. The nmethod of claim 1, wherein the AB bl ock copol yner has a nunber
average nol ecul ar wei ght of about 25,000 Da or |ess and a pol ydi spersity of
about 1.5 or less. 23. The nethod of claim1, wherein the AB copol ynmer is
soluble in organic solvent. 24. The method of claim 1, wherein the AB bl ock
copol gher iThe methagi aficlaiml lawhesin fhelAB ploek eoprdymenhas adedydispedsity of

regi orﬁ&géﬁ{itg of at least 95% 25. The nethod of claim1l1, wherein the
initi& IHtSation of first thiophene ronomer is 1 M (Mol/Liter) or

| ess. 26. The nethod of claim1l, wherein the initial concentration of first

t hi ophgne mRERERIod dfeldin, MherdM (hei AR blocR Copdiper Iab-a nlitherBidiggk of claim 1,

wherein the initial concentration of first thiophene nononmer i1s 0.1 M
( Mol / biolesudar wieighe o6 abqxg 25,800rBrates dess empa pelydigperpity 9fabhoug i Agrdessi r st t hi ophene
nononmer by Grignard netathesis polynerization to forma polythi ophene

i nt di i.n the polymerizing i ried out with an ipitial
rononBr: | il B BEOORTIA L st st ForeRnet 15 pSeeh ofdebit OBl ng ¢ ne

internediate with addition of a second different thiophene nononer to form

an AB2bl ockhée aR&odBFclaiMY, wherdat the AR BIBRK bSpdimeiQla¥b@bicghRg a first

t hi ophene nononer by Gignard netathesis pol ynerization to forma

pol yt pplyphephent havdngre degreeof iegioredutarity of ptdeashB%zing is carried out with an
initial nonomer:initiator nolar ratio of about 80:1 or |ess, chain

Xt engng e el EEI AL el R oty a8 SPRk i ARhE BonbillPPhee

mono
is 1 M (Mol/Liter) or less.

26.  The method of claim 1, wherein the initial concentration of first thiophene monomer

is 0.5 M (Mol/Liter) or less.

27.  The method of claim 1, wherein the initial concentration of first thiophene monomer

is 0.1 M (Mol/Liter) or less.

28. A method comprising:

polymerizing a first thiophene monomer by Grignard metathesis polymerization to
form a polythiophene intermediate, wherein the polymerizing is carried out with an initial
monomer:initiator molar ratio of about 140:1 or less,

chain extending the intermediate with addition of a second different thiophene

monomer to form an AB block copolymer.

29. A method comprising:

polymerizing a first thiophene monomer by Grignard metathesis polymerization to
form a polythiophene intermediate, wherein the polymerizing is carried out with an initial
monomer:initiator molar ratio of about 80:1 or less,

chain extending the intermediate with addition of a second different thiophene

monomer to form an AB block copolymer.
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