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control the doping process. For example, it would be useful to be able to adopt
conditions wherein the doping reaction is known to occur, and adopt other
conditions wherein the doping reaction does not occur, For example, it would be
useful to trahsport and store compositions for later use which are substantially
unreactive to doping until a doping reaction is desired to increase conductivity. Also,
the doping reaction can create ion pairs which alter the polarity and solvability of the
conductive polymer. Hence, a doped polymer can be insoluble in many solvents due
to the ionic c'hara_cter and other factors. This insolubllity can result in limited
processability in the doped state and limit commercialization,
Regioregular polythlophehes, both 'homopolymers and various kinds of
copolymers and terpolymers, are a particularly important example of conducting
. polymers. See, for example, Katz et al., Acc, Chem. Research, 2001, 34, 359-369;
McCullough, Adv. Mater., 1998,,10, No. 2, 93-116; McCullough et al., chapter 9 in
Handbook of Conducting Polymers, 2™ Ed., 1998. Controlled doping of regioregular
polythiophenes would further enable their commercialization, More refined
formuiation strategies are needed which can be tailored to particular applications.



SUMVARY Conpositions and processes related to | atent doping are descri bed
with particular inportance being attributed to regioregul ar pol yt hi ophenes,
Provi ded, ™0 20020mapd e, is a | atent dopi ng conposition coppr/Us1006029632) at

| east one pol ynmer conprising conjugation in the polyner backbone, (ii) at

| east one dopant for the polyner, é&@#? | east one solvent for the

pol ynmer and dopant, wherein the pol AR-the dopant, and the solvent are
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i mmedi ately react upon mixing with the ynmer and solvent. In an i nportant
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oxidative dopant. The solvent can be an oréanlc solvent. In addition, the solvent

can be a polar solvent. The amounts of the components, polymer, dopant, and

solvent can be varied for each formulation. However, in one important embodiment,

the amount of polymer is from about 0.01 wt.% to about 20 wt.%, the amount of

dopant Is from about 0.01 wt,% to about 6 wt,%, and the amount of solvent is from

about 80 wt.% to about 99.9 wt.%, In another important embodiment, the amount

of polymer is from about 0.01 wt.% to about 6 wt.%, the amount of dopant is from

about 0.01 wt.% to about 6 wt.%, and the amount of solvent is from about 94 wt.%

to about 99.9 wt.%. | | |

In one important embodiment, the dopant does not substantially dope the

polymer for at least 10 minutes after formulation and storage at 25°C. In another

Important embodiment, the dopant does not substantiaily dope the polymer for 30

days after formulation and storage at 50°C, |

In addition, the composition in its solution state can show in the UV-VIS

spectrum a large neutral peak in the visible region, and in addition, the large neutral
- peak in the visible region substantially can disappear upon solvent removal.



peak in the visible region substantially can di sappear upon solvent renoval .
2 WD 20071016403 PCT/ US2006/ 029552 I n a preferred exanple, the polyner
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solvent Is a polar solvent, and the amount of polymer is fromabout 0.01

wt.%to about 20 w.% the a{munt of dopant |s from about 0.01 w.%to
about 6 wi . vdn arfrefareedhavamplen the polyar comprisesregiotagular Ralytiorhengbout 99. 9

poi vt ni SpaREer I Rroinic e YoneaR i R PRl ShiVeREr ARG Bnoumf e o

pol ar g@ly\ﬁé}tls fwmiabbat 6/01URE. % to BBOYTED Wts’/ofﬂ@bﬁhbghﬁ of)deéar%l‘ls% n about 6
Q

L% t anount of dopant 1s from about % to abou and the
amount abouts@.0tewit.% to abom Gwd.%, and the %naunalmﬁsolveat B fromoabotst @0het.%
i mpor tant _enbodiment is a co QSI n co ISI n at | east one pol yrner
conpri sIgbeu-9%gWE % Meorepa rth%@@ %ménéﬂse kagloregulafer

The poPoiiBblef e d@%hﬁ[ﬁ%ﬁ%&”@?%@%ﬁb B oI sBTACe bR Gopant

wher ei nsplpent, RALUMAB 'amblR sfidither %Woﬁw%oﬁ?b‘@ﬂvt%ﬁt?m'g%ﬁ% et hat the

dopant does hot substanti al'l y" dope the pol yner or at |east
10 mi nuarwouat oédoparatlsnfrcanladnnuhﬁco]smP/age aboul6 W/t. %, anddbe ambunteoft i al | y
react W|th the p en the solvent Is renoved; and the anmount of

poIynersoyemrlérﬁ’%&bpub%ﬂtn%%@@@@%9 Wiont . % the amount of dopant Is
f bout O f
about 80wt . HoteLibbRaBt Btotentts Ritnbohidi BathrShos T i kastSnk: ot

I % f d t
Can’ be. PoT e R o RO e Sk, Wler e Bl ent - can
be fr ontemptlsesBFEglovege:iar qnob,ltblophéﬁe,g(m)nat {eastbse qugmficdmpanis far thret hod  of
formulating a | atent dopin nposition, conpri si provi di ng at | east

one pol PaymeEoiiby atsleast Q@ﬂlPQ@éﬁpUﬁnt forithe RQNW%?”‘%Q@R@%eWhe(Qmﬁ her ovi di ng
At | easp e HARbpd ahd @ SHVBRE arefhnbidted Kb thaeu adii oot vent

substantially dope the polymer when formulated for at least 10 minutes after
formulation and storage at 25°C, but does substantially react with the polymer when
| the solvent is removed; and
the amount of polymer is from about 0.01 wt.% to about 20 wt.%, the amount of
dopant s from about 0.01 wt.% to about 6 wt,%, and the amount of solvent is from
about 80 wt.% to about 99.9 wt.%. Here, more particularly, the amount of polymer
can be from about 0.01 wt.% to about 6 wt.%, the amount of dopant can be from
~ about 0.01 wt.% to about 6 wt.%, and the amount of solvent can be from about 94
Wt.% to about 99.9 wt.%.
Also provided is a method of formulating a latent doping composition
comprising:
('i) providing at least one polymer comprising conjugation in the polymer backbone,
(i) providing at least one dopant for the polymer, (iii) providing at least one soivent,
and (iv) formulating the polymer, the dopant, and the solvent to form the
composition so that the dopant does not substantlally dope the polymer when the
composition is formulated, but does substantially react with the polymer when the
solvent is removed. |
The method can further comprise the step of removing solvent to form a film.
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and (iv) fornulating the polymer, the dopant, and the solvent to formthe
conposition so that the dopant does not substantially dope the pol yner when
the conpowo 2000016483 f or nul at ed, but does substantially rBeBUSH06/A2HRe

pol yner when the solvent |Is renoved. The nethod can further conprise the
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deconposed to be activated. \WWen doping occurs during and/or after

deposi t iabaut Givet, %pithe amountwfglopant isfromeaboub Se@k whi%:itoyahout 6swt.Uyiand y of
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For a latent Alophidides’fte'devitlesistig e\ ontpaitfdtis®and methods described

herein. OLED and PLED appilications are of particular importance.

Advantages of latent doping include better storage characteristics for the
conjugated polymer, better stability, and better control over the doping process. In
addition, a basic and novel feature is that the dopant does not have to be
decomposed to be activated, When doping occurs during and/or after deposition
and solvent removal, then the processability and sdlubility of the polymer Ean be
retained and many commercial applications are better enabled. -

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows UV-Visibie data for a latent doping effect for a DDQ-DMF-Plexcore

MP system.
Figure 2 shows UV-Visible data for a latent doping effect for a TCQ-DMF-Plexcore MP

system,
Figure 3 shows UV-Visible data for a latent doping effect for a TFQ-DMF-Plexcore MP

system.

DETAILED DESCRIPTION
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MP system Figure 2 shows UV-Visible data for a |latent doping effect for a
TCQ DVF- Pl excore MP system Figure 3 shows UWV-Visible data for a | atent

- dopi ng ef f e S0at0m4ds-Q DMF- Pl excore MP  system DETAI LED JiuSi&3obildok; 4 VO
2007/ 016403 PCT/ US2006/ 029552 1. | NTRODUCTI ON & OVERVI EW Al references

cited herein are hereby |Incorporated by reference. Priority US provisional
appl i cat fon sENTBODMCTION &RVERVMIEW W iliams et al. filed August 1, 2005
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dopant, Aodust 1e2603 issintorpoeatedrtantinttydreferenben itbentirgtant does not
substantially o{ope t he polyner when fornul ated, but does substantially react
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reaction occurs. e dopant’ c five In sone ‘cohditions, 'acting as an

active sinesoleent dret fommulatedsbithet the dopant doesdiot sobstanfibllysdeparthiel can be
mani f ested by suppression of the doping reaction It% t he sol vent,

he d
sol vent / pelyyesrwken fermulated, bub daes sebstartiallygeactiwihtheinolymeacwhen ther by

sonme m xt ulre of thesedeffects. As a result, the doping reaction becones
spont aneSOVERhETCYEYdor al | of the solvent is removed. In ot her wor ds,

o s one FhsfeckvaR 1A AReH e ol o Ber i, bR B o000,
to be acformatigtiorbls dedected sorthat tontrolaveey tie dopingiregction &nekdrbdd; sothatinng
i ght to deconpose it and induce doping with a new active species. |n other
words, one stage, substantially no doping reaction occurs, but in another stage, doping
reaction occurs. The dopant can be reactive in some conditions, acting as an active
species, but not reactive in other conditions. This control can be manifested by
| suppression of the doping reaction by the solvent, solvent/polymer salvation
‘interaction, solvent dopant interaction, or by some mixture of these effects. As a
result, the doping reaction becomes spontaneous when some or all of the solvent is
removed. In other words, solvent removal can be engineered to trigger or induce
the doping reaction. In addition, in latent doping as described herein, the dopant
does not need to be éctivated by for example initially protecting It and later shining
light to decompose it and induce doping with a new active species, In other words,
precursors to the dopants do not need to be used so that a chemical reaction is
needed to activate the dopant. Rather, solvent removal can be sufficient to induce

or trigger doping.

II.  POLYMER COMPRISING CONJUGATION IN THE POLYMER BACKBONE

The polymer comprising conjugation In the polymer backbone can be one of
families of conducting polymers including, for example, unsubstituted or substituted
polythiophene, polyaniline, poly(phenylene vinylene), poly(pyrrole), polyphenylene,'
or polyacetylene. Within a particular family, substituents can be introduced as
needed to generate solubility or at Jeast high degrees of dispersabillity which for
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precursors to the dopants do not need to be used so that a chem cal reaction
Is needed to activate the dopant. Rather, solvent renoval can be sufficient
to i nduce WO20P7/48&03 dopi ng. 11. POLYMER COVPRI SI NG CONJ U@ATUSH0046/0993612IE

PCLYMER BACKBONE The pol ymer -conprising conjugation In the polynmer backbone
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2007/ 016403 | US2006/ 029552 pur poses herein functionally is not different

f r om sol t@spolymer. Rasglonp eppalymersican beisedb Black capplymersi orssegmentedonduct i ve
ol ymer I . The, pol r.can be a ono r or_h nore th one
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Skot hei nyofkd.198bkr cel Dekker, Inc., New York, 1986. Polyanilines of various

kinds are described in the literature and are described in, for exanple, US
Pat ent No. 5, Polganiines pbvaiigus kinds ang desaribeddn the diterature @nskcanedasctibed he

literature_and are d i.be ip, exanpl e, US Patent No. 4, 839, 322.
PoIy(pheWyﬁ@H@“UFﬁ?t@%géﬁeB€N9ag#%@gﬁu¥nds are described in the literature
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substituted I'ZI'ng groups in a unt genera

sol ubi | i fny fort&enaplepOSPatereNor 4)839,322) be used to pronote solubility in
| ess pol ar sol vents, whereas hydrapﬁilic si de groups can be used to pronote

sol ubi i ty | nPoly(phenylene wbylenes)sof vasious kindssaretdescribed imthe:litesattire and
oot | ondresdeseribed ok exsrple, o GRa148,”  he sol ven: system so that it Is
sutficiently ghabhfmdrst3hd Sibstfutdt'vi¥h solubilizing groups in an amount which
generates solubility, Hydrophobic side groups can be used to promote solubility In
~ less polar solvents, whereas hydrophilic side groups can be used to promote

solubility in more polar solvents. Ionic substituents can be used. The polymer
should be soluble or at least very well dispersed, so that it functions as if it were
truly soluble, in the solvent system so that it Is sufficiently stable In solution to allow
for film casting or solution processing. It is not believed to be important whether
the conducting polymer forms a true solution or a highly dispersed system. The
physical and electrical properties can be indistinguishable.

The number average molecular welght of the polymer is not particularly
limited but can be, for example, about 1,000 to about 50,000, or about 2,000 to
about 25,000, or-about 3,000 to about 20,000, The polydispersity is not particularly
limited but can be, for example, about 3 or less, or about 2 or less, or about 1.5 or
less. |

Regioregular polythiophenes are a particularly important embodiment, The
amount of regloregularity can be measured by, for example, NMR, and can be at
least 90%, at least 95%, or even at least 98% or at ieast 99%. They can be, for
example, substituted at the 3-position, the 4-position, or both. An important
example is polymers having heteroatomic substitutions. See, for example, US
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for filmcasting or solution processing. It is not believed to be I|Inportant
whet her the conducting polyner fornms a true solution or a _highly dispersed
system ThaVORMJOL8} and el ectrical properties can be InHFEﬂ%H@é@gﬁ | e.
The nunber average nol ecul ar weight of the polymer is not particularly
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flied Sg%?g&n%%r 24é,ﬁa‘2P%‘ﬂoe§f;f?@2ne Uéﬂtgggw gi"(ﬂg}ky?gg%at | Ol’l'l‘ ar?oé./“ gg‘} 12,641 to
Wi amunitt An impoitect &cmpletie poB43-[120D4rioxaockyl]thiopbenahin ambgidreguiar, t he
het eroatom Is oxygen. The substituent can include multiple heteroatons
includiﬁymvm, three, four, or five heteroatons for exanple. An inportant

Cepar ar e r o5 ol BB 07 oS e 8D B B oA S i

An i nporré@atewiﬁhhéplﬁﬂe&( %l\slloﬁ’at‘éé?ggg '8%333]?72/ descbR_RA PApdriart

regi oreguf a rm° US "Pat ent escribes preparation of block
copol ymsysthetic metiodrfor makingrdgioiegalanobthiopBeres. eMcCtitlough &b6l, 170rg.
descri bes an ingortant sigthetic met hod, f or. maki ng regi oregul ar

pol yt hi &eBhed 039002 describes synthatic methogs fon meking regioneguiat 2

descri be L c nethods for naking regioregular polythi ophenes. US
Pat ent ﬁ@h&%@bﬁ§ﬁ¢§2005/0080219, Kol l er et al, describes synthetic nethods

and testing gy paehy PUbRRAPASR05/0080219, Koller et al, describes synthetic methods
and testing for polythiophenes.
- Regioregular polythiophenes, both homopolymers and various kinds of

copolymers and terpolymers, are a particularly important example of conducting
polymers. See, for example, Katz et al., Acc. Chem, Research, 2001, 34, 359-369;
McCulIoug'h, Adi/. Mater., 1998, 10, No. 2, 93-116; McCullough et al., chapter 9 in
Handbook of Conducting Po/ymérs, 2" Ed., 1998, Moreover, polythiophenes are
further described Iin, for example, US Patent Nos, 6,872,801; 6,777,529; 6,621,099,
and 6,770,904 to Ong et al. ‘
US provisional appllcafion 60/667,065 to McCullough et al, filed April 1, 2005
describes synthetic methods which can have living characteristics and can be used to
~ prepare the polymer.
US provisional application 60/661,935 to McCullough et al, filed March 16,
2005 describes monocapped conductive polymers having alkenyl or alkynyl end
~ groups which can be used to prepare the polymer,
| - Us provlslonal application 60/661,934 to Williams et al., filed March 16, 2005,
describes copolymers which can be used as the polymer. |
The polymer can be a diblock, AB, copolymer, or a triblock, ABA, copolymer.
For example, the A block can be a non-conjugated segment, whereas the B block
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Regi or egul ar pol yt hi ophenes, bot h honmopol yners and vari ous ki nds of

~copolynmers and terpolyners, are a particularly inportant exanple of
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al koxy sgahebg useths TheldopaROeah beTareoapiodxidantrorta reduding/agenty Iticant ed, but
can be Inorganic or organic, and preferably can be organic. Chem cal

dopant s fegititate elaiten Wansighnitcan ba chafgesker uncharged. ulleean iandyganic can be
IR T e e MR
be a chaggiRativanTher dejsitfican'te R MRRecul WaIRIRbEexdmpld, IE8%han 500
g/mol, or higher molecular weight, for example, more than 500 g/mol including for
example polymeric dopants.

Organic dopants are known in the art. See for example US Patent No.
6,828,685; 5,002,700, Organic dopants include dopants having at least one carbon
atom,

The dopant can be a non-aromatic benzene derivative. It can aromatize
during a doping reaction to provide a driving force for the process. 1t can have
double ketone structure.

An important example is quinone derivatives. Examples include 2,3-dichioro-
5,6-dicyano-1,4-benzoquinone (DDQ), 2,3,5,6-tetrachloro-1,4-benzoquinone) TCQ,
2,3,5,6-tetrafluoro-1,4-benzoquinone (TFQ), 1,4-napthtoquinone (NQ), and 1,4-
benzoquinone BQ).

In addition, organic oxidants such as hypervalent lodine oxidants such as
iodosylbenzene and iodobenzene diacetate can be used.

The organic dopant can be combined with an acid dopant, Examples inciude
sulfonic acid dopants such as para-toluene sulfonic acid (pTSA) and dodecyibenzene
sulfonic acid (DDBSA).

Mixtures of dopants can be used.
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art. See for exanple US Patent No. 6, 828, 685; 5, 002, 700.

gani ¢ dopant

I ncl ude dopants having at | east one carbon atom The dopant can be a
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Strbcture. an THbEPNERE ek mricany IiBAc e solAn, Bt SonliBited o e

2, 3-di chi %Qggé?ﬁ-scgr%@_'awnl,f6h@%??ﬁﬁl§:lb[§%@vér@le@npounds, or mixtures, can be

2,3,5,6-tet

or o-

benzoqui noneée

he
S

i on

2, 3, 5, 6- t géacRcOpganid séiveatszembe ased.( Fordxanplé; atherstastershend Ad¥Rols e 1. 4-
benzoqui none BQ" In addition, organic oxidants such as hyperval ent | odi
oxi dant s beitsechs Waterd cap Ibecusesh cPalarnisolvents can decuseida cApratie solvents:carsbe.

Sl Toni ¢ GSAh GODIEAS NSHBH Haieguek S O Lol aRD<oEAdE [hsalalian be
2007] D164 PRI YR SoNER e btk RrdlerkiRaling 0 afie Bt

limted, g&uy, solvents for conjugated polyners

mul ti pl e sol vent conmpounds, or m xtures, can be used. Oganic solvents

be used. For ekxamples intlude DM, dliexaiane; miethykethyl ketone, MIBK ethylenasglycolcan
be used. Pol S ents c, be ysed. rotic, solvents can, be sed. Sol vents
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carbonate, quinoline, cyclohexanone, 1,4-dloxolane, DMSO, nitrobenzene,
chlorobenzene, and 1-methyl-2-pyrrolidinone.

V. FORMULATED SO THAT LATENT DOPANT DOES NOT SUBSTANTIALLY DOPE

The polymer, dopant, and solvent can be mixed in a variety of orders,
concentrations, and temperatures using formulation skills known in the art. The
formulated mixtures can be examined for the doping reaction immediately upon
mixing and formulation. The doping reaction can be monitored over time.

The formulator can In particular control the amounts of the polymer, dopant,
and solvent to achieve the latent doping effect for a particular system.

The amount of polymer is not particularly limited but can be, for example,
about 0.01 wt.% to about 20 wt.%, or about 0.01 wt.% to about 6 wt.%, or about
0.1 wt.% to about 3 wt.%.

The amount of dopant Is not particularly limited but can be, for example,
about 0.01 wt.% to about 6 wt.%, or about 0.1 .wt.% to about 3 wt.%.

The amount of salvent is not particularly limited but can be, for example,
about 80 wt.% to about 99,9 wt.%, or about 94 wt.% to about 99.9 wt.%, or about
96 Wt,% to about 98 wt.%.

The amounts of the polymer and the dopant can be controlled so that there is
a molar equivalent between the two, (moles conjugated polymer repeat units: moles

ne
The
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and dopants are known. One or

can



di ret hyl ether, butonitrile, cyclopentanone, cycl ohexanone, pyridine,
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wt . % Thagﬁﬁg?&o&%%gm&}w S%Qgrgel Ec(euwgq'y limted but can be, for
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t wo,

| i ugat.ed_pol t. units: nol WO 2007/ 016403
bCT) USDGE AU OB S ppRIBRO BTl ASiTHRG AREoRanEe AEEHE PRETABONDERbout 1: 1
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the pol yawrge deutral @eak tyipisaligiiocated o1 the kbl retyich, el Gadditior,Xhe (Agge 24

hours after formulation and storage at 25C, or in addition, the |atent

dopant dwestrahpeak uthe visthle:regionicpe substaptialiyndisappgarapaesalvertiremoval.
fsf L?‘;L,Zt ;f nﬂ%%o?rtleoégﬁes, %ttraSCOerf (5)0rpin§1 E’éaecrtio?loca%%/és dgtfetcgerd IJl?tr %s%ér'wt?a and
'doping does not occur. In general, substantial doping occurs when greater than 5%
of the neutral peak has disappeared and a concomitant increase of the polaronic

and/or bipolaronic peaks are observed.

VI. DOPANT DOES SUBSTANTIALLY REACT UPON SOLVENT REMOVAL

The solvent removal process is not bartlcularly limited. For example, spin
casting or drop casting can be used. Printing or patterning processes such as ink jet .
printing or role-to-role printing can be used, The parameters for spin casting are not
particularly limited. Conditions for homogeneous film formation can be selected
including, for example, filtering, and/or inert atmospheric conditions.

Films can be formed with solvent removal, The thickness of the film Is not
particularly limited. The substrate for the film is not particularly limited,

Solvent can be removed until the amount of solvent is less than about 25
wt.%, then less than about 10 wt.%, then less than about 5 wt.%, and then less
than about 1 wt.%, using the known limits for detection of residual solvent in
polymers.

UV-VIS-NIR spectroscopy can be used to detect the presence of polarons in
the near infra-red reglo‘n and bi-polaron in the far infra-red region.
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The dopi ng reaction can be nonitored by UV-VIS spectroscopy. The sol utions
can be diluted as needed to do the UWV-VIS neasurenent. One | ooks for an
absence ofw@ab@anesaoand bi - poi aron peaks and a strong absBEbAR96/01955he
neutral polymer. The conposition In Its solution state can be observed in
the UV-VIS spectrumas a |arge neutral peak, typically located in the
vi si bl e regi odheagapant cacpravlga,dopmg fauiral deast d pereentpefdbe; sitestavailable fore

region c subst anti al Ly di sappear upon_seol vent .re . In so cases, a
trace of URBIGEN FaRCORAEtYE PUNTE R eiRrAbY, At Bercelb ANGaR S not
occur. | I e°dé'l? tial doping occurs when greater than 5% of the
neut r al ngr%pﬂgagilsapggg@'ed and a concomtant increase of the polaronic

and/ or - bi pol arThei do mee preferable tas ¥l conBOBIIE GRAtIe SStRHOMTIOAR ISYcREACT
UPON SCLVENT REMOVAL heysol \I?ent renoval process is not particul ar:sz !

i mited. mare preterpbly atdeast abewt d05E/em, mmare prefarably atdeasb@bestd S/em, ori ng or
tt [ : | Nk j [ ' | e-to- I i nti
e uocq, SeR FORRErEr s Tof Sl oz leas  ILSRSE Darti cui oty Limted o

Condi tions for -honogeneous filmformation can be selected including, for
exanple, filtering, and/or inert atnospheric conditions. Filns can be forned

W t h, soMENt OteePEMbodihéntshi ckness of the filmis not particularly
limted. The substrate for the filmis not particularly limted, Solvent can

be rermoved undédditional maberals can del added tiostheaotutiondin adsition ks thewpolyimerhen

| ess t han ut .10 . %, then | ess than about wt. % and then ] ess than
wbout 1 ANOIHE JatERL opate R PRI 18RSt uic.Bol Bl Ghn HESpreSgnt lagiusing | n
pol yners A - t Y, ' t of
pol arons pPHY"‘%\%?’ Hr}IEeIEP aﬁ@r%ﬁﬁggercgémﬁg%% g-g B@Fgﬁ%nr? -{aﬁlel% gsgc?ﬁ(ﬁr a-red
regi on.  beridGorPanion 1 F6P xEFple, BONCSHNTRErsTAMB cmbe blerriednaiBy pdiynieroA ng
for at least 1 percent of the sites available for doping on the conductive
pol yner , andfar palyner BblIj morelthas ong polyroents, inanblend; the latentadoping praceseast
25% The doped | yner refler abHy t{ﬁs a conductii/ilt}{I of at |east about 10-12
S/cm  can occur for one, several, or all’of the polymers in solution.

In some cases, lower molecular weight oligomers can be used, but generally

polymers are used rather than oligomers.

VIII. Applications

Latent doping can provide improved and/or desirable properties such as, for
example, electrical conduétivltles and/or hole transport propertles.

The compositions, methods, and polymers described herein can be used in
applications and devices, methods of use, which include electroluminescent,
phbtovdltaic',‘ light emitting diodes, non-light emittlng diodes, hole injection layers,
hole transport layers, electron-transport layers, electron-injection layers, conductive
thin films, flexible conductive thin films, thin film transistors, flat panel displays,
OLEDs, PLEDs, amplifiers, solar panels, microelectronics, antistatic coatings,
cathodes in capacitors, through-hole plating, OFET's, electrochromic devices and
Sensors.

Hole injection layer applications are described in for example US provisional
appiication 60/651,211 to Sheina et al. filed February 10, 2005

Diode applications are described in US provisional application no. 60/628,202
filed November 17, 2004 to Williams et al.
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nore preferably at | east about 10°'6 S/cm nore preferably at | east about 1
S/cm or even further at least 100 S/cmor at least 1,000 S/cm VII. Oher

Enbodi nent WO8TR56#3al material s can be added to the sol RGIHRS2006/R8H2t i on
to. the polymer and the |atent dopant. For exanple, at |east two pol yner

The sol ut  onsoeaAsge R Sreriele! UF dnhlobe) Adh Rbo R BB BOARA/6% By Buiems™ =
Copo’ ¥ Tl fifed’ Séptam it Sl b0k BRI m&w‘hal apeHcation o BRI/6 2, 6k ta0r € t han

one pol yner [ at ent Ing process can occur for on

sever al , Williamisl etcl. filed Septemiber 2402604, for photovoltaiomrdosleetsolutrinescentl ecul ar
wei ght oliqpners can be used, but generally polyners are used rather than
ol i goner 8PPIgREIONS.Appl i cati ons Latent doping can provi de i nproved and/ or

desi r abl | e r ' n | i ti es and/ or
hol e t raﬁ§?@?€ﬁ%ﬁép@ﬁp?@%%L@oprﬁ%m%éugﬂr\éph%@ogﬁg’ ggﬁéfrgr@ descri bed
herein c i laQNn hpesS., nethods of use, which

i ncl ude e eégi?regl%grar!drqehsa!:gﬁﬁ' d‘egdg?b\él%‘?tag?@nw%ht emtting di odes, non-Ilight
emi tting di odEhe varbes emboediments aredurther Hlostratedanysthe follbayreg, non-limiting

el ectron-transport |ayers, electron-injection |ayers, conductive thin
films, fWORIRGEXa®PRSetive thin filnms, thin filmtransistors, flat pane

di spl ays, OLEDs, PLEDs, anplifiers, solar panels, mcroelectronics,
antistatic coatings, cathodes in capacitors, through-hole platjng, OFEr's,
electrocgﬁﬂﬁb%sdevices and sensors. Hole injection |ayer applications are
descri be or exanple US provisional application 60/651,211 to Sheina et
al. filed February 10, 2005 Di ode applications are described in US

provi si onal application no. 60/628,6202 filed Novenber 17, 2004 to WIIlians
et al . 1MatealsoRlenaere0dP mas preparibabBlertonicscing by the SRIM palymerizakion

Do boosin Heeids vk hR0 R0 e bbbl s Bordgula . 557" o7
(1,4,7-trioxaoctyl)thiophene (having methoxyethoxyethoxy- substituents). The
number average molecular weight was about 15,000, and the PDI was about 1.5.
Anhydrous DMF was purchased from Aldrich and used without further purification.
It was kept under a blanket of nitrogen during use and storage.

Ink Formulation: To 4 mL N,N-Dimethylformamide (DMF), 8 mg Plexcore MP was
added and this solution was sanicated for 30 mins. To this solution, 0.25 molar
equivalent of 2,3-Dichloro-5,6-dlcyano-1,4-benzoquinone (DDQ) was added to
produce an Ink.  The molar equivalent is with respect to the molar count of repeat
units for the polymer. DDQ was used as a doping material for Plexcore MP. 40yl of
this ink was added into a cuvette containing 3 mL DMF. The Ink in the cuvette was
analyzed via UV-VIS-NIR spectrophotometer (Varian Cary 5000 UV-VIS-IR |
Spectrophotometer). The UV-VIS-NIR spectrum showed the presence of neutral
Plexcore material in the ink. Absence of the polaron and the bi-polaron peaks
indicated that the Plexcore MP was undoped when in DMF solution.

Example 1 (drop-casting): The UV-VIS-NIR spectrum of drop casted ink on a
18mm X 18mm cover glass was compared to the UV-VIS-NIR spectrum of the ink in
solution. Results are shown in Figure 1. Prior to being drop cast on the cover glass,
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Wlliams et al. filed Septenber 24, 2004, for photovoltaic and
el ectrol um nescent applications. US Patent No. 6,602,974 and US Pat ent

Publ i cat i oWw0200/d104030219, Kol ler et al, describes additip@TAiS2006@39558levi ces,
and applications. The -various enbodi ments are further illustrated by the

following, non-limting working exanples. Exanples Materials. Plexcore M

was preputeadkmasﬁfltaaredcthrwghaoms imjcroh #TERIfltep &b emsurezikomogenemishfilch (see US
Patent No. 6,166,172). The polyner was reglore

(1,4, 7- uormableaﬁhmsﬁlveﬁhwaé adlﬁwedrtg %pwﬁ@énacth%ﬂrﬁ@l%weﬁmsdmms) The

b ARSI S8 ot By et el Brediied B Rbontp AR’ - °

purific 1 tyhaf
St or age. T e B o P R T T SR MM crccor e
MP was clestbdingicatedhitise abserndecof themesitral Pieixeoref MP il Ghervisible Fegibhipsowngut i on,

0.25 nol ar ~ equi val ent_of 2, 3-Di chl oro-5, 6-dl c%/ano 1, 4- benzoqui none

was addeiiat the plexgoreMBwasdopechwhepidiep sash wikh &IF as tmzsﬁlveetsp@dm t he
nmol ar coun of I r t he polyner. DDQ was used as a doping
mat eri al a5 @Péﬁﬁg’?%teﬁ}gp@%ﬁ this ink was added into a cuvette
containing 3 nL DMF. The ink in the cuvette was analyzed via UV-VIS-NR

spectrophot oneter (Varian Cary 5000 UV-VIS-I R Spectrophotoneter). The

UV- VI S- NBXansiple (spin sastw@ tThe shoveeink svast sphe castadntoR eleanr2einadhe2 imdh i n t he
| nk. Absence of the aron and the bi-pol aron peaks .indjcated that the
Pl excor egIRss swhst ﬁb;ejsmna}ng $PESFWaBUR T, fOEgaﬁqspadifQﬂQ\i‘ff—dz%ZO%) The

compar ed P m“‘“h}gelﬁs%"@éﬁréi eda%@ﬁerf L
2007/ 01 SH55ABRAPISL et flsde tAoRe [ PRAGT, T FRCEfrd o ¥he b, (ron

PTFE fi | dubstrate, dikethe Speargenefotine dovbnglass rfmum the drap+eastcexaenple showed | owed
to evaporate and the filmall owed to dry.
the presence of a polaron peak in the mfra-red reglon and the bi-polaron in the far
infra red with the absence of neutral Plexcore MP in the visible region. The spectra
generated by drop casting and spin casting indicate that the Plexcore MP is doped in

the solid state and the spectrum of the ink in the solution form showed that the

Plexcore MP is undoped when dissolved in DMF.

In addition to Examples 1 and 2, similar experiments have been carried out
with the inks made from Plexcore MP and DMF and doped with Tetrachloro-p-
Benzoquinone (see Figure 2) and Tetrafluoro-p-Benzoquinone (see Figure 3). Similar
behavior was observed for Piexcore MP remaining undoped in solution form and
doped in solid state, showing the latent doping effects.
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UV-VI S-NIR spectrum of the cover glass Indicated the presence of the pol aron
in the near Infra-red region and bi-polaron peak In the far Infra-red
region. The spectrum clearly indicated the absence of the neutral Plexcore
MP in the visible region proving that the Plexcore MP was doped when drop
cast wth DVF as the solvent and DDQ as the doping material (dopant).
Exanpl e 2 (spin casting): The above ink was spin cast onto a clean 2 inch X
2 inch glass substrate. The spinning speed was 300 rpmfor 5 seconds

foll owed by 2000 rpmfor 60 s. This glass substrate was then anal yzed
through the UV-VIS-NIR spectrophotoneter.. Results are provided In Figure
1, The spectrum of the glass substrate, |like the spectrumof the cover

glass fr he drop;cast exanple showed the presence of a polaron peak in
t he infr&%&??lam&'sand the bi-polaron in the far Infra red with the

absence of neutral Plexcore. MP in the visible region. The spectra
generated by drop casting and spin casting Indicate that the Plexcore MP is
doped i n1. Aaethediof fermulatinga lateat doning compesitiomeomprsing: t he sol ution form

o Exarni o5 DR ACRRR e dpPP BaTPueng Ralaaion Bink boifer SabBRfR.,. "
i nks nade fr oprolidingcatleastrorndogavit farthe golyeserwi t h Tet rachor o- p- Benzoqui none

(see Figure 2) anpd Tetrafl uoro-p-Benzoqui none (see Figure 3). Simlar
behavi or was BGYiiRgat Ieast gnesAI¥WINY, VP 1 emai ni ng undoped I'n sol ution form and

doped in sol iy g%ﬁiﬁg rtﬁngpgf[yﬁ%r,tﬂﬂ‘é do‘['i’%ﬁgtage‘iﬁé §8|v§ﬁtf t%%fm tﬂécéfmngélsigﬁ?rr\] clai med

is: 1. Anetho Ing ala opl ng conposition co g:

provi di ngheteith dwscompasition gonsists @spentialipof tenpelymer,dhe dopahte apditherer
backbone roviding at . |legst qne dopant, for.the polyner rovi di at | east
one. ol vaaENt Bndutardih e AapaicesTol shes BRI chE HE Prbymas Wast B8 1 or m
the conpegmbb&fion %Frﬁb!&tétcﬂ?u? 88@9§b5§t9ﬂiefcfll9'3§éc§tvﬁtrﬁ%wd9rﬁéﬂ Whéh tHdhe

pol ymer, the dopant, and the solvent, and wherein the dopant does not
subst ant selvent isl sgrooveds wherginghe polimercomprisep segiotegularpaiyihiophanadhe but  does

substant bl if §R%HaaNié BopdiR, B84 WELWERTs S B1ar solvent;
wherein the amount of polymer is from about 0.01 wt.% to about 20 wt.%,
- wherein the amount of dopant is from about 0.01 wt.% to about 6 wt.%, and the amount
of solvent is from about 80 wt.% to about 99.9 wt.%., and
further comprising the step of removing solvent to form a film of doped polymer.

2. The method according to claim 1, wherein the amount of polymer is from about 0.01
wt.% to about 6 wt.%, wherein the amount of dopant is from about 0.01 wt.% to about 6

wt. %, and the amount of solvent is from about 94 wt.% to about 99.9 wt.%.

3. The method according to claim 1, wherein the composition further consists
essentially of at least one additional material.

4. The method according to claim 1, wherein the polymer has a number average
molecular weight of 2,000 to 25,000.
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solvent is renoved; wherein the polyner conprises regioregular

pol yt hi ophene, the dopant is an organic dopant, and the solvent is a polar
sol vent; wherein the amount of polymer is fromabout 0.01 wt.%to about 20
wt.% wherein the amount of dopant is fromabout 0.01 w,%to about 6 w.%
and the amount of solvent is fromabout 80 w.%to about 99.9 w. %, and
further conprising the step of renoving solvent to forma film of doped
polymer. 2. The nmethod according to claim11, wherein the anmount of polyner
is fromabout 0.01 w.% to about 6 w.% wherein the anount of dopant is
fromabout 0.01 wt.%to about 6 w.% and the anount of solvent is from
about 94 wt.%to about 99.9 wt.% 3. The nethod according to claim1,
wher ei n tg)eTheretisod a@ébramgttb@raumonwﬁran tRé pelyhierHag shurbet Sasthgene
additional material. 4. The nethod according to claim1l, wherein the pol yrner
has a nurffeleculiaewgight Oﬁﬁl@@llpé-’rom ght of 2,000 to 25,000. 14 5. The nethod
according to claim1l, wherein the polyner has a nunber average nol ecul ar
wei ght of 3,000 to 20,000. 6. The nmethod of claim1l, wherein the dopant does
Pot s :Jbst&m’l'hatd’dejhmﬂ)pfeclauhﬂ pwhgrain thel;]dupamt gbﬁaa?t substantially \tf\llgpeﬂﬂeapohrqme(r]I

ormul ati,on and storage at 7. Te t hod o im1, erein the dopant
does not fQUﬁ@Fﬁ?htﬁﬁlm'Buﬁéﬁétzef&g tefageﬁtatlzgaét thirty days after

formul ati on and storage at 50C. 15

7. The method of claim 1, wherein the dopant does not substantially dope the polymer
for at least thirty days after formulation and storage at 50°C.

156



