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METHODS OF PRODUCTION,
PURIFICATION, AND PROCESSING OF

beloW). Many methods for chemically polymerizing het

POLY(HETEROAROMATIC) BLOCK

general, chemical polymerization is carried out by the com

COPOLYMERS WITH IMPROVED
SOLUBILITY OR DISPERSABILITY

bination of a chemical oxidizing agent and one or more het

eroaromatic ICPs are knoWn to those skilled in the art. In

eroaromatic monomer(s). The polymerization is usually car
ried out in Water, a polar organic solvent, or a mixture thereof.

HoWever, the procedure leads to the formation of the oxidized
or doped form of the heteroaromatic ICP. This doped form is

CROSS-REFERENCE TO RELATED
APPLICATIONS

positively charged and retains charge-balancing anions. The
This application is a continuation-in-part of US. patent
application Ser. No. 10/234,968, ?led Sep. 3, 2002 Which
claims priority under 35 U.S.C. 1 19(e) from US. provisional

ionic nature of this material causes it to self-aggregate; the

particles formed from this aggregation become insoluble and
precipitate out of solution.
For example, McCullough has described What is knoWn as
the “ferric chloride” or “FeCl3” method of polymerizing
polythiophenes, a type of poly(heteroaromatic) ICP. This

application 60/316,607, ?led Aug. 31, 2001. Each of these
applications is incorporated by reference herein in its entirety.
STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

method involves the use of FeCl3 as the oxidant combined
With one or more thiophene monomers all dissolved and

reacted in chloroform [McCullough, R. D., Advanced Male
This invention Was made, at least inpart, With funding from
the National Science Foundation and the Department of
Defense, Contract Nos. DMI-0110105 and F49620-03-C
0065. Accordingly, the United States government has certain
rights in the invention.
BACKGROUND OF THE INVENTION

rials, 10, (1998) 93-116].
20

PEDOT (another poly(heteroaromatic) ICP)) using either fer
ric chloride or ferric nitrate in Water or in Water/acetonitrile
25

30

“spread uniformly onto carbon ?ber paper” for use as an

this ?lm other than electrochemistry [Lefebvre, M. et al.,

Chemistry ofMaZerials, 11, (1999) 262-268].
35

Intrinsically conducting polymers have been produced
chemically from a solvated mixture of monomer(s) and oxi
40

oxidized to form radical cations. These radical species couple

The formation of non-poly(heteroaromatic) ICPs as dis

persible or otherWise processable solids has been reported.
US. Pat. No. 5,567,355 (Wessling, B. et al.) reports a process
for the formation of intrinsically conducting polyaniline poW
der in the form of a dispersible dry solid. The preparation
process of this patent is speci?c to the chemistry and electro
chemistry of the aniline monomer and polymer. US. Pat. No.
4,935,164 (Wessling, B. M. et al.) reports a process for form
ing blends of ICPs in liquid therrnoplastics or solvent dis

With each other With the loss of tWo protons, forming a colva

lent bond. Doping also occurs simultaneously With polymer
ization via oxidation and results in the formation of positively

charged conducting polymer chains. This ionic character

poly(tetra?uoroethylene) in some unidenti?ed solvent; the
details of this procedure, including the solvent used are not
provided. This suspension Was treated With ultrasound and
electrode structure. No characterization Was carried out on

conducting polymers do not melt or dissolve in common
solvents, and therefore can not be processed.

dizers. The polymerization takes place as monomer units are

mixtures. The described method resulted in “deep blue poW
ders” that Were ?ltered, Washed, and dried to yield an

insoluble, intractable poWder. They also describe the forma
tion of dispersions of these poWders in 20% suspensions of

Intrinsically conducting polymers (ICP) are polymers With
extended at conjugation along the molecular backbone. Oxi
dation (p-doping) of the polymer transforms the chains from
neutral species to poly(cation)s. Macroscopically the electri
cal conductivity of these polymers increases by several orders
of magnitude upon oxidation. The delocalization of the posi
tive charges (holes) along the conjugated at electron system is
responsible for the conductivity of these materials. Because
of their extended at conjugation and poly(ionic) nature, most

Lefebvre et al. describe a method for producing poly(sty
rene sulfonate)-doped poly(3,4-ethylenedioxythiophene) or

45

causes aggregation of polymer chains, and leads to an

solved plastics. Examples reported include the use of poly
acetylene and polypyrrole as the electrically conducting ?ller
in blends, but poly-para-phenylenes and polyanilines are also

insoluble material that precipitates from solution during the
oxidative polymerization process. Overall, What results from

reported to be useful. The reported process andblends formed

the oxidative polymerization reaction is a solvent mixture of

the conductivity of the resulting blend. US. Pat. No. 5,254,
633 (Han, et al.) reports a process for preparing polyaniline
coated polymer or copolymer particles. They also report the

doped polymer precipitate, spent oxidizing agent, acid, and

from that process use a dry solid form of the ICP to improve
50

any unreacted monomer or oxidizing agent. Typically, the

intrinsically conducting polymer product is puri?ed by ?ltra

preparation of polymer-particle blends incorporating these

tion from the above mixture to a “dried” state (the terms dried,

polyaniline-coated particles to impart conducting properties

dry, drying, etc. herein are used broadly to refer generally to
removal of any organic solvent, Water and mixtures thereof to
form a solid residue or poWder) folloWed by further Washing

to the overall blend.
55

and drying of the ?ltered product.
The advantage of the oxidative chemical polymerization

“the concentration of the dispersed conductive polymers in

described above is that the polymer is obtained in its stable

doped state. High conductivity or heavy doping can provide

US. Pat. No. 5,498,761 (Wessling, B. et al.) reports a
process for the production of ICP ?lms on substrates by
coating from a “metastable dispersion”. This patent states that
the solvents can be selected Within in a very Wide range, from

the desired electronic properties in a given material, but this

almost zero (e.g. 10_5%) to over 5%”. In addition, this patent
teaches that gel formation in the ICP compositions is unde

very same process leads to a highly ionic character along the

sirable for use in forming thin ?lms.

60

polymer chains. Again, this ionic character causes aggrega
tion and precipitation of polymer chains to form an insoluble

product.
Poly(heteroaromatic) polymers are a class of ICPs made by
oxidative polymerization of heteroaromatic monomers (see

Published PCT application WO03018648 (published Mar.
65

6, 2003) and published US. patent application 20030088032
(published May 8, 2003) (Luebben et al.) report block
copolymers containing at least one block of a poly(heteroaro
matic) polymer and at least tWo blocks of a non-conjugated

US 7,687,582 B1
3

4

polymer. The chemically different blocks of the copolymer

and processing procedures, resulting in solutions or disper
sions With greatly improved stability and properties. Further
more, dispersions prepared according to this invention have

are covalently bonded to each other in an alternating fashion

through an appropriate linkage group. The poly(heteroaro

matic) polymer is an intrinsically conducting polymer (ICP)

average number particle size smaller than 50 microns, and

and When the ICP block or blocks of the block copolymer are

more preferably smaller than 5 microns and narroW particle

size distribution With polydispersity loWer than 0.5. They,

in the doped form, the block copolymer is electrically con
ducting. These applications also provide a method for the
preparation of such block copolymers comprising a ?rst step
in Which a non-conducting block of appropriate molecular

also, have good Wetting properties on glass and organic sub
strates Without the addition of binders or formulation addi

tives.

Weight is modi?ed With one or tWo linkage groups that

In the doped (conducting) state, ICPs are polyionic mol

undergo oxidative polymerization, and a second step in Which
the modi?ed non-conducting block is copolymerized With a

ecules in Which the ionic charges are delocalized over a con

ducting segment of the molecular backbone. For a p-type
conductor “holes” in the valance band of the conjugated

heteroaromatic monomer under oxidative conditions to form
a tri- or a multi-block copolymer. Tri-block copolymers are

material are delocalized, While for an n-type conductor elec

formed using non-conducting blocks that have one linkage

trons in the conduction band are delocalized. The chains are

group, While multi-block copolymers are formed using non

polycationic When they are doped through oxidation (p-dop
ing) as herein. Counter-ions (anions for p-doped polymers)

conducting blocks that have tWo linkage groups. Tri-block
copolymers have the form BAB (Where “A” is the poly(het
eroaromatic conducting block, and “B” is a non-conducting
polymeric segment), While multi-block copolymers contain a
minimum of 4 blocks (e.g. ABAB).
Published applications WO03018648 and US
20030088032 report that copolymers containing blocks of
poly(heteroaromatic) ICPs spaced by blocks of non conduct

ing polymers form ?nely-divided dispersions in organic sol

are present Within the polymeric matrix to compensate for the
20

charges on the polymer conducting segment. Counter-ions
can be organic or inorganic. Exemplary organic counter-ions
are para-toluene sulfonate and tri?ate. Exemplary inorganic
counter-ions are perchlorate and sulfate.
The present invention also provides a composition com

25

prising block copolymers that is a highly sWollen, Wet gel
state obtained by the formation of poly(heteroaromatic) block

vents, and that these dispersions can be used to cast thin ?lms.

copolymer particles under speci?c preparation and puri?ca

The block copolymers reported in these applications are

tion procedures. This intermediate gel state differs from the
?nal dispersion because it has a much higher viscosity and the
copolymer is in a higher concentration (3-20 Wt. %) than in
the dispersed state (0.2ito less than 3 .0 Wt. %). If this Wet gel
state is maintained throughout puri?cation and processing of

easier to process than the corresponding intrinsically con

ducting homopolymers. While these applications can provide
dispersions of poly(heteroaromatic) copolymers Which are
suf?ciently stable to be used in practical commercial appli
cations immediately after their preparation, the present inven
tion provides improved polymerization, puri?cation and dis
persion techniques Which result in signi?cant improvements
in shelf life and long-term stability of such dispersions Which
further promotes the commercial utility of ICP polymers.
Furthermore, dispersions prepared according to this inven

30

the copolymers, solutions or dispersions With greatly

improved stability and properties result.
Thin ?lms prepared from the dispersions of this invention
35

readily tuned over six orders of magnitude to optimally meet

tion have small average number particle size, narroW particle

size distribution, and good Wetting properties on glass and
organic substrates. Thin ?lms prepared from these disper

40

sions are uniform and electrically conducting.
There remains a signi?cant and continuing need in the art

using 3,4-ethylenedioxythiophene as the heteroaromatic
monomer.

45

mum shelf-life of 3 months is preferred) to alloW their use as

ready-to-use commercial products.
SUMMARY OF THE INVENTION
50

The present invention provides improved polymerization,
puri?cation and dispersion techniques that provide ICP poly
(heteroaromatic) block copolymers With signi?cantly
improved properties. These improved properties enable the
facile formation of stable solutions or dispersions of the poly

embodiments, the Wet gel state comprising block copolymers
has a copolymer concentration betWeen about 5 Wt. % and
55

More speci?cally, this invention provides improved copoly
60

ing copolymers made by these improved methods, and neW
puri?cation and re-dispersion techniques that alloW the
copolymer colloidal particles in a highly solvated state (or

solvent and non-aqueous solvent) throughout the puri?cation

about 13 Wt. %. In other speci?c embodiments, the Wet gel
state comprising block copolymers has a copolymer concen
tration betWeen about 7 Wt. % and 10 Wt. %.

mixtures thereof Without the need for stabilizer additives.

“Wet” state, Wherein the term Wet is used broadly herein to
refer to the presence of any solvent, including Water, aqueous

In speci?c embodiments, the Wet gel state comprising
block copolymers has a copolymer concentration greater than
2 Wt. %. In speci?c embodiments, the Wet gel state compris
ing block copolymers has a copolymer concentration greater
than 5 Wt. %. In other speci?c embodiments, the Wet gel state
comprising block copolymers has a copolymer concentration
betWeen about 3 Wt. % and about 13 Wt. %. In other speci?c

(heteroaromatic) block copolymers in non-aqueous solvents
(i.e., organic solvents), aqueous solvents, Water, or miscible
merization conditions to form copolymers of controlled
structure that are easier to disperse, the compositions contain

the needs of a given application by changing the relative
length of the copolymer blocks and/or the doping agent. Thin
?lms of this invention, also, have good adhesion properties on
organic substrates such as polycarbonate (PC) and polyeth

ylene terephthalate (PET), and good optical clarity, When

for conducting polymers that exhibit improved processability
and mechanical and physical properties, and stable forms of
solutions or dispersions that have suf?cient lifetime (a mini

are uniform With surface roughness loWer than 100 nm and
preferably loWer than 50 nm. Their surface resistivity can be

65

This Wet gel state consists of highly sWollen (solvated)
particles of poly(heteroaromatic) block copolymer in a doped
form and is produced by chemical oxidation using iron(III)
based chemical oxidants in polar aprotic solvents. Puri?ca
tion via centrifugation, stirred-cell ?ltration, dialysis, or ion
exchange chromatography alloWs the removal of impurities
(e. g., residual oxidant, etc .), While maintaining the material in
the desired Wet gel state. From the puri?ed gel, stable solu
tions or dispersions are readily formed in a variety of liquids
by dilution and processing With ultrasound or high-sheer
mixing. The speci?c methods of puri?cation described in the

US 7,687,582 B1
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present invention facilitate puri?cation and isolation of poly
(heteroaromatic) block copolymers particles in a liquid or Wet

quality. It has been discovered that the mean particle siZe of
the dispersion can be substantially decreased With the use of
either ultrasonic processing or high sheer mixing or both.
This in turn makes the dispersions more stable and thin ?lms

state.

The present invention provides an improved method for the

prepared from these dispersion have better properties includ

preparation of poly(heteroaromatic) block copolymers in

ing improved optical clarity and higher conductivity.

their doped form via oxidative chemical copolymeriZation. In
a preferred embodiment the copolymeriZation reaction is

Preferred dispersions have average number particle siZe
less than 50 microns and polydispersity less than 0.5. Most

conducted in a polar aprotic solvent or mixtures thereof and
the chemical oxidant is an iron(III) salt, a persulfate or other
chemical oxidant that is soluble in the selected solvent(s). In
a preferred embodiment the reaction solvent is acetonitrile. In

preferred dispersions have average particles siZe less than 2
microns and polydispersity of 0.3.
Ultrasound can be applied to the dispersion either by

a preferred embodiment of this invention, the copolymeriZa

immersion of the dispersion into an ultrasonic bath or by the

tion is carried out in acetonitrile and the oxidant is ferric

immersion of an ultrasonic probe (horn) directly into the

perchlorate, ferric p-toluenesulfonate, ferric tri?uoromethyl

dispersion. High sheer mixing can be accomplished either by

sulfonate, ferric sulfate, or a ferric salt of a deprotonated
organic acid. The heteroaromatic monomer and linker-modi
?ed non-conducting block may be selected from any number
of choices and ratios as described in more detail in published

the immersion of the mixing head into the dispersion or by the
How of the dispersion through a “?ow-through” cell With
mixing apparatus. Optionally, as a ?nal processing step, any

US 2003,088,032, Which is speci?cally incorporated by ref

large (non-dispersed) copolymer particles are removed from
20

erence herein in its entirety for such details of polymerization.
Additional salts, surfactants, or ionic polymers may be added
to the copolymeriZation reaction as Well. The copolymeriZa
tion reaction can be run at any temperature and for any length
of time to obtain a desired copolymeriZation product, but in a

these processed dispersions simply by ?ltering through an
appropriate (solvent resistant) ?ltration medium or glass
Wool.
The puri?cation method of this invention in Which the Wet

preferred embodiment, the copolymeriZation is conducted at

gel intermediate state is subjected to puri?cation presents the
additional advantage that the solvents used in the synthesis,

25 deg. C. for about 36 hours.
The copolymeriZation of this invention can be conducted
With the materials, reagents and intermediates for the prepa

different from each other.
The invention further provides a method for forming thin

ration ICP copolymers, particularly block copolymers,
employing branched and hyperbranched end-capping mono

25

for the Washes and in the ?nal dispersion can be the same or

30

mers that are described in concurrently ?led US. patent

application Ser. No. 10/957,325 entitled “ELECTRICALLY
CONDUCTING MATERIALS FROM BRANCHED END
CAPPING INTERMEDIATES.” The disclosure of this con

uniform and consistent thin ?lms and coatings, particularly
35

currently ?led US application is incorporated in its entirety
by reference herein.
The present invention also provides a method for the puri
?cation of the crude copolymer mixture Which results from
copolymeriZation into a Wet gel state. This puri?cation
method alloWs the collection of the doped poly(heteroaro

40

faces, indium tin oxide surfaces, semiconductor Wafers, elec

trodes, plastic surfaces, plastic ?lms, and ceramic surfaces.
The Wet gels of this invention can be used to form thin ?lm

ticles can be accomplished by centrifugation, stirred
45

impurities removed). Decanting and rinsing With appropriate
non-aqueous or aqueous solvents, Water, or a mixture thereof
50

channels, Wells, indentations, ridges, or undulations. After a
thin ?lm or coating is applied to a surface, the thin ?lm of
coating can be subjected to heat and/ or drying as is knoWn in
the art.

one or more of these methods, the Wet ICP gel is isolated and
either stored in this state for future use, or it is processed into
a solution or dispersion.

The Wet gel can also be used in blends With resins, poly
mers and elastomers to prepare conducting composites that
can be further processed or molded into a desirable shape.
55

cessing of Wet poly(hetoroaromatic) copolymer gels into a,

Other aspects, advantages, and applications of the methods
and materials of this invention Will become apparent on

stable dispersion With small particle siZe and narroW particle

revieW of the non-limiting detailed description of the inven

siZe distribution for use as a conducting ink or paint, from
Which thin conducting ?lms or patterns can be coated or

printed onto a variety of substrates using standard coating and

layers or coatings or patterned thin ?lms orpattemed coatings
on such substrates. Thin ?lms or coatings can be formed on
?at surfaces or on surfaces Which exhibit structures, such as

rated from the surrounding solution (Which contains the

The present invention also provides a method for the pro

surfaces, metal foils, ?bers, plastic ?bers, silicon surfaces,
silicon Wafers, semiconductor surfaces, mixed oxide sur

meriZation method described above. Collection of the par

results in an increasingly pure poly(hetoroaromatic) copoly
mer gel. When the desired level of purity is achieved using

over time after initial formation of the Wet gel. Thin ?lms and
coatings can be formed using the Wet gels of this invention or
its diluted form on a variety of substrates, including, among

others, glass or quartZ surfaces, glass or quartz ?bers, metal

matic) block copolymer particles formed from the copoly
?ltration, or dialysis so long as the material resulting from this
process is concentrated to the point Where it is readily sepa

?lms or coatings comprising block copolymers of this inven
tion in Which a Wet gel comprising a block copolymer is
employed directly or after dilution to form the thin ?lm or
coating. Use of the Wet gels of this invention results in more

tion, the ?gures and examples provided.
60

printing techniques. Wet poly(hetoroaromatic) copolymer

BRIEF DESCRIPTION OF THE FIGURES

gels can be processed into high quality dispersions by ?rst
diluting the gel to a desired concentration in an appropriate
polar aprotic solvent. In a preferred embodiment of this
invention, the dispersions formed in nitromethane, nitroet

FIG. 1. Is a graph illustrating optical clarity and surface

resistivity of poly(EDOT-block-EG 1098).

hane, propylene carbonate, N-methylpyrrolidone, acetoni

FIG. 2. Is a graph shoWing particle siZe and siZe distribu
tion in a nitromethane dispersion of poly(EDOT-block-EG

trile, chloroform, or mixtures thereof are of particularly high

1098) by light scattering analysis.

65
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DETAILED DESCRIPTION OF THE INVENTION

most preferably it is run at 25 deg. C. for a period of time
ranging from about 6 to about 36 hours.

Formation and gellation of intrinsically conducting poly

Production Methods:
In one aspect, this invention provides methods of produc

period so a proper and thorough means of mixing must be

ing poly(heteroaromatic) conducting block copolymers With
de?ned compositions. These improved copolymerization

tion. Proper mixing can be provided by a magnetic stirring

mer particles often occurs throughout the polymerization
provided throughout the course of the polymerization reac

methods cause the copolymer chains to groW in solution in the
form of a Well-stabilized colloidal suspension. This colloidal

bar, a mechanical stirrer, a high shear mixer, or a homog
enizer. A continuous ?oW cell may be utilized in combination
With the high shear mixer or homogenizers.
The result of polymerization is a crude reaction mixture of

suspension is stabilized by a steric stabilization mechanism
and has a narroW particle size distribution.

particles of the intrinsically conducting polymer in its doped
or conducting form, spent oxidant, acid (a side product), and

Preferred colloidal suspensions of this invention have aver

age number particle size less than 50 microns and polydis
persity less than 0.5. Most preferred dispersions have average
particles size less than 2 microns and polydispersity of 0.3.
Polymer production is carried out via oxidative co-poly

unreacted materials. For this production method to be effec
tive in terms of the present invention, the crude reaction
mixture must be kept in its liquid form. All due care must be
taken to prevent this mixture from drying.

merization of one or more heteroaromatic monomers and one

Puri?cation:

or more soft polymeric blocks that are terminated With one or

more groups that undergo oxidative polymerization. Pre
ferred heteroaromatic monomers are pyrrole, N-alkylpyrrole,

3-alkylpyrrole,

ythiophene,

thiophene,

3-alkylthiophene,

3,4-alkylenylthiophene,

20

The puri?cation methods for separating the poly(het
eroaromatic) conducting block copolymer particles from the

3-alkox

remaining mixture are another aspect of this invention. To

3,4-alkylenediox

prevent the complete drying of these particles during puri?

ythiophene, thieno[3,4-b]thiophenes and their substituted
derivatives. Especially preferred monomers are 3,4-ethylene
dioxythiophene (EDOT) and its substituted derivatives and

cation, a number of methods have been successfully applied
25

and are described separately beloW.

thieno[3,4-b]thiophene (TT) and its substituted derivatives.

The crude copolymerization mixture can be puri?ed by
centrifugation of the mixture at l00-50,000 RPM (revolu

Another preferred monomer is pyrrole and its substituted
derivatives. In a preferred embodiment of this invention

tions per minute), but more preferably at 1000 to 5000 RPM
for a period of a feW seconds to 3 hours, but yet more prefer

EDOT monomer is copolymerized With a di-EDOT termi

nated polymeric soft block. In another preferred embodiment

30

of this invention EDOT monomer is copolymerized With a

mono-EDOT terminated polymeric soft block. In another
preferred embodiment of this invention TT monomer or its
2-substituted derivatives are copolymerized With a di-EDOT

terminated polymeric soft block, a di-TT terminated poly
meric soft block, a mono-EDOT terminated polymeric soft

35

ably for 1-15 minutes. Proper centrifugation conditions must
be used to obtain the separation of tWo liquid phases (one loW
viscosity and one high viscosity) and avoid the formation of a
hard packed fraction as the bottom phase. The supernatant
liquid is decanted and contains impurities removed from the

poly(heteroaromatic) block copolymer particles. The bottom
phase is a viscous gel and contains the loosely agglomerated

ICP copolymer particles. This bottom gel phase is rinsed by

block, or a mono-TT terminated polymeric soft block. In

dilution and re-suspending in clean solvent With thorough

another preferred embodiment of this invention pyrrole

mixing. Centrifugation folloWed by decanting and rinsing is

monomer is copolymerized With a di-pyrrole or mono-pyr

role terminated polymeric soft block. The ratio betWeen the
heteroaromatic monomer (either EDOT, TT, or pyrrole) and
the oxidizable soft polymeric block in the processes of this

40

the solvent used to carry out the copolymerization reaction, or
a sequence of solvents or mixtures of solvents. In a preferred

invention is selected as knoWn in the art to achieve a desired

copolymer structure. In the preferred embodiments, the ratio
betWeen the heteroaromatic monomer (e.g., EDOT, TT, or

45

embodiment the synthesis and Washes are carried out in
acetonitrile and the ?nal dispersion is carried out in

nitromethane or propylene carbonate. In another preferred
embodiment the synthesis is carried out in acetonitrile, the
Washes in ethanol, and the dispersion in nitromethane. For a

pyrrole) and the oxidizable soft polymeric block ranges from
about 20:1 to about 1:5 by Weight.
A polymeric block is a section of a polymer formed by a
?nite number of repeat monomeric units that is bonded to one
end or both ends to a polymeric block made by monomeric
units of different structure. A “soft” polymeric block is a

repeated one or more times until the gel is of the desired

purity. The rinsing procedure may be carried out using only

given poly(heteroaromatic) conducting block copolymer
50

preparation, one of ordinary skill in the art in vieW of the
disclosure herein and What is commonly knoWn in the art can
readily select appropriate solvents or sequences of solvents to

obtain removal of undesirable impurities.

polymeric block made of a non-conjugated polymer that con
tains bonds around Which free rotation of the molecular back

Elemental analysis (Huffman Laboratories) has con?rmed

bone of the polymeric block itself can occur at or near room 55 the effectiveness of this puri?cation method in terms of reduc

temperature. As is Well knoW in the art bonds that alloW free

ing the iron content (from spent and unreacted oxidant) of the

rotation at or near room temperature includes CiC4C,

poly(heteroaromatic) conducting block copolymer particles

CADiC, CiS%, SiADiSi, CiNRiC, etc.

as a function of the number of centrifugal rinses (see Example
7). For this method to be effective in terms of the present

In a preferred embodiment of this invention the polymer
ization reaction is carried out in polar aprotic solvents such as

60

invention, the puri?ed poly(heteroaromatic) copolymer par

acetonitrile and in the presence of a chemical oxidant such as
an iron (III) salt or a persulfate. Preferred oxidants are ferric

ticles must be kept in a Wet gel form or immediately diluted
With fresh solvent. All due care must be taken to prevent this

perchlorate, ferric p-toluenesulfonate, ferric tri?ate, or ferric

puri?ed material from drying.

sulfate. The rate of reaction can be controlled via the tem
perature. The copolymerization reaction is run at a tempera

ture comprised from —80 deg C. and 160 deg C. for a length of
time comprised from about 15 minutes to about 96 hours, but

In a preferred embodiment of this invention the concentra
65

tion of spent oxidant (for example iron) in the puri?ed gel
must be loWer than 100 ppm. In the most preferred embodi
ment must be loWer than 20 ppm.
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Filtration can also be used to purify the crude reaction

diluted With fresh solvent. All due care must be taken to

prevent this puri?ed material from drying.
The crude polymerization mixture can be puri?ed by dialy

product if the poly(heteroaromatic) conducting block copoly
mer particles are maintained in a Wet solvated state through
out the process. This Wet ?ltration process offers an added

sis using a solvent resistant dialysis membrane, capsule, or
cassette (Fisher). The appropriate pore size (often described
as a molecular Weight cutoff in dialysis products) is readily
determined experimentally for each poly(heteroaromatic)
conducting block copolymer material prior to carrying out the
procedure. It has been found that loW molecular Weight cutoff

advantage over the centrifugation procedure, since it enables
puri?cation in a continuous mode (rather then by subsequent
steps) and can be conducted on a much larger scale (i.e.

capacity is not limited by maximum centrifuge capacity).
The practice of this inventive process can be carried out

dialysis membranes (in the range of but not limited to 400
4000 AMU) are most appropriate for the present invention.
The puri?cation procedure is as folloWs.
Solvent resistant dialysis tubing is cut to an appropriate
length and sealed at one end. This is then ?lled With the crude
polymerization mixture and sealed at the remaining end.
Alternatively, a solvent resistant dialysis capsule or cassette
can be ?lled With the crude polymerization mixture by appro
priate means. This entire enclosure is then immersed in clean
solvent(s) of an appropriate volume and contained in a suit

using any ?ltration apparatus With appropriate pore size and
?ltration medium (solvent resistant) as long as neW rinse
solvent is added (continuously or in batches) to the ?ltrate so
the latter is not alloWed to dry. HoWever, it has been found that
the use of mechanical or magnetic stirring during ?ltration

greatly helps to prevent concentration, polarization and clog
ging of the ?ltration medium. In addition the application of
pressure (or vacuum) can be used to speed up the ?ltration
process.
Pore size of the ?ltration medium is selected based on the
particle size of the poly(heteroaromatic) copolymer so as to

20

prevent the loss of product, yet alloWing adequate ?ltrate

to dialyze for a little as a feW minutes, but more typically is

How. This is readily determined empirically for each type of
material and typically varies over the range of 500 microns to
0.1 micron pore diameter, but more preferably ranges from
50-02 micron. As is knoWn in the art, the ?ltration medium is
selected based on the solvents to be used and it has been found

that glass, ?uoro-polymers, and nylon are adequate for the
solvents and solvent mixtures typically used.
The actual ?ltration puri?cation procedure is exempli?ed
herein using a solvent resistant stirred-?ltration cell (Milli
pore) ?tted With an appropriate ?ltration membrane. The
procedure is as folloWs. The crude polymerization mixture is
poured into the apparatus and alloWed to ?lter With stirring
under gravity or applied pressure (up to 80 psi of an inert gas
or compressed air) just until a concentrated gel of poly(het

dialyzed for 10-18 hours. Rinsing is carried out by replacing
25

exchange of solvents through the dialysis membrane. The
How rate, pressure, and immersion time are adjusted or the
30

is reached, at Which point the rinsed poly(heteroaromatic)
removed from the dialysis enclosure and concentrated to a
Wet gel via one of the methods described above. Many con
35

The puri?cation of the crude reaction product can also be

carried out by ion exchange chromatography Without the
40

accomplished by adding subsequent volumes of clean solvent
With stirring While stopping the How of the ?ltrate until the gel
is properly re-suspended in the solvent, at Which point the
How of ?ltrate is alloWed to proceed until again a concentrated

above or functional equivalents thereof can be combined as

Will be readily appreciated by one of ordinary skill in the art
50

Alternatively, rinsing can be accomplished in a stirred cell

Processing:
55

The concentrated poly(heteroaromatic) conducting block
copolymer particle gels (Wet gels) obtained from any of the

60

methods described above typically contain 2-13 Wt. % solids,
yet are highly viscous. The gels have been found to be a
particularly convenient form in Which to store these materials
in so long as they are not permitted to signi?cantly further
concentrate or dry out. In this form the poly(heteroaromatic)

the reservoir and into the stirred cell at a rate that is equal to
the rate of ?ltration. This is often referred to as dia?ltration by

conducting block copolymer particles retain their conductiv
ity and ability to be further processed into stable dispersions.
Aggregation of the poly(heteroaromatic) conducting block

volume of rinse solvent(s) is controlled so as to yield the

desired level of purity. A concentrated gel of poly(heteroaro
matic) conducting block copolymer particles is obtained in a
?nal step by disconnecting the solvent reservoir and applying
pressure directly to the stirred cell. For this method to be

effective in terms of the present invention, the puri?ed ICP
particles must be kept in a Wet gel form or immediately

to achieve a desired puri?cation state of a polymerization

product for a given application.

by a constant How of rinse solvent(s) contained in an appro

those in the art. With the poly(heteroaromatic) conducting
block copolymer particle mixture under constant stirring dur
ing this process, soluble impurities are Washed aWay. The

ionic ion exchange columns for removal of undesired impu
rities from a given crude reaction product.
Any one or more of the puri?cation steps described herein

puri?ed poly(heteroaromatic) ICP particles must be kept in a

priate reservoir to Which pressure is applied (instead of the
stirred cell directly). Solvent(s) under pressure ?oWs out of

need for concentrating the material to the gel state. A
sequence of appropriate cationic and anionic columns is used
to remove spent oxidants and its counterions. One of ordinary
skill in the art, in vieW of this disclosure and in vieW of What
is commonly knoWn in the art can select anionic and/or cat

45

can be repeated until the desired purity is achieved. For this
method to be effective in terms of the present invention, the

drying.

tinuous dialysis methods are knoWn in the industry (for
example in medical applications) and could be applied to this
process.

ture can be subsequently added until an appropriate volume of

Wet gel form or immediately diluted With fresh solvent. All
due care must be taken to prevent this puri?ed material from

number of rinses are repeated until the desired level of purity

conducting block copolymer particle dispersion can be

eroaromatic) conducting block copolymer particles is

gel of poly(heteroaromatic) ICP particles is obtained. This

the dialyzed solvent With a fresh volume of clean solvent and
alloWing dialysis to proceed. Rinsing can also be accom

plished continuously by applying a How of fresh solvent to the
rinsing vessel. Pressure may also be applied to speed up the

formed. Additional volumes of the crude polymerization mix
gel is obtained Within the ?ltration cell. Rinsing can be

ably shaped and sized container to alloW complete immersion
of the dialysis enclosure. The immersed enclosure is alloWed

65

copolymer particles from this Wet gel state has been found to
be reversible using the proper processing methods.
In another aspect the invention provides a method of form

ing stable liquid dispersions. These dispersions may be useful
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for the direct coating of conducting ?lms on various sub

ParlA, Plenum Press, NeWYork (1990) p. 531]. Atoms other
than a carbon (heteroatoms) include nitrogen, sulfur, oxygen,

strates. Liquid dispersions can be prepared by diluting the

poly(heteroaromatic) conducting block copolymer particle

selenium and tellurium. Heteroaromatic monomers comprise

gel With an appropriate solvent or mixture of solvents to a
desired concentration. This concentration is can be in the
range of about 0. 1 -up to about 3.0 Wt. % poly(heteroaromatic)

pyrroles, thiophenes, selenophenes tellurophenes, furans,
indoles, isoinoles, isothianaphthalenes, pyridines, pyrim
idines, pyraZines, thienothiophenes, triaZines, thiaZoles, imi
daZoles, quinolines, isoquinolines, benZimidaZoles, thiaZ
oles,
triaZoles,
oxidiaZoles,
benZopyrrolines,
dithienobenZene,
thianaphtene,
carbaZoles,
ben
Zothiophenes, isobenZothiophenes, benZofurans, isobenZo
furans, isoindolines, isobenZoselenophenes isobenZotel

conducting block copolymer particles. More preferable con
centrations range from 02-15% Wt. Treating these dilute

mixtures With ultrasound produces high quality stable disper
sions. Although bath sonication is adequate for this purpose,
it has been found that high-poWered pieZo horn sonicators are
the most effective at achieving the best dispersion properties.

lurophenes, their substituted derivatives, or mixtures thereof.

High-sheer mixing is also a preferred method to produce high
quality, stable dispersions of poly(heteroaromatic) conduct
ing block copolymers. A dilute dispersion after being ultra

Some heteroaromatic monomers and their substituted
derivatives of this invention are illustrated in Formula 1.

sonically processed in the described manner may be concen
trated by any means back to a viscous form to be used, for
example, as an ink for various printing methods or to be

Heteroaromatic monomers

blended With another viscous material or solid (e.g. rheology
modi?er, Which are knoWn in the art, rubbers, adhesives, or
thermoplastics). Diluted dispersions can be stored for several
months Without a change in their properties. Limited settling
of the particles may occur, but settled particles can be readily

re-dispersed by mixing or ultrasound processing. Diluted dis
persions may be further ?ltered before use through loosely

Formula 1
20

R2

Where R, R1 or R2 are selected independently of one
another and may be the same or different groups including
30

tomers.

Wet gels formed by the method of this invention can be

employed to generate colloidal suspensions Which exhibit
number average particle siZe of less than about 10 microns as
measured in the Wet sWollen state by laser scattering as is

35

can be optionally substituted, or R1 and R2 together form an
40

include one or more heteroatoms, including nitrogen, oxy

45

mined by measuring the surface roughness of a dry ?lm spin
coated on ?oat glass by atomic force microscopy in contact
mode With SiN tip as is knoWn in the art. Colloidal suspen
50

?lm spin coated on ?oat glass by atomic force microscopy.

can also be an oligomeric or polymeric chain made by repeat
ing one or more monomers, including among others-glycols,

ethers, ?uoroethers, ole?ns, ?uoroole?ns, acrylates and
methacrylates, vinyl compounds, alkynes, esters, amino
acids, lactones and lactams, polyols, urethanes, epoxies,
hydroxyacids, dienes, polyenes, chloroole?ns, diols,
diamines, and polyamines. In speci?c embodiments, R1 and
R2 together form an alkylene, alkenylene, alkenyloxy, alk
enyldioxy, alkynyloxy, alkynyldioxy chain that completes a

eters as determined by the same method.

Wet gels formed by the method of this invention can be
employed to generate a colloidal suspension that has number
average particle siZe equal or less than 1 micron and particle
siZe distribution (polydispersity index) less than 0.3 as mea
sured in the Wet sWollen state by laser scattering, and Which
exhibits number average particle siZe less then 40 nanometers
as determined by measuring the surface roughness of a dry

alkynyldioxy chain that completes a 3-, 4-, 5-, 6-, 7- or
8-membered alicyclic or aromatic ring Which can optionally

gen, sulfur, phosphorous, selenium, tellurium, or silicon and
Wherein the ring formed is optionally substituted. R, R1 or R2

sWollen state by laser scattering.

sions formed form Wet gets of this invention preferably
exhibit number average particle siZe of less then 50 nanom

aryl, alkylaryl, arylalkyl, aryloxy, amino, alkylamino, dialky
lamino, alkylcarbonylamino, alkylsul?nyl, aryloxyalkyl,
alkoxylalkyl, polyetheralkyl, phosphate, phosphite, phos
phine, hydroxyl, cyano, sulfonate, alkylsulfonate, arylsul
fonate, alkylsulfate, arylsulfate, nitro, alkylsilane, arylsilane,
alkylene, alkenylene, alkenyloxy, alkenyldioxy, alkynyloxy,

equal or less than 1 micron and particle siZe distribution
(polydispersity index) less than 1 as measured in the Wet
Wet gels formed by the method of this invention can be
employed to generate a colloidal suspension Which exhibits
number average particle siZe of less then 0.5 micron as deter

hydrogen, deuterium, halogens, alkyl, ?uoroalkyl, haloge
nated alkyl, alkenyl, alkoxy, carboxylate, alkylcarbonyl,
alkanoyl, alkylthio, mercapto, cycloalkoxy, alkenyldioxy,

Wherein any of the listed groups that can carry substituents

knoWn in the art. Colloidal suspensions formedusing Wet gels
preferably exhibit particle siZe of less than 2 microns as

measured by this method. Colloidal suspensions formed
using Wet gels preferably exhibit number average particle siZe

EX

25

agglomerated glass Wool or a proper ?ltration medium to
remove a small fraction (less than 15% Wt. of the original
solid content of the dispersion, and more preferably less than

5% Wt.) of larger particles. Preferred ?ltration media include
?lters made of nylon, polyethylene, polypropylene, ter
tra?uoroethylene and other ?uorinated polymers and elas

R1

3-, 4-, 5-, 6-, 7- or 8-membered alicyclic or aromatic ring
55

Which can optionally include one or more heteroatoms,

including nitrogen, oxygen, or sulfur.
Substituents for optional substitution of the groups herein
can include any and all non-hydrogen functional groups that
are stable to polymeriZation conditions and Which do not
60

disrupt the polymerization reaction. Optional substituents

65

rine, alkyl groups, alkenyl groups, alkynyl groups, aryl
groups, phenyl groups, benZyl groups, ?uoroalkyl groups,
?uoroaryl groups, ?uorophenyl groups, ?uorobenZyl groups,
per?uorinated alkyl groups; per?uorinated aryl groups, per

speci?cally can be selected from halogens, particularly ?uo
DEFINITIONS
A heteroaromatic monomer is an aromatic compound con

taining a heteroatom in the conjugated ring system and is
isoelectronic With the original aromatic hydrocarbon [F.

Carey, R. Sundberg,Advanced Organic Chemistry, Third Ed.,

?uorinated phenyl groups, alkoxy groups, nitro groups, cyano
groups, isocyano groups, thiocyano groups, amino groups

US 7,687,582 B1
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(NH2 or NR2, Where R is de?ned above), ester groups, acyl
groups, ether groups, polyether groups, thioether groups,
thiol groups, azide groups, carboxylate groups alkylcarbonyl

lenes, phosphorous containing compounds, thiols, and other
species that undergo oxidation.
The linkage group is bonded to the non-conducting poly
mer during the ?rst step of the synthesis, preferably through a

groups, alkanoyl groups, alkylthio, cycloalkoxy, alkenyl

dioxy, aryl, alkylaryl, arylalkyl, aryloxy, amino, alkylamino,
dialkylamino, alkylcarbonylamino, alkylsul?nyl, aryloxy
alkyl, alkoxylalkyl, polyetheralkyl, phosphate, phosphite,
phosphine, hydroxyl, sulfonate, alkylsulfonate, arylsul

covalent bond. The covalent bond betWeen the non-conduct
ing block and the linkage group may be an ester, thioester,

amide, ether, thioether, amino, carbon-carbon, sulfonic ester,

fonate, alkylsulfate, arylsulfate, alkylsilane, and arylsilane. It

sulfonamide, phosphate ester, anhydride, urea, urethane, car
bonate, imine, imide, thiocarbonate, thiourethane or thiourea

is understood that certain substituent groups may be reactive
under polymerization conditions, in this case one of ordinary
skill in the art can select protective groups Which Will prevent
reaction at those reactive sub stituents under the conditions of

conducting block a 3,4-ethylenedioxythiophene unit is

linkage. In a preferred embodiment of this invention the non
reacted With n-butyllithum to form a carbanion and this spe

cies is linked to conducting block via ring opening of an

the polymerization reaction. Appropriately protected sub

epoxy ring (see Example 1).

stituent groups can be employed in the intermediates and

The modi?ed non-conducting block (With one or more

other materials of this invention. In speci?c embodiments,

terminal linkage groups) is then copolymerized With one or
more heteroaromatic monomers (second step of the synthe
sis). Copolymerization occurs by chemical or electrochemi

substituents include one or more ?uorines, one or more alkyl

groups (particularly small alkyl groups having 1-6 carbon

atoms).
The poly(heteroaromatic) blocks comprise polymers made

20

Preferred block copolymers of this invention are dispers
ible in selected solvents to facilitate processing of the copoly

by polymerization of one or more heteroaromatic monomers,

particularly those listed above. The conducting sections of the

mers. A fully dispersible material is a material that forms a

conducting block copolymers of this invention preferably

stable suspension of droplets, micelles, or colloidal particles

have 3 or more polymerized monomers (n:3 or more in

certain formulas herein). In more preferred embodiments, the
conducting sections have 8 or more repeating units (i.e.,
monomer units). Block copolymers of this invention also
include those having from 5 to about 500 monomers, those
having 5 to about 100 monomer units and those having 5 to

25

about 50 monomer units. In each case the conducting sections

30

can contain one or more different monomer units, but pre

ferred block copolymers have conducting sections in Which
all of the monomers are the same. Conducting blocks con
taining one or more selected heteroaromatic monomers can

be combined by the methods herein to form block copolymers

35

With conducting blocks that contain one or more different
selected heteroaromatic monomer.

The non-conducting sections of the block copolymers of

this invention include, among others, polyethers, poly(?uo

roethers), polyglycols, polyacetals, polyole?ns, polystyrene

40

roole?ns, polychloro?uoroole?ns, polysiloxanes, polyesters,
polybromoesters, natural and synthetic rubbers (vulcanized
or un-vulcanized), polyacids, polycarbonates, polyanhy
vinyl polymers and polymers derived from the polymeriza
tion of unsaturated monomers, polyacrylates and poly
50

polypeptides, and other biomolecules and combinations and

copolymers thereof.
The molecular Weight of the block copolymer preferably

55

six months, Will exhibit a difference of less than 50% differ

ence in surface resistivity compared to thin ?lms prepared
from a freshly made sample of the same dispersion. Thin ?lms
formed, for example, by spin-coating on glass, from more
preferred dispersions of this invention stored for up to six

block copolymers of this invention contain 1 to about 100
60

months, Will exhibit a difference of less than 25% difference

in surface resistivity compared to thin ?lms prepared from a
freshly made sample of the same dispersion. Most preferred
dispersions can be used freshly after production or after up to
six months of storage to produce thin ?lms Which exhibit less

The non-conducting block B is modi?ed at one end or at

both ends With a linkage group that undergoes oxidation
under the conditions used to polymerize the heteroaromatic
monomer. Linkage groups include among others aliphatic

bonyl compounds, quinones, halogenated compounds, acety

stored for up to six months, for example, by spin-coating on
glass, Will exhibit less than a 10% difference in optical trans
mittance over the visible spectrum compared to thin ?lms
prepared from a freshly made sample of the same dispersion.

Thin ?lms formed, for example, by spin-coating on glass,

preferred embodiments the non-conducting blocks (B) of the

acids, aromatic amino groups, phenols, substituted
thiophenes, pyrroles, furan species and their derivatives, car

Preferably the material does not precipitate or separate out of
the liquid medium Within a one-month period after the dis
persion is formed, but more preferably after a 3-month period
and yet more preferably after a 6-month period.
ICP dispersions of this invention exhibit increased useful
shelf-life and provide increased product consistency over that
lifetime. For example, ?lms and coatings formed from dis
persions of this invention that have been stored for up to six
months exhibit non-substantial differences in optical proper

from preferred dispersions of this invention stored for up to

ranges from 40 Daltons to about 1 million Daltons. In more

repeating units and the conducting block/s (A) contain 3 to
about 500 repeating units.

more preferably betWeen 0.2 and 1.5 Wt. %. The droplets,
micelles or colloidal particles are stable under the force of
gravity and the dispersed material does not precipitate or
separate out of the liquid medium over a time period that
signi?cantly interferes With the use of the dispersed material.

exhibit less than a 20% difference in optical transmittance
over the visible spectrum compared to thin ?lms prepared
from a freshly made sample of the same dispersion. Thin ?lms
formed from more preferred dispersions of this invention

drides, polysul?des, polyamides, polyamines, polyimides,

polyurethanes, epoxies, cellulose and its derivatives, starch
and its derivatives, other natural occurring polymers,

in a liquid medium such as Water, an organic solvent or a
mixture thereof at a concentration of at least 0.1% Wt., but

ties and electrical conductivity compared to ?lms and coating
formed from freshly made dispersions. Thin ?lms formed
from preferred dispersions of this invention stored for up to
six months, for example, by spin-coating on glass, Will

and its copolymers, poly?uoroole?ns, polyoxides, polychlo

methacrylates, polyacrylonitriles and its copolymers, polyb
utadiene and its copolymers, alkyds, polyalcohols,

cal oxidation of the monomers.

65

than about a 5% difference in optical transmittance as de?ned
above and less than about a 10% difference in surface resis
tivity as de?ned above.
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the concentration of the poly(heteroaromatic) block copoly

Thin ?lms and coatings on substrates are prepared from the

dispersions of this invention employing conventional meth
ods. For example, spin-coating methods can be employed. In

mer ranges betWeen about 3 and about 20 Wt. % and the

viscosity of the mixture is such that free ?oWing does not

preferred methods for preparation of thin-?lms and coatings,
and for other applications of the dispersions herein, the dis
persions are treated by ultrasonication and ?ltered through
loosely agglomerated glass Wool just prior to their use.

occur at room temperature and in the absence of shear.

When a group of substituents is disclosed herein, it is
understood that all individual members of those groups and

all subgroups, including any isomers and enantiomers of the
group members, and classes of compounds that canbe formed

A material is dispersible in a liquid medium if it substan
tially disperses.As used herein the term “dispersible” encom

using the substituents are disclosed separately. When a
Markush group or other grouping is used herein, all indi
vidual members of the group and all combinations and sub
combinations possible of the group are intended to be indi
vidually included in the disclosure. When a compound is
described herein such that a particular isomer or enantiomer
of the compound is not speci?ed, for example, in a formula or
in a chemical name, that description is intended to include
each isomers and enantiomer of the compound described
individual or in any combination. It Will be understood that
for any chemical species of this invention, any stable or radio

passes materials Where small amounts of the material may not

disperse in the selected liquid medium, but Wherein the
amount of material that does not disperse does not signi?
cantly interfere With processability of the material or the use

or application of the dispersion. A ?ltering step can be option

ally employed to remove undesirably large non-dispersed
particles from dispersions.
Chemical polymerization can be performed in the presence
of an oxidizing agent comprising one or more of the folloW

ing: hydrogen peroxide; organic or inorganic peroxides; per

sulfates; peracids; peroxyacids; hypobromite; bromates;

20

hypochlorite; chlorates; perchlorates; periodates; organic or
inorganic salts of iron (III), chromium (IV), chromium (VI),

intended to be included in the invention. One or more hydro
gens, for example, can be replaced With deuterium or tritium.
One or more atoms in the chemical species may be enriched
in any stable or radioactive isotope of that atom. Radioac

manganese (VII), manganese (V), manganese (IV), vana

dium (V), osmium (VIII), ruthenium (IV), mercury (II), cop
per (II), lead (IV), molybdenum (VI); gases such as oxygen,

active isotopic form of that species, unless otherWise stated, is

25

ozone, chlorine, bromine, SO2, SO3, NO2; organic oxidants

tively-labeled or isotopically-labeled species may be
employed in tracing studies, and in other scienti?c research.

such as formic acid, oxalic acid, oxalyl chloride, acetic anhy

Speci?c names of compounds are intended to be exemplary,

dride, tri?uoroacetic anhydride, and substituted or unsubsti

as it is knoWn that one of ordinary skill in the art can name the

tuted quinones. Preferred oxidizing agents of this invention
are iron(III) salts such as ferric perchlorate, feric paratoluen
sulfonate, and ferric tri?ate.
The polymerization reaction is carried out in a solvent or
mixture of solvents Which can include Water, alcohols, gly

cols, alkoxyalcohols, ketones, esters, linear and cyclic ethers,
alkoxyethers, chlorinated solvents, carbonates, nitrites,

same compounds differently. Every formulation or combina
30

tion of components described or exempli?ed herein can be

used to practice the invention, unless otherWise stated. When
ever a range is given in the speci?cation, for example, a

35

temperature range, a time range, or a composition range, all
intermediate ranges and subranges, as Well as all individual
values included in the ranges given are intended to be

amides, sulfoxides, hydrocarbon and aromatic solvents and

included in the disclosure.

mixtures thereof. Preferred solvent mixtures are those in
Which the components of the mixture at the amounts at Which
they are combined are miscible. Preferred polymerization
solvents of this invention are polar aprotic solvents or mix

are indicative of the levels of skill of those skilled in the art to
Which the invention pertains. References cited herein are

All patents and publications mentioned in the speci?cation
40

incorporated by reference herein in their entirety to indicate

tures of such solvents, including, among others, acetonitrile,

the state of the art as of their ?ling date and it is intended that

propionitrile, benzonitrile, nitromethane, nitroethane,
acetone, methylethylketone, chloroform, dimethylsulfoxide,

this information can be employed herein, if needed, to
exclude speci?c embodiments that are in the prior art. For
example, When a compound is claimed, it should be under
stood that compounds knoWn in the art including the com
pounds disclosed in the references disclosed herein are not

N,N-dimethylformamide, N-methylpyrrolidone, or propy
lene carbonate. A more preferred solvent is acetonitrile.
The polymerization is typically carried out at a temperature

45

betWeen —80 deg C. and the boiling point of the solvent used.

intended to be included in the claim.

Polymerization conditions can be controlled to control the
size of polymers formed as is known in the art. Polymeriza
tion may be carried out in the presence of an organic or

As used herein, “comprising” is synonymous With “includ
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele
ments or method steps. As used herein, “consisting of’
excludes any element, step, or ingredient not speci?ed in the

50

inorganic acid or salts, thereof.

The copolymerization reaction (step tWo of the synthesis)
is preferably carried out With molecular oxygen, ozone, a

claim element. As used herein, “consisting essentially of”

peroxide, hydrogen peroxide, a persulfate or an iron(III) salt.
Preferably an organic acid or its salt is present during the

does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. In each

55

polymerization. Preferred organic acids include para-tolu

instance herein any of the terms “comprising”, “consisting
essentially of’ and “consisting of” may be replaced With

enesulfonic acid, dodecylbezensulfonic acid, poly(styrene
sulfonic acid), di-nonylnaphtalenesulfonic acid, and mon
and dialkyl sulfosuccinates. Preferred solvents for the copo

lymerization are Water, butanol, pentanol, ethoxyethanol,

either of the other tWo terms.

The invention illustratively described herein suitably may
60

butoxyethanol, acetonitrile, propionitrile, chloroform, THF,
acetone, methylethylketone, propylene carbonate, N-meth

One of ordinary skill in the art Will appreciate that starting

materials, reagents, solid substrates, synthetic methods, puri

ylpyrrolidone, nitromethane, and mixtures thereof. Preferred
reaction temperature is betWeen —20 deg C. and 80 deg C.
A Wet gel according to this invention is a mixture of a ICP
copolymer and a solvent, and more speci?cally a mixture of a

poly(heteroaromatic) block copolymer and a solvent, Where

be practiced in the absence of any element or elements, limi
tation or limitations Which is not speci?cally disclosed herein.

65

?cation methods, and analytical methods other than those
speci?cally exempli?ed can be employed in the practice of
the invention Without resort to undue experimentation. All
art-knoWn functional equivalents, of any such materials and
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methods are intended to be included in this invention. The
terms and expressions Which have been employed are used as
terms of description and not of limitation, and there is no
intention in the use of such terms and expressions of exclud

ing any equivalents of the features shoWn and described or

-continued
Denacol 861
5

portions thereof, but it is recognized that various modi?ca
tions are possible Within the scope of the invention claimed.

Thus, it should be understood that although the present inven
tion has been speci?cally disclosed by preferred embodi
ments and optional features, modi?cation and variation of the
concepts herein disclosed may be resorted to by those skilled

A/OMO/LW

-5° C., RT. 2hrs

10

O

O

in the art, and that such modi?cations and variations are
considered to be Within the scope of this invention as de?ned

O

OH

by the appended claims.

OM

All references cited herein are hereby incorporated by ref
erence to the extent that there is no inconsistency With the

O

O 22

OH

disclosure of this speci?cation. Some references provided
herein are incorporated by reference to provide details con

cerning sources of starting materials, additional starting
materials, additional reagents, additional methods of synthe

3,4-Ethylenedioxythiophene (EDOT, 7.15 g, 0.05 mol, 1
20

sis, additional methods of analysis and additional uses of the
invention.

eq) in 150 mL of tetrahydrofuran (THF) Was added to an oven
dried 3-neck round bottom ?ask and cooled in an isopro

panol/liquid nitrogen bath. An oven dried glass syringe Was
?ashed With argon until cool, then used to transfer 20 mL of

EXAMPLES
25

Example 1

2.5 M n-butyllithium (0.05 mol, 1 eq) to the stirring solution,
the color of Which changed to pale yelloW after the addition of
n-butyllithium. The stirred mixture Was alloWed to Warm up

Production and Puri?cation of poly(EDOT-block-EG

to —10 deg.C. MeanWhile, Denacol 861 (Nagase Corporation,

1098) (ABAB-Type Multi-Block Copolymer)
30

Synthesis

of di-EDOT-Terminated Polymeric

6.86 g 0.00625 mol, 0.125 eq) Was purged With argon, then
dissolved With ca. 30 mL of THF under stirring and/ or soni
cation. The Denacol solution Was transferred to a dropping
funnel via cannula and added sloWly to the reaction ?ask at 5
deg.C. The mixture Was stirred for ca. 2.5 hours at room

Block

(PEGIOQSdEDOT)
35

temperature. A precipitate formed upon the addition of the
Denacol solution and the color turned to orange-yelloW by the
end of stirring time. The reaction Was then quenched With
cold 1 M HCl (pH~3) and most of the THF Was removed by
rotary evaporation to give a broWn oil. The oil Was extracted
three times With dichloromethane and the organic layer Was
Washed With 0.1 M HCl (3 times) folloWed by a ?nal Wash
With DI Water. The organic layer Was then dried over anhy
drous magnesium sulfate and the remaining solvent removed
under vacuum.

CopolymeriZation of EDOT and PEGlogsdEDOT

M0104)3
OH

ACN
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-continued

—

—

3.5

poly(EDOT-block-EG 109s)

centrifuged. This process Was repeated 3 times. The color of
Iron(lll) perchlorate hydrate (11.36 g, 32.1 mmol, violet
crystals) Was dissolved in 300 mL of acetonitrile (0.11 M
the supernatant ranged from green to greenish-blue to blue for
solution, ACN) in a 500 mL Erlenmeyer ?ask to form an 25 the three rinses, respectively. The product Was isolated as a
oxidant solution. The monomer EDOT (1.509 g, 10.6 mmol)
Wet viscous gel With 7.4 Wt. % solids and had a dark blue
and PEGlogsdEDOT (3 .07 g) Were mixed in a vial and diluted
color. The pressed pellet DC conductivity of the solid content
With 10 mL of acetonitrile. This monomer mixture Was then
of the gel Was found to be 0.8 S/ cm using standard four-probe
added to the stirring oxidant solution. The vial Was rinsed
conductivity measurement techniques.
With acetonitrile and added to the reaction mixture. The color

of the mixture changed immediately from red-orange to blue

Example 2

green, then over the next 30 minutes the color changed from
blue-green to blue. After alloWing this mixture to react for 50
hours at room temperature, the product Was isolated and

Production and Puri?cation of poly(EDOT-block-EG

1098) (ABAB-Type Multi-Block Copolymer)

puri?ed by centrifuging the crude copolymeriZation mixture
at 3000 RPM for 8 minutes. The centrifugation Was followed

by decanting solvent from the gel formed and Washing the gel

lron(lll) perchlorate hydrate (15.09 g, 43 mmol, violet
crystals) Was dissolved

With acetonitrile and forming a neW suspension that Was again

O
O

OH
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116(0104)3
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ACN

OH

— 3.5

poly(EDOT-block-EG 109s)
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in 426 mL of acetonitrile (0.1 M solution) in a 1000 mL
-continued

Erlenmeyer ?ask to form an oxidant solution. The monomer

EDOT (2.04 g, 14.4 mmol) and PEG1098dEDOT (4.02 g)
Were mixed in a vial and diluted With 15 mL of acetonitrile.
This monomer mixture Was then added to the stirring oxidant
solution. The vial Was rinsed With acetonitrile and added to

Denacol l7l

the reaction mixture. The color of the mixture changed imme

0
H?WOM
9

diately from reddish-orange to blue. After allowing this mix

-10°
0., RT
THF/Ar(g)

—>

15

o

ture to react for 72 hours at room temperature, the product Was

isolated and puri?ed by centrifuging the crude copolymeriZa
tion mixture at 2400 RPM for 7 minutes. The centrifugation

Was folloWed by decanting supernatant from the gel formed
and Washing the gel With acetonitrile and forming a neW
suspension that Was again centrifuged. This process Was
repeated three times rinsing With acetonitrile and once With
propylene carbonate for the ?nal rinse. The color of the super
natant ranged from green to blue for the acetonitrile rinses.
This process resulted in 68.2 g of puri?ed product that Was

20

isolated as a Wet viscous gel having 3.9 Wt. % solids With a

dark blue color. The pressed pellet DC conductivity of the

MW0M0

15

OH

9

solid content of the gel Was found to be 0.43 S/cm using

standard four-probe conductivity measurement techniques.
25

Example 3

Under argon, EDOT (10.65 g, 75 mmol) Was diluted in 200
mL of anhydrous THF and cooled using an isopropanol/

Production and Puri?cation of C l2PEG87O-poly

liquid nitrogen slurry. N-butyllithium (30 mL, 75 mmol) Was

(block-EDOT)-C12PEG870 (BAB-Type Tri-Block

Copolymer)

30

added sloWly to this cooled mixture. Decacol Ex-171 (8.156
g, 9.37 mmol) Was dissolved ?rst With ca. 35 mL THF, then
added dropWise to the lithiated EDOT at —100 C. The mixture
Was stirred in the cold-bath for 2 hours, and then Was alloWed

Synthesis of mono-EDOT-Terminated Polymeric Block

(ClzPEGsm-EDOT)
35

40

to come to room temperature With continued stirring over

night. The reaction Was quenched With cold 1 M HCl. The
organic solvent Was reduced under vacuum, and extracted
With dichloromethane 3 times. These organic phases Were
combined and Washed With 0.1 M HCl 3 times, then DI Water
for the ?nal rinse. The Washed organic layer Was dried over
anhydrous magnesium sulfate, and then the solvent Was

S

45 removed under vacuum. The product Was isolated as a vis

cous oil that became a Waxy solid on standing. 1H NMR

/

\

O

recorded in CDCl3. 6 2.80 (s, 2H); 4.14 (s, 41.7H); 6.1 (s,
O

t

0.66H); 6.3 (s, 17.33); 1.56 (m, 2.24H); 1.25 (s, 30.49), 0.87

H
S/C

50 (t, 4.70H).
CopolymeriZation of EDOT and C12PEG87O-EDOT
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o
C12PEG870-poly(block-EDOT)-C12PEG870
20

lron(lll) p-toluenesulfonate (8.29 g, 13.3 mmol, yelloW
orange powder) Was dissolved in 120 mL of acetonitrile (0.1 1
M solution) in a 250 mL Erlenmeyer ?ask to form an oxidant
solution. The monomer EDOT (0.71 g, 50 mmol) and
C12PEG870-EDOT (0.70 g, 0.67 mmol) Were mixed in a vial

for each of the successive rinses. This resulted in 72% yield of
puri?ed product that Was isolated as a Wet viscous gel With a

dark blue color and 3.4 Wt. % solids. The pressed pellet DC
conductivity of the solid content of the gel Was found to be
25

and diluted With 10 mL of acetonitrile. This monomer mix
ture Was then added to the stirring oxidant solution. The vial
Was rinsed With acetonitrile and added to the reaction mix

ture. The color of the mixture changed sloWly from yelloW

7.5><10_2 S/cm using standard four-probe conductivity mea
surement techniques.

Example 4
30

orange to yelloW-green to green to blue-green to blue over a

Production and Puri?cation of

period of several hours. After alloWing this mixture to react

C12PEG870-poly(block-EDOT)-C12PEG870

for 48 hours at room temperature, the product Was isolated

(BAB-Type Tri-Block Copolymer)

OJVVOW

Fe(PTSA)3
ACN

0W

OH 15

5

S
OH

C12PEG87O-poly(block-EDOT)-C12PEG87O
60

and puri?ed by centrifuging the crude copolymeriZation mix

lron(lll) p-toluenesulfonate (7.44 g, 11.9 mmol, yelloW

ture at 2400 RPM for 7 minutes. The centrifugation Was

folloWed by decanting supernatant from the gel formed and
Washing the gel With ethanol and forming a neW suspension
that Was again centrifuged. This process Was repeated three
times. The color of the supernatant ranged from green to blue

65

orange poWder) Was dissolved in 90 mL of acetonitrile (0.13
M solution) in a 250 mL Erlenmeyer ?ask to form an oxidant
solution. The monomer EDOT (0.50 g, 3.5 mmol) and
C12PEG870-EDOT (1.0 g, 1.0 mmol) Were mixed in a vial
and diluted With 10 mL of acetonitrile. This monomer mix

US 7,687,582 B1
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ture Was then added to the stirring oxidant solution. The vial
Was rinsed With acetonitrile and added to the reaction mix

lron(lll) p-toluenesulfonate (4.80 g, 7.7 mmol, yelloW-or
ange poWder) Was dissolved in 66 mL of acetonitrile (0.12 M
solution) in a 250 mL Erlenmeyer ?ask to form an oxidant
solution. The monomer EDOT (0.21 g, 1.5 mmol) and
C12PEG870-EDOT (1.06 g, 1.0 mmol) Were mixed in a vial

ture. The color of the mixture changed slowly from yelloW
orange to yelloW-green to green to blue-green to blue over a

period of several hours. During this time the reaction mixture
became viscous, and a 20 mL portion of acetonitrile Was

isolated and puri?ed by centrifuging the crude copolymeriZa

and diluted With 10 mL of acetonitrile. This monomer mix
ture Was then added to the stirring oxidant solution. The vial
Was rinsed With acetonitrile and added to the reaction mix

tion mixture at 2400 RPM for 7 minutes. The centrifugation

ture. The color of the mixture changed sloWly from yelloW

added to reduce its viscosity. After alloWing this mixture to
react for 48 hours at room temperature, the product Was

Was folloWed by decanting supernatant from the gel formed

orange to yelloW-green to green to blue-green to blue over a

and Washing the gel With ethanol and forming a neW suspen
sion that Was again centrifuged. This process Was repeated
three times. The color of the supernatant ranged from green to
blue for each of the successive rinses. This resulted in 63%
yield of puri?ed product that Was isolated as a Wet viscous gel
With a dark blue color and 5.1 Wt. % solids. The pressed pellet
DC conductivity of the solid content of the gel Was found to be

period of several hours. After alloWing this mixture to react
for 48 hours at room temperature, the product Was isolated

and puri?ed by centrifuging the crude copolymeriZation mix
ture at 2400 RPM for 7 minutes. The centrifugation Was

folloWed by decanting supernatant from the gel formed and
20

7.6><10_4 S/cm using standard four-probe conductivity mea
surement techniques.

puri?ed product that Was isolated as a Wet viscous gel With a

Example 5

25

Production and Puri?cation of C l 2PEG870-poly

(block-EDOT) C12PEG870 (BAB-Type Tri-Block

Copolymer)

O

O

/S\

+

I

Washing the gel With ethanol and forming a neW suspension
that Was again centrifuged. This process Was repeated three
times. The color of the supernatant ranged from green to blue
for each of the successive rinses. This resulted in 49% yield of
dark blue color and 5.7 Wt. % solids. The pressed pellet DC
conductivity of the solid content of the gel Was found to be

4.6><10_6 S/cm using standard four-probe conductivity mea
surement techniques.

O/fVOW
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OH

W

MOW
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0V0 _
C12PEG870-poly(block-EDOT)-C12PEG870
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Example 6
-continued
Production and Puri?cation of

poly(EDOT-block-PDMS 5k) (ABAB-Type

I /

Multi-Block Copolymer)

Synthesis of di-EDOT-Terminated
(PDMSSkdEDOT)

5

Polymeric
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S/

Under argon, EDOT (3.59 g, 25 mmol) Was diluted With

100 mL anhydrous THF and cooled in an isopropanol/ liquid

nitrogen slurry. N-butyllithium (10 mL, 25 mmol) Was added
sloWly to the cooled mixture. DMS-E21, an epoxypro

poxypropyl terminated polydimethylsiloxane (structure
25 shoWn above, Gelest, 15.716 g, 3.14 mmol) Was diluted With

CH3 )

10 mL THF, then added dropWise to the lithiated EDOT at
—10° C. The mixture Was stirred in the cold-bath for ca. 2

H3

0

/

H3C

0

\_\_

J

hours, and then Was alloWed to come to room temperature

'5 C» RT
THF/Ar(g)

O

With continued stirring overnight. The reaction Was quenched
30 With cold 1 M HCl. The organic solvent Was reduced under

0

vacuum, and the mixture Was extracted With dichloromethane

\—<|

3 times, the extract Washed With 0.1 M HCl 3 times, and then
DI Water for the ?nal Wash. The organic layer Was dried over

Ave. MW I —SOOOg/mol

anhydrous magnesium sulfate, and then the solvent Was
35 removed under vacuum. The product (shoWn above) Was
isolated as a viscous oil.

O
OH

1H3
s
\

/\/—Si—O
o
|

I

OH

CH3

1H3
1H3
s1—o
si/\/
CH3

63

CH3

O

'\S
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-continued

CH3
Si-O

CH3

poly(EDOT-block-PDMS 5k)
20

lron(lll) perchlorate hydrate (1.59 g, 4.5 mmol, violet crys
tals) Was dissolved in 45 mL of acetonitrile mixed With 22 mL

data (Huffman Laboratories, Inc.) obtained for the raW
copolymer product after each acetonitrile rinse. Iron and

of tetrahydrofuran (0.07 M solution) in a 250 mL Erlenmeyer

chlorine Were measured to detect the contamination from the

spent or residual oxidant and to determine the doping level of

?ask to form an oxidant solution. The monomers EDOT (0.26

g, 1.8 mmol) and PDMSSk-dEDOT (1.00 g) Were mixed in a
vial and diluted With 5 mL of tetrahydrofuran. This monomer
mixture Was then added to the stirring oxidant solution. The

25

shoW that iron levels are steadily loWered With each succes

vial Was rinsed With acetonitrile and added to the reaction

mixture. The color of the mixture-changed rapidly from red
orange to blue-green to blue over a period of 30 minutes. After
allowing this mixture to react for 48 hours stirring at room

temperature, the product Was isolated and puri?ed by centri
fuging the crude copolymeriZation mixture at 3000 RPM for
15 minutes. The centrifugation Was folloWed by decanting
supernatant from the gel and Washing the gel With acetoni

30

35

sive rinse, With three rinses reducing the ?nal concentration of
iron to 19 ppm. As expected, chlorine levels drop With the
initial rinses, but remain constant for later rinses. This is
consistent With the loss of spent ferrous perchlorate While
retaining a doping level of perchlorate in the oxidiZed lCP
blocks of the polymer. Based on the monomer feed ratio of
EDOT to EG repeat units, We calculate a doping ratio of 24%.
Said another Way, one out of every four EDOT repeats is

oxidiZed (positively charged) and has a perchlorate anion

trile. This process Was repeated four times. The color of the

associated With it.

supernatant ranged from yelloW-broWn to yelloW-green to
green to blue for each of the successive rinses. This resulted in
puri?ed product that Was isolated as a Wet viscous gel With 3.1
Wt. % solids and a dark blue color. The pressed pellet DC
conductivity of the solid content of the gel Was found to be 14

the conducting polymer portion of the material. The data

Example 8
40

Filtration-Based Puri?cation Method for a Crude

Mixture Containing poly(EDOT-block-PDMS 5k)

S/cm using standard four-probe conductivity measurement

techniques.
Example 7

Poly(EDOT-block-PDMS 5k) Was prepared according to
the procedure in Example 6, With the exception that the puri

Chemical Analysis of the Centrifugation Puri?cation

?cation Was carried out using a solvent-resistant, stirred ?l
tration cell (Millipore). The stirred ?ltration cell Was ?tted

45

Process of a poly(EDOT-block-EG 1098) Gel

50

Poly(EDOT-block-EG 1098) gel samples Were obtained

to effect rapid ?ltration. This apparatus Was ?lled at ambient
pressure With 100 mL of a crude copolymeriZation mixture

after each
TABLE 1

55

Elemental analysis of ICP ge_ls at each step of the puri?cation process.
Chlorine Content

Iron Content

Sample Description

(ppm)

(ppm)

raW product
?rst rinse
second rinse
third rinse

6310
2900
2200
2310

3410
700
100
19

60

prepared as described in Example 6. Pressure (40 psi) Was
applied to the sealed apparatus until the copolymer get
became highly viscous and stirring became di?icult. The
resulting ?ltrate Was yelloW and Was free of deep blue par
ticles. At this time the pressure Was relieved and 150 mL of
methyl -n-propylketone Was added. This mixture Was alloWed
to stir for 15 minutes under ambient pressure. Pressure (40

psi) Was then reapplied until the copolymer gel had again
become concentrated. This ?ltration and Washing procedure
Was repeated With another 150 mL of methyl -n-propylketone
65

centrifugation step for a sample prepared according to the
procedure in Example 1. Table 1 shoWs the elemental analysis

With a nylon net ?lter (20 micron pores, Millipore), magnetic
stirring, and could be pressurized to 40 psi With dry argon gas

and thereafter Was ?ltration and Washing Was repeated tWo

times With 150 mL aliquots of acetonitrile. The yelloW color
of the ?ltrate became Weaker With each successive rinse, and

US 7,687,582 B1
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on the ?nal rinse the ?ltrate Was colorless. The resulting deep

blue poly(EDOT-block-PDMS 5k) gel Was measured to be

The surface roughness of these thin ?lms Was measured by
contact mode atomic force microscopy. The average surface

8.4 Wt. % solids.

roughness Was measured to be 30-40 nm.

Example 10

Example 9

Processing of a poly(EDOT-block-EG 1098) Puri?ed

Processing of a poly(EDOT-block-EG 1098) Puri?ed

Gel into a Nitromethane Dispersion

Gel to Prepare a Nitromethane,

N-methylpyrrolidone, or Propylene Carbonate

10

Dispersion

Nitromethane (230 mL) Was mixed With 25 g of poly

(EDOT-block-EG 1098) gel (11 Wt. % solids, prepared
according to the procedure given in Example 1) to form a
dispersion With 1 Wt. % solids concentration. This mixture
Was ultrasonically processed using a Cole Parmer 500 Watt
sonic piezo horn immersed into the dispersion 1 cm beloW the

Nitromethane (2.9 g) Was mixed With 0.535 g of poly

(EDOT-block-EG 1098) gel (9.3 Wt. % solids) prepared
according to the procedure given in Example 1 to form a

surface. The amplitude Was set to 75% and the sample Was

nitromethane dispersion With 1.45 Wt. % solids concentra
tion. The same batch of poly(EDOT-block-EG 1098) gel Was

processed for 30 seconds. This sonication Was repeated 2
more times With recapping and shaking the sample betWeen

also used to prepare dispersions in N-methylpyrrolidone and

propylene carbonate. N-methylpyrrolidone (2.6 g) Was mixed

20

(Cole Parmer) to remove any remaining large particles.

With 0.503 g ofgel to form a dispersion With 1.51 Wt. % solids

We claim:
1. A method of producing a stable colloidal dispersion of a
poly(heteroaromatic) block copolymer in one or more polar

concentration. Propylene carbonate (2.9 g) Was mixed With
0.54 g of gel to form a dispersion With 1.47 Wt. % solids

concentration. These dispersions Were ultrasonically pro
cessed using a Fisher Scienti?c 500 Watt sonic piezo horn

each sonication step. The sample Was ?ltered by gravity
through a 70-micron pore Spectra/Mesh Fluorocarbon ?lter

25

solvents comprising the folloWing steps:
a. synthesizing a doped poly(heteroaromatic) block

copolymer by oxidative copolymerization in Water, an

(With microtip attached) immersed into the dispersion 1 cm

organic solvent or a mixture thereof of one or more

beloW the surface. The amplitude Was set to 40% and the
sample Was processed for 30 seconds. This sonication Was

heteroaromatic monomers and one or more linear non
30

repeated 2 more times With recapping and shaking the sample
betWeen each sonication step. These samples Were ?ltered by

oxidative polymerization;
35

b. separating the block copolymer formed in step “a” from
the oxidative polymerization reaction mixture of step
“a”, Wherein the block copolymer forms a gel during the

40

separation process, Which gel remains in a Wet state;
c. purifying the Wet block copolymer gel of step “b” from
byproducts, unreacted reagents, and spent reactants of
step “a” by a Wet processing technique employing a
solvent such that the Wet block copolymer gel is kept in

gravity through loosely packed glass Wool to remove any

remaining large particles.
The particle size of the nitromethane dispersion Was ana

lyzed using a Zetasizer Nano ZS (Malvem Instruments) par
ticle size analyzer. The number average particle size Was
found to be 1 micron and 600 nm for tWo samples (prepared
according to the method in Example 1) after 1 minute of

a Wet state, and

d. diluting the puri?ed Wet block copolymer gel of step “c”

sonication using a 500 W ultrasonic probe-(Fisher) (FIG. 2).
The particle size distribution Was narroW With polydispersity
indices of 0.33 and 0.29 for the 1 micron and 600 nm sized

With an organic solvent, Water or a miscible mixture
thereof to form a stable colloidal dispersion,
45

samples respectively.
Thin ?lms of the nitromethane dispersion Were prepared by
spin casting With a Chemat Technology KW-4A model spin
coater equipped With a 2.5 cm diameter vacuum chuck. Film

thicknesses Were varied by spinning Corning® glass sub

conjugated polymeric blocks that are terminated at one
end or at both ends With an end group that can undergo

50

Wherein the concentration of the poly(heteroaromatic) block
copolymer in the Wet block copolymer gel is betWeen 3-13
Weight % and the viscosity of the Wet block copolymer gel is
such that free ?oWing does not occur at room temperature in
the absence of shear.
2. The method of claim 1 Wherein the number average

particle size of the stable colloidal dispersion of step “d” is

strates at different speeds. The optical transmittance of the

less than or equal to 1 micron as measured in the Wet sWollen

?lms Was measured With a HeWlett Packard diode array UV

state by laser scattering, and the surface roughness of a dry

vis spectrophotometer and the surface resistivity (or sheet
resistance) of the sample Was measured using the square

?lm spin coated on ?oat glass is less then 40 nanometers as
55

obtained by spin casting a single coating of the dispersion at

ing of pyrrole, N-alkylpyrrole, 3-alkylpyrrole, thiophene,
3-alkylthiophene, 3-alkoxythiophene, 3,4-alkenylthiophene,

500 RPM on a Corning® glass substrate has an average

optical transmittance of 80.3% from 400 to 800 nm (this is the

3,4-alkylenedioxythiophene, thieno[3,4-b]thiophene and

transmittance of the glass plus the poly(EDOT-block-EG

their substituted derivatives and the one or more linear non

1098) thin ?lm). This ?lm has a surface resistance of 1 .4><107
Ohms/ square. A thicker ?lm that Was obtained by spin casting
tWo coatings of the dispersion at 500 RPM has an average
optical transmittance of 70.9% over the entire visible spec
trum (400 to 800 nm) and a surface resistance of 4><105

Ohms/square.

determined by atomic force microscopy.
3. The method of claim 1 Wherein the one or more het
eroaromatic monomers are selected from the group consist

method according to ASTM D-257. FIG. 1 shoWs that a ?lm

conjugated polymeric blocks are selected from the group

consisting of di-thiophene terminated polymer, di-(3,4-ethyl
65

enedioxythiophene)-terminated polymer, di-(thieno[3,4-b]
thiophene)-terminated polymer, di-pyrrole terminated poly
mer, mono-thiophene terminated polymer, mono-(thieno [3,

4-b]thiophene)-terminated

polymer,

mono-pyrrole

