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SYNTHESIS OF FUNCTIONALIZABLE OR
FUNCTIONALIZED

POLY(B,4-ETHYLENEDIOXYTHIPHENE)-BASED
POLYMERS AND MONOMERS THEREFOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001]
U.S. patent application Ser. No. 16/315,954, filed Jan. 7,
2019, which 1s a national phase filing of PC'T International
Patent Application No. PCT/US2017/041286, filed Jul. 10,
2017, which claims benefit of U.S. Provisional Patent Appli-
cation Ser. No. 62/359,866, filed Jul. 8, 2016, the disclosures
of which are incorporated herein by reference.

GOVERNMENTAL INTEREST

[0002] This invention was made with government support
under grant no. NS062019 awarded by the National Insti-
tutes of Health. The government has certain rights in this
invention.

BACKGROUND

[0003] The following information 1s provided to assist the
reader 1 understanding technologies disclosed below and
the environment 1n which such technologies may typically
be used. The terms used herein are not intended to be limited
to any particular narrow interpretation unless clearly stated
otherwise 1n this document. References set forth herein may
tacilitate understanding of the technologies or the back-
ground thereof The disclosure of all references cited herein
are incorporated by reference.

[0004] Since the mnvention at Bayer AG 1n late 1980s, the
conducting polymer poly 3.,4-ethylenedioxythiophene (PE-
DOT) and 1ts derivatives have formed one of most popular
categories ol commercially available conducting polymeric
maternials for decades. Numerous applications have been
achieved 1n a broad ranue of fields, from organic field-eflect

transistors, solar cells and light emitting diodes to nano-
medicine, biosensors and bioelectronics.

[0005] Inthe pursuit of high efliciency and functionality of
PEDOT based devices, especially 1n the research frontiers of
biomedical field, it 1s highly desired to have a conducting
material with readily available reactive groups for further
modification and bioconjugations. However, PEDOT lacks
reactive sites for direct functionalization, while the supply of
commercially available 3,4-ethylenedioxythiophene
(EDOT) denivatives, such as hydroxymethyl EDOT (EDOT-
OH) and EDOT-acid, are limited and costly (about $300/g).
The high cost has been the result of known synthesis
strategies that often involve multiple reaction steps and low
yield. Such challenges prevent bulk production and limait the
availability and potential for widespread applications. It 1s
very desirable to develop more convenient and cost-effective

synthetic routes for large scale production of functionalized
PEDOT derivatives.

This application 1s a continuation application of
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SUMMARY

[0006] In one aspect, a method of forming the compound

having the formula:

O O

N/

()

S

(sometimes referred to herein as exomethylene functional-

1zed 3,4-ethylenedioxythiophene, exomethylene functional-
1zed EDOT, or EDOT-EM) includes the reaction:

SIS

in the presence of a base, wherein X 1s a halo atom selected
from the group consisting of Cl, Br and I. In that regard, a
2-halomethyl-2,3-dihydrothieno[3,4-b][1,4]dioxine  com-
pound reacts 1n the presence of a base to form EDOT-EM.
In a number of embodiments, X 1s Cl. In a number of
embodiments, the conjugate acid of the base has a pKa of at
least 17. Such pKa information 1s readily available 1n
published pKa tables or readily determinable using well-
known procedures. The reaction may, for example, take
place under conditions to limit nucleophilic addition reac-
tions by the base. In a number of embodiments, the base 1s
a non-nucleophilic base. In general, a non-nucleophilic base
1s a base which 1s a poor nucleophile.

[0007] In a number of embodiments, the base 1s selected
from the group of potassium tert-butoxide, sodium tert-
butoxide, teat-butyl lithium, lithium dusopropylamide,
sodium hydroxide, potassium hydroxide, any other potas-
sium alkoxide or any other sodium alkoxide. In a number of
embodiments, the base 1s, for example, selected from the
group ol potassium tert-butoxide, sodium tert-butoxide,
another potassium alkoxide or another sodium alkoxide

[0008] The reaction may, for example, occur at a tempera-
ture 1n the range of approximately 0° C. to 100° C. In a
number of embodiments, the reaction takes place at room
temperature. In a number of embodiments, the reaction has
a yield of at least 50%, at least 70%, at least 80%, at least
90%, or at least 95%.

[0009] In another aspect, a method of forming a polymer,
comprising: polymerizing monomers including at least one
of exomethylene functionalized 3,4-ethylenedioxythiophene
or the reaction product of exomethylene functionalized
3.4-ethylenedioxythiophene and a compound including a
uroup reactive with the exomethylene group of exomethyl-
ene Tunctionalized 3,4-ethylenedioxythiophene via a polym-
erization reaction. Such monomers may be represented by
the following formulas (wherein the R 1s the reaction
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product of the exomethylene group and the compound
including a group reactive with the exomethylene group):

~

O

i

~
/
)

S

and

/\/O

[0010] In the case that compound G 1s polymerized, com-
pound G may be forinied by reacting compound F with a
tfunctionalizing compound including a group reactive with
an exomethylene group of compound F. In a number of
embodiments, the monomers have a purity of at least 90%
or at least 95% 1n the polymerization reaction. In a number
of embodiments, the concentration of the monomers 1n the
polymerization reaction 1s at least 20 mM, 30 mM, 40 mM,
50 mM or 60 mM. In a number of embodiments, electrolyte
concentration 1s in the range of 10 mM to 1 M, or 1n the
range of 50 mM to 200 mM. In a number of embodiments,
an electrolyte concentration in the polymerization 1s at least
100 mM. Suitable types of electrolytes include, but are not
limited to lithium, sodium, potassium, tetrabutylammonium
or tetrabutylphosphonium salts with a variety of counter
ions, including, for example, perchlorate, nitrate, acetate,
chloride, bromide, 10dide, hexatluorophosphate, tetrafluo-
roborate, tetraphenylborate, or polystyrene sulifonate (PSS).
Other suitable electrolytes include 1onic liquids such as
ammonium-, pyridinium-, imidazolium-, or phosphonium-
contaiming 1omic liquids. The electrolyte may, for example,
be Li1ClO,,.

[0011] Solvent systems/solvent mixtures for use in the
polymerization reactions hereof include, for example mix-
tures of water and acetonitrile, ethanol, dimethylformamaide,
propylene carbonate, etc. Binary solvents (that 1s, mixtures
of organic solvent and water) may, for example, include 5%
to 95% of water. In a number of embodiments, a solvent
system/solvent mixture of acetonitrile and water may be
used. The acetonitrile and water may, for example, be
present 1n a 1:1 mixture.

[0012] A potentiostatic polymerization method was used
in a number of embodiments. A potential for such a reaction
may, for example, be in the range o1 0.6 V to 1.5V, or 1n the
range of 0.9 V to 1.2 V. In a number of potentiostatic
polymerizations hereol, the potential may, for example, be
approximately 1.1V. Electropolymerization methods such as
potentiostatic or cyclic voltammetry (for example, at the
same potential range as set forth above) may be used to
synthesize the polymers hereof Further, galvanostatic
polymerization methods may be used with, for example, a
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current density in the range of 1 pA/cm” to 100 pA/cm”. In
a number of embodiments hereol, galvanostatic polymer-
ization may occur at a current density of 50 pA/cm”.

[0013]

polymerized via electropolymerization. The method may,
for example, further include functionalization of the poly-
mer after synthesis by reacting a compound with an exom-
cthylene group of the polymer 1n the case that at least some
of the monomers are not functionalized prior to polymer-
1zation.

[0014] In another aspect, a method of forming a function-
alized polymer includes reacting a polymer comprising the

repeat group:

/\

S

In a number of embodiments, the monomers are

with at least one compound having a group reactive with an
exomethylene group of the polymer. The polymer may, for
example, be reacted with the at least one compound in a
solution state. In a number of embodiments, the group
reactive with the exomethylene group is a thiol group. The
at least one compound may, for example, be a polymer. The
polymer hereof (PEDOT-EM polymers) may, for example,
be post-functionalized with various thiol-containing small
molecules. Examples of readily available small thiol com-
pounds 1nclude, but are not limited, to 3-mercaptopropionic
acid, 3-chloro-1-propanethiol, 1-mercapto-2-propanol,
3-mercapto-1-propanol, 3-amino-1-propanethiol hydrochlo-
ride, 4-mercapto-1-butano, 6-mercaptohexanoic acid,
6-mercapto-1-hexanol, 6-mercapto-1-hexanol, 6-amino-1-
hexanethiol hydrochlonde, 8-mercaptooctanoic acid, 8-mer-
capto-1-octanol, 8-amino-1-octanethiol  hydrochloride,
9-mercapto-1-nonanol, 11-mercaptoundecanoic  acid,
11-mercaptoundecanamide, 11-azido-1-undecanethiol,
11-mercapto-1-undecanol, 11-amino-1-undecanethiol
hydrochloride, 11-mercaptoundecylphosphonic  acid,
11-mercaptoundecylphosphoric acid, 12-mercaptodode-
canoic acid, 1-(11-mercaptowidecypimidazole, (11-mercap-
toundecyl)-N,N,N-trimethylammonium bromide, 11-(1H-
pyrrol-1-ylyundec ane-1-thiol, 6-(ferrocenyl)hexanethiol,
12-mere aptododecanoic acid NHS ester, 16-mercaptohexa-
decanoic acid, 16-mercaptohexadecanamide, 16-amino-1-
hexadecanethiol hydrochloride, 11-mercaptoundecylhydro-
quinone, triethylene glycol mono-11-mercaptoundecyl
cther, (11-mercaptoundecyptetra (ethylene glycol), 11-(fer-
rocenyl)undecanethiol, (11-mercaptoundecyl)hexa(ethylene
glycol). The functionalized polymers may, for example, be
reacted with zwitteriomic amino acid cysteine for non-
specific biofouling resistance of the surface. Likewise, the
polymers may be reacted with various biomolecules (for
example, proteins, nucleic acids etc). The polymer may, for
example, be reacted with a biomolecule such as an aptamer
for use, for example, in real time neurotransmitter detection,
or with one or more peptides for use, for example, 1n
improving biocompatibility of the coated substrate with
enhanced neuronal survival. Once again, the exomethylene




US 2023/0132381 A9

group of the monomer may be reacted with such fimction-
alizing compound or other fiinctionalizinu compounds reac-
tive with the exomethylene group to create the substituent R
set forth above in compound B.

[0015] The present systems, methods and compositions,
along with the attributes and attendant advantages thereof,
will best be appreciated and understood in view of the
following detailed description taken 1n conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 illustrates synthesis of EDOT-EM in a
previously published method proceeding through com-
pounds B to E to EDOT-EM, wherein, in the synthetic
method hereof, EDOT-EM 1s synthesized directly from
representative compound B (as highlighted in the boxed
scheme) with many fewer steps, faster reaction rate, quan-
titative conversion and extremely high vield.

[0017] FIG. 2 illustrates a polymerization curve of EDOT-
EM through a galvanostatic method.

[0018] FIG. 3A 1llustrates a comparison of electrochemi-
cal impedance spectra (Bode plots) for PEDOT, wherein
data for bare gold substrate are shown 1n squares and data for
polymer-coated gold substrate are shown 1n circles.

[0019] FIG. 3B illustrates a comparison of electrochemi-
cal mmpedance spectra (Bode plots) for PEDOT-EM
samples, wherein data for bare gold substrate are shown 1n
squares and data for polymer-coated gold substrate are
shown 1n circles.

[0020] FIG. 4 illustrates FTIR spectra of PEDOT film,
PEDOT-EM film, and PEDOT-EM film after functionaliza-
tion with mercaptopropionic acid (MPA), wherein all films
were obtammed from electrochemical polymerization on
Au—=Si.

[0021] FIG. 5A 1llustrates a representative optical micro-
scope 1mage of primary neuron growth on NC-Laminin after
two days 1n culture.

[0022] FIG. 5B illustrates a representative optical micro-
scope 1mage of primary neuron growth on PEDOT-EM-
Laminin after two days in culture.

[0023] FIG. 5C illustrates a representative optical micro-
scope 1mage of primary neuron growth on PEDOT-Laminin
alter two days 1n culture.

[0024] FIG. 6 1illustrates photomicrographs providing a
comparison of neuron cell attachment and growth between
laminin-functionalized PEDOT-EM (left) and unfunctional-

1zed or bare PEDOT-EM (right).

[0025] FIG. 7 illustrates photomicrograph demonstrating
high density neuron cell attachment via blue DAPI stain
(right photomicrograph) and significant neurite outgrowth
via green beta tubulin stain (left photomicrograph) for
PEDOT-EM functionalized with L1 protein via crosslinkers.
[0026] FIG. 8 illustrates a comparison of square wave
voltammetry (SWV) before and atfter post-functionalization
of PEDOT-EM with DNA aptamer based on methylene blue

oxidation.

DESCRIPTION

[0027] The present systems, methods and compositions,
along with the attributes and attendant advantages thereof,
will best be appreciated and understood in view of the
tollowing description taken 1n conjunction with any accom-
panying drawings.
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[0028] In a number of embodiments, methods hereof
provide for the synthesis of EDOT monomer having an
exomethylene functional group (EDOT-EM), polymeriza-
tion of such a monomer (or a functionalized dernivative of
such a monomer) and post-polymerization functionalization
of polymers produced from such monomers.

[0029] It will be readily understood that the components of
the embodiments, as generally described and 1llustrated in
the figures herein, may be arranged and designed 1n a wide
vartety ol different configurations in addition to the
described example embodiments. Thus, the following more
detailed description of the example embodiments, as repre-
sented 1n the figures, 1s not intended to limit the scope of the
embodiments, as claimed, but 1s merely representative of
example embodiments.

[0030] Retference throughout this specification to “one
embodiment” or “an embodiment” (or the like) means that
a particular feature, structure, or characteristic described 1n
connection with the embodiment 1s included 1n at least one
embodiment. Thus, the appearance of the phrases “in one
embodiment” or “in an embodiment” or the like 1n various
places throughout this specification are not necessarily all
referring to the same embodiment.

[0031] Furthermore, described {features, structures, or
characteristics may be combined 1n any suitable manner 1n
one or more embodiments. In the following description,
numerous speciiic details are provided to give a thorough
understanding of embodiments. One skilled 1n the relevant
art will recognize, however, that the various embodiments
can be practiced without one or more of the specific details,
or with other methods, components, materials, et cetera. In
other instances, well known structures, materials, or opera-
tions are not shown or described 1n detail to avoid obifus-

cation.

[0032] As used herein and 1n the appended claims, the
singular forms ““a,” “an”, and “the” include plural references
unless the context clearly dictates otherwise. Thus, for
example, reference to “a compound” 1includes a plurality of
such compounds and equivalents thereof known to those
skilled 1n the art, and so forth, and reference to ‘“the
compound” 1s a reference to one or more such compounds
and equivalents thereof known to those skilled in the art, and
so forth. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range.
Unless otherwise indicated herein, and each separate value
as well as intermediate ranges are incorporated into the
specification as 1t 1t were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly

contraindicated by the text.

[0033] The inventors hereot have discovered a simplified
synthetic route for making EDOT-EM, which 1s a highly
versatile monomer through which a wide variety of EDOT
and PEDOT derivatives may be synthesized. A previously
reported method for synthesizing EDOT-EM required five
steps with low vields in these steps, while the present
synthetic method may proceed 1n only a single step with a
yield of ~100% at room temperature and large quantity. A
comparison ol the novel synthetic approach hereof and a
previously reported method 1s illustrated i FIG. 1.

[0034] The inventors have also shown that the EDOT-EM
monomer can be easily functionalized. The targeting com-
pound EDOT-EM 1s a versatile intermediate that can be
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facilely fimctionalized on demand through, for example,
thiol-ene click chemistry, from small molecules to macro-
molecular proteins. In a number of embodiments, any mol-
ecule 1n the “tool-box” equipped with free thiol (SH) units
may be attached, via, for example, click chemistry. The
monomer itself may, for example, be electropolymerized
into conductive polymer and be post-functionalized with
desired biomolecules such as peptides and proteins.

[0035] EDOT-OH 1s one of the earliest developed and
most widely used EDOT intermediates. EDOT-OH was first
synthesized from cyclization of diethyl 3,4-dihydroxythio-
phene-2,5-dicarboxylate through either a Williamson ether
synthesis or Mitsunobu reaction pathway, followed by
decarboxylation. However, the overall yield was relatively
low. Subsequently, an alternative method was developed to
synthesize EDOT-OH from 3,4-dimethoxythiophene as the
starting material, through an acid catalyzed transesterifica-
tion pathway as show in scheme proceeding through sub-
stituents A-E of FIG. 1. See, for example, Lu, Y.; Wen, Y.-p.;
Lu, B.-y.; Duan, X.-m.; Xu, J.-k.; Zhang, L..; Huang, Y. Chirn
J Polyin Sci 2012, 30, 824.

[0036] Beverina and co-workers previously carried out the
synthesis of EDOT-EM with the commercially available
EDOT-OH as the starting material. Sassi, M.; Mascheroni,
L.; Ruflo, R.; Salamone, M. M.; Pagam, G. A.; Mari, C. M.;
D’Orazio, G.; La Fenia, B.; Beverina, L. Organic Letters
2013, 135, 3502. As discussed above, this starting material 1s
very expensive (possibly as a result of the 3 steps of
synthesis needed from raw material and the low yield). After
a tosylation of hydroxyl group on EDOT-OH followed by
climination of tosylate group, EDOT-EM was obtained with
a two-step vield around 52% (see the synthetic scheme of
FIG. 1). Thus, compared with the published method for the
production of EDOT-EM, the present methodology requires
fewer reactions, with faster reaction rate, quantitative con-
version and extremely high vield. The presence of EM group
in EDOT-EM provides many possibilities for derivatization
by, for example, either hydro-alkoxy addition or thiol-ene
click chemustry.

[0037] In the process of synthesizing EDOT-OH (com-
pound D), during a reaction of 2-chloromethyl-2,3-dihy-
drothieno[3,4-b][1,4]dioxine (EDOT-MeCl, compound B)
with sodium acetate to make compound C (see FIG. 1), at
120° C. 1n DMSO, the conversion rate to targeting com-
pound C was lower than expected, although the reactant was
completely consumed. Surprisingly, a “side product”
showed even lower polarity than the reactant EDOT-MeCl
(compound B). After 1solation and purification, the obtained
side product showed same number of carbons but one less
proton compared to EDOT-MeCl, based on 'H and °C
nuclear magnetic resonance (NMR) spectra. From Distor-
tionless Enhancement by Polarization Transter (DEPT) 135
NMR spectrum, two CH, carbons were found. It was sus-
pected that the compound could be a product from dehy-
drohalogenation reaction upon heating at high temperature.
Soon aiter, detailed atomic connectivity was obtained from
two-dimensional NMR heteronuclear single quantum coher-
ence or heteronuclear single quantum correlation (HSQC)
studies and heteronuclear multiple bond correlation
(HMBC) studies, which confirmed that hypothesis. Without
limitation to any mechanism, it 1s proposed that, after
climination of HCI, the product converted into an EDOT-
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alkene derivative EDOT-EM, and the newly-formed double
bond could extend the conjugation and thus stabilize the
overall molecular structure.

[0038] As shown in table 1, three different types of
reagents were tested to study optimization of the reaction
conditions to produce EDOT-EM at high vield. First, a
non-nucleophilic strong base potasstum tert-butoxide
(tBuOK) was applied. Dehydrohalogenation was completed
within 30 minutes at room temperature with above 95%
1solation yield after washing and purification with silica gel
chromatography. Second, reactions were attempted with
milder bases (either sodium hydroxide or potassium hydrox-
ide). Conversion rate was slow at room temperature but
could be completed after heating at 90° C. 1 a sealed
reaction vessel with a yield of 92%. Without limitation to
any mechanism, the lower yield may be a result of a small
amount of oligomerization or polymerization of EDOT-EIVI
during heating. Finally, a weak non-nucleophilic base, diiso-
propylamine, was tested at both room temperature and
heated condition. Reaction conversion was low and the
product was not 1solated. The results indicated that strong
non-nucleophilic bases (pKa of conjugate acid around 17,
such as sodium hydride sodium tert-butoxide and potassium
tert-butoxide) are desirable for production of EDOT-EM at
high yield in the present reaction schemes. Reagents with
greater basicity (pKA of conjugate acid around 335-40, such
as tert-butyl lithium and lithium diisopropylamide) were not
tested. It 1s believed that in the presence of stronger bases the
reaction will occur 1n the same manner but may be carried
out at lower temperature. With moderate, non-nucleophilic
bases (pKa of conjugate acid in the range of approximately
10-13 and below), reactions are slower than with stronger
bases. Although sodium hydroxide and potassium hydroxide
are strong nucleophiles, E2-type eliminations still proceed
very well under both conditions with elevated temperature in
the sealed reaction vessel.

TABLE 1
Reagent Reaction Time Solvent Temperature Yield
tBuOK 30 min Dry THF RT >05%
NaOH/KOH Overnight Methanol 90° C. (sealed) 92%
Diisopropylamine Overnight Methanol 90° C. (sealed) —

[0039] A generalized scheme hereol for synthesis of
EDOT-EM (compound F) 1s set forth below as

O/ \O
\_/

()

S S
B’ b

[0040] As described above, the reaction of compound B'
(2-halomethyl-2,3-dihydrothieno[3,4-b][ 1,4 |dioxine) occurs
in the presence of a base and X 1s a halo atom selected from
the group consisting of Cl, Br and I. In a number of
embodiments (as, for example, described in connection with
FIG. 1), X 1s Cl. In a number of embodiments, the conjugate
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acid of the base has a pKa of at least 17. Such pKa
information 1s readily available 1 published pKa tables or
readily determinable using well-known procedures. The
reaction may, for example, take place under conditions to
limit nucleophilic addition reactions by the base. In a
number of embodiments, the base 1s a non-nucleophilic
base. In general, a non-nucleophilic base 1s a base which 1s
a poor nucleophile.

[0041] In a number of embodiments, the base 1s selected
from the group of potassium tert-butoxide, sodium tert-
butoxide, tert-butyl lithium, lithhum disopropylamide,
sodium hydroxide, potassium hydroxide, any other potas-
sium alkoxide or any other sodium alkoxide. The base may,
for example, be selected from the group of potassium
tert-butoxide, sodium tert-butoxide, another potassium
alkoxide or another sodium alkoxide. The reaction may, for
example, occur at a temperature in the range ol approxi-
mately 0° C. to 100° C. In a number of embodiments, the
reaction takes place at room temperature. In a number of

embodiments, the reaction has a vyield of at least 50%, at
least 70%, at least 80%, at least 90%, or at least 95%.

[0042] FElectro-polymerization methods were employed
for their simplicity and excellent reproducibility to deposit
conjugated PEDOT-EM onto different surfaces, such as
indium tin oxide coated polyethylene terephthalate (ITO-
PET) substrate and gold coated silicon waters (Au—=Si1). The
polymerization process could be monitored and processed in
a precisely controlled manner by simply adjusting the poten-
tial/current and reaction time as, for example, described in
Cui, X.; Martin, D. C. Sensor Actual. B Chem. 2003, 89, 92,
the disclosure of which 1s incorporated herein. Three differ-
ent methods, cyclic voltammetiy (CV), galvanostatic (GS),
potentiostatic (PS) were tested and compared to polymerize
EDOT-EM from an acetonitrile solution containing 100 mM
monomer and 100 mM LiClO, as an electrolyte. The sur-
taces prepared from GS method showed significantly better
homogeneity than those generated from CV and PS meth-
ods. As 1illustrated 1n FIG. 2, during the GS electro-polym-
erization process, the working potential decreased smoothly
with the increase of reaction time, indicating the decrease of
overall impedance and the excellent electrical conductivity
of the deposited PEDOT-EM films. From a mixed solution
of acetonitrile and water (1/1 v/v) containing 60 mM mono-
mer (purity >90%) and 100 mM LiClO, as electrolyte,
EDOT-EM was polymerized with a PS method at 1.1 V. In
general, high purity and high concentration of monomer 1s
preferred for successiul polymerization.

[0043] Both PEDOT-EM and PEDOT control films were
successiully polymerized on Gold-coated silicon waters. As
shown 1 FIGS. 3A and 3B, eclectrochemical impedance
spectroscopies (EIS) were recorded on both coated and
uncoated substrates to test the efliciency of the polymeriza-
tion as well as the quality of deposited films. PEDOT-EM
film showed excellent conductivity and low impedance
(FIG. 3B), similar to that of PEDOT (FIG. 3A). The imped-
ance of the PEDOT-EM coated substrate was over one order
of maunitude lower than that of the uncoated gold at a broad
range ol low frequencies (FIG. 3B), indicating that the
interfacial impedance of the coated electrode was signifi-
cantly decreased after PEDOT-EM coating, which 1s highly
desired for many applications. In a previous report, others
were unable to achieve eflicient polymerization with EDOT-
EM. Successtul electrochemical polymerizationldeposition
of EDOT-EM may, for example, be the result of high
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polymerization rate and high molecular weight, along with
many other factors, including the purity of monomer, con-
centration of monomer and electrolyte, type of solvent and
clectrolyte, method of polymerizations, etc. Alter screening
different conditions, i1t 1s believed that the conditions used
herein allow polymerization with higher molecular weight
so that the reaction 1s more eflicient to produce stable

polymer films with high conductivity that are comparable to
PEDOT.

[0044] As described above, EDOT-EM may be function-
alized with either acid catalyzed hydro-alkoxy addition or
thiol-ene click chemistry. It was also demonstrated herein
that one could first polymerize the EDOT-EM into PEDOT-
EM and then post-functionalize the polymer on demand,
with, for example, both small molecules and large proteins.
In general, any molecules 1n the “tool-box™ equipped with
free thiol (SH) umits could be directly attached to the
polymer through the click chemistry. After the monomer has
been successiully electropolymerized into conductive poly-
mer films, the film was first post-functionalized with a small
molecule, 3-mercaptopropionic acid (MPA). Attenuated
total reflectance-Founier transform infrared (AIR FTIR)
spectroscopy was taken before and after functionalization of
the films. PEDOT film was also tested and used as
reference. As shown in FIG. 4, The FTIR spectra of the
PEDOT and PEDOT-EM shghtly differ from each other. For
PEDOT-EM, an addition peak at 1549 cm™" was attributed
to EM group, which was not seen in the spectrum of
PEDOT. After thiol-ene functionalization of PEDOT-EM
with MPA, the appearance of the bands from carbonyl C—0
stretching, between 1600 and 1800 cm™', confirmed the
successiul post-functionalization.

[0045] For specific biosensors and bioelectrode applica-
tions, surface modification with functional proteins may be
desirable. To demonstrate post-polymerization functional-
ization of PEDOT-EM with large biomolecules, primary
neuron attachment was studied on PEDOT-EM coated sub-
strates pretreated with lamimin, a protein that 1s widely used
to promote neuronal attachment and neurite outgrowth. In a
number of studies, Laminin was applied on nitrocellulose
(NC, a substrate rou‘[lnely used 1n neuronal culture) surface,
PEDOT and PEDOT-EM coated ITO-PET substrates, fol-
lowed by washing in PBS three times. As shown 1n FIG. 5A,
significant neuron attachment and growth was found on
laminin coated NC surface as expected. Since PEDOT has
no functional group to be conjugated with proteins, neuron
growth was barely seen (FIG. 5C). Significant neuronal
attachment and neurite extension were observed on the
PEDOT-EM sample, suggesting that laminin was success-
tully bound to the PEDOT-EM surface (FIG. 5B). Although
the conjugation efliciency has not been optimized, these
studies demonstrate a convenient and cost-eflective strategy
for surface post-functionalization of conducting polymer
with biomacromolecules.

[0046] In another study, PEDOT-EM polymer film coated
samples were incubated with 100 ulL of 0.04 mg/ml laminin
PBS solution for 1.5 hr, and then rinsed with PBS for 3
times. Primary neuron cell culture was used to validate
successiul post-functionalization of PEDOT-EM -with lami-
nin protein. In these studies, direct coupling of the thiol
groups on laminin i1s achieved via reaction with the EM on
the polymer. As shown 1 FIG. 6, no neuron cell attachments
were observed on un-functionalized bare PEDOT-EM sur-
face. In contrast, PEDOT-EM post-functionalized with lami-
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nin showed high density neuron cell attachments as well as
significant neurite growth and extension, indicating success-
tul covalent linking of lamimin protein to PEDOT-EM. In
FIGS. 6, high density neuron attachments were observed via
blue DAPI stained nuclei (upper left photomicrograph), and
neurite outgrowth and extension were observed via green,
beta tubulin stamning(lower left photomicrograph).

[0047] Another way to functionalize protein 1s to use
crosslinkers that will react to the EM on one end and amine
group of the protein on the other end. This methodology
may, for example, be necessary when the thiol groups on the
protein are critical for 1ts function. Another advantage of this
approach 1s that the thiol-EM reaction may sometimes
require relative harsh conditions, which may result in dena-
turing of the protein. The use of crosslinkers may enable the
use of relatively mild reaction conditions. In a number of
studies, PEDOT-EM coated substrates were immersed 1n
1,3-propanedithiol and N-y-maleimidobutyryl-oxysuccinim-
ide ester (GMBS) 10 mM ethanol solution for 1 hr sequen-
tially. Afterward L1 or LICAM protein (a transmembrane
protein) solution was incubated on the sample for another
hour. All samples were rinsed with ethanol three times
before use. FIG. 7 demonstrates the success of the LI
immobilization on PEDOT-EM. High density neuron attach-
ments were observed via blue DAPI stained nucleil (right
photomicrograph), and neurite outgrowth and extension
were observed via green, beta tubulin staining (left photo-
micrograph).

[0048] In a number of further studies, PEDOT-EM was
post Tunctionalized with DNA aptamer functionalized with
methylene blue. In several such studies, PEDOT-EM coated
substrates were 1immersed i 0.25 mg/ml aptamer PBS
solution and kept at room temperature overnight. Before
clectro-chemical detection, all samples were rinsed with
PBS for 3 times. Square wave voltammetry was used to
detect successiul post-functionalization of PEDOT-EM with
DNA aptamer based on methylene blue oxidation. As shown
in FIG. 8, betore PEDOT-EM was functionalized, no meth-
ylene blue peak was observed around -0.3 V. After post-
functionalization, a sharp and clear peak was observed
around -0.3 V (the oxidation potential of methylene blue on
the DNA aptamer), indicating the successtul covalent link-
ing of aptamer to PEDOT-EM. PEDOT-EM may, {for
example, be functionalized with a biomolecule such as an
aptamer to develop electrochemical biosensors. Aptamers
are oligonucleotide or peptide molecules that bind to a
specific target molecule. The target binding to aptamer
causes aptamer to change conformation which leads meth-
ylene blue to be closer or further away from the electrode
surface. As a result, the change of methylene blue oxidation
current can be related to target concentration.

[0049] Polymers hereof may thus be formed by polymer-
1zing at least one monomer selected from the group of

Apr. 27, 2023

-continued

/R
O/ \O.
/
()

via a polymerization reaction as described herein. The
monomer may, for example, be polymerized via electropo-
lymerization as described above. If monomer F (EDOT-EM)
1s polymerized, the resultant polymer may be functionalized
post-polymerization. Functionalization of the polymer after
synthesis may, for example, occur by reacting a compound
with an exomethylene group of the polymer.

[0050] In the case that compound G 1s polymerized, com-
pound G may be formed by reacting compound F with a
functionalizing compound including a group reactive with
an exomethylene group of compound B, wherein the group
R 1s the residue of the reaction of compound F with the
functionalizing compound. In a number of embodiments, the
monomer has a purity of at least 90% or at least 95% 1n the
polymerization reaction. In a number of embodiments, the
concentration of the monomer in the polymerization reaction
1s at least 20 mM, 30 mM, 40 mM, 50 mM or 60 mM. In a
number of embodiments, electrolyte concentration 1s in the
range of 10 mM to 1 M, or in the range of 50 mM to 200
mM. In a number of studies hereof, an electrolyte concen-
tration 1n the polymerization was at least 100 mM. Electro-
lytes suitable for use 1n the polymerization reactions hereof
include, but are not limited to lithium, sodium, potassium,
tetrabutylammonium or tetrabutylphosphonium salts with a
variety of counter 1ons, mcluding, for example, perchlorate,
nitrate, acetate, chloride, bromide, 10dide, hexafluorophos-
phate, tetrafluoroborate, tetraphenylborate, or polystyrene
sultanate (PSS). Other suitable electrolytes include ionic
liguids such as ammonium-, pyridiniurn-, imidazolium-, or
phosphonium-containing 1onic liquids. In a number of stud-
ies, the electrolyte was, for example, L1CIlO,.

[0051] Solvent systems/solvent mixtures for use in the
polymerization reaction hereof include, for example mix-
tures of water and acetonitrile, ethanol, dimethylformamade,
propylene carbonate, etc. Binary solvents (that 1s, mixtures
of organic solvent and water) may, for example, include 5%
to 95% of water. In a number of studies hereof, a solvent
system/solvent mixture of acetonitrile and water was used.
The acetonitrile and water were, for example, present 1n a
1:1 mixture.

[0052] A potentiostatic polymerization method was used
in a number of embodiments. A potential for such a reaction
may, for example, be in the range o1 0.6 V to 1.3V, or 1n the
range of 0.9 V to 1.2 V. In a number of potentiostatic
polymerizations hereof, the potential was approximately
1.1V. Electropolymerization methods such as potentiostatic
or cyclic voltammetry (for example, at the same potential
range as set forth above) may be used to synthesize the
polymers hereof. Further, galvanostatic polymerization
methods may be used with, for example, a current density in
the range of 1 pA/cm® to 100 pA/cm®. In a number of
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embodiments hereol, galvanostatic polymerization may
occur at a current density of 50 pA/cm?”.

[0053] As described above, the exomethylene group of
EDOT-EM or PEDOT-EM may be reacted with a compound
having a group reactive with an exomethylene group of the
polymer. The reaction may, for example, occur 1n a solution
state. In a number of embodiments, the group reactive with
the exomethylene group 1s a thiol group. The at least one
compound may, for example, be small molecule or a poly-
mer. Examples of readily available small thiol compounds
for reaction with the exomethylene group include, but are
not limited, to 3-mercaptopropionic acid, 3-chloro-1-propa-
nethiol, 1-mercapto-2-propanol, 3-mercapto-1-propanol,
3-amino-1-propanethiol hydrochloride, 4-mercapto-1-bu-
tano, 6-mercaptohexanoic acid, 6-mercapto-1-hexanol,
6-mercapto-1-hexanol, 6-amino-1-hexanethiol hydrochlo-
ride, 8-mercaptooctanoic acid, 8-mercapto-1-octanol,
8-amino-1-octanethiol hydrochloride, 9-mercapto-1-nona-
nol, 11-mercaptoundecanoic acid, 11-mercaptounde cana-
mide, 11-Azido-1-undecanethiol, 11-mercapto-1-undecanol,
11-Amino-1-undecanethiol hydrochloride, 11-mercaptoun-
decylphosphonic acid, 11-mercaptoundecylphosphoric acid,
12-mercaptododecanoic acid, 1-(11-mercaptoundecyl)imi-
dazole, (11-mercaptoundecyl)-N,N,N-ftimethylammonium
bromide, 11-(1H-pyrrol-1-yl)undecane-1-thiol, 6-(ferroce-
nyl)hexanethiol, 12-mercaptododecanoic acid NHS ester,
16-mercaptohexadecanoic acid, 16-mercaptohexadecana-
mide, 16-amino-1-hexadecanethiol hydrochloride, 11-mer-
captoundecylhydroquinone, tricthylene glycol mono-11-
mercaptoundecylether, (11-mercaptoundecyl)tetra(ethylene
glycol), 11-(Tenocenypundecanethiol, (11-mercaptoundecyl)
hexa(ethylene glycol). The exomethyl group(s) may alter-
natively, for example, be reacted with zwitterionic amino
acid cysteine for non-specific biofouling resistance of the
surface. Likewise, the monomers or polymers hereof may be
reacted with various biomolecules (for example, proteins,
nucleic acids etc). The monomers or polymers may, for
example, be reacted with a biomolecule such as an aptamer
for use, for example, 1n real time neurotransmitter detection,
or with one or more peptides for use, for example, 1n
improving biocompatibility of the coated substrate with
enhanced neuronal survival.

[0054] Once again, the exomethylene group of the mono-
mer may be reacted with such functionalizing compound or
other functionalizing compounds reactive with the exom-
cthylene group to create the substituent R set forth above 1n
compound B. In forming functionalized EDOT polymers,
the EDOT-EM monomer may be Ifunctionalized (as
described above) prior to polymerization. In addition to
thiol-ene chemistry, other reactions may occur, as known in
the chemical arts, with the exomethylene group either prior
to polymerization or after polymerization in forming a
tfunctionalized EDOT monomer or polymer.

[0055] The foregoing description and any accompanying
or incorporated drawings set forth a number of representa-
tive embodiments at the present time. Various modifications,
additions and alternative designs will, of course, become
apparent to those skilled 1n the art 1n light of the foregoing
teachings without departing from the scope hereof, which 1s
indicated by the following claims rather than by the fore-
going description. All changes and variations that fall within
the meaning and range of equivalency of the claims are to be
embraced within their scope.
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What 1s claimed 1s:
1. A method of forming the compound:

/\

S

comprising, the reaction:

s TN/

in the presence of a base comprising teat-butyl lithium,
lithium dusopropylamide, sodium hydroxide, potas-
stum hydroxide, lithium hydroxide, a potassium alkox-
ide or a sodium alkoxide to achieve a yield of at least
90%, wherein X 1s a halo atom selected from the group
consisting of Cl, Br and 1.

2. The method of claim 1 wherein a conjugate acid of the
base has a pKa of at least 17.

3. The method of claim 1 wherein the reaction takes place
under conditions to limit nucleophilic addition reactions by
the base.

4. The method of claim 1 wherein the base 1s a non-
nucleophilic base.

5. The method of claim 1 wherein the base comprises
potassium tert-butoxide and sodium tert-butoxide.

6. The method of claim 1 wherein the base comprises
potassium tert-butoxide.

7. The method of claim 6 wherein the reaction take place
at room temperature.

8. The method of claim 1 wherein the reaction occurs at
a temperature in the range of approximately 0° C. to 100° C.

9. The method of claim 1 wherein the reaction proceeds
to quantitative conversion.

10. The method of claim 1 wherein the base comprises
sodium hydroxide and potassium hydroxide.

11. The method of claim 1 wherein the reaction has a yield
ol at least 95%.

12. The method of claam 1 wherein X 1s CI.

13. A method of forming a polymer, comprising; polym-
erizing monomers comprising at least one of exomethylene
functionalized 3,4-ethylenedioxythiophene or the reaction
product of exomethylene tunctionalized 3,4-ethylenedioxy-
thiophene and a compound including a group reactive with
the exomethylene group of exomethylene tunctionalized
3.4-ethylenedioxythiophene via a polymerization reaction,
wherein the monomers have a purity of at least 90% 1n the
polymerization reaction.

14. The method of claim 13 wherein the monomers have
a purity of at least 95%.
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15. The method of claim 13 wherein the polymerization
reaction 1s an electropolymerization reaction and the method
turther comprises functionalization of the polymer after
synthesis by reacting a compound with an exomethylene
group.

16. The method of claim 13 wherein the monomers have
a concentration of at least 20 mM in the polymerization
reaction.

17. The method of claim 13 wherein the group reactive
with the exomethylene group 1s a thiol group.

18. The method of claim 13 wherein the compound
including the group reactive with the exomethylene group 1s
selected from the group consisting of 3-mercaptopropionic
acid, 3-Chloro-1-propanethiol, 1-mercapto-2-propanol,
3-mereapto-1-propanol, 3-amino-1-propanethiol hydrochlo-
ride, 4-mercapto-1-butano, 6-mercaptohexanoic acid,
6-mercapto-1-hexanol, 6-mercapto-1-hexanol, 6-amino-1-
hexanethiol hydrochloride, 8-mercaptooctanoic acid, 8-mer-
capto-1-octanol, 8-amino-1-octanethiol hydrochloride,
9-mercapto-1-nonanol,  11-mercaptoundecanoic  acid,
11-mercaptoundec anamide, 11-azido-1-undecanethiol,
11-mercapto-1-undecanol, 11-amino-1-undecanethiol
hydrochlonide, 11-mercaptoundecylphosphonic  acid,
11-mercaptoundecylphosphoric acid, 12-mercaptodode-
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canoic acid, 1-(11-mercaptoundecyl imidazole, (11-mercap-
tound ecyl)-N,N,N-trimethylammonium bromide, 11-(1H-
pyrrol-1-yl)yundecane-1-thiol, 6-(ferrocenyl )hexanethiol,
12-mercaptododecanoic acid NHS ester, 16-mercaptohexa-
decanoic acid, 16-mercaptohexadecanamide, 16-amino-1-
hexadecanethiol hydrochloride, 11-mercaptoundecylhydro-
quinone, triethylene glycol mono-11-mercaptoundecyl
cther, (11-mercaptoundecyljtetra(ethylene glycol), 11-(fer-
rocenyl)undecanethiol, (11-mercaptoundecyl)hexa(ethylene
glycol), or a biomolecule.

19. The method of claim 18 wherein the biomolecule 1s a
zwitterionic amino acid cysteine, a peptide, a protein, or a
nucleic acid.

20. A method of forming a polymer, comprising: polym-
erizing monomers comprising at least one of exomethylene
functionalized 3,4-ethylenedioxythiophene or the reaction
product of exomethylene functionalized 3,4-ethylenedioxy-
thiophene and a compound including a group reactive with
the exomethylene group of exomethylene functionalized
3.4-ethylenedioxythiophene via a polymerization reaction,
wherein the monomers have a concentration of at least 20
mM 1n the polymerization reaction.

¥ ¥ # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

