Polymer(Korea), Vol. 41, No. 3, pp. 367-371 (2017)
https://doi.org/10.7317/pk.2017.41.3.367

AL
=4

HEM SENE HLe olst Wz
IEX: HERRY 0| E-E 4 0%
Ec2|nlE g

o|F=2"
o skl woFsht--5s)
(2017 39 49 He, 20179 4 6
20179 49 18 A=)

Ho

PN
d A,

Synthesis of Methacrylate-Endcapped
Conductive Polypyrrole as a
Telechelic Polymer

Joo-Woon Lee’

Chemistry - School of Liberal Arts and Sciences,
Korea National University of Transportation,
Chungju, Chungbuk 27469, Korea
(Received March 4, 2017; Revised April 6, 2017,
Accepted April 18, 2017)

F2}L-Z2] 9 = (polypyrrole, PPy)<]

T e #8717t §lef 2
1ol S E-FA N 2 3
B2} F8ol 7Fse Hd(vinyl) 218718 % Lol shehe o
2 =giste, Fgo I FHE & T
e olF A, e o B ¥
Xl FEL eI Mg eE o] SRS A8t
S AgHoz Ao, nvid

Q) WHoR IR 2R
4871wk AR AEATEA, HEagels-2
AT, ol Aey 3

ol Z9EL He4
Az WS 1 deyde deA2N oe HdRers
E3ele M ETkay dEAs 171818 oj9le] W=
gt 2B 2E F5 A (graft copolymer) $g0] 7Fsshtt.

2
o
o
E=)
il
i)

o

:

Abstract: This paper reports on the electrochemical synthesis of
electrically conductive N-methacrylated polypyrrole as a unique
telechelic polymer with highly reactive vinyl functionality,
which can be further polymerized to prepare graft copolymers
with low molecular weight typical monomers such as other
(meth)acrylates, styrenes, (meth)acrylamides, and (meth)acry-
lonitriles using ionic, radical, and other specialized polymer-
ization techniques. It is based on a new dual reactive monomer
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containing each methacrylate and pyrrole functionalities at each
opposite end of the structure, 3-((3-(1H-pyrrol-1-yl)propa-
noyl)oxy)-2-hydroxypropyl methacrylate, whose synthesis is
presented in this work.

Keywords: conductive polymer, polypyrrole, telechelic poly-
mer, dual functional monomer, macromonomer.

Introduction

Electrically conductive polymers have been demonstrated as
promising materials for numerous applications such as sen-
sors,! tissue engineering,® light-emitting diodes,’ batteries,*
electrochromic devices,” electromagnetic shielding,® and cor-
rosion inhibition.” In particular, PPy is one of the most popular
conductive polymers because of its high electroactivity, low
density, high electrical conductivity, and environmental sta-
bility.*"

Due to the lack of reactive functional groups in pyrrole
monomer itself, however, much intensive efforts have been
devoted to chemically introduce pendent functionalities into
PPy backbone skeleton." Although the most common strategy
is to use functionalities of dopants physically entrapped into

214 it may result in

PPy during the electropolymerization,
impairing the electrical and mechanical properties due to
disruption of PPy by the trapped dopants.”® Lee ef al. presented
carboxylic acid-functionalized PPy derivatives by electrically
polymerizing monomeric 3-(1H-pyrrol-1-yl)propanoic acid
and 1H-pyrrole-2-carboxylic acid precursors, respectively, and
demonstrated them as a bioactive platform for cell adhesion by
facilitating the covalent conjugation with a cell-adhesive Arg-
Gly-Asp (RGD) motif on the polymer surfaces to direct cellular
behavior.'*'® Mecerreyes ef al. reported 2-(1H-pyrrol-1-yl)
ethanol and 2-(1H-pyrrol-1-yl)ethyl 2-bromo-2-methylpropanoate
as pyrrole-functionalized polymerization initiators for reparing
pyrrole-endcapped  poly(e-caprolactone) by ring-opening
polymerization of &caprolactone and pyrrole-endcapped
polymethacrylates by atom-transfer radical polymerization of
tert-butyl, (dimethylamino)ethyl, and methoxy-
ethoxyethyl methacrylates and poly(ethylene oxide) mono-

methyl,

methacrylate.” The desired pyrrole precursor for further
polymerization was introduced at the one end of the polymers
by using the pyrrole-functionalized initiators. Alkan et al. also
prepared pyrrole-endcapped polytetrahydrofuran by terminating
the cationic polymerization of tetrahydrofuran with the
potassium salt of pyrrole.
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In a study related to this interest, it could be desirable to syn-
thesize polymer architectures that are capable of imparting
crosslinking or branching sites. Acrylates and methacrylates
are common monomers in polymer plastics, easily forming the
homopolymers or copolymers with a variety of monomers
such as other (meth)acrylates, styrenes, and (meth)acryl-
amides, due to the presence of very reactive vinyl function-
ality.”"** For this reason, a dual reactive monomer composed of
each polymerizable methacrylate and pyrrole precursors at the
both ends would be a promising monomer candidate to archi-
tect three-dimensional (3D) conductive quasi-composites by
grafting (block) copolymers. Here, synthesis of a new func-
tional pyrrole monomer with a polymerizable methacrylate
moiety, 3-((3-(1H-pyrrol-1-yl)propanoyl)oxy)-2-hydroxypro-
pyl methacrylate (Py-N-MA) (3), is presented, and this dual
reactive Py-N-MA (3) is electropolymerized into methacrylate-
endcapped PPy (PPy-N-MA) (4) as a telechelic polymer capa-
ble of further polymerization with different vinyl monomers.

Experimental

All reagent grades of 1-pyrrolepropionitrile (Aldrich), potas-
sium hydroxide (KOH, Fischer), hydrochloric acid (HCI,
Fischer), diethyl ether (Aldrich), n-heptane (Aldrich), triethyl-
amine (TEA, Fischer), glycidyl methacrylate (GMA, Aldrich),
sodium bicarbonate (NaHCO;, Fischer), anhydrous magne-
sium sulfate (MgSO,, Fischer), and tetrabutyl ammonium per-
chlorate (TBAP, Fluka) were used without further purification;
however, N,N-dimethylformamide (DMF, Alfa Aesar) was
dried over phosphorus pentoxide and vacuum-distilled imme-
diately prior to use, and dichloromethane (CH,Cl,, Fischer)
was dried over calcium hydride (CaH,, Aldrich) and distilled.
Fluoride-doped tin oxide (SnO,:F, FTO) coated glass slides
(Hyogo) with typical sheet resistance of 15 €)/sq were ultra-
sonically cleaned in ethanol and double deionized (DDI) water
for 2 min each, then dried under vacuum.

Schematic chemical reactions for the synthesis of N-meth-
acrylated pyrrole, Py-N-MA (3), as a dual functional monomer
are presented in Scheme 1.

3-(1H-pyrrol-1-yl)propanoic acid (PyCOOH) (2) was hydro-
lyzed from 1-pyrrolepropionitrile (1) as described elsewhere.'®
Briefly, 100 mmol of (1) was added to 60 mL of 6.7 M KOH.
This mixture was refluxed under argon atmosphere until
NH;(g) no longer evolved. The reddish solution was acidified
to pH 5 using 8 M HCI, and the product was then extracted
with diethyl ether. The diethyl ether was evaporated, and the
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Scheme 1. Synthetic scheme for dual functional Py-N-MA (3), which
was synthesized by the coupling reaction of GMA with PyCOOH (2)
via an epoxide ring-opening mechanism.

resulting crude product was twice recrystallized from boiling
n-heptane to the white crystalline product (2) (yield 65%). The
'H NMR and *C NMR spectra (not shown) confirmed the
structure and were in agreement with the literature.'’

For the synthesis of Py-N-MA (3), 75 mmol of TEA was
added to 50 mmol of PyCOOH (2) in 50 mL DMF at 0 °C and
the mixture was stirred for 1h under argon atmosphere. A
solution of 40 mmol of glycidyl methacrylate (GMA) in
10 mL DMF was added dropwise into the mixture. The reac-
tion mixture was warmed to room temperature, stirred over-
night, and the volatile components were removed under
reduced pressure. The resulting crude product was dissolved in
CH,Cl,, and washed with saturated NaHCO; solution, fol-
lowed by water three times. The organic layer was dried over
anhydrous MgSQO,, filtered and the excess solvent was evap-
orated to yield the dual functional N-methacrylated pyrrole
monomer (Py-N-MA) (3) (yield 79%).

Perchlorate-doped poly[3-((3-(1H-pyrrol-1-yl)propanoyl)oxy)-
2-hydroxypropyl methacrylate] (PPy-N-MA) (4) films were
electrochemically polymerized using a potentiostat/galvanostat
(Model 273, Princeton Applied Research) in a three-electrode
cell: a stainless steel wire mesh (SUS304 EXMET, 325 mesh)
served as the counter electrode, an Ag/AgCl (in saturated KCI)
electrode served as the reference electrode, and a FTO glass
slide (2.5%7.5 cm) served as the working electrode. A 1.0 mM
solution of the monomeric Py-N-MA (3) was prepared in CH,.
Cl, with 0.2 M of TBAP, and the solution was purged with N,
for 10 min to prevent oxidation of the monomer prior to
polymerization. The polymerization onto a FTO glass slide
was carried out in three cycles, from 0.0 to +1.5V at a scan
rate of 2 mV/s.

"H NMR and *C NMR spectra were recorded on a Varian
Unity 300 (300 MHz) spectrometer, and mass spectra (MS)
were obtained in fast atom/ion bombardment ionization (FAB)
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mode on a Thermo Scientific TSQ triple quadrupole mass
spectrometer. Morphology was examined using scanning elec-
tron microscopy (SEM) (S-4000, Hitachi).

Results and Discussion

The synthesis of dual functional N-methacrylated pyrrole
monomer, Py-N-MA (3), in 79% yield by a base-catalyzed
esterification of PyCOOH (2) with GMA in Scheme 1 was
straightforward and its spectral data was consistent with this
structure. Its 'H NMR spectrum is compared with that of
PyCOOH (2) by assigning characteristic peaks arose from
GMA moiety in Figure 1. The signals at 6.13 ppm and
5.63 ppm in the Py-N-MA (3) spectrum were assigned to vinyl
carbon-linked hydrogens, H, and Hg, respectively. The peaks
at 1.94 ppm corresponded to methyl carbon-linked hydrogen at
the vinyl carbons (CH;) and the broad signal at 3.02 ppm was
attributed to hydroxyl group (OH) of the glyceryl ester moiety.
The appearance of these signals indicates the formation of Py-
N-MA (3), which is the major reaction product resultant of the
epoxide ring-opening pathway at the least sterically hindered
end.” For reference, the PyCOOH (2) spectrum) presented
signals at 2.81 (t, 2H, CH,COO), 4.21 (t, 2H, CH,CH,), 6.09
(dd, 2H, CHg pymroe), 6.68 (dd, 2H, CH,, pymole), and 10.78 ppm
(br, 1H, COOH: not shown). Multiplet signals in the spectral
region of 4.5 - 2.5 ppm were attributed to the glyceryl and pro-
panoyl spacers from GMA and PyCOOH (2), respectively.'”*

In FAB-MS analysis, the most intense ion peak at 282 m/z
in Figure 2 was found to be the protonated molecular ion,
[MH], with the formula mass of 281.13 amu calculated for
Py-N-MA (3) (C4H;4oNO:s) and the second most peak at 196 m/
z corresponded to the structural fragment [M-85], which was
produced by cleavage next to the methacrylate moiety of Py-
N-MA (3) as seen in inset of Figure 2. Based on the molecular
formula, detection of the parent ion and the corresponding
daughter ion at 196 m/z supports the successful incorporation
of methacrylate moiety from GMA at the N-end of the
PyCOOH (2).

The electrochemical behavior of Py-N-MA (3) was inves-
tigated in CH,CIl, solution of 0.2M TBAP using potential
cycling between 0.0 V and +1.50 V (versus Ag/AgCl) at 2 mV/
s scan rate with a FTO glass slide (2.5%7.5 cm) electrode. Elec-
trochemical oxidation of Py-N-MA (3) monomer was per-
formed under anodic polymerization, which excluded the
possibility of cathodic electrografting and radical polymerizing
of methacylate moieties.”* The resulting polymer, PPy-N-MA
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Figure 1. 'H NMR spectrum of monomeric Py-N-MA (3), where
characteristic peaks arose from GMA moiety are assigned with
comparing that of PyCOOH (2).
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Figure 2. FAB mass spectrum of monomeric Py-N-MA (3), where
the most intense peak at 282 m/z was detected as the protonated
molecular ion species, [MH]".

(4), was deposited onto the surface of the FTO electrode in
Figure 3. Figure 3(B) demonstrated three cycles obtained in
the same solution of 1.0 mM Py-N-MA (3). The formation and
growth of the PPy-N-MA (4) film as a telechelic macro-
monomer can be easily seen as the number of potential cycles
increases. The intensity of the peaks from the redox of the (4)
film increased and the anodic peak potentials shifted to pos-
itive direction as the film grew. A broad oxidation peak was
observed at the peak potential of +1.25 V and reverse cathodic
peak was seen at a peak potential of +1.00 V. The color of the
resulting polymer (4) film on the FTO glass slide electrode
was dark brown. The morphology of the polymer (4) was
investigated using SEM in Figure 3(C), where the cauliflower-
like feature was identical to that of typical PPy thin films elec-
trodeposited on electrodes.'® From a chemical point of view, it
is demonstrated that incorporating carbon-carbon n-bond from
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Figure 3. (A) Synthetic scheme of an electrically conductive tel-
echelic macromonomer, PPy-N-MA (4), from Py-N-MA (3). (B)
Cyclic voltammograms (CVs) of the PPy-N-MA (4) electropoly-
merization recorded for 1.0 mM monomeric Py-N-MA (3) on a
FTO glass slide electrode in a 0.2 M TBAP/CH,C], solution during
three consecutive potential cycles between 0.0 V and +1.5 V at a
scan rate of 2 mV/s. (C) Scanning electron microscopy (SEM)
image demonstrating the typical feature of PPy-N-MA (4) film.

the GMA onto the structure of pyrrole is a suitable strategy for
producing a telechelic polypyrrole because its vinyl func-
tionality could enable it to undergo a gelling process through
a grafting or crosslinking polymerization reaction.

The relatively high potential of the redox peaks of PPy-N-
MA (4) compared to conventional polypyrrole (PPy) may sug-
gest that oligomers with short conjugation length would be
formed. Homopolymers of dual functional pyrrole derivatives
would sacrifice intrinsic PPy bulk properties due to steric hin-
drance of the pendent side chains. In the previous reports, ter-
thiophene derivatives (i.e., 3'-substituted trimers of heterocyclic
thiophene) exhibited lower oxidation potential, compared to
thiophene derivatives (i.e., 3-substituted monomer of thio-
phene). % This led to high electrical conductivity and
mechanical integrity of polymers from the terthiophene over
the thiophene derivatives, attributed to alternate side chains
that reduce steric interactions and structural irregularities.”®
Therefore, preferential bulk properties of PPy-N-MA (4) could
be optimized by adding pristine pyrrole to the Py-N-MA (3)
solution before the film was oxidized in the electrochemical
reduction/re-oxidation (dedoping/doping) processes, finally
leading to the copolymer, poly(pyrrole-co-(3))."”

Zan, A)4148 A35, 20174

Conclusions

A new methacrylate-endcapped pyrrole monomer (Py-N-
MA) (3) has been synthesized and utilized for the preparation
of a telechelic methacrylate-functional polypyrrole (PPy-N-
MA) (4) by electropolymerization. It could be a promising
macromonomer to be further polymerized or chemically mod-
ified with other reactive vinyl functionalities in order to
achieve desired conductive PPy composites. The graft copo-
lymers of poly(meth)acrylates with PPy-N-MA (4) are cur-
rently underway to fabricate three-dimensional (3D) conductive
quasi-composites, and/or to improve the conventional PPy pro-
cessability.
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