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Abstract: A novel and green photochemical polymerization method of N-methylpyrole is reported.
Spectral and chromatographic characterizations revealed the formation of high molecular weight
polymer (1436 kg/mol) having light absorption in the near-infrared region (~750 nm), high
fluorescence emission in the visible region, high conductivity (0.062 S/cm) and good thermal
stability. Powder X-ray diffractogram identified a totally amorphous polymer. According to cyclic
voltammetry studies the polymer formed (PMPy) possess a relatively low electronic band gap (1.39
eV) which is very important for the (opto)electronic device applications of such materials.
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1. INTRODUCTION

Following the discovery of the unprecedented
conductivity of doped polyacetylene, there have
been enormous studies regarding the
production of the conductive polymers (CPs) for
various applications (1-3). CPs can easily be
structurally modified resulting in distinct
physicochemical features that have found use in
numerous electronic and optoelectronic devices
(4-6). Especially, CPs containing heteroatoms
such as polythiophene, polyaniline, polypyrrole
and their derivatives have been widely used in

rechargeable batteries (7), organic
photovoltaics (OPVs) (8), light-emitting diodes
(LEDs) (9), supercapacitators (10) and

biosensors (11).

Among the heteroaromatic CPs, polypyrrole and
its derivatives have attracted vast attention due
to their straightforward synthesis, high

conductivity and insulating properties (12, 13).
Poly (N-methylpyrrole) (PMPy) compared to
polypyrrole, has higher mechanical strength
(14), better antimicrobial activity (15), higher
adhesion to the metalsurfaces (16) and superior
corrosion protection due to its methyl group
which possesses hydrophobicity (17). Hence,
PMPy and its derivatives have been recently
used as anti-corrosion/anti-bacterial material
(18). The dopant ions present in PMPy also play
a crucial role in the hydrophobicity of the
polymer (19). It is a well-known fact that anions
such as hexafluorophosphate or
tetrafluoroborate possess great hydrophobicity
(20).

Most of the synthetic methods regarding the
production of PMPy involve chemical (21, 22)
and electrochemical oxidation (23-25). In
chemical oxidation, excess of a hazardous
transition metal salt (FeCls, CuCl,, Fe(OTs)s) is

443


https://doi.org/10.18596/jotcsa.1232989
mailto:kkaya@itu.edu.tr
https://dergipark.org.tr/jotcsa
http://www.turchemsoc.org/
https://orcid.org/0000-0002-5736-488X

Kaya K. JOTCSA. 2023; 10(2): 443-452.

usually dissolved in monomer solution of toxic
organic solvents  such as chloroform,
dichloromethane and heated to reflux
conditions for 1-2 days under inert atmosphere.
Although electrochemical oxidation can be
performed in short time (usually in minutes), it
has several disadvantages such as the need for
sophisticated electrochemical equipment,
inefficiency of electrodes during polymerization
and the production of very little PMPy which,
most of the time, cannot be completely
characterized. All these drawbacks faced in both
chemical and electrochemical oxidation
methods show a great barrier for the
sustainable chemistry.

In the context of sustainable chemistry, light-
driven chemical methods are the most
favorable techniques due to the faster reaction
rates, milder reaction conditions and the use of
much less or no solvent (bulk
photopolymerization) (26, 27). Photopoly-
merization reactions use only light as the input
energy and don’t require excess amount of
toxic catalysts/solvents (28). Besides these
features, photopolymerization methods possess
spatiotemporal control which make them
versatile for many modern applications
including 3D-printing (29).

In spite of the fact that most of the
photopolymerization methods concern free-
radical polymerization (FRP), cationic

photopolymerization reactions exhibit several
advantages over their FRP counterpart including
the insensitivity to air, low shrinkage and
theoretical non-terminating (living) nature (30,
31). It has been previously demonstrated that
cationic photopolymerization of technologically
important monomers including N-ethylcarbazole
(32, 33), thiophene (34), and thienothiophene
derivatives (35) can be successfully achieved
using strong photooxidants such as
diphenyliodonium hexafluorophosphate (DPI).

In this work, the green photoproduction of PMPy

doped with PFs anions using DPI as one-
component photoinitiator in ethanol solvent
under near-UV irradiation and ambient
conditions is reported. In contrast to insoluble
polypyrrole, photoproduced PMPy showed
relatively high solubility in most of the polar
organic solvents (tetrahydrofuran (THF),

dimethyl sulfoxide (DMSO), dimethyl formamide
(DMF)). PMPy was structurally characterized
using infrared (IR) and nuclear magnetic
resonance (NMR) spectroscopies. According to
gel-permeation chromatography (GPQ),
conductivity, UV-vis and fluorescence
measurements, the photoproduced PMPy had
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high molecular weight (1436 kg/mol), high
conductivity (0.062 S/cm), broad UV-vis-NIR
absorption (reaching near-infrared region) and
strong white light photoluminescence,
respectively. Thermal stability and crystallinity
of the polymer was also investigated using
differential scanning calorimeter (DSQ),
thermogravimetric analysis (TGA) and powder
X-ray diffractometry (PXRD), respectively. Cyclic
voltammetry studies performed pointed out to
relatively low band gap (1.39 eV) which is
important for (opto)electronic utilization.

2. MATERIALS AND METHOD

2.1. Materials

N-methylpyrrole (NMPy) (Sigma-Aldrich, 99%)
and diphenyliodonium hexafluorophosphate
(Sigma-Aldrich, >98%) were kept in the fridge
prior to use and used as received. All the other
chemical reagents (solvents) including absolute
ethanol (96%, Merck), methanol (Merck, 99.8%),
tetrahydrofuran (Sigma-Aldrich, 99.9%),
dimetylformamide (Merck, 99.8%) and
dimethylsulfoxide (Merck, 99.9%) were purified
according to conventional techniques prior to
use.

2.2. Methods

2.2.1. Photoproduction of PMPy

PMPy was prepared by mixing 900 pyL of NMPy
(1 mmol) and 852 mg of DPI (2 mmol) in 2 mL of
EtOH inside a test tube which was then
irradiated using a photoreactor equipped with
12 lamps emitting light nominally at 355 nm
(~100 mW/cm?) for 4 h. Viscous black solution
formed were then precipitated into hot n-
hexane in order to remove any unreacted NMPy
or DPI. After washing with ethanol, PMPy was
dried under vacuum for 2 days before any
characterization.

2.2.2. Gel permeation chromatography (GPC)
GPC measurements were performed on a
TOSOH EcoSEC GPC system equipped with an
auto-sampler system, a temperature-controlled
pump, a column oven, a refractive index (RI)
detector, a purge and degasser unit, and a
TSKgel superhz2000 4.6 mm ID x 15 cm X 2
cm column. Tetrahydrofuran was used as an
eluent at flow rate of 1.0 mL/min at 40°C.

2.2.3. UV-vis Spectroscopy

UV-vis spectra were recorded with a Shimadzu
UV-1601 double-beam spectrometer equipped
with a 50 W halogen lamp and a deuterium
lamp which can operate between 200 and 900
nm.
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2.2.4.Fluorescence Spectroscopy
Fluorescence meausuerements were performed
using Perkin-Elmer LS55 which can operate
between 200 and 900 nm. with a slit width of 5
nm and 1 cm path length cuvette.

2.2.5. NMR Spectroscopy

'H NMR and 3C spectra were recorded in
deuterated chloroform (CDCls with
tetramethylsilane as an internal standard) at

500 MHz on an Agilent VNMRS 500
spectrometer at 25° C.
2.2.6. IR Spectroscopy
Fourier-transform infrared (IR) spectra were

recorded on a PerkinElmer Spectrum One
spectrometer with an ATR accessory (ZnSe,
PikeMiracle) and a mercury cadmium telluride
(MCT) detector. A total of 32 scans were
averaged.

2.2.7. Cyclic Voltammetry

The electrochemical measurements were
performed by using a CH Instruments 617D
potentiostat— galvanostat system. The
electrochemical cell containing a Ag wire as a
reference electrode (RE), a Pt wire as counter
electrode (CE), and glassy carbon as a working
electrode (WE) was immersed in 0.1 M
tetrabutylammonium hexafluorophosphate as

the supporting electrolyte under argon
atmosphere.

2.2.8. Powder X-Ray Diffractography
Crystallographic identification was

accomplished by X-ray diffraction (XRD) method
on a benchtop Rigaku Miniflex diffractometer
with a Cu-Ka radiation source operated at 30 kV
and 10 mA. The acquisition angle ranged from
2° to 90°.

2.2.9. Thermal Analysis
Thermogravimetric analysis (TGA) was
performed on a Perkin-Elmer Diamond TA/TGA
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with a heating rate of 10 K/min under constant
nitrogen flow of 200 mL/min.

2.2.10. Conductivity Measurements
Conductivity measurements were performed in
air at room temperature using a HP3478A
digital voltmeter, with a direct 4-wire resistance
capability.

3. RESULTS AND DISCUSSION

Following the photopolymerization, precipitation
and drying procedures, molecular weight of
obtained PMPy was investigated using GPC. The
results are tabulated in Tablel.

Table 1.GPC results of PMPy obtained by
photopolymerization.?

Polymer Conversion M, bDe
(%)" (kg/mol)©
PMPy 72 1436 1.37

21 mmol of NMPy was mixed with 2 mmol of DPI
inside a tube irradiated inside a photoreactor for
4 h. (details can be found in the materials and
method section). "Determined gravimetrically.
‘Determined using GPC calibrated with
polystyrene standards having narrow molecular
weight distribution (1.05).

It is interesting to observe GPC traces (Figure 1)
belonging to very high molecular weight species
since similar CPs are known to have poor
solubility in most of the solvents (36). This
phenomenon can be attributed to the highly
doped nature of PMPy resulting in increased ion-
dipole interactions between dopant ions (PFe)
and dipole of polar organic solvents such as
THF, DMSO and DMF (37). Dispersity index of
1.37 is a clear indication of the step-growth
nature of the photopolymerization as similar
indices were previously observed in the
photoinduced step-growth polymerization of
other heteroaromatics monomers (38).
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Figure 1. GPC traces of PMPy.

UV-vis absorbance spectrum of the dark colored
PMPy in DMSO solvent exhibited strong
bathochromic shift (~450 nm) compared to the
spectrum of its monomer analogue as can be
seen in Figure 2. The absorbance in the near-
infrared (NIR) region confirms the presence of
high molecular weight species having increased
conjugation.

Figure 4a and 4b show 'H and *C NMR spectra
of PMPy, respectively. Clear broadening in the
aliphatic region and aromatic region
corresponds to N-methyl and pyrrole ring
protons, respectively, indicating successful
polymerization. In the H NMR spectrum, the
ratio of the integral areas of the aliphatic and
aromatic regions are 3:6 instead for 3:2 due the
low resolution caused by the insolubility of large
molecular weight polymers, the end group
aromatic protons of different chain length
polymers and due to the presence of NMR
solvent CDCls.
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Figure 2. UV-vis spectra of (red) NMPy and
black (PMPy) (solvent:DMSO).

Excitation of DMSO solution of PMPy in different
wavelengths resulted in fluorescence emissons
covering the whole blue-red-green zone (visible
to NIR) (Figure 3). causing a strong white light
luminescence, especially upon excitation at 355
nm (Figure 3 inset photo).
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Figure 3. Fluorescence emission of PMPy excited at different wavelength (inset photo shows the
white photoluminescence of PMPy excited at 355 nm) (solvent: DMSO).

Figure 4. (a) 'H NMR and (b) *C NMR spectra of PMPy.

Figure 5 shows the IR spectra of NMPy and
PMPy. Similar to NMR spectra, clear
broadening in the aliphatic and aromatic C-H
stretching peaks points out successful
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polymerization. Minor changes in the
fingerprint region might be due to the
presence of high conjugation and dopant
ions.
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Figure 5. IR spectra of (red)NMPy and (black)PMPy.

In view of the previous laser-flash photolysis
results obtained (38), the photopoly-
merization of NMPy should initiate by the
formation of NMPy radical cation through
photoinduced electron transfer (PET) within
the excited complex (exciplex) formed
between DPI and NMPy by irradiation. This is

coupling of two NMPy radical cations
releasing HPF¢ acid. Since the oxidation of
dimer is easier than the oxidation of
monomer the photopolymerization proceeds
through successive PET, coupling and acid
release yielding PMPy doped with PF¢ ion in a
step-growth manner (Scheme 1).

followed by the formation of dimer by
I® h ° ® :
v =355 nm |
0T Q— (0
N EtOH, r.t.,, 4 h
| S | S
PFg PFg
NMPy DPI - exciplex -
7\
N &)
-~ . | PFs 1\ PFe
DPI, hv - 2 HPFg |T|

Scheme 1. Plaused mechanism for the photoinduced step-growth polymerization NMPy.

DSC thermogram of PMPy, similar to the
literature results, shows no endotherms but
two exotherms around 170 °C and 325 °C
indicating recrystallization and degradation of
the polymer, respectively. (Figure 6a).
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Thermal stability of the PMPy was also probed
using TGA (Figure 6b). PMPy was stable (first
5% loss by weight) until 175 °C where after a
sudden loss of weight occurred due to the
removal of dopant ions and the gradual
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degradation of polymeric chains, as
previously observed in another
photochemically polymerized N-methylpyrrole
and N-methylindole using phenacyl bromide
(38). The attribution of the first weight loss to
the removal of dopant ions is due to the fact
that the TGA thermogram of dedoped state of
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PEDOT) were previously shown to be
thermally stable until the degradation point
(39). When DSC and TGA results of PMPy are
compared, it is possible to conclude that the
two exothermic peaks in the DSC
thermogram correspond to two major weight
loss temperatures in TGA thermogram of

similar  conjugated polymers (dedoped PMPy.
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Figure 6. (a) DSC thermogram and (b) TGA thermogram of PMPy.

PXRD diffractogram of PMPy exhibited a
totally amorphous nature and was in good
agreement with the GPC traces indicating
high molecular weight species (Figure 7). The
peak around 26 = 24° corresponds to -
stacking between the pyrrole units of PMPy
(40). The HOMO and LUMO level of the PMPy
was calculated through its

3000

electrochemical data of three cycles obtained
using cyclic voltammetry (CV) in acetonitrile
solution (Figure 8) (HOMO = 1.00 eV (onset)
and LUMO = -0.39 eV (onset)). Calculated
electronic band gap of 1.39 eV is close to the
previously obtained PMPy (1.45 eV) by
photopolymerization method (38).
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Figure 7. Powder X-Ray diffractogram of PMPy.
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Figure 8. Cyclic voltammogram of PMPy.

4. CONCLUSION

In summary, high molecular weight poly (N-
methylpyrrole) (PMPy) was photochemically
obtained wusing DPlI as one-component
photoinitiator under green conditions.
According to the previous experimental
results obtained through the detection of acid
and laser-flash photolysis, the
photopolymerization should initiate by the
oxidation of the monomer by DPI within the
exciplex and should proceed with the
coupling of two monomers forming dimer by
releasing two protonic species. Propagation of
the dimers and oligomers should go on in a
step-growth manner finally terminated by
hydrogen abstraction possibly from the
solvent (EtOH). The method developed has
many advantages over the conventional
methods ((electro)chemical oxidation) such
as the use of ambient conditions, green
solvent, straightforward reaction procedure
and short reaction time. Considering the
strong electron acceptor feature of DPI, this
work can be extended for the
photopolymerization of other electron donor
monomers.
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