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Glow discharge polymerization is not well understood due to the rapid/complex reaction at the plasma/gas
precursor interface. Plasma reaction in a submerged condition allows post-plasma-polymerization, leading
to further polymer growth and thus a stable structure. Electron collision with acetonitrile at the interface
initiates the formation of radical monomers, which undergoes further rearrangement to form
low-molecular (LM) nitrogen polymers (NPs). The radical-rich LM NPs go through further polymerization,
forming stable high-molecular (HM) NPs (as determined using liquid chromatography/mass
spectrometry). LM NPs absorb light at a wavelength of 270 nm (A max) whereas HM NPs show absorption at
420 nm (A max), as determined from ultraviolet-visible absorption spectra. The fluorescence spectra of HM
NPs show characteristic emission at 430 nm, which indicates the presence of nitrogen functional groups
with external conjugation. The proposed structure of HM NPs is verified with different analytical
instruments.

lasma processes are important for the synthesis of various types of materials'*. Glow discharge plasma is a

well-known technique for the polymerization of various organic compounds, including naphthalene, ethyl-

ene, perfluorocarbons, acetonitrile, acrylonitrile, pyridine, ferrocene, 1,2-dicyanoethylene, and tetracya-
noethylene®*. The polymerization of organic compounds using the glow discharge technique is however not
fully understood due to the complex roles played by the organic compounds and their functional groups®’. Glow
discharge polymerization with a gaseous precursor has major shortcomings, including (a) high operation cost, (b)
process complexity, (c) low contact time, which prevents complete carbonization or polymerization, (d) material
loss, (e) and uncertainty and inconsistency in the end product. The present study thus proposes a submerged
liquid plasma process. Plasma reaction in a submerged condition is an attractive tool for the formation of
polymeric materials. The submerged liquid plasma reaction gives information about the reaction pathway and
intermediates formed during the polymerization. The direct carbonization/polymerization of organic com-
pounds in a submerged plasma condition is a soft solution process at ambient conditions®'°. The formation
of plasma in aqueous solutions facilitates metal oxide powder synthesis'""?, the formation of nanomaterials'>"*,
the removal of organic pollutants from wastewater'®, hydrogen production'®, disinfection", reduction of metal
ion'®, medical applications'®, and analytical tools®. In a plasma reaction, the organic solvent undergoes a
carbonization or polymerization reaction depending on its functional groups. At the interface of plasma and
the organic solvent, polymerization is induced by radicals rather than ions®. Under a plasma condition, meth-
anol”, ethanol'>>”, and other saturated aliphatic organic compounds form less stable radical species and
polymerization is not favorable. In contrast, organic compounds with either unsaturated or high-energy func-
tional groups (e.g., C=C, C=N, and C=N) form stable free-radical monomers and initiate the polymerization
reaction**. The formation of a plasma polymer in a submerged condition depends on the nature of the plasma
formed, the chemical structure of the precursor, and the precursor functional group®. The chemical properties of
polymers produced in plasma differ greatly from those of conventional polymers. The most significant differ-
ences are that the polymers produced by a plasma process do not contain regular or repeating units and are
enriched with radicalized functional groups®. Plasma polymers offer a number of advantages over conventional
polymers. Plasma-activated polytetrafluoroethylene significantly enhances the adhesion properties of steel**.
Compounds polymerized under plasma have a higher dielectric property due to the existence of polar groups
and that can be used for various electrical applications®*. Plasma polymers are a potential replacement for
conductive/functionalized polymers currently used as electrode materials, storage devices, light harvesting, solar
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cells, gas storage, DNA probing, sensors, polymer-based batteries,
light-emitting diodes, and super capacitors®>*. Conductive and
fluorescent polymers can be synthesized only via the polymerization
of fluorescent monomers or the modification of a commercially
available polymer by adding/replacing reactive groups™. In the pre-
sent study, a submerged liquid plasma technique is adopted for the
direct (one-step) synthesis of nitrogen polymers (NPs). Acetonitrile
is used as the target material for the formation of NPs. The NPs are
characterized and the reaction mechanism and possible applications
are evaluated.

Results

Formation of LM and HM NPs in submerged liquid plasma. At the
start of the experiment, the tungsten-needle-to-Si-electrode distance
was adjusted to get the maximum plasma width (Fig. 1a). When the
tungsten needle touched the silicon electrode, there was no plasma
observed in the solution. Plasma torch widths of 77, 141, and 213 um
were obtained for distances of 32, 78, and 100 pm, respectively””.
Beyond 100 pum, there was no plasma formed in the solution,
which may be due to the poor conductivity of pure acetonitrile.
Hence, an electrode distance of ~100 pm was maintained for all
the experiments. The colorless acetonitrile solution turned pale
yellow (240 min) and then dark brown at the end of the reaction
(480 min). Radical acetonitrile monomers were initiated at the
plasma/acetonitrile interface and underwent further polymeriza-
tion via a post-plasma-polymerization reaction. To understand the
post-plasma-polymerization reaction and the nature of the
polymeric compounds at the beginning and end of the reaction,
NPs formed by plasma polymerization were characterized using

liquid chromatography/mass spectrometry/mass spectrometry (LC/
MS/MS) analysis without any dilution. The sample collected at
240 min showed 7 major peaks at m/z (m + 1) 81, 83, 106, 134,
186, 211, and 289, respectively (Fig. 2a). After some time
(480 min), the peak intensities of (m + 1) 81, 83, 106, 134, 186,
and 211 decreased due to the post-plasma polymerization and
intense peaks around (m + 1) 289 formed. Based on LC/MS and
MS/MS spectra, the possible structures of 6 polymeric compounds,
namely pyrazine, 2,4-dihydro-pyrazine, pyrazine-2-carbonitrile, 2,4a-
dihydro-pyrido[2,3-b]pyrazine, 14,7,13-pentaaza-anthracene, and
1,4,7,9,13-pentaaza-11-carbonitrile anthracene, are given in Fig. 2.
The MS/MS spectra of LM NPs (m + 1: 81, 83, 134, and 186) are
identified and the possible structures of the daughter peaks are given
in the supplementary section (supplementary Fig. S1). The compound
pyrazine-2-carbonitrile follows a fragmented pattern identical to that
of 2,4-dihydro-pyrazine. Similarly, 1,4,7,9,13-pentaaza-11-carbonitrile-
anthracene follows a pattern identical to that of 1,4,7,13-pentaaza-
anthracene (supplementary Table S1).

Optical properties and chemical composition of HM NPs. The
ultraviolet-visible (UV-Vis) absorption of NPs gradually increases
with increasing contact with plasma. At the end of the reaction, the
absorption spectra of NPs shift from UV to the visible region (Fig. 3).
As the reaction proceeds, the UV absorption of LM NPs gradually
increases from 190 nm (acetonitrile) to 270 nm after a reaction time of
240 min. Beyond 240 min, the brown-colored liquid (HM NPs)
showed visible light absorption at 420 nm (Fig. 3 inset). The
increase in absorption is due to the post-plasma polymerization of
LM NPs, which initiates the formation of nitrogen-enriched ring/
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Figure 1 \ (a) Correlation diagram for W needle distance versus plasma torch width, (b) reaction rate and order of radical monomers formed in
acetonitrile, and (c) fluorescence spectra of NPs collected at 360 and 480 min.
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Figure 2 | LC/MS spectra of NPs collected at (a) 240 min and (b) 480 min. Note: (a) 2,4-dihydro-pyrazine, (b) pyrazine, (c) pyrazine-2-carbonitrile,
(d) 2,4a-dihydro-pyrido[2,3-b]pyrazine, (e) pyrido[2,3-b]pyrazine, (f) 1,4,7,13-pentaaza-anthracene, and (g) 1,4,7,9,13-pentaaza-11-carbonitrile

anthracene.

polymerized structures with external conjugation (C=C, C=N, and
C=N). The formation of LM NPs depends on the reaction rate of
(*CH,-C=N) radical monomer, with other factors, such as plasma
intensity, acetonitrile concentration at the interface, and temperature,
assumed to be constant. The samples collected at different time
intervals showed fluorescence properties when exposed under UV
light (254 nm). The fluorescence spectra of NPs collected at
360 min and 480 min are given in the inset of Fig. lc. The
fluorescence spectra show more intense emission at 430 nm for the
NPs collected at 480 min when compared to NPs collected at 360 min.
The increase in fluorescence may be due to the formation of HM NPs
enriched with conjugated nitrogen functional groups. The fluorescence
property of the NPs clearly indicates the existence of nitrogen
functional groups in the polymerized structures. To determine the
rate of formation of the radical monomers at the plasma/acetonitrile
interface, the UV absorption (fixed wavelength at 270 nm) value of
NPs collected at different time intervals were fitted with pseudo-first-
order kinetics. The plot of In[C/Cy] vs. t is linear with a correlation
coefficient (R?) value of 0.97 and a rate constant (k) of 1.08 X
107 min™" (Fig. 1b). The correlation coefficient (R*) of 0.97
indicates that the formation of radical monomers at the interface is
not affected by the presence of LM NPs and HM NPs in the solution.
Hence, the formation of radical monomers in a submerged plasma
condition follows pseudo-first-order kinetics and the rate of the
formation of LM NPs depends on concentration radical acetonitrile
monomers. Scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HR-TEM) images of concentrated
and dried HM NPs are shown in Fig. 4a, Fig. 4b, and Fig. 4c,
respectively. The SEM image shows that HM NPs have a uniform
surface and a jelly-like appearance. The HR-TEM image shows that
HM NPs have a discontinuous amorphous structure with incomplete
spheroidal shells. Electron energy loss spectroscopy (EELS) was used to
determine the composition of nitrogen and carbon in the NPs.
Figure 4d shows the EELS spectrum of HM NPs. It indicates the
presence of carbon, nitrogen, and oxygen structures. The sample

shows two ionization edges for C-K, at 284 and 287 eV, respectively.
Similarly, two ionization edges were observed for N-K, at 399 and
4004 eV, respectively. This transition of C-K is due to the higher
electronegativity of nitrogen atoms, which are present adjacent to
the carbon, decreasing the electron density around the carbon atom.
Similarly, N-K also shows two ionization edges due to the presence of
carbon atoms adjacent to the nitrogen. The peak at 284 eV
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Figure 3 | UV-Vis absorption properties of NPs collected at different
time intervals. Inset shows UV-Vis absorption spectra of NPs collected at
360 and 480 min.
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Figure 4| (a) Image of dried HM NPs. (b) SEM and (c) HRTEM images of
HM NPs. (d) EELS spectra of HM NPs. Note: Conditions for EELS spectra
for C-K, spectrum acquire 50; exposure 0.5; energy loss 250; dispersion
0.2 eV/ch; aperture 1 mm; and N-K, spectrum acquire 50; exposure 0.5;
energy loss 350; dispersion 0.1 eV/ch; aperture 2 mm.

corresponds to the 1s-m* transition, which can be assigned to sp*
hybridized carbon, and the peak at 287 eV corresponds to the 1s-c*
transition, which can be assigned to sp®> carbon atoms bonded to
nitrogen inside the ring®. Similarly, N-K shows two edges, at 399
and 4004 eV, respectively. The peak at 399 eV is attributed to a
pyridine-like structure (imine nitrogen -N), and the peak at
4004 eV can be assigned to the NC; structure in the aromatic
ring®*". EELS analysis shows the existence of a pyridine/ring-like
structure, which is consistent with the LC/MS/MS analysis. The
EELS spectrum with the higher eV was obtained (Supplementary
Fig. S2). The O K edge appearing at 536 eV corresponds to the H,O
molecule probably adsorbed from the air.

Structural elucidation of HM NPs. The Raman spectrum of HM
NPs shows C-H aromatic stretching vibration modes at 3022 cm™,
2889 cm™, and 2851 cm™" and stretching modes of branched C-H
at 2740 cm™' (Fig. 5a)*. The weak bands at 1658 cm™' and
1601 cm™" are attributed to the C=C stretching vibration mode**-
*. The band at 1443 cm™' is attributed to the ring semi-circle
stretching of a pyridine-like compound*. The bands at 1377 cm™
and 1298 cm™' correspond to the presence of polycyclic aromatic
compounds and are assigned as the symmetric in-plane ring
breathing vibration of the conjugated ring system. The band at
1144 cm™' corresponds to the aromatic ring in breathing mode.
The bands at 1092 cm™}, 1088 cm™', and 986 cm™" are due to the
C-H in-plane bending of the heterocyclic/aromatic ring and C-H
out-of-plane bending appears at 880 cm™'**"**. The Raman spectrum
confirms the existence of a pyridine-like structure and shows that
carbon is predominantly present in the sp> hybridized state. The
Fourier transform infrared (FTIR) spectrum of the HM NPs is
given in Fig. 5b. The absorption bands in the range of 1100-
1650 cm ™' correspond to N-C stretching vibrations. Similarly, the
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Figure 5| (a) Raman spectrum and (b) FTIR spectrum of HM NPs. XPS spectra of HM NPs (c) C 1s (d) and N 1s.
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Figure 6 | Proposed reaction mechanism for the formation of LM NPs and HM NPs in submerged liquid plasma.

regions of 1500-1750 cm™" and 2150-2300 cm™" correspond to
C=N and C=N, respectively. The HM NPs show a strong
absorption band at 1382 cm™', which is due to the presence of
secondary 2C-N or tertiary 3C-N fragments corresponding to an
increase in the C-N single bond character*>*. The bands appearing
at 1616 cm™' and 1637 cm™' correspond to the stretching vibration
mode of C=N. The HM NPs show a very weak band at 2152 cm ™",
corresponding to C=N and confirming the compound (m/z 105)
mentioned in the LC/MS/MS analysis (Fig. 2a). The N-H
stretching vibration mode appears at 2335 cm™', 3405 cm™’, and
3455 cm™'. The C-H vibration modes appear at 2356 cm™',
2844 cm™', and 2912 cm™'.The FTIR and Raman spectra of HM
NPs are in good agreement with compounds identified in HM NPs
by LC/MS/MS analysis. From elemental analysis, the N/C ratio
present in HM NPs was 0.393 (C% 55.53, N% 21.83, and H%
8.91), which is in good agreement with the carbon and nitrogen
analyzed in X-ray photoelectron spectroscopy (XPS) analysis. The
XPS spectra of HM NPs show peaks for carbon, nitrogen, and oxygen
(supplementary Fig. S3). The appearance of an oxygen peak in the
XPS spectrum may be due to the hygroscopic nature of HM NPs;
oxygen is considered as an impurity. From the XPS analysis, the N/C
ratio was found to be 0.362. The electronic 1s core levels of N and C
were analyzed and numerically fitted to Gaussian functions
(supplementary Table S2). The fittings were similar to the values
reported for N 1s and C Is. The C 1s region consists of four well
resolved binding energy configurations identified as 284.2, 284.8,
286.0, and 287.7 eV for Cl1, C2, C3, and C4, respectively (Fig. 5c).
Similarly, N 1s showed binding energy configurations identified as
398.2, 399.0, 399.7, and 400.4 eV for N1, N2, N3, and N4,
respectively (Fig. 5d). The broad peak at 398.2 eV can be assigned

to the sp’ C-N bond and that at 400.4 eV can be assigned to sp> NC;
in the aromatic ring®*'. The binding energies of 399.0 and 399.7 eV
correspond to C=N-C and N-C, respectively. Similarly for C 1s
spectra, the binding energies at ~284.2 eV and ~284.8 eV
correspond to sp’> C-C and sp> C=C, respectively®***"*7*% The
binding energies at 286.0 and 287.7 eV are assigned to C;N in the
aromatic ring and C-N, respectively*>*°. The XPS analysis indicates
that the nitrogen is present in the form of C=N-C and can exist only
in the form of a ring structure. The binding energies of the above
assigned groups are in good agreement with the Raman and FTIR
analyses.

Discussion

On the basis of the above experimental results, the possible formation
mechanism of unconventional NPs in a submerged plasma condition
is proposed. The plasma submerged in acetonitrile initiates hydrogen
detachment in the first step, leading to the formation of a highly
reactive free-radical monomer (-CH,-C=N) due to the low bond
energy of C-H (413 kJ/mol) compared to that of C=N (891 kJ/
mol)°. Compounds containing the nitrile group are stable towards
electron attack due to the high stability of the C-CN bond and favor
plasma polymerization rather than fragmentation®*®. The radicalized
monomer (*CH,-C=N) is considered as the building block for all 6
compounds and carbon is predominantly present in the sp* hybri-
dized form. Nitrogen present in the monomer is sensitive towards
radicals, hence electrons from carbon are localized into nitrogen.
Carbon is easily attacked by another nucleophile and forms a stable
ring structure (Fig. 6). The dimer C;N,Hg acts as a base unit for the
compounds with a molecular weight of more than 80. The free-
radical monomer reacts with the dimer and initiates the formation
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of conjugated structure. This structure further undergoes unconven-
tional polymerization by restructuring itself to produce LM NPs. The
compounds identified with molecular weights of m/z 81 and 83 are
considered as dimers of *CH,-C=N. This was further confirmed by
their MS/MS daughter peaks, which showed almost identical frag-
mentation patterns. The LC/MS spectrum shows (Fig. 2b) 5 intense
peaks between m/z 284 to 290. Due to the existence of a highly
reducing environment, LM NPs produce different structures and
upon further polymerization form protonated and deprotonated
HM NPs between m/z 284 to 290. The different protonated struc-
tures of HM NPs were not studied further due to the complexity
involved in their identification. Hence, the major peak at m/z 289
is assigned to the HM NPs and possible reaction mechanisms are
considered further. Nitrogen present in the LM NPs shows a high
electron withdrawing property, leading to localization of the = bond
from the adjacent carbon atom. The electron-deficient carbon is
attacked by other nucleophiles (LM NPs) and forms HM NPs. The
proposed mechanisms for the formation of LM NPs and HM NPs in
a submerged liquid plasma condition are given in Fig. 6. The post-
polymerization reaction was initiated only by the nitrile and nitrogen
groups in the LM NPs and plasma does not play any role in the
formation of HM NPs.

In conclusion, the formation of NPs by the proposed method
provides a number of advantages over glow discharge polymeriza-
tion, including (a) simple reaction set up (b) reaction at ambient
conditions, (c) periodic collection of samples allowing clear informa-
tion about the product, (d) simple procedure, and (e) low operating
cost. The formation of NPs in a submerged plasma condition is an
eco-friendly single-step process. Further purification is unnecessary
and no unwanted by-products are created in this process. Large-scale
production could be possible using this method. The NPs are a
potential alternative to organic compounds currently used for light
harvesting, solar cells, and light-emitting diode applications. The
application of a hybrid structure of NPs with nanoparticles is an
important challenge for our future research.

Methods

Experiments. In the plasma experiments, an etched tungsten needle was used as a
point high-voltage electrode and Si wafer was used as a planar ground electrode. Prior
to the experiment, one end of the tungsten needle (<1 mm diameter) was polished
using a conventional electrolysis cell**. The anodic tungsten needle was inserted into
the platinum ring cathode (before etching, ring diameter was 4-5 mm) and 1 M
NaOH solution was used as the electrolyte with a cell potential of ~3 V. All the
experiments were conducted using a tungsten needle with a diameter of ~75 pm.
Acetonitrile (99.95%), procured from Sigma Aldrich, was used as the target material
and acetone (Acros, 99.5%) was used as the washing solution. The experiments were
conducted in a nitrogen atmosphere to avoid oxygen interference in the acetonitrile
polymerization reaction. Both electrodes were immersed into the acetonitrile solution
(80 mL) and separated by a distance of ~75 pm. The electrode distance was
controlled by a moving stage assembly (Translation Stage Triple-Divide Series 9064
and 9065), which was operated by a computer. A discharge voltage of 2.7 kV was
applied (repetition rate: 10 kHz, pulse delay: 500 ps, and pulse width: 5 ms) across
the electrodes using a pulse generator (AVTECH, AV-1022-C) connected to a high-
voltage amplifier (TREK Model 609E-6), which can generate 0.1 to 5 kV. The plasma
polymerization was carried out for a fixed reaction time of 8 h and samples were
collected at regular time intervals for further characterization. At the end of the
reaction, a clear brown-colored liquid was obtained and no deposition or
precipitation was observed on the tungsten needle, grounded electrode, or in the
acetonitrile solution. The NP solution was centrifuged to remove trace residual
suspended material and the supernatant liquid was used for further analysis.

Characterizations. Absorption spectra of NPs were collected at different time
intervals using a UV-Vis spectrometer (SCINCO S-3100). The fluorescence spectra
were recorded with a fluorescence spectrophotometer (Hitachi F-4500). The plasma
polymerized solution was concentrated by removing unreacted acetonitrile and the
residue was used for further characterization. The surface morphology and elemental
compositions of the polymerized material were monitored using a high-resolution
thermal field-emission scanning electron microscope (FE-SEM, JEOL, JSM-7001). A
high-resolution transmission electron microscope (HR-TEM) with an electron
energy loss spectroscopy (EELS) analyzer (JEOL JEM 2100F) operating at 200 kV was
used to understand the microstructure and surface morphology of the NPs. Raman
spectroscopy analysis was performed using a Renishaw inVia confocal micro-Raman
spectrometer using a 785-nm argon laser as the excitation source. FTIR spectra of the

NPs were recorded using the KBr disk method with Nicolet Nexus 470 and 30 scan
were recorded for each sample with a 4 cm™' spectrum resolution. High-resolution
X-ray photoelectron spectroscopy (HR-XPS, PHI Quantera SXM, ULVAC Inc.,
Kanagawa, Japan) was employed to analyze the binding energy of carbon and
nitrogen present in NPs. HR-XPS was performed with a monochromatic Al Ko,
source (25 W, hv = 1486.6 eV) and an energy resolution of 1 eV. All XPS spectra
were obtained at a take-off angle of 45° for each element. The atomic sensitivity
factors were 0.314, 0.499, and 0.733, corresponding to C 1s, N 1s, and O 1Is,
respectively. The LC/MS/MS study was carried out using a mass spectrometer (API-
4000QTrap) using a turbo ion spray. The electrospray needle was maintained at
5500 V with the declustering potential set at 40 V. Ultrapure nitrogen was used as the
nebulizer gas and set at 40 psi. The mass spectrometer was operated in positive ion
mode and MS/MS analysis was carried out using nitrogen as the collision gas. The
collision energy was kept between 30 and 40 eV. The sample was injected through a
syringe pump with a flow rate of 15 pL/min. The elemental composition of NPs was
analyzed using an elemental analyzer (Elementar Vario EL III).
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