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Abstract: This study focuses on the fabrication of plasma-polymerized polyethylene glycol (pp-PEG)
with porous morphology in a pulsed dielectric barrier discharge (DBD) plasma under atmospheric
pressure. The signal frequency that modulates the plasma discharge was found to have a major
influence on the pp-PEG film morphology. The recorded discharge current–voltage characteristic
allowed us to establish a homogeneous regime of the DBD plasma operated in helium gas flow
upon the frequency range 2–10 kHz. The as-prepared pp-PEG films were characterized by the
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and liquid-
phase chromatography (HPLC) techniques. The performed analysis revealed that as the discharge
frequency increases, the morphology of the obtained films becomes porous due to the plasma-induced
stronger monomer fragmentation. To gain knowledge about the plasma species and the interaction
processes that impact the film morphology, optical emission spectroscopy (OES) and intensified
charge-coupled device (ICCD) fast imaging technique were applied. The determined vibrational
(Tvib) and rotational (Trot) temperatures exhibit a decrease with the introduction of monomer vapors
into the discharge gap. For instance, Trot drops from approximately 475 K to 350 K, and Tvib falls from
2850 K to 2650 K for a monomer vapor injection rate of 16 µL/min. This was attributed to the energy
losses of the plasma-generated particles, as the inelastic collisions augment with the injection of a
monomer. Concurrently with the change in temperature, the discharge current varies significantly
for the investigated frequency range and exhibits a drop at high frequencies. This discharge current
drop was explained by an enhancement of the recombination rate of charged particles and seems to
confirm the prevalence of a plasma-induced monomer fragmentation process at high frequencies.

Keywords: atmospheric-pressure plasma polymerization; dielectric barrier discharge; porous
polymer-like films

1. Introduction

Polymer deposition is a current hot topic in research, with numerous applications
in everyday life such as biomedical, environmental, packaging or corrosion-protective
coatings [1]. Different techniques are used for coating material surfaces with functional
organic films, such as direct chemical grafting, ultraviolet-induced polymerization, self-
assembled monolayers or plasma-enhanced chemical vapor deposition (PECVD) [2–5].
Commonly referred to as plasma polymerization, PECVD has attracted considerable atten-
tion from both academic and industrial research [6]. Unlike conventional techniques [7],
plasma-polymerized films show distinct features. The resulted polymer-like films are
usually branched, highly cross-linked, insoluble and pinhole-free and adhere well to most
substrates [1,8]. Furthermore, plasma polymerization does not involve the use of solvents
or catalysts, and it is scalable and independent of the nature of the substrate. These features
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result from a variety of fundamental events occurring in the plasma volume as well as at
the plasma–material interface and are triggered by plasma characteristics such as particle
density, collision frequency, particle mean kinetic energy and chemical active species. In ad-
dition to the intrinsic polymer properties, the plasma parameters can be adjusted to alter the
polymer surface as well, through a variety of procedures such as etching, functionalization
and cross linking [1].

Among the various plasma sources used in PECVD, the dielectric barrier discharge
(DBD) is one of the most versatile and simple to implement. Typically, the polymer
precursor is introduced into the discharge region as soluble polymer aerosols or monomer
vapors, which will then be activated and fragmented upon passing through the plasma
discharge area, generating the film-forming species. The strategy of using the vapors of
some macromolecules (aerosols) proved effective in obtaining highly adherent and pinhole-
free thin films to protect the substrate against environmental influences. For instance,
the injection of poly(ethylene glycol)–poly(vinyl alcohol) copolymer aerosols in a DBD
was used for the deposition of ultrathin polymer films (20 nm in thickness) aiming at
the fabrication of polyolefin adhesion-promoting layers [9]. Conversely, by introducing
monomer vapors into a DBD plasma, the fragmentation and random recombination of
the generated species, in conjunction with the processes performed on the substrate (e.g.,
UV irradiation, well-known to enhance radical polymerization, and ion bombardment of
the growing film) [10], enhance cross linking and, as a result, the stability of the obtained
plasma-polymerized film [11]. However, the unreasonable increase in the power delivered
to the discharge can result in excessive monomer fragmentation, which in turn, through
the activation and random recombination of the generated species, leads to the growth of a
plasma-polymerized film whose composition is not representative of the starting monomer
and even to the deposition of inorganic films [12]. As a result, DBD plasma polymerization
entails a complex panel of physical and chemical processes, starting with the fragmentation
of the injected precursors (monomers or some macromolecules in aerosol form) caused by
collisions with energetic particles, then random recombination and again fragmentation,
diffusion and finally condensation to substrate [13].

Plasma-polymerized (pp-PEG) films are the most widely used group of materials that
present a hydrophilic character with remarkable resistance to biofouling [14,15]. PEG was
accepted for clinical studies and in vivo applications due to its hydrophilicity, immuno-
genicity and non-toxicity [16–19]. The reduction in protein and cell adhesion was tested
for pp-PEG films obtained on different substrates. Although these features can be further
enhanced by increasing their surface area, its wide spread in applications depends on
the development of new techniques to obtain pp-PEG films with a porous morphology.
The currently employed technique for the deposition of polymer-like films with porous
morphology, regardless of the polymer type, is the use of a porous structured template [20].

In this work, pp-PEG films with porous morphology were obtained in a pulsed DBD
plasma at atmospheric pressure on a template-free glass substrate. The effect of the dis-
charge frequency on the fabricated polymer-like films was investigated. The properties of
the obtained pp-PEG films were explored by means of specific characterization techniques,
and correlation with plasma parameters was pursued.

2. Experimental Details
2.1. Materials and Methods

The pulsed DBD plasma was generated at atmospheric pressure in a chemical reactor
with a plane-parallel configuration as presented in Figure 1. High-voltage monopolar
pulses were applied between two electrodes with circular geometry (30 mm in diameter)
placed 5 mm from each other. A 1 mm thick glass layer covering both electrodes was used
as dielectric barrier. A similar DBD configuration was employed in our earlier published
research [19,21,22].
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Figure 1. Experimental arrangement of the pulsed DBD plasma generated at atmospheric pressure in
He or He/ethylene glycol vapor mixture used for the fabrication of porous pp-PEG films.

In a DBD glow operational mode, two characteristic current peaks (Figure 2a) are
associated with each applied voltage pulse to describe the occurrence of the primary (1ry)
and secondary (2ry) plasma discharges [23–25]. The experiments were made at room
temperature in a laminar flowing of high-purity helium gas (99.999%), with a flow rate
of 3 L/min. No preliminary vacuum pumping was used. Prior to the experiment, the
working gas was blown into the reactor chamber for 5 min to remove air impurities. Then,
the ethylene glycol monomer vapors were introduced at a consumption rate of 16 µL/min
by using an additional helium flow rate of 0.5 L/min for monomer bubbling. The ethylene
glycol monomer of 99.0% purity was purchased from Merck-Chemical.
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Figure 2. (a) Temporal profile of the applied voltage with generated electrical current during DBD.
(b) 30 ns gated ICCD spectrally integrated images of the primary (1ry) and secondary (2ry) DBD
plasma expanding in He. The inserted sketch shows the placement of the discharge electrodes, where
GR represents the ground electrode and HV represents the high-voltage electrode.

The amplitude of the applied discharge pulse was maintained constant at 4.5 kV,
while the repetition rate was varied between 2 kHz and 10 kHz. All studies were con-
ducted with a constant polymerization time of 10 min. The asprepared pp-PEG films were
characterized by the Fourier transform infrared spectroscopy (FTIR) (Nicolet Nexus FT-IR
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spectrometer, Thermo Fisher Scientific, Waltham, MA, USA), scanning electron microscopy
(SEM) (Quanta 200 Scanning Electron Microscope FEI Company, Hillsboro, OR, USA) and
liquid-phase chromatography (HPLC) techniques (Waters 2695 separation module, Waters
Micromass, Quattro Micro mass spectrometer equipped with ESI-Electrospray Ionization,
Wythenshawe, Manchester, UK).

Intensified charge-coupled device (ICCD) fast imaging technique is very often used to
study transitory processes that occur in plasma laboratory sources [26–28]. By means of this
method, the evolution of the global plasma emission was recorded (Figure 2b). Each image
was normalized to the recorded maximum intensity emitted by the plasma to observe
the evolution of the plasma along the current pulse width. The measurements were done
with ICCD camera produced by Hamamatsu Photonics, Hamamatsu, Japan (C8484-05G)
that allows optical measurements in the spectral range between 300 and 1000 nm, with a
maximum sensitivity between 350 and 800 nm. The DBD plasma was monitored during
25 µs pulse discharge length by using an additional rectangular signal of 30 ns width.
This signal was triggered by the discharge current pulse, either the positive rising edge or
the negative dropping edge, depending on the plasma region that is being investigated.
The applied signal forces the camera to remain open only for the duration of the gate.
By moving the gate at a different delay from the fixed discharge current peaks, either
compared to that of the positive or negative current peaks, 30 ns gated ICCD fast images
were recorded during the primary or secondary discharge, respectively.

2.2. Plasma Temperature Calculation

The emission of DBD plasma was spectrally resolved by using optical emission spec-
troscopy (OES) technique. A high-resolution monochromator (Triax 550, Horiba Jobin
Yvon, Palaiseau, France) allowed us to record atomic and molecular emission features of
the excited plasma species in the investigated discharge frequency range. The recorded
vibrational and rotational spectra were used for plasma temperature calculation. By using
the molecular nitrogen spectra, the vibration temperature (Tvib) was determined. The
integrated intensity of the vibrational bands represented in semi-logarithmic coordinates
(Boltzmann diagram) as a function of the upper energy level is given by [29,30]

ln
(

Iv′v′′ ∗ λ

c ∗ Av′v′′

)
= lnα = f (Ev′′ − E0), (1)

where c is the speed of light in vacuum, Av′v′′ is Einstein coefficient for the considered
transition, Ev′′ is energy of the final level, and E0 is the energy of the level for v′ = 0. The
relationship between the slope and the vibrational temperature is given by the follow-
ing equation:

m1 =
1

kb ∗ Tvib
(2)

The intensity of the assigned rotational features of the N2
+ ion bands (band head at

391.44 nm) represented in semi-logarithmic coordinates as a function of the rotation quan-
tum number (equation below) was used for rotational temperature (Trot) calculation [29,30].

ln
( IJ′′

J ′′ + 1

)
= lnβ = f ((J ′′ + 1)(J ′′ + 2)), (3)

The relationship between the slope and the rotational temperature is given by the
following equation:

m2 =
hcb

kB ∗ Trot
' 3

Trot(K)
(4)

where h is Planck’s constant, c is the speed of light in vacuum, kB is Boltzmann’s constant,
and B is the rotational constant (B = 3 cm−1).
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3. Results and Discussion

Since in a typical glow operational mode DBD, the discharge starts and ends on each
half-cycle of the applied voltage pulse, the rate of radical generation will not be constant
but rather in pulses. Therefore, within the polymerization process, the time-averaged
concentration of the plasma species that contribute to the polymer film growth will depend
on the discharge frequency and kinetics of the generated species [31,32]. To establish how
the properties of the obtained pp-PEG films rely on the frequency of the applied signal and
on the dynamics of the created species, both DBD plasma characteristics and the resulting
polymerized films were examined.

3.1. Plasma Characterization

A typical glow operational mode of a DBD plasma is described by two current char-
acteristic peaks: one positive associated with the occurrence of a primary (1ry) discharge
and one negative linked to the generation of a secondary (2ry) discharge (Figure 2a). The
discharge current intensity was recorded within the frequency range of 2–10 kHz of an
atmospheric-pressure DBD operating in He and a mixture of He and ethylene glycol (EG)
vapors. In Figure 3, the variations of the current intensity peak with frequency for both
cases are presented. The positive current peak, linked to the 1ry structure, exhibits an
increase until a value of 6 kHz is reached (Figure 3a). Subsequent increases in frequency
result in a stagnation region of the dependence if the DBD operates only in He (see the red
curve in Figure 3a) or lead to a slow decreasing part if the monomer vapors are added (see
the black curve in Figure 3a). The initial increase in the current could be explained by an
enhancement of the ionization processes occurring near the high voltage (HV) electrode
during the first half-cycle of the discharge pulse.
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Figure 3. Variation with frequency of the current intensity peak of the 1ry (a) and 2ry (b) discharge in
He and He with ethylene glycol (EG) vapors.

As the time gap between individual voltage pulses decreases, the charged particles
(ions and electrons) that reach the surface of the electrodes diminish, especially in the case
when the monomer vapors are added. This behavior can be explained by an augmentation
of the recombination rate of the charged particles at high frequencies, when a variety of
molecular and atomic species are very likely to be produced through a plasma-induced
monomer fragmentation process [33]. The reversal polarity of the electrodes in the second
half of the discharge cycle reveals a mirror evolution of the current associated with the 2ry
plasma discharge (Figure 3b).

To investigate the dynamics of the two plasma regions, ICCD fast imaging measure-
ments were performed. In Figure 2b are presented spectrally integrated ICCD fast images
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of the 1ry and 2ry plasmas at different delays from the positive and negative discharge
current peaks, respectively. Taking the axial cross-section of each image with the corre-
sponding time sequences, the spatio-temporal evolution of the 1ry and 2ry plasmas is
obtained (Figure 4). The spatio-temporal profiles corresponding to the first half-cycle of
the DBD (i.e., 1ry plasma) operated in He shows the propagation of this region toward
the ground (GR) electrode. The maximum emission of this plasma structure is located
at 0.4 mm from the HV electrode and at 0.44 µs from the positive current peak reference
(Figure 4a). With the introduction of ethylene glycol vapors into the discharge gap, the
emission intensity of this region considerably diminishes, with no significant changes in
the emission maximum (Figure 4b).
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(c,d) in He and He with ethylene glycol (EG) vapors recorded for a voltage frequency of 5 kHz.

Due to the “reversal” role of the electrodes acting during the second half-cycle of the
applied discharge pulse [34,35], a 2ry plasma appears next to the GR electrode (at 0.5 mm)
that propagates backward to the 1ry plasma region (Figure 4c). Unlike the 1ry plasma
structure, the total intensity emitted by this region is less affected by the monomer vapor’s
introduction (Figure 4d), suggesting that the main processes influencing the properties of
the polymerized film take place near the HV electrode.

To get deeper insight into the kinetics of the plasma species, time-integrated OES
measurements were performed within the investigated frequency range. Although most
of the plasma optical signal intensity comes from the discharge region next to the HV
electrode, the spectral measurements were performed by integrating the signal over the
entire discharge space.
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Wide emission spectra of the DBD plasma generated at different applied voltage
frequencies were recorded for both working gas mixtures, He and He with ethylene glycol
vapors (Figure 5a). From the assigned emission features, it can be noticed that atomic (such
as He and oxygen spectral lines) and molecular plasma species (such as OH radicals, N2 and
N+

2 ) are constituted in both DBD working environments. The spectral region showing the
neutral N2 (C3 ∏u → B3 ∏g) and ionic N+

2 (B2 ∑
u
→ X2 ∑+

g ) molecular nitrogen species

and involved transitions [35] is presented in Figure 5b. As expected, irrespective of the
working gas composition, the intensities of all DBD plasma species increase monotonically
with discharge frequency because more discharge pulses are caught during the gate width
for which the optical signal was recorded. Instead, the intensities of the most representative
plasma species plotted as a function of discharge frequency (Figure 5c,d) follow a drop
trend with the addition of a monomer, except for the intensities of the He spectral lines
that remain constant. A possible route for the formation of the excited species (i.e., N2
and He) is electron impact excitation, while N+

2 is created by Penning ionization. The
preponderant ionization process changes to electron impact ionization when monomer
vapors are introduced [29,36–39].
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Following the procedure described in Section 2.2, the recorded vibrational and rota-
tional spectra were used for plasma temperature calculation. Figure 6 depicts the frequency
variations of rotational (Trot) and vibrational (Tvib) temperatures. The maximum plasma
temperature of 2850 K (0.25 eV) found for the DBD plasma operating in He is much lower
than the energy required to break the C-C bond (3.59 eV) in the EG monomeric unit, pre-
venting the monomer from completely decomposing. As the time gap between individual
voltage pulses decreases, no significant effects are observed on the plasma temperature,
although the previously presented variation of the discharge current with the frequency
of the applied voltage (Figure 3) suggests a change in the plasma parameters. This insen-
sitivity of the plasma temperature is probably due to the way the spectral measurements
were performed, i.e., the optical signal was time-averaged over the used gate width. In-
stead, these dependencies clearly show that the introduction of monomer vapors into the
discharge led to a decrease in Trot and Tvib all over the investigated frequency range, along
with the optical signal associated with almost all plasma species (except for the He-assigned
spectral features; see corresponding curves presented in Figure 5c,d). For instance, the Trot
drops from approximately 475 K to 350 K (Figure 6a), and the Tvib falls from 2850 K to
2650 K (Figure 6b) with monomer vapor addition. These results agree with the previously
presented data related to DBD current recordings (see the discussions related to Figure 3)
when the introduction of monomer vapors causes at high frequencies a significant decrease
in the discharge current. This drop in electrical current was attributed to an enhancement
of the recombination rate of the charged particles coming from a plasma-induced monomer
fragmentation process. Hence, the decrease in temperature that accompanies the electrical
current drop could be attributed to the same process of plasma-induced monomer fragmen-
tation, where the plasma-generated particles lose their energies as the inelastic collisions
augment with the injection of monomer.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 14 
 

  

Figure 6. Variations with frequency of the calculated rotational (a) and vibrational (b) temperatures 

for DBD operated in He and He/ethylene glycol (EG) vapor mixture. 

DBD plasma polymerization involves a complex series of fundamental chemical and 

physical processes that occur between the plasma-generated species (monomer fragmen-

tation, random recombination and diffusion of generated fragments) and at the sur-

face/plasma interface [13]. The chemistry in the gas phase related to the fragmentation 

mechanisms of the monomer is a key issue addressed in the literature, on the understand-

ing of which depend the preservation of the functionality of the monomer or its complete 

degradation [40,41]. Previous research has revealed a mechanism for EG fragmentation 

by electronic impact, with a high probability of breaking the EG monomer skeleton at the 

C-Cσ and C-O covalent bonds and the subsequent formation of various types of radicals 

such as CH*, CH2*, C2H4*, C2H4OH*, CH2OH* and OH* [42]. Later, by recombination with 

neutral plasma species, these radicals can form larger molecular fragments and contribute 

to the growth of the pp-PEG film.  

3.2. Pp-PEG Thin Film Characterization 

The properties of fabricated pp-PEG films were explored by using specific investiga-

tion techniques, such as Fourier transform infrared spectroscopy (FTIR), scanning electron 

microscopy (SEM) and high-performance liquid chromatography (HPLC). To establish 

correlations with the results related to optical and electrical plasma characterization, the 

experimental conditions for producing pp-PEG films were similar to those used previ-

ously, i.e., atmospheric-pressure DBD working in a He/EG vapor mixture with the applied 

voltage covering the frequency range from 2 kHz to 20 kHz.  

It was found that a key factor affecting the morphology of the obtained pp-PEG films 

is the signal frequency that modulates the plasma discharge. In a low-frequency domain 

(2–6 kHz), the morphology of polymerized films presents a smooth appearance, as can be 

observed from the SEM image presented in Figure 7a. For this frequency domain, the 

thickness determined by cross-section SEM analysis shows a slow increasing trend, with 

values ranging from 500 nm to 700 nm (Figure 7b). As the discharge frequency increases 

(6–10 kHz), the morphology of the pp-PEG film changes to porous, while the thickness 

exhibits a sharp increase up to 2.7 µm (Figure 7b). The inset in Figure 7b shows that a 

porous pp-PEG film with a thickness of 1.07 µm is grown for an applied discharge fre-

quency of 8 kHz. Additionally, it can be observed that the film shows a porous appearance 

only toward the surface in a range of several hundred nanometers (i.e., 368 nm), while 

going deeper, the polymerized film presents a compact aspect. The porous morphology 

of the obtained pp-PEG films could be related to a plasma-induced monomer fragmenta-

tion that becomes stronger as the discharge frequency increases (Figure 7c). The increase 

in the porosity of the films with increasing frequency could be due to the accumulation of 

Figure 6. Variations with frequency of the calculated rotational (a) and vibrational (b) temperatures
for DBD operated in He and He/ethylene glycol (EG) vapor mixture.

DBD plasma polymerization involves a complex series of fundamental chemical
and physical processes that occur between the plasma-generated species (monomer frag-
mentation, random recombination and diffusion of generated fragments) and at the sur-
face/plasma interface [13]. The chemistry in the gas phase related to the fragmentation
mechanisms of the monomer is a key issue addressed in the literature, on the understand-
ing of which depend the preservation of the functionality of the monomer or its complete
degradation [40,41]. Previous research has revealed a mechanism for EG fragmentation
by electronic impact, with a high probability of breaking the EG monomer skeleton at the
C-Cσ and C-O covalent bonds and the subsequent formation of various types of radicals
such as CH*, CH2*, C2H4*, C2H4OH*, CH2OH* and OH* [42]. Later, by recombination with
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neutral plasma species, these radicals can form larger molecular fragments and contribute
to the growth of the pp-PEG film.

3.2. Pp-PEG Thin Film Characterization

The properties of fabricated pp-PEG films were explored by using specific investigation
techniques, such as Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) and high-performance liquid chromatography (HPLC). To establish
correlations with the results related to optical and electrical plasma characterization, the
experimental conditions for producing pp-PEG films were similar to those used previously,
i.e., atmospheric-pressure DBD working in a He/EG vapor mixture with the applied
voltage covering the frequency range from 2 kHz to 20 kHz.

It was found that a key factor affecting the morphology of the obtained pp-PEG films
is the signal frequency that modulates the plasma discharge. In a low-frequency domain
(2–6 kHz), the morphology of polymerized films presents a smooth appearance, as can
be observed from the SEM image presented in Figure 7a. For this frequency domain, the
thickness determined by cross-section SEM analysis shows a slow increasing trend, with
values ranging from 500 nm to 700 nm (Figure 7b). As the discharge frequency increases
(6–10 kHz), the morphology of the pp-PEG film changes to porous, while the thickness ex-
hibits a sharp increase up to 2.7 µm (Figure 7b). The inset in Figure 7b shows that a porous
pp-PEG film with a thickness of 1.07 µm is grown for an applied discharge frequency of
8 kHz. Additionally, it can be observed that the film shows a porous appearance only
toward the surface in a range of several hundred nanometers (i.e., 368 nm), while going
deeper, the polymerized film presents a compact aspect. The porous morphology of the
obtained pp-PEG films could be related to a plasma-induced monomer fragmentation that
becomes stronger as the discharge frequency increases (Figure 7c). The increase in the poros-
ity of the films with increasing frequency could be due to the accumulation of defects in the
assembly of monomer fragments through a mechanism of random (poly)recombination.
This leads to the formation of irregular polymer chains and structures at the macroscopic
scale on the surface of the polymer [43].
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Figure 7. SEM-derived results of pp-PEG obtained films: (a) SEM image of a pp-PEG film obtained
in atmospheric-pressure DBD at 2 kHz; (b) thickness variation of the obtained films with frequency
with an inset showing the cross-section of the sample obtained at 8 kHz; and (c) SEM topography of
the sample obtained at 8 kHz.
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To reveal the chemical groups present in the structure of the pp-PEG films, FTIR
transmittance spectra were recorded for samples polymerized at different DBD discharge
frequencies. IR spectra show the presence of various chemical groups with different
vibration modes (Figure 8), such as -C-H in-plane deformation bending (873 cm−1), -C-O
stretching (1046 cm−1 and 1299 cm−1), -CH2- symmetrical deformation (1456 cm−1 and
1419 cm−1), -C=O stretching (1714 cm−1) and -C-H bonds (2961 cm−1). The broad band
ranging from 3600 cm−1 to 3200 cm−1 (Figure 8b) was assigned to various -OH vibration
modes in the film volume [4]. All identified components are in good agreement with the
starting ethylene glycol monomer whose IR spectrum was added for comparison. It can
also be observed that the C=O bond appears only in plasma-polymerized films, reminiscent
of the formation of -COOH groups on the surface. This is presumably due to the formation
of chemical bonds between the plasma-generated fragments of the monomer and oxygen
impurities during the atmospheric-pressure polymerization process. Moreover, for higher
frequencies, the emerging of the band corresponding to -CH2- symmetrical deformation
(1456 cm−1 and 1419 cm−1) clearly shows a stronger tendency of monomer fragmentation
induced by the DBD plasma (Figure 8a). The increase in the -OH stretching vibrational
band (located between 3100 and 3600 cm−1) can also be attributed to the prevalence of this
plasma-induced monomer fragmentation process since, as a result, more hydroxyl groups
are located on the terminal polymer chains (Figure 8b).
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oscillating frequency; the IR spectrum of ethylene glycol (EG) was added for comparison.

Within the HPLC studies, the mass spectra of the plasma-polymerized films were
recorded by dissolving the obtained polymer in 2 mL of distilled water. By using a mass
spectrometer coupled with a liquid-phase chromatograph, the mass spectra of pp-PEG
films polymerized at 2, 6 and 10 kHz discharge frequencies were recorded (Figure 9).

Our results reveal a relative distance between two adjacent mass intensity peaks of
about 24 m/z, while the literature gives a value for the mass-to-charge ratio correspond-
ing to the EG monomer of 44. Hence, the distribution of mass intensity peaks between
500 and 900 m/z demonstrates that a minimum number of 21 and a maximum number
of 38 repeating units of EG are included in the polymer chain. The spectra also show a
distribution maximum located at 748 m/z, which corresponds to 31 EG units constituting the
longest polymer chain. Moreover, comparing the spectra recorded for the sample obtained
at different frequencies, it can be clearly noticed that the intensity of the peaks decreases
as the rate of polymerization emphasized by the thickness measurements increases (see
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Figure 7b). This fall in intensity demonstrates an enhancement at high frequencies of the
plasma-induced monomer fragmentation, which was previously found to be responsible
for the porosity of pp-PEG films. All these results are consistent with those concerning the
global plasma emission or the intensities of associated spectral features and the calculated
vibrational or rotational plasma temperatures.
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4. Conclusions

pp-PEG films with porous morphology were obtained in a pulsed DBD plasma at
atmospheric pressure. It was found that a key factor affecting the morphology of the
obtained pp-PEG films is the signal frequency that modulates the plasma discharge. To
establish how the structural and morphological properties of the obtained pp-PEG films
relate to the discharge frequency and kinetics of the generated species, the DBD plasma
characteristics and the polymerized films were investigated.

The ICCD fast imaging and OES measurements were used in conjunction with dis-
charge current recordings to characterize the DBD plasma generated in He and He/EG
vapor mixtures in the 2–10 kHz discharge frequency range. Spectrally integrated ICCD fast
images of the primary (1ry) and secondary (2ry) plasmas were recorded at different delays
from the positive and negative discharge current peaks, respectively. The associated current
peak recordings revealed that the frequency variation of the discharge current was consider-
ably impacted by the introduction of monomer vapors into the discharge gap. Likewise, the
vibrational (Tvib) and rotational (Trot) temperatures, along with the optical signal associated
with almost all plasma species, exhibit a decrease with the introduction of a monomer.
This behavior was attributed to an increase in the recombination rate of charged particles
as well as the inelastic collisions between plasma-generated species when a variety of
molecular and atomic species are very likely to be produced by a plasma-induced monomer
fragmentation process.

To establish correlations with the results related to plasma parameters, the structure
and morphology of pp-PEG fabricated films were explored. It was found that a key factor
affecting the morphology of the obtained films is the signal frequency that modulates
the plasma discharge. According to the obtained results, as the discharge frequency
increases beyond 8 kHz, the morphology of the obtained films becomes porous due to a
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stronger plasma-induced monomer fragmentation. The FTIR-derived results, such as the
presence of carboxylate groups only in plasma-polymerized films, the emerging of the band
corresponding to methylene symmetrical deformation and the increase in the hydroxyl
stretching vibrational band demonstrate a stronger tendency of monomer fragmentation
induced by the DBD plasma at high frequency. Likewise, the mass spectra recorded
within the HPLC investigations that show a decrease in the peak intensity with the rate of
polymerization (due to the increasingly porous aspect of the film with frequency) came to
confirm the stated hypothesis.
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