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tive oxygen species concentration
and ambient temperature on the evolution of
chemical bonds during plasma cleaning:
a molecular dynamics simulation

Yuhai Li, ab Yilan Jiang,b Xujie Liu,a Qingshun Bai, *a Hao Liu,b Jingxuan Wang,*b

Peng Zhang,*ac Lihua Lua and Xiaodong Yuanb

The research on plasma chemistry involved in the formation and dissociation of abundant chemical bonds is

fundamental to developing plasma cleaning. To understand the influence of reactive oxygen species'

concentration and ambient temperature on the evolution behavior of the chemical bond during plasma

cleaning, microscopic reaction models between organic contaminants and reactive oxygen species were

established and performed by reactive molecular dynamics. Dibutyl phthalate, as a representative organic

contaminant, was selected as the research object. The simulation results suggested that hydrogen bonds

between hydroxyl radicals reduced the mobility of reactive species, resulting in the cleaning ability of

hydroxyl radicals being much lower than atomic oxygen and ozone radicals. The concentration of

reactive species dominated the efficiency of plasma cleaning, and the increase in ambient temperature

further improved the cleaning ability. C–H, C–C and C–O bonds were gradually oxidized to C]C, C–O,

C]O and O–H bonds by hydrogen abstraction reaction during the reaction of reactive species with

organic contaminants. An increase in ambient temperature induced the possibility of benzene ring

destruction under the action of reactive species, which was considered a method of complete

dissociation of aromatic hydrocarbons.
1 Introduction

Organic contaminants can signicantly degrade the physical
properties and the interfacial performance of materials.1–4

Materials are inevitably contaminated by hydrocarbons in
manufacturing, transportation and installation, which need to
be cleaned thoroughly before serving. Besides, components
must be dissembled for cleaning aer long service, especially in
an ambient vacuum.5 Currently, routine cleaning methods such
as chemical solution, UV–ozone, laser and carbon dioxide snow
are used to eliminate organic contaminants on the surfaces of
components, yet these cleaning methods cause damage and
secondary contamination to precision components (e.g., semi-
conductors and coated optical components).6–9 Plasma clean-
ing, as a precision cleaning method, has a broad application in
the pretreatment of materials bonding, printing, painting,
coating, and etching, complementing conventional cleaning
methods.10–14 Plasma cleaning has the advantages of high
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efficiency, environmental friendliness, no secondary contami-
nation, low process cost, and can achieve large area in situ
cleaning.4,15 The plasma can also modify the physicochemical
nature of surfaces while cleaning surfaces, enhancing surface
adhesion strength.13,16 Thus, plasma cleaning technology has
developed into a mature commercial cleaning technology
widely employed in the electronics industry, medical treatment,
optics, biological materials, polymers, solar cells, and other
elds.17

The research on low-temperature plasma chemistry is the
basis of plasma diagnosis, cleaning, and modication. In
plasma treatment, the chemical reaction between hydrocarbon
and reactive species plays a leading role, and physical
bombardment facilitates the completion of this reaction
process at extreme times.18 Based on the optical diagnosis, it is
found that the plasma generates abundant neutral reactive
oxygen species (ROS; e.g., O, OH, O3, HO2, H2O2) and reactive
nitrogen species (RNS; e.g., N, NO, N2), and their concentration
are sensitive to the type of gas source and discharge
parameters.19–22 According to the detection of elements and
chemical bonds, the primary chemical bonds (e.g., C–H, C–C) of
organic contaminants are gradually destroyed by reactive
oxygen species into small molecular radicals (e.g., CO, CO2,
H2O), which desorb from the surface due to the weak
© 2022 The Author(s). Published by the Royal Society of Chemistry
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interatomic forces.23,24 Normand et al.25 calculated and
measured the concentration of long-lived reactive species
during the treatment of polymers by oxygen plasma and pointed
out that the concentration of neutral reactive species in plasma
depends on plasma type and operating pressure. An increase in
the concentration of reactive species signicantly promotes
bond cleavage in hydrocarbons and improves cleaning effi-
ciency, but the concentration of reactive species has a satura-
tion value. Park et al.26 used in situ optical absorption
spectroscopy to measure the concentrations of ozone and
nitrogen oxides in air plasma and revealed the dependence of
the chemical properties of the air plasma system on ambient
temperature (298 K to 523 K). The generation of type and
concentration of reactive species are sensitive to the ambient
temperature during gas discharge.25–28 In addition, during
etching parylene-N with oxygen plasma, Russell et al.29 found
that the relative content of carbon in aromatic hydrocarbons
signicantly decreased with the increase in substrate tempera-
ture (373 K to 523 K), which provided a new method for disso-
ciating aromatic hydrocarbon contaminants. Samaei et al.30 and
Li et al.31 adopted the nite element method to establish
a comprehensive physical model for atmospheric and low-
pressure plasma cleaning of organic contaminants to predict
the removal rate of contaminants. Nevertheless, the effects of
reactive species in plasma and their concentration and ambient
temperature on removing organic contaminants are still
unclear at the atomic level.

However, due to the limitation of experimental equipment,
the chemical bond evolution process in the plasma cleaning
process cannot be detected and identied. With the develop-
ment of computational chemistry simulation, molecular
dynamics (MD) simulation based on the reactive force eld
(ReaxFF) is a potential tool to explore the mechanism of plasma
cleaning from a microscopic point of view.32,34 Reactive molec-
ular dynamics (RMD) can accurately describe the chemical
bond evolution of hydrocarbon compounds by reactive species
in plasma, veried by experimental and simulational studies.35

Cui et al.36 and Tian et al.37 adopted reactive molecular
dynamics to elucidate the reaction pathway of the destruction of
biomolecules and the formation of new radicals under the
action of reactive oxygen species in the plasma. The simulation
results illustrated that OH concentration had an essential effect
on the destruction pathway and reaction rate of biomolecules.
The authors adopted various experimental characterization
methods and reactive molecular dynamics simulations to reveal
the microscopic mechanism of low-pressure plasma cleaning of
organic contaminants.38 The evolution of chemical bonds and
the main products obtained by the ReaxFF data are consistent
with the X-ray photoelectron spectroscopy (XPS) measurement
results during plasma cleaning experiments. In addition,
methods to explore chemical reaction pathways using ReaxFF
have been reported, including degradation of pesticides,35

medicine,37 sterilization,39 etc. The microscopic mechanism of
interaction between organic molecules and reactive species is
revealed by RMD, which provides the theoretical basis for
applying low-temperature plasma. Therefore, these study
achievements demonstrate that MD can be considered an
© 2022 The Author(s). Published by the Royal Society of Chemistry
effective computational method for studying the microscopic
mechanism of chemical reactions in the plasma cleaning
process and describing the interaction between organic
contaminants and reactive species.

Motivated by this research, this work aims to reveal the
chemical reaction mechanism of plasma cleaning based on the
ReaxFF molecule dynamic at the atomic level. The effect of
ambient temperature, reactive species and their concentration
on plasma cleaning ability was discussed. According to simu-
lation results, the main reaction pathway and chemical evolu-
tion characteristics were claried during plasma cleaning,
which provides an understanding and accurate control for
applying plasma cleaning in the industrial eld.

2 Models and methodology
2.1 Simulation models

It is essential to establish accurate models of interaction between
organic contaminants and reactive species in plasma to elucidate
themechanism of plasma cleaning. Firstly, the reactive species in
low-pressure air plasma were diagnosed by optical emission
spectrometry (OES, Maya 2000 pro), as shown in Fig. 1a. More
detailed information about low-pressure air plasma equipment
could be found in our previous work.4 The signals of molecular
nitrogen (N2), atomic nitrogen (N I, 821.6 nm), and atomic oxygen
(O I, 777.9 nm and 844.6 nm) were found in spectra within 730–
850 nm. Among them, atomic oxygen is an important component
of reactive oxygen species. The peak intensity of OES spectra has
a positive relationship with the concentration of reactive
species.19,20,40 The results show that the concentration of reactive
species is sensitive to the operating pressure, which is consistent
with Normand's research.25 These results provide a reference to
establish simulation models.

In reality, plasma-excited reactive species penetrate organic
lms adsorbed on the surface and undergo chemical reactions,
as shown in Fig. 1b. Due to the limitation of simulation
computing ability, we only simulate the reaction between
reactive species and organic contaminants in this work without
considering the inuence of the substrate on organic contam-
inants. All simulations in this work were performed in Materials
Studio 8.0 soware, which can calculate the chemical bond
breakage and generation based on the ReaxFF.39 Unfortunately,
this force eld cannot support the calculation, limiting the
simulation of reactive nitrogen species. Besides, the dibutyl
phthalate (DBP) molecule is a common plasticizer that repre-
sents most contaminants' chemical properties and can be
found on the surface of a wide range of materials.9,41 Fig. 1c
shows the molecular structure of DBP. We chose ve DBP
molecules and different numbers (20, 40, 80, 120, 160, 200) of
reactive oxygen species (ROS; e.g., O, OH, O3, HO2, H2O2) in
a sealed box of 41.45 × 41.21 × 41.25 Å3, as shown in Fig. 1d. In
all directions, the periodic boundary condition was adopted in
the simulationmodel to simulate the actual reaction to a certain
extent. The simulation model size is sufficient for the chemical
reaction between the organic contaminants and the reactive
species according to statistical errors in the data of chemical
bonds in the reaction products. Among them, the dissociation
RSC Adv., 2022, 12, 30754–30763 | 30755
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Fig. 1 Plasma cleaning model and OES spectra: (a) OES spectra of low-pressure air plasma; (b) diagram of plasma cleaning model and the
microscopic interface between the plasma and organic contaminants; (c) molecular and chemical structure of DBP; (d) the chemical reaction
model between DBP and atomic oxygen was established as a representative of plasma cleaning model.
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reactions caused by hydrogen peroxide and superoxide occur
because the oxygen atoms in the contaminants capture the
hydrogen atoms of these two free radicals.36 These two radicals
also show weak reactive in the molecular interaction and
contribute less to the dissociation of contaminants molecules.
Therefore, only O, OH and O3 in reactive oxygen reactive species
were selected as the objects to study the plasma cleaning
mechanism. All the particles were randomly distributed in the
box with random velocities. Plasma cleaning models with
different reactive species concentrations were performed in an
ambient vacuum. Although the plasma concentration exceeds
the actual situation,42 the setting of the reactive species
concentrations is acceptable considering the chemical reaction
efficiency.36–39 Besides, according to the experimental tempera-
ture range of 298 K to 523 K, we performed isothermal plasma
cleaning simulations at 300 K to 800 K to explore the inuence
of temperature evolution on plasma cleaning characteristics. To
speed up the chemical reaction process, relatively high
temperatures were selected to study the reaction mechanism.
Zhang et al.43 studied the mechanism of oxidative degradation
of organics in supercritical water from 1900 K to 2700 K. They
considered that the increase in temperature affected the
distribution of products but had no effect on the reaction
process.

2.2 ReaxFF and simulation parameters

In recent decades, molecular dynamics simulations based on
ReaxFF have been developed to describe large-scale complex
reaction systems in hydrocarbons while maintaining almost the
accuracy based on ab initio quantum mechanics.32 Because
30756 | RSC Adv., 2022, 12, 30754–30763
ReaxFF can predict the general bond formation and dissocia-
tion process through the general relationship between bond
distances, bond orders, and bond energies. Therefore, RMD can
show the non-bonding interactions between atoms (including
Coulomb force and van der Waals force) and describe the
dissociation characteristics of chemical bonds between mole-
cules. The accuracy of ReaxFF in describing reactions between
organic molecules and reactive species in plasma has been
validated by abundant experiments and simulations.35–39 In the
ReaxFF, the energy of the system is calculated based on the
bond order between pairs of atoms, which is divided into
various components, as shown in eqn (1):

Esystem = Ebond + Eunder + Eover + Eval + Epen + Etors + Econj +

EvdWaals + ECoulomb (1)

where Esystem is the total energy of the system. Ebond denotes the
bond order and bond energy. Eunder and Eover are the atom
under-/overcoordination as the penalty term of the force eld.
Eval, Epen, Etorsion, Econj are the valence angle terms, the penalty
energy, the torsion angles, and the conjugated systems,
respectively. EvalWaals and EColumb represent the nonbonded van
der Waals and Coulomb interactions. The detailed energy terms
and C/H/O parameters of the ReaxFF force eld can be referred
to the research of van Duin et al.32

In a real electric eld excitation environment, abundant
reactive oxygen species are generated, which dominate the
plasma cleaning process. Due to Auger neutralization, charged
reactive oxygen species will capture or lose electrons upon
reaching the material surface to achieve charge neutralization.33
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In addition, neutral radicals have longer lifetimes than charged
particles and can sufficiently react with organic contaminants.
Therefore, neutral reactive species are used to replace the
plasma in the reaction system to perform chemical reactions.
This model is widely applied to simulate chemical reactions
between plasma and organic molecules.35–37

The established simulation model was optimized by energy
and geometry under the reactive force eld to obtain a more
accurate initial reaction model in all MD simulations. The
plasma cleaning simulations were performed using the canon-
ical ensemble (i.e., NVT dynamics) with the same number of
particles, volume and temperature. The time step and ambient
temperature were set to 0.25 fs and 300 K. The Berendsen
thermostat was selected to balance the constant temperature
throughout the simulation. The result was output every 40 000
steps. Although the total energy of the simulation system does
not reach equilibrium, the main chemical reaction of reactive
oxygen species with DBP has been completed within 1000 ps.
Thus, the simulation is independently executed three times
within 1000 ps, considering the consumption of simulation
resources, which is also widely accepted in other reactive
molecular simulations.35–37
3 Results and discussions
3.1 Data analysis of organic contaminants dissociated by
different reactive species concentrations

The cleaning ability of plasma is considered the most important
research object for improving cleaning efficiency during prac-
tical applications. The mechanism of plasma cleaning is that
Fig. 2 Statistics of DBP dissociated by different reactive species concen
reactive species during simulations; (c) hydrogen bonds number; (d) form
after simulations; (f) chemical bonds number of atomic oxygen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the reactive species destroy the chemical bonds of organic
contaminants and continuously dissociate into small molecular
groups. The cleaning ability of reactive species was dened as
the ratio of the number of chemical bond cleavage to the total
number of chemical bonds of organic contaminants in this
work. The cleaning ability of reactive oxygen species was
compared under different species concentrations, as shown in
Fig. 2a. Generally, the cleaning ability of plasma gradually
increases with the increase of oxygen concentration, while the
trend of growing cleaning ability is slowing down. The cleaning
ability of atomic oxygen and ozone is stronger than that of
hydroxyl, and their cleaning ability reaches its highest when the
concentration of reactive oxygen is 2.5 nm−3. The molecular
structure of ozone is unstable, which is easy to decompose into
oxygen and atomic oxygen in the plasma environment.26 The
basic process of atomic oxygen, ozone, and carboxyl radical
interactions with organic contaminants involves abstracting
hydrogen atoms from carbon atoms and further oxidation of C–
C bonds. However, both atomic oxygen and ozone can capture
twice as hydrogen atoms as hydroxyl,39 veried by comparing
the cleaning ability of reactive oxygen species in Fig. 2a.

On the other hand, the reaction species in plasma are
produced by bombarding atoms and molecules with free elec-
trons in the air of gas ionization under an alternating current
electric eld.38 These reactive substances gain kinetic energy
during elastic collisions with electrons. Although chemical
reactions dominate the elimination of organic contaminants in
plasma cleaning, physical bombardment may facilitate the
reaction process. Thus, we plotted the movement characteris-
tics of reactive species as a function of reaction time in Fig. 2b.
trations: (a) cleaning ability of reactive oxygen species; (b) mobility of
ed bonds number during plasma cleaning; (e) residual reactive species

RSC Adv., 2022, 12, 30754–30763 | 30757
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The mean square displacement (MSD) represents the statistical
deviation of the particle position relative to the reference posi-
tion aer moving over time, which can be applied to describe
the mobility of the reactive species.13 The higher the probability
of collision and reaction between the reactive species and
organic contaminants. The mobility ability of atomic oxygen
and ozone is much higher than that of the hydroxyl radical
during the chemical reaction, which may be one reason for the
stronger cleaning ability of atomic oxygen and ozone. Temporal
snapshots show that the hydroxyl radicals cluster together
throughout the reaction process, which is attributed to the
interaction of hydrogen bonds. Besides, the number of
hydrogen bonds formed between hydroxyl radicals and reaction
products was calculated according to the hydrogen bond
formation rule,44–46 as shown in Fig. 2c. Compared with atomic
oxygen and ozone, abundant hydrogen bonds are generated
between the hydroxyl radicals as species concentration
increases. The length of hydrogen bonds formed between
carboxyl radicals is generally less than 1.5 Å, representing
a strong intermolecular interaction.46 An increase in the
number of hydrogen bondsmay decrease the cleaning efficiency
due to the limited movement of the reactive species.

In plasma cleaning, reactive oxygen destroys chemical bonds
in organic contaminants molecules and generates abundant
new chemical bonds. Thus, we conducted the statistics of the
formed chemical bonds and residual reaction species in the
model aer simulating 1000 ps, as shown in Fig. 2d and e. The
number of formed bonds varies with the concentration in
a similar trend to the cleaning ability of the reactive species,
suggesting that bond formation and dissociation occur simul-
taneously. The number of chemical bonds of organic contami-
nants is proportional to the concentration of reactive oxygen
species. When the oxygen concentration exceeds 2.5 nm−3,
there are abundant residual species in simulation models
which are not involved in the chemical reaction. Therefore,
controlling the reactive oxygen species in a certain concentra-
tion range is economical in the plasma cleaning process.

Furthermore, we investigated the relationship between the
evolution of chemical bonds number in detail and the
concentration of atomic oxygen, as shown in Fig. 2f. With the
increase in reactive species concentration, C–H, C–C and C–O
bonds were destroyed. Abundant O–H, C]C and C]O bonds
were generated, eventually leading to the molecular structure
collapse of organic contaminants. O–H and C]O bonds are the
main chemical bonds of water and carbon dioxide molecules,
which can be widely detected on the surface of components
aer plasma cleaning.1,4,47 The O–H bond generates from the C–
H bond cleavage of the DBP molecular structure caused by the
hydrogen abstraction reaction of atomic oxygen. The C]C bond
is developed between the carbon atoms when the hydrogen is
abstracted from carbon atoms. However, the C]C bond has an
unstable structure, which is further oxidized by atomic oxygen
to form C]O bonds.

Aer simulations, the evolution of chemical bond number
percentage with different reactive species and their concentra-
tion are compared in Fig. 3. The error bars were deleted to
visualize the percentage of chemical bonds in simulations
30758 | RSC Adv., 2022, 12, 30754–30763
directly. Only the bonds involved in chemical reactions and DBP
bonds were calculated here. The percentage of bonds in the
product of the reaction between the hydroxyl functional radical
and DBP is very sensitive to the concentration of the reacting
species compared to atomic oxygen and ozone. The O–H bond
percentage increases signicantly with the increased hydroxyl
concentration, while C–C and C–H bond percentages decrease
sharply. The percentage decline in the number of C–C and C–H
bonds is partly due to breaking these bonds but more to the
formation of abundant O–H bonds.

According to the above analysis of the mobility of hydroxyl
radicals, the increase of O–H will lead to the formation of
abundant hydrogen bonds between atoms, resulting in the
decline of reaction efficiency. On the contrary, the percentage of
reaction products of atomic oxygen and ozone with organic
contaminants shows a similar trend. As the concentration of the
reaction increases, the number of bonds changes dramatically
and then tends to plateau. The number of O–H, C–H and C–C
bonds changed signicantly among them. Atomic oxygen reacts
with hydrogen atoms on C–H to form O–H. Besides, the
generated O–H bonds can also develop new O–H bonds with
other atomic oxygen. The increased concentration of reactive
species also promotes the efficiency of chemical reactions. The
C–C and C–O bonds are gradually oxidized to C]C and C]O
bonds. But we can nd that even though the chemical reaction
is complete at a concentration of 3.125 nm−3, the C–H bond and
C–C bond still account for a very high proportion of the reaction
products and are not involved in the reaction. Because the
benzene ring in DBP has the delocalized p bond, which is quite
stable. The C–H and C–C bonds on the benzene ring are hard to
be broken during the whole reaction process, as shown in
Fig. 3d. The C–O bond between the carbon chain and the ester
radical on the side chain of the benzene ring is broken rst. As
the chemical reaction progresses, the carbon chain gradually
breaks into small molecular radicals composed of O–H, C]O
and C–O bonds. In the reaction process of atomic oxygen and
DBP at 300 K, the system's total energy is consistent with the
evolution trend of atomic oxygen concentration. These results
further conrm that the concentration of reactive species
determines the chemical reaction efficiency in the plasma
cleaning process.
3.2 Evolution characteristics of key chemical bonds in DBP

The detailed evolution of key chemical bonds during the reac-
tion process is helpful to the understanding of the plasma
cleaning process, as shown in Fig. 4. OH has the weakest
cleaning ability and induces the least hydrogen abstraction
reaction. Therefore, under the trigger of OH radicals, the
number of C–H, C–C and C–O bonds in DBP decreases themost,
while the number of C]O and C]C bonds is the least. The
evolutions in C–C, C–O, O–H and C]C bond numbers of atomic
oxygen and ozone radicals are not obvious compared with those
of hydroxyl radicals, indicating the cleavage of the C–H bond
and the formation of the C]O bond of atomic oxygen and
ozone have signicant contributions. The number of bonds in
the reaction varies dramatically during the rst 400 ps, aer
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution behaviors of chemical bonds percentage in simulations with varying reactive species (a) O, (b) OH and (c) O3 and their
concentration. (d) Evolution of total energy and species concentration in atomic oxygen reaction systems during 1000 ps.
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which the reaction gradually stops as the concentration of the
reacting species decrease.

According to the above simulation results, C–H bond
breaking and C]C, C–O and C]O bond formation are the
main characteristics of chemical reactions during plasma
cleaning, revealed by real-time atom trajectories in Fig. 5. Fig. 5a
shows the real-time trajectory of atomic oxygen abstracting
a hydrogen atom from a methyl radical. The atomic oxygen
interacts more strongly with the hydrogen in the methyl radical,
and the distance is shorter along with the reaction time. C–H is
broken by atomic oxygen and forms the O–H bond at 3.28 ps.
Similarly, the hydrogen atoms of ethyl on the DBP branch are
abstracted away by the atomic oxygen, as shown in Fig. 5b. Since
the carbon atom on the methyl radical is also losing a hydrogen
atom, the carbon atom on the methyl radical and the carbon
atom on the ethyl radical form a C]C bond at 7.10 ps, which is
unstable and will be further oxidized to a C]O bond. However,
the carbon atom on the ethyl radical will be further oxidized to
a C–O bond at 1.20 ps when the ethyl radical loses a hydrogen
© 2022 The Author(s). Published by the Royal Society of Chemistry
atom. The methyl radical does not lose hydrogen atoms in
Fig. 5c. If the ethyl hydrogen next to the methyl is not
abstracted. Hydrogen is lost from the methyl, and the methyl is
easily oxidized to form a C–O bond. At the same time, since the
C–O bond is at the end of the carbon chain, the C–C bond tends
to dissociate and form a C]O bond at 7.20 ps. Therefore, the
cleavage of C–H in the reaction process of plasma cleaning is
the basis of the reaction, and further oxidation can produce the
bonds of C]C, C–O and C]O.
3.3 Inuence of ambient temperature on the evolution of
the chemical bond during plasma cleaning

Fig. 6 illustrates the interaction characteristics and simulated
data statistics of reactive oxygen species and DBP with different
ambient temperatures. The cleaning ability of reactive oxygen
species increased gradually with the increase in ambient
temperature, as shown in Fig. 6a. The cleaning ability of
hydroxyl radical was signicantly improved because the
temperature rise reduced the aggregation of O–H and increased
RSC Adv., 2022, 12, 30754–30763 | 30759
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Fig. 4 Evolution behaviors of key chemical bonds during chemical reactions with 3.125 nm−3 at 300 K. (a–f): C–H, C–C, C–O, O–H, C]O, C]
C.
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the effective intermolecular collision, which consistent with the
research of Samaei et al.30 On the contrary, the cleaning ability
of atomic oxygen and ozone molecular radicals remains
Fig. 5 Temporal snapshots of (a) C–H bond dissociation and O–H
bond formation, (b) C–C bond dissociation and C]C formation, (c)
C–O and (d) C]O bond formation mechanism induced by atomic
oxygen. The hydrogen atom is abstracted by oxygen atoms, leading to
the destruction of C–H bonds and the formation of O–H, C]C, C–O,
and C]O. Dotted lines indicate the distance between atoms.

30760 | RSC Adv., 2022, 12, 30754–30763
unchanged when the temperature exceeds 600 K, which indi-
cates reactive species sufficiently react with DBP molecules. At
the same concentration of reactive species (1.875 nm−3), the
increasing temperature cannot further improve the cleaning
ability of reactive species. Similar results could be obtained in
Fig. 6b. Through the total energy of the simulation system does
not reach the equilibrium, the main chemical reaction of
reactive oxygen species with DBP has been completed within
1000 ps. It can be found that the increase of ambient temper-
ature has little inuence on the decreasing trend of total energy
in the system reaction process when the system temperature
exceeds 600 K. Fig. 6c shows that the mobility of molecules in
the system is signicantly improved aer the temperature
exceeds 600 K. Although the increase in temperature can
promote the frequency of intermolecular collision, the growth
of intermolecular collision does not contribute signicantly to
the improvement of cleaning ability when the reaction is
sufficient.

Furthermore, we calculated the percentage distribution of
chemical bonds in the reaction system as the temperature
increased in Fig. 6d–f, which directly shows ambient tempera-
ture's inuence on the reaction products. With the increase in
ambient temperature, the proportion of C–H, O–H and C]C
bonds in the reaction products decreased gradually. The
temperature rise promoted the mobility of the reactive species,
and the reaction with organic contaminants was adequate. The
C–H, C–C, and C]C bonds were further oxidized to C–O and
C]O bonds. Besides, the increase in kinetic energy of the
reactive species overcomes the aggregation of O–H through
hydrogen bonds.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Statistics of DBP dissociated by different reactive species under various ambient temperatures: (a) cleaning ability of reactive oxygen
species; (b) evolution of total energy in atomic oxygen reaction systems; (c) mobility of atomic oxygen during simulations. Evolution behaviors of
chemical bonds percentage in simulations with varying reactive species (d) O, (e) OH, (f) O3 and ambient temperatures.
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When the concentration of the reaction species reaches
a certain concentration, the increase in temperature will further
improve the plasma cleaning ability. This means that more
chemical bonds (such as C–H and C–C) are oxidized to C]C, C–
O, C]O, and O–H via hydrogen abstraction reactions. In
particular, the molecular structure of the benzene ring, which is
difficult to decompose in the experiment,29 can be destroyed by
increasing the temperature. The carbon ring structure of the
benzene ring is very stable and is not easily replaced and
oxidized. However, the benzene ring is gradually broken with
ambient temperature increase during the plasma cleaning
process.

The detailed microscopic destruction pathway can be
described in Fig. 7. First, the atomic oxygen gradually
approaches the hydrogen atom on the benzene ring and forms
an O–H bond. The H–O bond on the benzene ring further
exchanged positions to form the phenol structure aer
Fig. 7 The microscopic pathway of the benzene ring is destroyed by
atomic oxygen in DBP molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
molecular structure equilibrium. In phenol molecular struc-
ture, the polarity of the O–H bond was strengthened by the
action of the delocalized p bond. Therefore, hydrogen atoms in
the hydroxyl radical of phenol are easily ionized to form a C]O
structure. Aer the delocalized p bond of the benzene ring is
destroyed, DBP molecular structure will be gradually decom-
posed into small molecular groups. In all simulations, this
pathway of the benzene ring is widely found in the interaction
between reactive species and the benzene ring in a high-
temperature environment.

4 Conclusions

In this work, ReaxFF molecular dynamics simulations were
proposed to study the microscopic cleaning mechanism of the
reaction between organic contaminants and reactive oxygen
species in plasma at the atomic level. We elucidated the effects
of reactive oxygen species concentration and ambient temper-
ature on plasma cleaning characteristics. The evolution char-
acteristics of chemical bonds in the plasma cleaning process
were revealed. In the plasma cleaning process, hydrogen
abstraction reaction dominated the chemical reaction between
reactive oxygen species and organic contaminants. The cleaning
ability of the atomic oxygen and ozone radical was the strongest
among the studied reactive oxygen species in the plasma. The
reason can be attributed to the mobility of the atomic oxygen
and ozone radical, which is much higher than that of the
hydroxyl radical. The formation of abundant hydrogen bonds
between hydroxyl radicals led to aggregation and reduced the
RSC Adv., 2022, 12, 30754–30763 | 30761
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efficiency of chemical reactions. As the reaction duration, C–H,
C–C and C–O bonds in organic contaminants molecules were
gradually oxidized into O–H, C]C and C]O bonds. In a certain
range of reactive oxygen species concentration, the cleaning
ability of plasma increased gradually with the increase of
atomic oxygen concentration. When the concentration of reac-
tive oxygen species was 2.5 nm−3, the cleaning ability reached
the highest. At the same time, the probability of C–H, C–C and
C–O bonds being destroyed to form abundant O–H, C]C and
C]O bonds gradually increased with the rise of the concen-
tration of reactive species. The cleavage reaction of the C–H
bond was the basis of the chemical reaction in the plasma
cleaning process. With the increase in ambient temperature,
the cleaning ability of reactive oxygen species in plasma was
further improved, and the proportion of the O–H bond, C–H
bond and C]C bond in reaction products decreased gradually.
Reactive oxygen species gained more kinetic energy in a high-
temperature environment, promoted reaction efficiency with
organic contaminants, and overcame O–H aggregation. The
benzene ring structure, which was difficult to decompose at
room temperature, could be destroyed by raising the ambient
temperature.
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