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Abstract: As an important new flame retardant, zinc stannate (ZS) shows wide application prospects
due to its many advantages. However, the flame retardant mechanism of composites made with
polymer combined with ZS is still unclear. In particular, there is a lack of molecular level description
of the micro-scale flame retardant mechanism. The combustion mechanism through molecular
simulation technology has become an important research paradigm in the field of fire, which can
provide new insights for the development of new materials. This work studied the flame retardant
mechanism of composites consistent with polypropylene (PP) and ZS using reactive force field
molecular dynamics (ReaxFF MD) simulations. A new force field incorporating Sn/Zn/C/H/O
components for ZS/PP composites combustion reactions was developed. Twenty different ZS/PP
composites were analyzed for their combustion reactions at various temperatures. To investigate the
flame retarding mechanism of ZS in composites, the evolutions of reactants, products, and reaction
intermediates at the molecular scale were collected. It was revealed that the combustion temperature
controlled the degree of oxidation by regulating the consumption of molecular oxygen during PP
cracking. An increased combustion temperature reduced the oxygen consumption rate and overall
oxygen consumption. As the PP component of composites exceeded 56%, oxygen consumption
increased. Evolutions for carbon-containing intermediates and the products in combustions of PP/ZS
composites were analyzed. The small carbon-based fragments were more likely to be produced for
composites with low PP contents at high temperatures. These results are beneficial to design ZS/PP
composites as flame retardant materials.
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1. Introduction

As one of the most popular plastics in the world, polypropylene (PP) has attracted
wide attention due to many advantages, such as its low price, excellent mechanical prop-
erties, heat resistance, corrosion resistance, and easy processing [1-4]. It is utilized in
many industrial production and human life domains [5,6]. One of the disadvantages of
polypropylene is that it is flammable, and the limiting oxygen index (LOI) is only ap-
proximately 17.4% [7,8]. Many heat and molten droplets can rapidly spread the flame
during combustion and generate an inferno. In addition, smoke and dripping accompany
the sound. Thus, PP in the combustion process will produce a large amount of toxic
smoke and other corrosive gases, including CO/HCN and other choking gases, as well as
HCl/HBr/NOy/SOx and other irritating gases [9]. These toxic agents can quickly suffocate
people, severely hampering firefighting efforts and evacuations [10]. This method severely
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restricts the field of PP application [11,12]. Hence, PP-based goods must undergo flame-
retardant modification to fulfill application requirements. Thus, flame retardant and smoke
suppression of PP-based materials are of enormous practical importance for ensuring the
safety of people’s lives and property. Research on the flame retardancy of PP has become a
significant concern [13].

There have been reports of studies on the flame-retardant properties of PP. Antimony
trioxide (Sb,O3), copper oxide (CuO), zinc oxide (ZnO), and molybdenum trioxide (MoOj3)
have been used as flame retardants for PP materials [14,15]. Standard flame retardant
systems contain significant levels of bromine and antimony, which are detrimental to human
and environmental health. Alternatively, the large filling volume and poor compatibility
with PP drastically decrease the appearance and qualities of the matrix resin and the end
product [16].

Among many flame retardants, zinc stannate (ZS) is a highly efficient inorganic
additive flame retardant [17]. ZS is a semiconducting oxide compound consisting of three
components [18]. Compared with binary oxides, ternary oxides such as ZS are chemically
more stable, making them ideal for applications in extreme conditions; for example, ZS
was used in flame retardants and smoke inhibitors. As an inverse spinel structure, ZS is a
promising n-type ternary semiconductor that has a wide band gap of 3.6 eV (space group
Fd3m) [19]. So, in addition to playing an important role in advanced technologies such as
gas sensors, photocatalytic materials, and zinc-tin-oxide transistors, ZS also has a presence
in the field of co-flame retardants.

ZS, as a premium flame retardant substitute for antimony trioxide, is preferred due to
its effective flame retardant and smoke suppression properties, as well as the fact that it is
non-toxic and safe [20,21]. ZS can be used alone or with other flame retardants [22,23]. ZS
has drawbacks, including expensive and restricted resources, aggregation in the polymer
matrix, low dispensability, and compatibility. High-performance molecular dynamics
calculations can be used to study the similarities and differences of the micro-combustion
process of plastics with different components and contents in the presence of tin-based
flame retardants, which can provide a theoretical basis for the optimization of composite
formulation design.

Fire is mostly a process of intense combustion caused by chemical reactions. The
reaction mechanism of the combustion process, such as reaction path, reaction exothermic
property, and products, determines the fire risk. Understanding the detailed reaction mech-
anism of the combustion process, such as the reaction micro-mechanism and combustion
process, is the key to mastering the combustion induction and evolution mechanism in
essence, which can provide scientific guidance for the effective prevention and control
of fire accidents and also provide a theoretical basis for the development of new flame
retardants and fireproof materials [24]. However, the chemical reaction in the combustion
process is very complex and thus not easy to explore. There are two main methods used to
study the reaction mechanism: experimental means and molecular simulation technology.
The experimental method can obtain the characteristics of reactants, intermediates, and
main products in the reaction process with the help of various analysis and characterization
instruments and then infer and predict the reaction mechanism. For example, in situ,
infrared spectroscopy, online mass spectrometry, and other major characterization methods
can be used, supplemented by thermal analysis methods such as temperature-programmed
and differential scanning calorimetry, to study the change rules of chemical reactions [25].
These can undoubtedly provide the change characteristics of free radicals and functional
groups in the oxidation process of combustible materials and speculate on the oxidation
reaction mechanism of typical functional groups.

Although advanced experimental analysis and characterization methods can obtain
the characteristics of some intermediates, including products and free radicals, in the
reaction process and reasonably speculate on the reaction mechanism [26], however, there
is still a lack of effective experimental detection means for radical, intermediate, and
complex microscopic reaction paths that change rapidly under more severe combustion
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conditions [27]. On the other hand, the combustion and pyrolysis of polymers are driven
by free radicals and involve many coupled reaction pathways [28]. It is noticed that
capturing free radical fragments with high activity and short lifetimes is difficult using
only experimental techniques. The intermediates in combustion products can influence
the transformation of the product structure [29]. Tracing the detailed evolutionary process
of their involvement in the reaction using experimental techniques is complicated and
expensive. This could limit deep exploration of the complex flame retardant reaction
processes and the generation pathways of products. Therefore, understanding the essence
of flame retardant at the atomic level is not an easy task. It is very difficult to understand
the mechanism of explosion reactions only by experimental means. This undoubtedly
prompted researchers to turn their attention to computer molecular simulation methods.
With the help of rapidly developing computer technology, scholars expect to obtain the
detailed microscopic reaction mechanism of the chemical explosion process at the theoretical
and molecular levels [30].

Nowadays, molecular simulations have become more and more crucial in the studies
of materials science, in particular for mechanism analysis [31]. It can give more insights
into tracing the detailed evolutionary process in the reaction beyond the experiments.
Thus computational chemical simulation provides essential advantages for exploring the
dynamic evolution of the flame retardancy of inorganic materials [32]. It has become an
indispensable tool for supplementing experimental observations. ZS applied to PP flame
retardant products has a good flame retardant and smoke suppression effect. In this work,
we adopted a ReaxFF MD simulation, providing insights into flame retardant performance
and mechanism for ZS/PP composites.

In this study, the flame retardant mechanism of ZS/PP composites was studied using
reactive force field molecular dynamics (ReaxFF MD) simulations. In order to perform the
ReaxFF calculations, a force field containing Sn/Zn/C/H/O elements for the combustion
reactions of ZS/PP composites was developed. The molecular quantity changes of reactants,
products, and primary reaction intermediate during the combustion of 20 different ZS/PP
composites with different contents were investigated at various temperatures. This work
could provide theoretical guidance for the design and optimization of ZS/PP composites
as flame retardant materials.

2. Results and Discussion
2.1. ReaxFF Force Field Results and Verification

The ground state structure (such as multiple molecular structures in Figure 1) is
provided for verification by identifying, constructing, and optimizing specific systems.
It is strictly described by quantum chemistry (QM). Finally, by limiting the calculation
times to DFT /ReaxFF, the bond length or the selected angle is limited to the range below
and above the equilibrium value. The dissociation curve is constructed for the structure.
The ability of metal atoms to achieve a high coordination state is related to the strong
differentiation of catalysts, so it is essential to characterize the ability of metals to bind
multiple carbon groups alone. For Zn and Sn metals, the singlet is built by adding carbon
groups to determine the lowest energy spin state of the system, as shown in Figure 1a-d,
which facilitates more accurate energy determination and reduces the cost of calculation.
Figure 1 represents the interaction energy between different groups and metal atoms, which
compares the bond length and bond angle energy difference calculated by the ReaxFF with
the energy difference calculated based on the first principle, which is used to proofread and
verify the accuracy of the force field. As shown in Figure 1, The C-Sn equilibrium bond
lengths calculated by QM are closer to the results of Bernt et al. (2.108-2.146 A) [33]. On the
QM energy spectrum, when the C-Sn bond extends above 3.41 A, the energy state of the
DFT data changes, which ReaxFF well captures by calculating the lowest energy state.
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Figure 1. ReaxFF and QM results for bond dissociations and angle distortion in complexes.
(a) C-Sn bond in CH3Sn; (b) C—Zn bond in CH3Zn; (c¢) C-Sn bond in CH;Sn; (d) C—Zn bond in CH,Zn;
(e) Sn=0 bond in SnO; (f) Zn=0 bond in ZnO; (g) Sn—Zn bond in ZnSnO3; (h) H-C-5n-O dihedral
angle in CH35nO; and (i) C—Zn-O angle in CH3ZnO.

In the C-Zn bond dissociation energy of CH3Zn, the equilibrium bond length predicted
by QM and ReaxFF is about 2.07 A. The error between them is less than 0.05 A. It is in good
agreement with the reported value of Yang et al. [34]. In C—Zn bond stretching, the energy
change tends to be stable when the distance between C/Zn atoms in QM and ReaxFF
is more significant than 2.953 A. The set distance of Sn—O bond length DFT is 0.7-4.0 A,
the scanning range of ReaxFF is 1-5 A, and the equilibrium bond length predicted by
QM and ReaxFF is 1.84 and 1.67 A. The Sn—O equilibrium bond length calculated by QM
is closer to the result of Shetty et al. (1.907 A) [35]. The difference between the ReaxFF
dissociation energy of the Sn—O bond and the result of QM is not more significant than that
of 25 kcal /mol. The Zn-O bond distance set by DFT is 1.3-4.0 A, and the scanning range of
ReaxFF is 1.4-5.0 A. The equilibrium bond length of Zn-O predicted by QM and ReaxFF is
about 1.9 A, and the error between them is small, similar to that reported by Wong-Ng et al.
(1.91 A) [36].

The interaction between the Zn and Sn atoms is also considered. Figure 1g shows the
bond dissociation curve of CH3Sn—Zn. DFT sets the bond distance of Sn-Zn to 1.8-5.8 A,
and the scanning range of ReaxFF is 1.875-5.000 A. In the scanning distance of 1.875-5.000 A,
the difference between the ReaxFF dissociation energy of the Sn—Zn bond and the QM
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result is less than 15 kcal/mol. The Sn—Zn equilibrium bond lengths predicted by QM and
ReaxFF are both around 2.8 A, which is very close to the value of (SngZnR)?*~compound
(day(Sn—Zn) = 2.78 A) [37].

In addition to the bond dissociation energy, the degree of freedom of the bond angle
bending around the metal is also very important. It shows that new carbon atoms can
be coordinated easily [38]. In this section, by constructing the ReaxFF calculation of the
oxygen-rich system of ZS, we have obtained some central intermediates and built the
structure to provide the most straightforward possible electron arrangement. In this section,
to verify the modified force field, the bond dissociation energy in the confirmed object is
mainly Me-CHj3/Me=CH,/Me-O/Me-Me (Figure 1a—g), and the valence torsion energy
specifically includes CH3—-Zn-O/CH3-5n-O (Figure 1h,i). The verification set of valence
angle is selected as the C-Sn-O/C-Zn-O angle in CH35nO/CH3ZnO cluster. Figure 1h is
the dihedral angle scan of H-C-Sn—O. As shown in the figure, all the dihedral angles in
the DFT calculation are smaller than the rotational barrier of 0.4 kcal/mol, and ReaxFF can
reproduce this feature very well. To verify the valence angle parameters of the molecule,
we keep a fixed value for each Zn-C-H angle in the CH3ZnO molecule, and the scanning
range of the C-Zn-O angle in QM and ReaxFF is 60-132 and 60-180°, respectively. The
DFT and ReaxFF data reached the maximum energy at 74 and 79°, respectively.

It can be seen from the energy correction above that the QM data are in good agreement
with the ReaxFF energy changes, and the fitted reaction force field can correctly reflect
the potential energy changes of the bond angles of length. Thus, the ReaxFF force field
developed here gives good performance in comparison with DFT results.

2.2. Effect of Temperature and Composite on Combustion Reactants

As the ZS flame retardant mechanism is a typical inorganic non-reactive process,
providing thermal insulation for polymers by forming a carbon protective layer, and thus
plays a role in the condensed phase. This section compares the microscopic combustion
phenomena of different formulations of plastics under tin-based flame retardants and
the evolution of reactants, intermediates, and products under different temperatures. It
provides a theoretical basis for the optimization of composite formula design.

The number statistics of oxygen molecules can more directly observe the flame re-
tardant results and further explain the flame retardant mechanism. Oxygen molecules
can promote the degradation of plastic. This idea has been demonstrated in our previous
work [39], the polyethylene molecules were attacked by O- free radicals formed by oxygen
pyrolysis to occur C-C breaking reaction, and then the polymer was continuously cracked
to intermediates with different carbon numbers.

The evolutions of the O, number during the PP combustions at different temperatures
are shown in Figure 2. It can be seen that the O, consumption of combustion systems with
various PP percentages is comparable. The higher the combustion temperature, the slower
the rate of O, consumption, and the smaller the total amount of O; used. For 20 PP/ZS
composites, O, consumption was around 38.5% when the combustion temperature was
1000 K. During the first 10 ps of rapid O, consumption, the combustion rate was 1.21
to 1.76 Oy molecules per picosecond. At 150 ps, the O, concentration stabilizes. The O,
consumption of twenty distinct PP/ZS composites varies as well. When there are thirteen
or more PP clusters in PP/ZS composites, the total O, consumption increases dramatically
and gradually exceeds 50 O, molecules.
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Figure 2. Changes in O, molecule number for 20 PP/ZS composites under different combustion tem-
peratures.

When the content of PP in composites was 20-28%, 28-56%, and 80%, O, consump-
tion was the lowest in the rapid oxygen consumption stage, and the O, consumption
rate gradually decreased after 10 ps. When the temperature is 1500 K, the rapid oxygen
consumption rate in the first stage is lower than that at 1000 K, and the combustion rate
is 1.08-1.20 O, per ps. When the PP content in composites is 28/48/76/80%, the rapid
oxygen consumption rate in the first stage is the same as the O, consumption rate at 1000 K.
The number of O; is stabilized earlier at 1500 K than at 1000 K. At about 100-150 ps, the
proportion of oxygen consumption is relatively low, about 30.8%. When the PP content in
composites is 21, 68, and 76%, the total oxygen consumption at 1500K is almost identical to
that at 1000 K. With 2000 K for combustion, the oxygen consumption with different PP con-
tents is similar. Within 0-50 ps, the number of O, decreases continuously, and the oxygen
consumption rate is significantly lower than that under 1000 and 1500 K. About 0.4-0.8 O,
are consumed per picosecond. Among them, when PP contents are 8/16/20/44/76 and
80%, the oxygen consumption during 0-50 ps at 2000 K is the most, and the O, consumed
is more than 20. After 50-75 ps, O, increased in the system. Through visual analysis, the ZS
crystal structure is unstable at 2000 K, which leads to the gradual bond between adjacent
oxygen atoms on surfaces. After 1.25 ps, the crystal was detached in the form of O=0 and
dissociated in the system. At high temperatures, the ZS flame retardant begins with rapid
decomposition. Then the number of ZS fragments are fused with PP molecules, hindering
the contact between oxygen and PP. After 25 ps, ZS fragments are cross-linked and form
the cluster structures near PP, which are dispersed in the system and further hinder the
oxidation reaction.

According to Figure 2, 1000 K is the temperature condition with the fastest and
maximum oxygen consumption rate. Further analysis was conducted on the number of
O, with different PP contents at 1000 K, as shown in Figure 3, to study the influence of



Inorganics 2023, 11, 233

7 of 18

PP content on oxygen consumption rate and combustion. As shown in Figure 3a, when
polypropylene content is 4-20%, the combustion is the rapid oxygen consumption process
in the first stage within 0-25 ps. When the PP content is 12-16%, the oxygen consumption
is at its maximum, and the number of O, consumed is 44 in the first stage. When the PP
content is 4/8/20%, oxygen consumption is less, and the number of O, is 38. The second
stage is the slow oxygen consumption process after 25 ps. The lowest oxygen consumption
was presented in the composites with PP contents of 4 and 16%, while the composites
with a PP content of 8 and 24% had the highest oxygen consumption. Figure 3b shows the
relationship between the number of O, and time with PP contents of 24-40%. Among the
five composites, the rapid oxygen consumption process in the first stage is 0-50 ps, which
is 25 ps later than those with a PP content of 4-20%. In the first stage, the composite with
28% PP content had the fastest oxygen consumption rate, followed by that with 24% PP.
The composite with 36% PP content had the slowest oxygen consumption rate. During the
first phase of rapid combustion, the total oxygen consumption in the 24-40% PP composite
was nearly the same. The average oxygen consumption in the five systems within 50 ps
was 48 O,. After 50 ps, the system entered the slow oxygen consumption stage. The system
with 28% PP content had the most stable change of molecular oxygen number with time
and the lowest oxygen consumption during this stage. The composite with 40% PP content
had the highest oxygen consumption rate. In the slow oxygen consumption stage of the
second stage, compared with the composite with a PP content of 25-40% and with a PP
content of 4-20%, the number of O is significantly different, the range of fluctuation is
also more extensive, and the oxygen consumption is unstable. When the PP content in the
composite is between 44 and 60% (Figure 3c), during the rapid oxygen consumption in the
first stage, the oxygen consumption rate of the five systems is the same, and the average
oxygen consumption is similar. The number of O; transformed is about 40. Among them,
the composite with 44% PP content has the highest oxygen consumption and the fastest
oxygen consumption rate.
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Figure 3. Oxygen consumption for PP/ZS composites combustion at temperature = 1000 K when
PP = 1-5 (a); when PP = 6-10 (b); when PP = 11-15 (c); when PP = 16-20 (d).

In comparison, the system with 48% PP content has the slowest oxygen consumption
rate and the lowest oxygen consumption. Among them, the composite with 44% PP
content had the highest oxygen consumption and the fastest oxygen consumption rate,
while the system with 48% PP content had the slowest oxygen consumption rate and the
lowest oxygen consumption rate. After 25 ps, the five composites began to carry out the
second stage of slow oxygen consumption. Within 25-100 ps, the number of O; in the
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five systems changed steadily, and the slow oxygen consumption was stable. After 100 ps,
the number of O, fluctuated wildly. Among them, the composite with 60% PP content
gradually accelerated the oxygen consumption rate and increased oxygen consumption,
becoming the system with the highest total oxygen consumption. The composite with 44%
PP content also had stable oxygen consumption, but its total oxygen consumption was the
lowest and reached a steady state of oxygen consumption after 125 ps. Figure 3d shows the
number of O; in the system with 64-80% PP. Of the five systems, 0-25 ps is the first stage
of rapid oxygen consumption. In this stage, oxygen consumption differs significantly. The
composite with 80% PP consumed the least oxygen, and the number of O, transformed
was 37. The composite with 64% PP consumes the most oxygen, and the number of O,
converted is 46. After 25 ps, there was a significant difference in the number of O, among
the five systems. The total oxygen consumption of the composite with 64% PP was the
highest, and the number of O, changed steadily with time. The O, in the composite with
72% PP tended to increase within 50-75 ps. This composite has the lowest total oxygen
consumption. The change of oxygen in the composite with 80% PP content was stable, and
the total oxygen consumption was similar to that with 64% PP content.

The higher the PP content in the composite, the higher the oxygen consumption.
Moreover, the higher the content of PP, the greater the difference in the number of O, in
the slow oxygen consumption stage and the more pronounced the fluctuation. The rapid
oxygen consumption stage of the system is 25-50 ps. Currently, the system with the fastest
oxygen consumption rate is composite with 36 and 64% PP, and those for the slowest
oxygen consumption rate are PP = 28/80/56/20%. The systems with the most significant
difference in oxygen consumption rate are systems (b) and (d). The system with the most
stable oxygen consumption rate in the slow oxygen consumption stage is PP = 4/20%
composites. The difference in oxygen consumption is significant, and the composites with
considerable fluctuation over time are PP = 44-80%.

2.3. Effect of Temperature and Content on Combustion Products

To reveal the influence of different temperatures and PP content on the combustion phe-
nomenon and cracking mechanism, evolutions for carbon-containing intermediates and the
products in 20 PP/ZS composites were analyzed. The pyrolysis product distribution of ZS/PP
with different formulations at medium and high temperatures is shown in Figures 4 and 5,
respectively. As the PP in the composite does not crack at low temperatures, almost no inter-
mediates containing carbon numbers 1-30 and other combustion products were generated.
This study did not elaborate on the product formation at 1000 K. Figures 4 and 5 analyze
the evolution of intermediates in 20 kinds of PP/ZS composites and intuitively reflect the
decomposition of the polymer.

Figure 4 shows the time variation of C1-C30 fragment number for 20 PP composites
at 1500 K. When the PP content is 28/36-56/68-80%, the combustion reaction will generate
C1-C4 fragments (Figure 4a,b for variation trend of the quantity of C1-C4 intermediates).
It can be seen from Figure 4a that the composite with 28/36% PP content generates C1-C4
intermediates after 200 ps. When the PP content was 40%, C1-C4 fragments appeared after
150 ps, with a maximum of C1-C4 fragments. It can be seen from Figure 4b that when
the content of PP is greater than 10, the earliest occurrence of C1-C4 intermediates in the
composite is PP = 80%, and the composite with PP = 52% generates C1-C4 after 225 ps.
When the PP content is 56/72%, the number of C1-C4 intermediates has a maximum value
of three. When the PP content is 56%, the amount of C1-C4 in the system has a downward
trend within 225-250 ps. Figure 4c,d shows the changes in intermediate fragments contain-
ing C5-C16 carbon. It can be seen from the statistics that C5-C16 intermediates will appear
in the combustion process of the PP/ZS composites.
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Figure 4. Changes in various carbon-containing fragments for 20 PP/ZS composites at temperature
1500 K. (a) C1-C4 in 1-10 PP; (b) C1-C4 in 11-20 PP; (c) C5-C16 in 1-10 PP; (d) C5-C16 in 11-20 PP;
(e) C17-C30 in 1-10 PP; (f) C17-C30 in 11-20 PP.
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Figure 5. Changes in various carbon-containing fragments for 20 PP/ZS composites at temperature
2000 K. (a) C1-C4 in 1-10 PP; (b) C1-C4 in 11-20 PP; (c) C5-C16 in 1-10 PP; (d) C5-C16 in 11-20 PP;
(e) C17-C30 in 1-10 PP; (f) C17-C30 in 11-20 PP.



Inorganics 2023, 11, 233

10 0of 18

From Figure 4d, C5-C16 fragments appear at the earliest in the combustion process
of the PP = 68% composite, the time of the intermediate’s emergence is 50 ps, and the
maximum number of cracked fragments is reached at 200 ps. The second is the PP = 36 and
40% composites. The composite with PP = 60% has the latest emergence time of C5-C16
intermediates, followed by the composite with PP = 5%. When the content of PP was
12-76%, the number of C5-C16 fragments was the highest in the system. The number of
systems producing C5-C16 is more in the system than that of C1-C4 intermediates.

Moreover, the generation time of C5-C16 is earlier than that of C1-C4, and the number
of generated fragments is greater. Figure 4e,f shows the changes in intermediates containing
C17-C30. It can be seen that when the content of PP is 4/8/16-24/32/64/76/80%, the
composite will not crack into C17-C30 intermediates and the occurrence time of such
intermediaries is 70 ps. Figure 4e shows that the generation time of C17-C30 mediators is
the earliest in the PP = 36% system, followed by the PP = 12%/68% system. According to
Figure 4f, the C17-C30 intermediate of the PP = 18 system appeared after 150 ps, reached
the maximum value at 250 ps, and cleaved into four C17-C30 fragments, followed by
PP = 68% system, with a maximum of three cleaved fragments.

By comparing Figure 4a—f, the earliest fragments in the system at 1500 K are C5-C16,
C1-C4 has the fewest intermediates, and C17-C30 has the most significant mediators.
With PP = 80%, C1-C4 intermediate appears early in the combustion process and has
many fragments. C5-C16 intermediates occur earliest when PP = 68%. The C5-C16
intermediaries have the highest concentration in this system. When the PP content is 36%,
C17-C30 appears first in the system, and the most significant number of these intermediates
is in the PP = 72% composite.

Figure 5a,b shows the evolutions of C1-C4 intermediates with time. The number of
C1-C4 intermediates increases continuously with the combustion reaction at 2000 K. With
the increase of the PP contents in the composites, C1-C4 intermediaries also increased
gradually. It can be seen from Figure 5a that the number of C1-C4 intermediates is low in
the composite with PP = 4%, and the maximum number of carbo-containing intermediaries
is reached at 75 ps with four fragments. At 2000 K, the number of C1-C4 intermediates
produced by the combustion process is about 0-50 for composites with 4-40% PP. Figure 5b
shows that the system with the most significant number of C1-C4 mediators is the PP = 80%
composite, which reaches 94 fragments by 250 ps. For the content of 44-80% PP system,
the number of C1-C4 intermediates produced by the combustion process ranges from 50
to 100. Figure 5¢,d shows the changes in C5-C16 intermediaries over time. Compared
with that of C1-C4 fragments, the amount of C5-C16 generated was less affected by PP
contents. According to Figure 5c, when there is 4-40% PP in the composites, the number
of C5-C16 intermediates produced in the combustion process is about 0-20. According
to Figure 5d, the highest number of C5-C16 arbitrators was generated at the end of the
reaction for composite with PP = 80%. When the content of PP was 44-80%, the number of
C5-C16 intermediaries ranged from 20 to 50. Figure 5e,f shows the variation of C17-C30
intermediates produced by 20 PP/ZS composites in the combustion with time. It can
be seen that the number of C17-C30 fragments increases continuously within 0-150 ps,
and the number of C17-C30 chips decreases within 150-250 ps. Compared with C1-C16
intermediates, the number of C17-C30 arbitrators was the least. They are also less affected
by PP contents in the composites. When the PP content is 4-80%, the number of C17-C30
intermediates generated by combustion is between 0-15.

Figure 6 shows the evolutions of H,O molecules with time in the combustion for
20 PP/ZS composites at different temperatures. When the temperature exceeds 1000 K,
water molecules can be formed. Moreover, the number of water molecules is also increasing
with the increase of PP content in the composites. The time of water molecules formed
in the system is before 100 ps, and the occurrence time is independent of PP contents in
composites. When the PP content is 4-16%, the number of water molecules generated
by combustion is less than 10. When the PP is 20-52%, H,O molecules are fewer than 20
in combustion.
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Figure 6. Changes in H,O molecule number for 20 PP/ZS composites at different combustion tem-
peratures.

The number of H,O generated during combustion is less than 30 when the PP con-
centration in composites is 56-80%. When the PP content is more significant than 40% at
1500 K, H,O molecule formation is possible. When PP content is 4-16%, the average H,O
generated increases by two for each additional PP cluster at 2000 K. The first system to
create H,O molecules was PP = 4 and 12%. The content of H,O in the system showed
a trend of increasing first and then decreasing. When PP = 8 and 16%, the number of
H,O generated showed an increasing trend in combustion. When PP = 20 and 24% in the
composite, the HyO produced increased first and then decreased in combustion. When
the PP content in composites is greater than 24%, the number of HyO created at 2000 K
only exhibits an upward trend until 250 ps. The most significant amount of H,O produced
in combustion occurs at 2000 K and 250 ps when PP = 76% in the composite. At 1500 K,
when the PP content was 40% in the composite, HyO appeared for the first time in the
combustion process, reaching the maximum value after 150 ps. The time distribution of its
creation of HyO is most significant when PP = 68%. When the PP is 80% in the composite,
H,O at 1500 K is the largest, with a maximum of four at 200 ps.

3. Models and Simulation Methods
3.1. ReaxFF Force Field

In order to make the content of the training set describes the C-H-O-Sn—Zn system
more comprehensively, we select samples with different types and sizes as research training
sets for the force field. The models of training sets have four groups. One is tin-based
compounds, including SnO, Sns0g, SNO,, SNC, SnHy, Sn(CO,);, and Snz(HO;y),. The other
is zinc-based compounds, including ZnH, ZnHg, ZnC3, ZnO, ZnO;, Zn(HO);, ZnCO;3, and
ZnH4(CO3),. The third is the tin—zinc structure, which includes three ZnSnOj3 unit cells
(with space groups R3¢, R3, and Pnma, see Figure 7), Zn,SnOy, and ZnSn,0s. The last
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is composed of C/H/O elements, which are relatively mature in previous ReaxFF MD
simulations. Because the flame retardant effect of ZS bulk will be studied in this paper, the
ZS cluster structures with different sizes are considered, and their energy calculation is
added to the training sets [40].

Figure 7. Unit structure of bulk ZS.

In order to build a more comprehensive and representative training set, the structural
element should include as many chemical bonds, dihedral angles, and transition states
as possible (see Figure S2). The structural state of the combustion system should also be
considered, and attention should be paid to hydrogen bonding [41-44]. The ZnSnOj crystal
with different space groups and other cell structures come from Materials Project, and some
molecular structures are constructed by the Gauss View code. Here, we directly import the
previously reported C/H/O parameters [41] for combustion reactions into the training set
to be fitted and modify the needed parameters about bond energy, twist angle, dihedral
angle, and other properties containing Zn and Sn atoms.

When the reasonable model of the training set is determined, these molecular struc-
tures are calculated by single point energy calculation, geometric optimization, and PES
scanning, and then the force field parameters are fitted from the calculated results of these
training sets [40,45,46]. These calculations are based on the first principles of the density
functional theory (DFT) framework. DFT calculations use the B3LYP method and mixed
basis sets (C/H/O element of 6-31G* and Zn/Sn of SDD pseudo-potential) [47-49]. Molec-
ular structure DFT calculations were performed using the Gaussian16 [47]. The crystal
structure with periodic boundary conditions is calculated using the Band module of the
AMS code [40]. The findings are adapted to the new training set using the AMS and its
suggested standard processes and methodologies. By optimizing the balanced training sets,
the weight distribution is moderately changed to guarantee that the weight is increasingly
skewed towards the combustion conditions of the PP structure (the process is shown in
Figure 8).

The developed ReaxFF parameters are verified by the comparisons of DFT and ReaxFF
calculations. The selection of verification sets includes the characteristic reaction in the
combustion process of the target system, the formation process of the leading transition
state, the metal elements, and the differential characteristics of the catalyst [50,51]. In this
study, we construct the verification sets through the preliminary ReaxFF calculations of
oxygen-rich ZS systems and the previous experimental reports [21]. It mainly includes
metal elements bound by different carbon groups, metal oxides, metal-bound oxygen
atoms, and the dissociation process of ZS. In the DFT and ReaxFF calculations, the scanning
range and the bond length or angle are limited to the range below or above the equilibrium
value, and the dissociation curve is constructed from the scanning results [52].
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Figure 8. The process of building a new force field.

3.2. Details of ReaxFF MD Simulations

In ReaxFF MD simulations, the force field can dynamically optimize atomic charge
using the electronegativity balance method [53] and the covalent form and bond order
principle to simulate potential chemical reactions. They are associated with thermodynamic
and kinetic properties on a microscopic scale [54,55]. The instantaneous bond order from a
distance between atoms can be calculated by:
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The system energy of the force field consists of the energy of each part that can be
obtained by:
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Esystem = Epond + Eover + Eunder + Elp + Eval + Etor + Evdwaals + Ecoloumb 2)

The energy of the system in ReaxFF comes from the energy contribution items of
different parts, including bond energies, valence angle, lone pair, conjugation, and torsion
angle terms [56]. Esystem is the system’s potential energy, which is divided into reaction
potential energy and non-reaction potential energy. The reaction potential energy accurately
simulates the reaction between particles through the binding and dissociation between
particles. The non-reaction potential energy affects the reaction’s transition state and
barrier energy. Epynq is the bonding energy, which expresses the bond energy caused
by the distance between atoms by calculating the bond order. To solve the problem of
over-coordinated and under-coordinated atoms, Egver and Epger correct the system energy.
The modified bond order BOjj is used in Eqyer to replace the unmodified bond order, thus
ensuring that the under-corrected system will soon disappear to zero. Only when there
is a 7w bond between the under-coordinated atom and its neighboring atoms is E;pger’s
correction of the system’s potential energy meaningful. E,, is the energy of the valence
angle term. The bond-order-dependent form is used to calculate the different energy
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between the valence angle and its equilibrium value and to ensure that the valence angle
contribution value returns to zero smoothly during the ion dissociation process [38]. Like
the bonding value, the valence angle term also needs to discuss the over-coordination
and under-coordination of the valence angle ability of the central atom. Eo; is the torsion
angle energy. When a bond in the torsion angle breaks, its valence angle is close to 7, and
its torsion energy disappears smoothly. E,qwaals is van der Waals energy and Ecojoump 1S
Coulomb energy. Due to the mutual attraction between particles due to dispersion and the
fact that a repulsive force also exists in a short distance between particles, all atomic pairs
should contain van der Waals force and Coulomb force to express the energy change in
bond dissociation more completely.

The combustion reactions in mixed samples of PP and ZS at different temperatures
were simulated using the ReaxFF MD method. In this study, the combustion process was
simulated based on the PP molecular aggregation model, and the effects of different formula
ratios and temperatures on the combustion mechanism of plastics were observed. In order
to obtain a balanced and uniform reactant and prevent the unreliable results of molecular
dynamics simulation due to the unreasonable initial structure, the relaxation domains of
20 composites were carried out before the formal ReaxFF molecular dynamics simulation.
To ensure that the system does not react in the relaxation region and maintain the state of the
reactants, we chose to carry out a 50,000-step relaxation process at 450 K. The combustion
reaction of the different ZS/PP composites was simulated with the effects of temperature.
For this, the combustion temperature is set to 1000, 1500, and 2000 K, respectively. The
choice of experimental temperature and simulated temperature is not comparable. The
simulated temperature here is much higher than the real one. This is because artificially
increasing the simulation temperature is a widely used simulation strategy in ReaxFF MD
to explore organic molecular systems’ pyrolysis and oxidation reaction mechanisms [57].
This is a typical setting in the ReaxFF simulation of pyrolysis/combustion and other
thermochemical reactions and has been widely accepted [58].

The time step in MD is set to 0.25 fs with a total of 1,000,000 steps, that is, the total
duration of 250 ps. The setting of the above combustion reaction parameters is consistent
with the reported parameters used to study the reaction mechanism of thermochemical
processes such as pyrolysis and combustion by the ReaxFF MD method [51]. All the ReaxFF
MD calculations and analyses are done on the AMS platform.

3.3. Theoretical Models

ZS is a kind of commercial inorganic flame retardant, which belongs to the ordinary
flameless flame retardant. Unlike reactive additives, normal additives do not chemically
bond to the polymer; they are incorporated into the polymer during the polymerization
process or during the melt mixing of thermoplastic materials. ZS generally acts as a flame
retardant aid, providing thermal insulation for polymers by forming a carbon protective
layer, and thus plays a role in the condensed phase. Due to the principle of chemical
flame retardant of ZS, we did not consider the influence of interface reaction and PP
polymerization degree. The model building details are as follows.

A PP model with a molecular formula of C45Hg; is constructed by Gaussview in this
work. This PP structure and buck ZS crystal are optimized using density functional theory
calculations with B3LYP combined cc-pVDZ or DZP basis sets. A 42 x 42 x 100 A3 box with
a periodic boundary condition is built with 8 x 8 x 6 ZS unit cells at the upper and lower
sides (Figure 9a). Then this box is filled with 1-20 PP aggregation models in the central
part in order to construct 20 different ZS/PP composite models with various contents. In
one periodic box, we put in a sufficient number of oxygen molecules to oxidize all PP
molecules in each composite system. The flame retardant property was further compared
by comparing oxygen consumption. Finally, these 20 periodic boxes were randomly filled
with 132 O, molecules in the free space (Figures 9 and S1 in Supplementary Material). In
these 20 models of ZS/PP composites to perform the ReaxFF MD simulation in the next
step, the PP content varies from 4% to 80%.
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Figure 9. Models of ZS/PP composites with different ratios for combustions. (a) Top view; (b) side
view of PP = 1 with content 4%; (c) PP = 5 with content 20%; (d) PP = 10 with content 40%; (e) PP = 20
with content 80%.

4. Conclusions

In this work, the flame retardant mechanism of ZS/PP composites has been studied

using ReaxFF MD simulations. The main conclusions are as follows:

)

@)

®G)

A ReaxFF force field including Sn/Zn/C/H/O elements was developed for ZS/PP
combustion. By determining the essential chemical information in the flame-retardant
system, various ground state structures, such as ZS crystals and clusters, were selected
to conduct DFT calculations with selected training sets. The accuracy of obtained force
field parameters was verified. By comparing DFT and ReaxFF calculations, the dissoci-
ation distance error was within 0.15 A, while the bond angle error was within 2.5°. The
results from QM and ReaxFF concur well for each energy proofreading circumstance.
ReaxFF MD simulations were conducted for the combustion reactions of 20 different
PP/ZS composites at different temperatures. The results demonstrate that tempera-
ture limits the degree of combustion by influencing the molecular oxygen consumption
of PP cracking, suggesting the flame retardant feature of ZS. The higher the combus-
tion temperature, the slower the oxygen consumption rate of PP/ZS composites and
the lower the total oxygen consumption. When the PP component of composites
exceeds 56%, oxygen consumption increases. The rapid oxygen consumption stage of
combustion is 25-50 ps, followed by the second slow oxygen consumption stage 50 ps
later. The higher the PP percentage in composites, the more oxygen is consumed at
the same temperature.

No intermediates smaller than C30 were detected in PP/ZS combustions at 1000 K. The
earliest intermediary is C5-C16, while the latest is C1-C4. C17-C30 is the intermediate
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for PP/ZS composite combustions at 1500 K. The combustion process produces
C1-C30 mediators at a temperature of 2000 K. The amount of the C1-C4 mediator
was the highest, and C17-C30 was the lowest. The higher the PP percentage, the
more C1-C16 fragments are formed during combustion. According to the ReaxFF MD
simulations, molecular H,O can form at reaction temperatures beyond 1000 K. The
number of H,O in PP/ZS composites increases with PP concentration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11060233/s1, Figure S1: Models of 20 different ZS/PP
composites with various ratios for combustions. Figure S2: Structures of partial training set.
(a) Scanning of different bonds, angles, and transition states; (b) Scanning of ZS crystals with different
space groups.
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