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Silicon-containing arylacetylene (PSA) resins are promising heat-resistant polymers. However, little is known
about their decomposition mechanisms. A molecular dynamics (MD) study based on reactive force field (ReaxFF)
was employed to investigate the thermal decomposition mechanism of two representative PSA resins containing
benzene or naphthalene in the backbone. The effect of heating rate, temperature, and crosslinking degree on
decomposition behavior was examined, and the temperatures of three decomposition stages were disclosed. The
predicted 5% decomposition temperatures (Tqs) and decomposition products are consistent with experimental
findings. The ReaxFF MD simulation reveals that the Tys is dominated by the secondary decomposition and final
decomposition, in which the high molecular weight and the stable C—C bond of naphthyl play a dominant role in
determining high-temperature resistance of the naphthalene-containing PSA resin. We also disclose the
decomposition pathways of PSA-type resin. The results gained from the present work can be a helpful guideline

for designing resins with excellent heat resistance.

1. Introduction

Silicon-containing arylacetylene (PSA) resins, a new type of organ-
ic-inorganic hybrid resin, have promising applications in aerospace and
astronautics because of their excellent heat resistance [1-3]. The PSA
with extremely high thermal stability was first exploited by Itoh et al.
[4,5]. Afterward, diversified PSA resins emerged, some of which have a
5% decomposition temperature (Tqs) above 600 °C [6,7]. For example,
Zhu et al. recently designed a new type of PSA resin through a materials
genome approach. The new PSA resin, PSNP, contains naphthalene in
the backbone. It exhibits a Tgs of 655 °C, bearing better heat resistance
than traditional PSA resins [8,9]. Since the structure affects perfor-
mance, conducting in-depth research on the pyrolysis mechanism at the
atomic level is imperative to improve the heat resistance of PSA resins
further.

Although there are many studies on the thermosetting mechanism of
PSA resins, few reports on the degradation process, especially for the
effect of backbone on PSA resins, are available. Zhang et al. conducted a
study on PSA-type resins and found that SiO5 and SiC appear on the
surface of this resin during ablation, increasing the heat resistance [10].
They further explored the decomposition mechanism of an acetylene-
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functional benzoxazine-modified PSA-type resin (poly(dimethylsilyle-
neethynylene-phenyleneethynylene)). It was revealed that introducing
alkynyl groups can enhance the activity of the para-position of the an-
iline ring due to the emergence of 3,4-dimethylaniline. Therefore,
avoiding more alkynyl groups is conducive to improving heat resistance
[7]. Guo et al. explored the thermal degradation behavior of PSAs with
various pendant groups [11]. Although PSAs with various substituents
have different kinds of pyrolysis products and pyrolysis temperatures,
thermogravimetric-gas chromatography-mass spectrometry (TG-
GC-MS) characterization revealed a general rule, i.e., the Si-CHs and
other aliphatic structures first fall off from the main chain and turn into
CHy, followed by the formation of C;H4 and CaHg, Hy is released at last
as the temperature rises.

Experimental characterization methods such as thermogravimetric
analysis (TGA) were commonly applied to explore the thermal proper-
ties [12]. However, the detailed decomposition mechanism of PSA resins
with different backbones remains unclear due to the limitation of
methods in characterizing the complex evolution of free-radical frag-
ments. In recent years, quantum chemistry (QC) methods have achieved
high prediction accuracy and provided helpful theoretical guidance, but
calculation scales are limited due to the high computational costs
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[13-15]. On the other hand, classical molecular dynamic (MD) simu-
lations only considered the interactions between the nucleus, rendering
it unsuitable for describing chemical reactions [16,17]. Recently, reac-
tive force field (ReaxFF), a combination of QC and MD methods, has
emerged as a feasible method to solve the above problems and reveal the
degradation mechanism of polymers [18,19]. The ReaxFF makes MD
simulation in complicated reactive chemical systems practical by
combining bond-order functions and polarizable charge descriptions.

The ReaxFF has developed rapidly since it was put forward, and now
it plays a vital role in predicting the decomposition mechanism of
polymers [20-22]. For example, Lu et al. conducted a ReaxFF MD
simulation to study the pyrolysis process of polyimide and explored the
formation mechanism of decomposition products [23]. Through ReaxFF
MD simulations, Zhong et al. studied the decomposition pathway of
phenolic resin and proposed two possible thermal decomposition paths
of phenolic hydroxyl groups [24]. They also suggested a theoretical
basis for improving the heat resistance of resins. The ReaxFF CHON-
2019 developed by Kowalic et al. was employed to investigate the
blends of polyacrylonitrile and poly(p-phenylene-2,6-benzobisoxazole)
in the work of Mao et al. [25]. They found that O-containing groups
effectively participate in the initial reaction, while N-containing groups
are essential in forming graphite networks [26]. As for the PSA-type
resins, an in-depth understanding of the thermal decomposition mech-
anism can help design resins with high thermal stability. However, little
is known about the effect of the backbone structure on the decomposi-
tion mechanism [11,27-30].

In the present work, we chose two crucial kinds of PSA resins to gain
insight into the degradation mechanisms. One is the PSNP resin con-
taining 2,7-diethynylnaphthalene in the backbone designed by Zhu
et al., and the other is the classical PSA-Phen resin containing benzene in
the backbone [8]. ReaxFF MD simulation was conducted to track the
products and bonds in the decomposition of PSA resins. First, the effects
of heating rate, temperature, and crosslinking degree on the degradation
of PSNP and PSA-Phen resins were examined from the atomic level.
Then, we analyzed first-order kinetics to understand the kinetic behav-
iors of the decomposition of resins. Furthermore, the simulation results
were compared with experiments, and a good agreement was found.
Finally, the possible reaction pathways were proposed to understand the
pyrolysis process deeply. This work reveals the thermal decomposition
mechanism of PSA resins that is difficult to be obtained by experiments
from the atomic scale and explains why the newly designed PSNP resins
had better heat resistance than PSA-Phen resins.

2. Computational methodology
We considered bulk systems containing PSA-Phen or PSNP resins.
The repeat units of these two resins are shown in Fig. 1(a). PSA-Phen

resins, bearing high thermal stability, are the classical resins devel-
oped by Itoh et al. [4,5]. PSNP resins are a new kind of heat-resistant
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PSA resins recently designed by the materials genome approach [8].
The thermal properties of these two resins are summarized in Table 1.

We first placed chains with three repeating units into a simulation
box to more precisely meet pre-polymerization conditions in experi-
ments [8,31]. Then, a crosslinking procedure was adopted to form three-
dimensional network structures. During the curing process of PSA-type
resins, the alkynyl group can undergo Diels-Alder reaction, cyclo-
trimerization, and free radical polymerization reaction to form various
crosslinked structures, such as naphthalene ring, benzene ring, and
polyene [32,33]. Since the Diels-Alder cycloaddition plays a dominant
role in the curing process [10,34,35], we only considered the Diels-Alder
cycloaddition during crosslinking in the present work. Fig. 1(b) depicts
the Diels-Alder reaction of PSA-Phen and PSNP resins. In the cross-
linking procedure, thirty prepolymer chains were included in the
simulation box, and the crosslinking degrees of 10%, 40%, 70%, and
100% were adopted to explore the relationship between the crosslinking
degree and pyrolysis (for details about the crosslinking procedure, see
Section 1 of the Supporting Information). The modeling and crosslinking
procedures were implemented in MD simulation with Materials Studio
[36].

After crosslinking, the remaining MD simulation was performed by
the “user-reaxc” package in LAMMPS [37]. The ReaxFF parameters
applied in this work are composed of C, H, and Si elements, previously
parameterized by Kulkarni et al.[38] In ReaxFF, the energy Esystem Of the
system is given as

Egysiem = Evond + Eover + Eangle + Etors + Evawaals + Ecoutomb + Especific 1)

where Epond, Eover Eangle> Etors, Evawaals >Ecoulomb and Especific Tepresent
bond energy, over-coordination penalty energy, angle strain energy,
torsional angle energy, van der Waals energy, Coulomb energy, and
some other specific terms that are not generally included unless
required, such as long-pair electron energy and conjugation energy
[15,39].

ReaxFF judges the connection between atoms through the bond
order (BO;j), thus simulating the breaking and forming of bonds and
evaluating the decomposition products. The atomic charge was contin-
uously updated as the changes in atomic distance, and the r; at the next
moment was calculated to obtain a new BOQj. The BOQj is calculated as

Table 1

Thermal properties of the PSA-Phen and PSNP resins.
Resins PSA-Phen PSNP
T4s Q) 627 655
Ys00 -c (%) * 90.3 92.3

*Ygoo -c: Residual yield at 800 °C
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Fig. 1. (a) Repeat units and (b) Diels-Alder reaction during the curing process of PSA-Phen and PSNP resins. The Diels-Alder cycloaddition is the crosslinking re-
action of alkyne units considered in the MD simulation. The cured structures of PSA-Phen and PSNP resins formed by the Diels-Alder reaction are marked with orange
and blue regions, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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BO; = BOj, + BO}; + BO}

Poo2 Phod Phos
Fij Tij Tij
= exp |:pbol (7‘,) } + exp |:pbo3 (7“) } + exp |:pb05 (W) }

where r, terms are equilibrium bond lengths, and py, terms are empirical
parameters. BOj, BOj, BOj" represent a single bond, double bond, and
triple bond, respectively.

In this work, we usedBO;j = 0.3 as the criterion for judging whether
the chemical bond breaks or not [25,40]. AsBO;j > 0.3, the chemical
bond is considered to be formed. Otherwise, the chemical bond is
considered to be broken. Using this criterion, we readily analyzed the
decomposition products in terms of the bond order and the trajectory
file.

In the ReaxFF MD simulation, the cured systems were first equili-
brated at 300 K in an NPT ensemble for 50 ps to eliminate internal stress.
And then, an annealing procedure was performed five times between
300 K and 600 K in the NVT ensemble to produce more reasonable
structures, which lasted 25 ps. Subsequently, a cook-off process was
performed, where the temperature was heated from 300 K to a targeted
temperature in the range of 1400-3000 K with an interval of 100 K at
varied heating rates (50 K/ps, 100 K/ps, 200 K/ps, and 500 K/ps).
Finally, a 300 ps pyrolysis process was carried out in the NVT ensemble.
The temperature in the present simulations was controlled by a
Berendsen thermostat with a damping constant of 50 fs [41]. The time
step is 0.1 fs.

(2)

3. Results and discussion

Dividing the decomposition process of PSA-type resins into several
stages according to the shedding and generation evolution tendency of
fragments is beneficial for analyzing their thermal decomposition
mechanisms [42]. Therefore, the thermal decomposition process is
divided into three stages, i.e., initial, secondary, and final de-
compositions, in this work. In the stage of initial decomposition, bonds
in the cured resins break, and free radicals appear. In the secondary
reaction, the radicals attack other radicals or molecules to form new

@
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structures. At last, in the final decomposition, the various newly formed
structures decompose again, and the number of radicals increases.
Subsequent analyses are based on the above three stages.

3.1. Effect of heating rate on the degradation process of PSA-type resins

The effect of the heating rate on the number of degradation products
and bonds was examined. We considered the crosslinking structures of
the PSA-Phen and PSNP resin with a crosslinking degree of 70%. The
temperature was increased from 300 to 3000 K at heating rates of 50,
100, 200, and 500 K/ps. The whole process lasted for 80 ps.

The dominant decomposition products include methane, acetylene,
hydrogen, and some benzene/naphthalene-containing structures. The
temporal evolution of the dominant fragments at various heating rates is
shown in Fig. 2. CH4 and benzene/naphthalene-containing structures
are primary and secondary decomposition products. C;Hs and Hy are the
products of the secondary and final reactions. The amount of CH4 and
benzene/naphthalene-containing structures decreases gradually after
reaching the peak of fragments number. The CH4 forms earlier than
benzene/naphthalene-containing structures, but the peak of the CHy
number appears later. Neither CoHy nor Hy appears at the heating rate of
50 K/ps in PSA-Phen resins, but they appear in the decomposition pro-
cess of PSNP resins. The CoH; nor Hy appear earlier under higher heating
rates.

As shown in Fig. 2, the temperatures at which PSA-Phen resin begins
to decompose are ca. 1719.3, 2191.7, 2355.1, and 2862.2 K, and the
initial decomposition temperatures for PSNP resin are about 2054.1,
2266.0, 2497.8, and 2989.3 K for the heating rates of 50, 100, 200, and
500 K/ps, respectively. In addition, the times at which PSA-Phen resin
begins to decompose are ca. 28.5, 18.9, 10.5, and 5.4 ps, and the initial
decomposition times for PSNP resin are about 35.3, 19.9, 11.2, and 5.5
ps for the heating rates of 50, 100, 200, and 500 K/ps, respectively. This
indicates that with increasing heating rates, the initial decomposition
temperature increases, and the initial decomposition time decreases,
which is in good agreement with the experiments [30].

In this work, we approximately defined the time at which the number
of benzene/naphthalene-containing structures begins to decrease as the
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Fig. 2. Temporal evolution of the dominant fragments for the decomposition of (a) PSA-Phen and (b) PSNP resins heated from 300 to 3000 K at the heating rates of
50, 100, 200, and 500 K/ps. The black, blue, and green lines correspond to CHy4, CoHo, and H,, respectively. The orange lines represent benzene-containing structures
in PSA-Phen resins and naphthalene-containing structures in PSNP resins. The purple lines represent the temperature change in the simulation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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secondary decomposition time and the time at which the number of
benzene/naphthalene-containing structures starts to be constant as the
final decomposition time. From Fig. 2, we can learn that both the sec-
ondary and final decomposition times decrease as the heating rate in-
creases. Moreover, secondary decomposition was found to occur after
reaching the targeted temperature.

We also investigated the evolution of bonds and molecules under
various heating rates (see section 2 of the Supporting Information).
Compared with the PSA-Phen resin, the PSNP resin produced more C—C
bonds, fewer C—H bonds, and almost the same number of C-Si bonds
during decomposition at the same heating rates. Although PSNP resin
has more unsaturated bonds than PSA-Phen resin before decomposition,
the total number of bonds increased in the decomposition of PSNP resin
is less, indicating that PSNP resin has better heat resistance than PSA-
Phen resin.

3.2. Effect of temperature on the degradation process of PSA-type resins

The same crosslinking models as in section 3.1 were used to study the
influence of temperature. To investigate the effect of different targeted
temperatures and minimize the effect of heating rates on decomposition,
we adopted 500 K/ps as the heating rate from 300 K to a targeted
temperature during the ramp. A high heating rate like 500 K/ps is
beneficial to preserve an intact resin structure when the targeted
decomposition temperature is reached. After achieving the targeted
temperature, a 300 ps simulation of the pyrolysis process, in which
significant information for decomposition can be gained, was carried out
to examine the effect of temperature on the degradation process. The
targeted temperature ranges from 1400 K to 3000 K.

Fig. 3 shows the number of primary products produced by decom-
posing PSA-Phen and PSNP resins at a targeted temperature between
1400 K and 3000 K. The tendency of product variation with tempera-
tures for PSA-Phen resins is similar to that for PSNP resins. CHy is the
majority product of the decomposition, followed by benzene/
naphthalene-containing structures, CoH,, Hy, CoHy and CoHe. The
number of CoH, and Hy keeps rising with increasing temperature. In
contrast, the number of other products first increases and then decreases
as the temperature increases, where the maximum appears between
2000 K and 2400 K, which indicates that the influence of secondary
decomposition dominates in the range from 2000 K to 2400 K.

We noted that the number of benzene and naphthalene-containing
structures decreases as the temperature exceeds ca. 2100 K. The gen-
eration of benzene and naphthalene-containing structures from the py-
rolysis of resins and the thermal decomposition of benzene/naphthalene
rings occur at high temperatures. The two effects should be more evident
as the temperature increases. As the decomposition of benzene/naph-
thalene rings dominates over the generation of benzene and
naphthalene-containing structures from resin pyrolysis, the apparent
number of benzene and naphthalene-containing structures decreases.
This is a competition between the generation of benzene and
naphthalene-containing structures from resin pyrolysis and the decom-
position of benzene/naphthalene rings.

Fig. 4 shows the number of bonds for these products from the
decomposition with increasing temperatures. Due to the absence of the
concept of the bond in ReaxFF simulations, “-” was used to represent the
connections between two atoms (including single, double, and triple
bonds). For example, C—C includes carbon—carbon single bonds, double
bonds, and triple bonds. Therefore, we counted all types of C—C bonds
(C—C, C=C, C=C) as C—C connections. As can be seen, the number of
C—C bonds increases to the highest value at 2600 K and then decreases
rapidly.

When the temperature is lower than 2600 K, a large number of
carbon-containing free radicals are generated. As the decomposition
proceeds, more and more radicals are produced, attacking the uncros-
slinked C=C to form double or single bonds. When the temperature is
higher than 2600 K, from the perspective of C—C, the structures
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Fig. 3. The number of products decomposed from (a) PSA-Phen and (b) PSNP
resins. Lines with various colors denote different products. The black, blue,
green, purple, and yellow lines represent CH4, CoHo, Hp, CoHy, and CoHs,
respectively. The orange lines represent benzene-containing structures in the
PSA-Phen resins, while they denote naphthalene-containing structures in the
PSNP resins. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

produced in the secondary reaction are broken again and become free
radicals. As for C—H bonds, the number decreases with temperature
rises, implying that the breaking rate of C—H is faster than its formation
rate. It can be seen from Fig. 4(c) that under the same degree of cross-
linking, the decomposition trends of the C-Si bond of PSA-Phen resin and
PSNP resin are almost the same, suggesting that the introduction of
benzene or naphthalene rings in the backbone of PSA-type resins has a
less marked effect on the bond energy of C—Si bonds. To prove this, we
calculated the bond dissociation energy (BDE) of C-Si bonds in the cured
PSA-Phen and PSNP resins (for the structures used for calculation and
results, see Section 3 of the Supporting Information). The results show
that the BDE of the C-Si bonds in PSA-Phen and PSNP resins are almost
similar. This can be the reason that the backbone morphology has a less
pronounced influence on the thermal decomposition of C-Si bonds.
Shown in Fig. 5 is a plot of the number of molecules and bonds from
decomposition against temperature. As can be seen, with increasing
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this article.)

temperature from 1400 to 3000 K, the number of molecules rises, but the
number of bonds decreases. In terms of molecules, the PSA-Phen and
PSNP resins have approximately the same number of molecules at a
lower temperature, indicating that the initial decomposition rate of
these two resins is almost the same due to their structures being close to
each other. However, when the temperature exceeds 2600 K, the mol-
ecules from the PSNP resin are more than those from the PSA-Phen resin.
This means that the decomposition of benzene, naphthalene, and
anthracene is dominant at a temperature higher than 2600 K. The
products of the PSNP resin are more than the PSA-Phen resin since it has
more complicated structures (naphthalene and anthracene for the cured
PSNP resin, while benzene and naphthalene for the cured PSA-Phen
resin). In terms of bonds, the decreasing tendency of the two resins is
similar, and the breaking rate of bonds increases as the temperature
rises. Both the variation rates of the total number of molecules and
bonds change significantly after 2600 K. This is due to the products
reaching the peak value at 2000-2400 K and beginning to decompose
again, and the final decomposition dominants after 2600 K, which leads
to a significant change in the total number of molecules and bonds. From
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the results mentioned above, we learned that the initial decomposition is
dominant below 2000 K, the secondary decomposition plays a leading
role in the range from 2000 K to 2400 K, and 2600 K is the boundary
between the secondary and final decomposition.

3.3. Effect of crosslinking degree on the degradation process of PSA-type
resins

The degree of crosslinking plays a vital role in the heat resistance of
thermosetting resins [43,44]. To evaluate the relationship between
crosslinking degree and T4s of PSA-type resins, we examined the tem-
poral evolution of main pyrolysis fragments of PSA-Phen and PSNP
resins with the crosslinking degrees of 10%, 40%, 70%, and 100%. The
temperature was quickly raised to 2600 K at a heating rate of 500 K/ps,
and the decomposition was carried out for 300 ps.

As shown in Fig. 6, the products are mainly CH4, benzene- and
naphthalene-containing structures, Co;Hp, and Hjy for various cross-
linking degrees. When the decomposition is performed at a high tem-
perature of 2600 K, the initial and secondary decompositions take place
in a short period. Fig. 6 shows that the number of CH4 and benzene- or
naphthalene-containing structures increases rapidly and then enters the
final decomposition, where the numbers drop. The CyHz and Hy, as the
products of secondary decomposition and final decomposition, continue
to increase in quantity.

The curves of CH4 and CyHj hardly change with the change of
crosslinking degree, indicating that the crosslinking degree has a less
marked effect on the amount of them. The peak of the number of frag-
ments containing benzene and naphthalene reaches a maximum and
tends to decrease with the increase of the degree of crosslinking. It in-
dicates that the number of benzene- and naphthalene-containing struc-
tures decreases as the degree of crosslinking increases. When the resins
are entirely crosslinked by the Diels-Alder reaction, the benzene- and
naphthalene-containing structures become less, and none of their frag-
ments is detected during the whole 300 ps decomposition process at
2600 K. This suggests that the increase of crosslinking degree is bene-
ficial to reduce the decomposition products of PSA-type resins.

We then counted the number of C—C, C—H, and C-Si bonds in the
decomposition process every 50 ps, where the obtained results are
shown in Fig. 7. As can be seen in Fig. 7a, during the decomposition
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process, the triple and double bonds gradually break into single bonds,
increasing the number of C—C bonds. It is also noted that the increase of
crosslinking degree leads to an increase in the number of C—C bonds due
to the Diels-Alder cycloaddition reaction, resulting in a higher number
of C—C bonds in PSNP resin than in PSA-Phen. The number of C—H
bonds shows a downward shift and decreases as crosslinking degrees
increase (see Fig. 7b). The number of C—Si bonds decreased first and
then reached a plateau as the thermal decomposition proceeded
(Fig. 7¢). The dissociation rate of C—Si bonds for different crosslinking
degrees is almost the same at the beginning of decomposition.

However, for a long decomposition time, the number of C—Si bonds
for the resins with higher crosslinking degrees is higher than those with
lower crosslinking degrees. The Diels-Alder cycloaddition does not alter
the C—Si bonds. However, it creates adjacent C-Si bonds on the benzene
ring (see Fig. 1), which can increase the probability of forming new
C—Si bonds between decomposed Si/C radicals and the surrounding C/
Si atoms. Therefore, the number of C—Si bonds increases as the cross-
linking degree increases.

From the exploration of the influence of crosslinking degree on
thermal decomposition, we get to know that the higher crosslinking
degree causes fewer decomposition products, leading to the enhanced
heat resistance of the PSA-type resin. The changes in the number of total
molecules and total bonds throughout the simulation were also exam-
ined to verify the results (see Section 4 of the Supporting Information).

3.4. Kinetic analysis of the degradation process of PSA-type resins

It is vital to obtain first-order kinetic information on pyrolysis by
examining the consumption rate of reactants [45,46]. To get insight into
the kinetic properties of PSA-Phen and PSNP resin degradation, we
examined first-order kinetics to reveal the kinetic mechanisms of the
resin degradation. Arrhenius plot of reaction rate constant k is generated
according to the Arrhenius formula

Ink = InA — E,/RT ®)
where A, E,, R, and T denote the pre-exponential factor, activation en-

ergy, molar gas constant, and temperature, respectively. And the reac-
tion rate constant k is determined by

25 25
@ 10% 2 40% P P 100%)
§40r | $20 $20 520
g ik g} £ E
£30 ! g15 815 215
5 | ot b b <
%20 Yot 210t || 210 °10
: Gl FO0 2 kS
E 101/ E st . Es Es
z | z | ] I z iy =
0 0 I L L
0 50 100 150 200 250 300 0 50 100 150 200 250 300 % 50 100 150 200 250 300 % “50 100 150 200 250 300
Time /ps Time /ps Time /ps Time /ps
——CH, Benzene-containing structures C,H, —H,
25 o 25 25
250 10% e 40% 8 2 100%
H 520 520 520
£e0 B £ £
o
30} | £ £ £15
. i P ! e P
520 210 i 510 540
@ @ | I L @ oy
a i Hi i 2 E-] E-1
E 1o} Es Es Es
z z z W =z
— ol 0
% 50 100 150 200 250 300 % 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time /ps Time /ps Time /ps Time /ps
——CH, Naphthalene-containing structures C,H, ——H,

Fig. 6. The evolution of the main fragments from the decomposition of (a) PSA-Phen, and (b) PSNP with the crosslinking degree of 10%, 40%, 70%, and 100% at
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InNo — InN, = kt (3)
where Ny and N, represent the number of resin molecules initially and at
the degradation time t.

The activation energies of the degradation of PSA-type resins are
essential for understanding the mechanism of thermal decomposition
and polymer design. To count the number of molecules in the recon-
stituted or undecomposed resins, 30 prepolymers of the PSA-Phen and
PSNP with three repeat units were decomposed under the temperature
of 1600-2600 K for 10 ps. Three replicate simulations in the activation
energy of PSA-Phen and PSNP resins were run, and the corresponding
Arrhenius plot is shown in Fig. 8. The fitting parameters are listed in
Table 2. It can be seen that the numerical value of the slope in Fig. 8 is
similar to each other, and the activation energy of the degradation of
PSA-Phen and PSNP resin is 139.30 kJ/mol and 156.53 kJ/mol,
respectively. In the experiment performed by Xu et al., the activation
energy of the decomposed PSA-Phen resin is determined as 149 kJ/mol
by the Kissinger method and 153 kJ/mol by the Flynn-Wall-Ozawa
method [47], which is close to the ReaxFF MD simulation results.
These results well validated our simulation data. It is noteworthy that
the activation energy of PSNP is slightly higher than that of PSA-Phen in
simulation. The higher activation energy leads to fewer molecules with
enough energy to overcome the potential barrier at a certain tempera-
ture, which verifies the experimental results of a higher 5% decompo-
sition temperature of PSNP resin [8].

3.5. Comparison with experiments and decomposition mechanism

To validate ReaxFF results, we compared the simulation results with
the reported experimental findings [8,11]. The comparison results are
shown in Fig. 9. The difference in two TGA curves (orange and green) for
the PSA-Phen system probably come from the difference in the sample
purity, instruments, and operations. Such a difference can be acceptable
because the two TGA curves were replotted from the reports of two
research groups. The experiment represented by the orange line was
performed by Zhu et al. [8], and the experiment represented by the
green line was completed by Guo et al. [11]. We also conducted ReaxFF
simulations for these systems. In the ReaxFF simulation, the PSA-Phen
and PSNP resins were decomposed in a temperature ranging from 600
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Table 2

Fitting Arrhenius parameters of PSA-Phen and PSNP resins.
Resins Temperature conditions E, (kJ/mol) A1/s)
PSA-Phen 1600-2600 K 139.30 1.20 x 10"
PSNP 1600-2600 K 156.53 1.25 x 10'®

Temperature /K
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TG data of PSA-Phen [8]

TG data of PSA-Phen [11]

TG data of PSNP

ReaxFF data of PSA-Phen
= ReaxFF data of PSNP
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Temperature /°C

Weight /%

800

Fig. 9. Comparison of TGA curves with simulation results of PSA-Phen and
PSNP resins. The points are the simulation data, and TGA curves are reproduced
from the experiments in the literature (10 °C /min in N3). The orange and blue
line is reproduced from Ref 8 with permission. Copyright 2020 American
Chemical Society. The green line is reproduced from Ref 11 with permission.
Copyright 2016 Elsevier. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

to 3800 K, with an interval of 200 K and a heating rate of 500 K/ps for 5
ps. One can see that the results of the ReaxFF simulation are relatively
close to the two experimental results and can capture the feature that the
PSNP resin is more thermally stable than the PSA-Phen.

Furthermore, it can be seen that the temperature range for Tyqs of
these resins is 2400-3000 K, and in this temperature range, the
decomposition process is dominated by the secondary or final decom-
position. In the secondary and final decomposition, the methyl groups,
benzene/naphthalene-containing groups dropped in the initial decom-
position, recombined with other radicals to form new structures, and
decomposed again. During the final decomposition, the activation en-
ergy of the C—C bond breaking in naphthalene is higher than that of
benzene (for the detailed calculation results, see Section 5 of the Sup-
porting Information) [48], and the molecular weight of naphthalene is
larger than that of benzene, therefore, PSNP resin has higher thermal
stability. The above results indicate that introducing the naphthalene
ring into PSA-type resins plays a decisive role in increasing the Tys of
PSNP resins. Furthermore, we fitted the simulation points to get the
predicted residual yield at 800 °C (Yggp -c). The results are listed in
Table 3. It can be seen that the simulation results are consistent with the
experiments, which also verifies the accuracy of our ReaxFF MD
simulations.

The decomposition mechanism of these resins was further analyzed
by ReaxFF MD simulations at 2200 K. Through the mechanism analysis

Table 3
The simulation Yggq -c vs. the experimental Ygoo -c of PSA-Phen and PSNP resins.

Resins Sim. Ygoo -c (%) Exp. Ysgo0 -¢ (%)
PSA-Phen 89.95 90.3
PSNP 92.51 92.3
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based on ReaxFF MD, the detailed thermal decomposition processes that
cannot be obtained experimentally were revealed. The primary
decomposition pathway and products were tracked and depicted in
Fig. 10. In the simulation, the PSA-type resins were decomposed to
generate various reactive groups in the initial stage. It can be seen that
the pendant group (CHs) of both PSA-Phen and PSNP resins first falls off
at the beginning of decomposition, followed by H and SiCyHg, which
means the pendant groups are in the weakest position in thermal
decomposition. These groups can be combinate with each other in the
secondary reaction, and be detected experimentally. For example, the
decomposition products of PSA-Phen resin are dominated by benzene,
toluene, naphthalene, and 2-methylnaphthalene, while the decomposi-
tion products of PSNP resin are mainly composed of naphthalene, 2-
methylnaphthalene, and anthracene, which is caused by the difference
of their backbone. Benzene and methylbenzene, two of the main prod-
ucts of the PSA-Phen detected, are the two components that account for
the most in Guo’s experiment [11], which is another verification of our
simulation results. In addition, the degradation products of PSNP resins
are also verified in the present experiments (Section 6 of the Supporting
Information). The naphthalene and 2-methylnaphthalene are the main
products, and anthracene is also a detectable product in gas chroma-
tography/mass spectrometry (GC/MS).

4. Conclusion

In the present work, the thermal decomposition mechanism of two
representatives of PSA resins with naphthyl and phenyl groups on the
backbone (i.e., PSNP and PSA-Phen) was explored by ReaxFF MD sim-
ulations. The effects of heating rates, temperatures, and crosslinking
degrees on the degradation products of cured PSA-Phen and PSNP resins
were analyzed. And the simulation results revealed that for these two
resins, the initial decomposition dominates below 2000 K, the secondary
decomposition plays a leading role in the range from 2000 K to 2400 K,
and 2600 K is the boundary between the secondary and final decom-
position. This information is an important reference for the experi-
mentalists. Kinetic analysis was applied to the resin degradation process,
and the activation energy of the decomposition of the PSA-Phen resin
calculated by simulation is close to the experimental value. Moreover,
the predicted TGA curves of the resins are also consistent with the
experimental results. The results theoretically verified that the PSNP
resin has better heat resistance, which is mainly due to the fact that Tys is
dominated by the secondary decomposition and final decomposition. In
this process, the higher molecular weight and the more stable C—C in
the naphthyl lead to the higher thermal stability of PSNP resins. The
overall thermal decomposition mechanism observed in simulations re-
veals the formation of intermediate and primary structures, such as
benzene, methylbenzene, naphthalene, and methylnaphthalene. The
simulation results can be the theoretical explanation of the experimental
observations and strongly support the design of heat-resistant resins in
the future.
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