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Abstract

In this paper, we report the study of degradation for a kind of ideal mandrel material called poly-a-methylstyrene based
on theoretical and experimental methods. First-principles calculations reveal two types of process: depolymerization
and hydrogen-transfer-induced chain scission. The energy barrier for the former (0.68-0.82 eV) is smaller than that for
most of the latter (1.39—4.23 eV). More importantly, reaction rates suggest that the former is fast whereas the latter is
mostly slow, which can result in a difference of 5-31 orders of magnitude at 550 K. Furthermore, a thermogravimetric
experiment shows that the activation energy of 2.53 eV for degradation is between those of fast and slow processes,
corresponding to the theoretical average value of multiple reaction paths. Thus, a mandrel degradation model combining
fast and slow processes is established at the atomic level. Our work provides a direction for research into the key

technology of target fabrication in inertial confinement fusion.
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1. Introduction

As an important method for fabricating inertial confine-
ment fusion (ICF) targets, the degradable mandrel technique
is the basis of preparing glow discharge polymer (GDP)
microspheres!' . It can be divided into three steps!>*: first,
hollow polymer microspheres are prepared as mandrels;
then, plasma vapour deposition technology is used to prepare
a coating with higher thermal stability on the surface; and,
finally, the coated mandrels are degraded leaving hollow
microspheres. In these steps, the preparation of hollow
microspheres is directly related to the degradation properties
of polymers. The technique requires that coatings are ther-
mostable at the degradation temperature of polymers, and
degradation products do not affect the formation and surface
finish of microspheres. To meet these requirements, poly-
a-methylstyrene (PAMS) has become an ideal choice for
mandrel materials (MMs), because of its excellent thermal
degradation properties and good balling performance!>°.
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However, it still presents two key problems in preparing
target pellets, namely how to reduce the thermal degradation
temperature and avoid degradation residues”’!. These lead
to the urgent need for a clear understanding of the reaction
mechanism of MM-PAMS degradation.

In the past, there have been numerous reports on the
thermal degradation of MM-PAMS!®"'". Researchers have
generally believed that degradation was caused by, first,
generating free radicals through random chain scission and,
then, depolymerizing to generate monomers!”>'"). However, it
should be noted that these two processes are not recognized
at the atomic level, resulting in an order of magnitude dif-
ference in reaction rate between them that remains unclear.
More importantly, a precise description of these processes
based on the properties of geometric and electronic struc-
tures is necessary for controlling the degradation process and
avoiding degradation residues. It is undeniable that experi-
ments can obtain some reliable results, but calculations and
simulations of quantum mechanics have also become an
indispensable tool in understanding the reaction process and
mechanism of microscopic matter, and have shown sufficient
accuracy in degradation or general chemical reactions to
attract widespread attention!'®!8211,

© The Author(s), 2020. Published by Cambridge University Press in association with Chinese Laser Press. This is an Open Access article, distributed under
the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and

reproduction in any medium, provided the original work is properly cited.

https://doi.org/10.1017/hpl.2020.48 Published online by Cambridge University Press


http://dx.doi.org/10.1017/hpl.2020.48
mailto:wangzg@jlu.edu.cn
mailto:bjzzw1973@163.com
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/hpl.2020.48&domain=pdf
https://doi.org/10.1017/hpl.2020.48

In this research, we conducted the theoretical and exper-
imental study of MM-PAMS degradation. Surprisingly, we
found that it has two processes, fast and slow, with vastly
different reaction rates. Our work highlights the decisive role
of the slow process in the degradation of MMs, and provide
a direction for effective regulation.

2. Methods

Both theoretical and experimental methods were adopted
to study the degradation process and mechanism of MM-
PAMS. Based on detailed analysis of these two aspects, we
built a degradation model at the atomic level.

For theoretical calculations, we used the high-precision
method of density functional theory (DFT) to study the
potential energy surfaces (PESs) of various possible degra-
dation paths. Specifically, all extreme-point structures of
PESs were optimized by using the exchange-correlation
functional of generalized gradient approximation (GGA)
with empirical dispersion correction B3LYP-D3>>3], in
conjunction with 6-314-G(d,p) basis sets. The frequency cal-
culations were also performed at the same level to determine
the stability of structures for extreme points, that is, the
numbers of imaginary frequencies were used to confirm
that the optimized structure was a stable point or transition
state (TS). Meanwhile, the zero-point energy (ZPE) was also
determined, and the intrinsic reaction coordinate (IRC)**2>1
was calculated to ensure the reliability of the reaction pro-
cesses. These calculations were all performed using the
Gaussian 09 software package!”®!. In addition, we corrected
spin contamination in the low-spin state with an approximate
spin-projection method!?’*®!. As for dynamic simulation, the
empirical dispersion-corrected self-consistent charge density
functional tight-binding (SCC-DFTB-D)****! method was
used, which is 10° to 10* times faster than DFT on the
basis of meeting the maximum accuracy requirements, so it
was suitable for our system. The dynamic simulations were
implemented in the DFTB+ 19.1 program!®'l.

To complete the experimental observation, we used the
thermogravimetric (TG) method to measure the TG curve
of MM-PAMS. The sample used in the experiment was a
synthetic product with average molecular weight of 1.14 x 10°
and polydispersity index of 1.55. The experimental setup
used a TG analyser. The selected temperature range was
from room temperature to 600°C, and the heating rate was
5°C/min. The carrier gas was Ar with flow rate of 2.5 L/h.
The sample dosage was 20-30 mg.

3. Results and discussion

Considering the reliability and resource requirements of
quantum calculations, two typical chain-like MM-PAMS
tetramers, di-radical and saturated (Figures 1(a) and 1(c)),
are used to study degradation processes. Previous research

https://doi.org/10.1017/hpl.2020.48 Published online by Cambridge University Press

Y. Zhu et al.

has confirmed the rationality of the structure selectionl'>'°],
The PESs of possible degradation paths for these structures
are shown in Figures 1(b) and 1(d). For the di-radical
structure, the energy barriers required for dissociation of the
C-unsaturated end and the CH,-unsaturated end to pro-
duce the monomer are R1 (0.68 eV) and R3 (0.82 eV).
This indicates that depolymerization occurs readily at the
C-unsaturated end. In addition, the H atom transfer to both
ends of the polymer chain (R2 and RS5) will lead to the chain
scission, which involves two steps. Taking R2 as an example,
owing to the steric hindrance of CH, in the ortho position,
the C atom at the C-unsaturated end will seize the H atom
on the methyl group of the second monomer to produce an
intermediate. Then, the chain scission occurs on two C—C
bonds adjacent to the C—C bond where the methyl group on
the second monomer is located. Thus there are two possible
scission paths (R2-1/R2-2). In the first path, a monomer
free radical and a chain with a CH,-unsaturated end are
produced. In the second path, a dimer and an unsaturated
chain form together. The reaction of RS is similar to that
of R2, and there are also two scission paths (R5-1/R5-2)
afterwards. The difference is that there is a prerequisite for
the occurrence of RS5: the polymer must first undergo an
isomerization process (R4).

Next, we analysed these multi-step reactions from the
perspective of energy. The energy barrier of R2 (1.39 eV) is
higher than that of R1 (0.68 eV) and R3 (0.82 eV), indicating
that a depolymerization reaction is more likely to occur than
a H transfer reaction at the C-unsaturated end. Meanwhile,
the energy barriers of R4 (0.26 eV) and R5 (0.60 eV) are
lower than those of R1-R3, which suggests that the CH,-
unsaturated end tends to cause isomerization rearrangement
and then seizure of the H atom rather than depolymerization.
In addition, the energy barriers of the two chain scission
paths after R2 and RS are 0.73/0.78 eV and 0.76/0.72 eV.
These values are between those of R1 and R3, meaning that
the chain scission reaction readily occurs after H transfer.
In other words, the H transfer reaction contributes to the
occurrence of chain scission reactions. In comparison, we
also studied the degradation of saturated MM-PAMS. The
transfer of H at both ends of the main chain causes the
dissociation of the AMS monomer (R6/R7). As expected,
their energy barriers (3.57/4.23 eV) are much higher than
those of other reactions.

Meanwhile, the selected frontier molecular orbitals (MOs)
of the reactants in the R1-R4 and R6-R7 reactions are also
given in Figure 1(e). The di-radical MM-PAMS possesses
an electronic ground state of spin-polarized singlet state
with antiferromagnetic coupling, in which net spin electrons
are distributed at the two unsaturated ends. Obviously, the
frontier MOs of the reactant in R1-R4 are localized at the
two ends near the monomer linkage sites. Among them,
HOMO-8 (highest occupied molecular orbital) and LUMO-
o (lowest unoccupied molecular orbital) are located at the
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Figure 1. The degradation reactions of MM-PAMS. (a) Geometric structures of di-radical MM-PAMS. R1 and R3 are degradation paths that produce the -
methylstyrene (AMS) monomer. R2 indicates the H atom transfer reactions. R4 is the isomerization process. RS represents the H atom transfer reactions after
R4. R2-1/R2-2 and R5-1/R5-2 are chain scission reactions after the corresponding H transfer reaction. The locations of arrows denote the bonds breaking
on the corresponding degradation path. (b) Potential energy curves of these reactions for di-radical structure. ‘Int’ represents the intermediate. The energy of
the reactant is taken as the zero. All energies were corrected with ZPE. The light blue and beige areas in the figure represent the degradation reactions related
to the C-unsaturated and CHp-unsaturated ends, respectively. (c) Geometric structures of saturated MM-PAMS. R6 and R7 are degradation reactions that
produce the AMS monomer after H transfer of two ends. (d) Potential energy curves of two reactions for saturated structure. (e) Selected frontier molecular
orbitals (MOs) of reactants in R1-R4 and R6-R7 reactions. Isovalue equals 0.035.

C-unsaturated end, and HOMO-a and LUMO-8 are located
at the CH,-unsaturated end, indicating that these two posi-
tions have strong chemical reactivity and are prone to break.
For the reactant in the R6/R7 reaction, its frontier MOs are
distributed throughout the polymer chain instead of being
localized at a single position. To a certain extent, this also
explains why R1, R3 and R4, which involve a C—C bond
located at the monomer linkage site, occur more readily
than other reactions. Moreover, the HOMO-LUMO gap of
the reactant in R6/R7 (5.85 eV) is much larger than that
of the reactant in R1-R4 (2.50/3.93 eV). This result further
demonstrates that R6/R7 is the most difficult to occur. Thus,
the differences in energy barriers and frontier MOs of these
reactions suggest that depolymerization may be a fast pro-
cess, and that most of the hydrogen-transfer-induced chain
scission, except that which occurs at the CH,-unsaturated
end, may be a slow process.

The geometric images before and after reactions are shown
in Figure 2. In the degradation reactions (R1, R3) that
produce the monomer, the reactants all broke the C—C bond
in the linkage site of the monomer. For the degradation
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(R6, R7) of the saturated structures, the reactants not only
broke the C—C bond, but also the C—H bond at the chain
end. For the isomerization reaction (R4), compared with
the reactant, the main change of product is the flip of the
benzene ring at the CH,-unsaturated end. In the H transfer
reactions (R2, R5), the reactants underwent the breaking
and recombination process of the C—H bond (the H atom
on the methyl of the second/third monomer transfers to
the C atom at the chain end). For chain scission reactions
(R2-1, R2-2, R5-1, R5-2), the reactants all broke the C-C
bonds adjacent to the C—C bond where the methyl group
on the second/third monomer is located. Therefore, for
depolymerization and chain scission reactions, the change in
geometric structure is mainly the breaking of the C—C bond,
whereas for H transfer reactions, it is the regeneration of the
C-H bond.

In order to verify the possibility of these reaction paths,
we conducted the dynamic simulation on the evolution of the
spatial structure over time based on the density functional-
based tight binding (DFTB) method. For the systems in
this study, we chose the Slater—Koster-type parameters*”! to
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Figure 2. Geometric images before and after reactions. Here, the green arrows indicate the site of broken C—C bonds, and the green circles and red dash

circles, respectively, denote the H atom and benzene ring involved in reactions.

describe the connections between atoms. The DFTB method
based on these parameters describes the geometric structure
of a system containing elements such as C, H, O and N
that is consistent with that described by the traditional DFT
method®”!. The changes in bond length over time at the
position of the broken bond with a temperature of 550 K are
shown in Figure 3. We found that di-radical MM-PAMS dis-
sociates two monomers in sequence from the C-unsaturated
end (Figure 3(a)), which is generally known as the depoly-
merization reaction. Meanwhile, a H atom transfer reaction
like RS was also observed (Figure 3(b)). The C-unsaturated
end of MM-PAMS first dissociates a monomer. Then, under
the influence of dynamic processes, violent thermal vibration
of the polymer chain leads to the ‘back biting’ of the CH,-
unsaturated end. At this time, the primary H atom on the
third monomer gradually transfers to the C atom (marked as
C4 in Figure 3(b)) at the CH,-unsaturated end until it is com-
pletely seized by C4. Because the intermediate with a stable
6-membered ring can be produced during the H transfer
process, this reaction is likely to occur. For saturated MM-
PAMS, no degradation was observed in any of the dynamic
simulations. This suggests that a saturated polymer is
difficult to degrade. These results are consistent with the law
of PESs.
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To further understand these degradation paths, their reac-
tion rates were obtained by TS theory with Eckart tunnelling
correction (TST/Eckart)****, The equation presented for
TST/Eckart is

VISUT(T) = x(T) x vIST(T), (1
where
k,T ( RT\ 2" -ac%°m)
TST _
\4 (T) = OT <E> e T (2)

and x(7) is the transmission coefficient. Considering that
H transfer contributes to the occurrence of chain scission in

multi-step reactions and the thermal stability temperature of
GDP coating is usually no higher than 600 K, we mainly
focused on the reaction rates of H transfer and depolymer-
ization in a temperature range of 300-600 K. Figures 4(a)
and 4(b) show the rate constants of these reactions as a
function of temperature. For the same temperature, the rates
for the depolymerization reaction at the C-unsaturated end
(R1) and the CH,-unsaturated end (R3), as well as the H
transfer reaction at the CH,-unsaturated end (R5), are much
greater than those of other reactions. Taking the temperature
550 K as an example, the reaction rates of R1, R3 and R5
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are between 2.86x10° s~! and 4.13x107 s~', whereas the
reaction rates of other reactions are between 6.90x 102
and 1.67 s~!. Surprisingly, the reaction rates of R1, R3 and
RS are 5-31 orders of magnitude faster than those of other
reactions. This demonstrates that these reactions are fast
processes, whereas other reactions are slow processes during
degradation, which agrees with the comparison result of
energy barriers (Figures 1(b) and 1(d)). Thus, a degradation
reaction model that combines fast and slow processes is
established at the atomic level.

In addition, the reaction rate of slow processes (R2, R6
and R7) is greatly affected by temperature. Particularly for
chain scission reactions at the C-end (R6) and CH,-end
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Figure 3. Dynamic simulations of the degradation processes of di-radical
MM-PAMS at 550 K. These figures represent the bond length changes
with respect to time for breaking sites on the backbone chain. Typical
conformations during degradation are also drawn. C1-C2, C3—C4 and so
on are the positions of broken bonds during degradation.

(R7) of saturated MM-PAMS, as the temperature increases,
a significant magnitude change in the reaction rate can
be observed. It suggests that the degradation reaction is
determined by slow processes, which require more complex
experiment control. Moreover, for R1 and RS, we noticed
alternate high and low changes in the reaction rate dependent
on temperature. In order to visually see the change, the
ratios of two reaction rates to the total rate were calculated,
as shown in Figure 4(c). When the temperature is lower
than 472 K, RS is the main contributor to degradation. As
the temperature increases, R1 gradually dominates. This
phenomenon explains the fact that the monomer yield is
extremely high when the temperature is over 550 K in the
experiment!'*!, which provides a reference for the suitable
degradation temperature of MM-PAMS.

We then performed the thermal degradation kinetics anal-
ysis using the TG curve measured by experiment and the
Arrhenius law. In our previous work, the TG curve of MM-
PAMS was obtained!'”l. In this study, in order to compare
the weight loss rate at different temperatures more clearly,
we calculated the DTG curve (Figure 5(a)). There are three
peaks in the DTG curve, which correspond to the tempera-
tures of 427 K, 520 K and 571 K. The weight loss rate at
these three temperatures gradually increased, reaching the
maximum at about 571 K. This can be explained by the
reaction rates of the depolymerization reaction at the C-
unsaturated end (R1) and the H transfer reaction at the CH,-
unsaturated end (R5), as shown in Figure 4(c). RS is the main
contributor to the degradation reaction below 472 K, so the
weight loss is small at 427 K. After that, as the temperature
increases, R1 gradually dominates, leading to a significant
increase in weight loss. These results once again prove that
MM-PAMS degradation is a complex process, with many
other degradation paths apart from depolymerization.

Furthermore, from the TG data obtained from experiment,
we selected data in the temperature range (528-583 K)
containing the main peak, to analyse the thermal degradation
kinetics. For thermal degradation of MM-PAMS, according
to the Arrhenius equation k = AerT (where A is the frequency
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Figure 4. Reaction rate constants and ratios of degradation reactions as functions of temperature. (a) Reaction rates of degradation reactions related to
the C-unsaturated end. (b) Reaction rates of degradation reactions related to the CH,-unsaturated end. All values were calculated by TST/Eckart using the
KiSThelP program!®*]. In both (a) and (b), values of these reaction rates corresponding to 350 K, 450 K and 550 K are also marked. (c) Reaction rate ratios
of R1 and RS5. The equations in the lower right corner of each graph represent the calculation formulas of rate constant and ratio, respectively.
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Figure 5. Degradation experiment on MM-PAMS. (a) The TG and derivative thermogravimetric (DTG) curves of MM-PAMS. The black dotted line is the
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Algda/dy _ E A/T)
Alg(l—0a) — 233R X Alg(l—a)

the function

factor, E is the activation energy and R is the gas constant),
the reaction rate can be expressed as

do

—E
= Ae¥ (1 —a)",
o ( )

3)

where o = 0%

represents the mass change rate, my and
m, are the initial mass and the mass at time ¢, respectively;
k(o) = ‘3—‘;‘ indicates the decomposition rate and (1 —a)”
is the function of thermal weight-loss rate. By taking the
logarithm and differentiating on both sides of Equation (3),

it can be simplified as follows:

Algda/dy  E A(T)
Ag(l—0)  233R < Alg(l—a)

+n. “)

Using the TG data, we calculated relevant variables (o, 1 —
o,do/dt, 1g (1 —a), 1/T) and substituted them into Equation
(4). Thus, the relationship between AAlg(dl“f i’)) and AAl;(ll/g)
was obtained, as shown in Figure 5(b). The two expressions
display a linear relationship. From the slope of the line, the
activation energy E =2.53 eV was calculated. Compared
with the energy barriers (Figures 1(b) and 1(d)) obtained
by first-principles calculation, it can be seen that this value
of 2.53 eV is between the energy barriers of fast and slow
processes, indicating that the activation energy is not associ-
ated with a separate depolymerization or hydrogen-transfer-
induced chain scission, but is the average value of multiple
reaction paths. To verify this, we analysed the energy barriers
of fast and slow processes and found that the value was
slightly larger than the average energy barrier (2.48 eV) of
two slow processes (R2, R6). This result further highlights
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+n (see the text for a detailed description).

the fact that slow processes play a decisive role in MM-
PAMS degradation.

4. Conclusion

In summary, by studying the degradation processes of di-
radical and saturated MM-PAMS, we proposed a mandrel
degradation model combining with fast and slow processes
at the atomic level. The calculations of PESs show that
there are two degradation paths at both ends of the main
chain: depolymerization and hydrogen-transfer-induced
chain scission reaction. Between them, the energy barrier
for the former (0.68-0.82 eV) is smaller than that for
most of the latter (1.39-4.23 eV). In particular, when the
latter occurs at the CH,-unsaturated end, its energy barrier
can be even lower than that of depolymerization. More
importantly, the calculated reaction rates indicate orders of
magnitude differences in reaction rates for depolymerization
and most of the hydrogen-transfer-induced chain scission
differs greatly at the same temperature. At 550 K, the
difference can reach 5-31 orders of magnitude. Thus,
it is evident that depolymerization is a fast process and
hydrogen-transfer-induced chain scission, except that at
the CH,-unsaturated end, is a slow process. Not only that,
this also clearly highlights the fact that the degradation
reaction is determined by slow processes. Actually, slow
processes lead to the generation of degradation sites, thereby
promoting subsequent degradation, and fast processes
quickly remove monomers one by one in the form of a
zipper. Furthermore, TG experiments also confirmed the
complexity of degradation and the importance of slow
processes. We hope these findings provide new insight for
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relevant regulation and contribute to achieving more efficient

de

gradation of mandrel for fabrication of ICF targets.
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