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We used a quantum molecular dynamics {QMD (MD with MO)} due to the force function of MO
with the velocity Verlet algorithm using the model oligomers of PE, PP, PS, and PET polymers to obtain
theoretical mass spectra of the polymers. The QMD calculation was performed in the thermal energy
range of 0.69 ~ 0.95 eV, and the sampling position data by a time step of 0.5 fs were performed up to
5000 steps. The fragments at the final step of 60 trajectories in the QMD were obtained as positive,
negative, and neutral charged ones from the net atomic charge analysis at geometry-optimization of the
MO SCF calculations. We can compare the positive ion fragments of polymer models with the
experimental distribution of polymers in mass spectra and secondary ionization mass spectra after a few
tens of keV of primary heavy metal ion bombardment. We also showed the chemical structures of
fragments for PE, PP, PS, and PET polymers in positive ion spectra, unavailable from experimental

methods.

1. Introduction

Polyethylene (PE), polypropylene (PP), polystyrene
(PS), terephthalate  (PET)
thermoplastic polymers used in a wide variety of
applications, including packaging, textiles. Although
PET waste is mostly recycled, another plastic polymers
end up in landfills, and in incinerations, which result in
many environmental problems. In a few decades, few
scientists have been interested in efficient recovery of
material waste and energy such upgrading methods as
the decomposition and gasification.
materializing such methods, we need fundamental
investigations to understand the thermal decomposition
mechanism of the polymers, in order especially to obtain
microscopic pictures in the process.

Molecular dynamics (MD) and quantum molecular
dynamics [QMD (MD with MO or DFT method)]
computer simulations have become powerful tools to
obtain quantities that can be directly compared with

and polyethylene are

thermal For
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experimental results as well as yield microscopic pictures
about the reaction mechanisms. Some advanced MD
approach with empirical force fields [1-5] has been quite
successful in providing quantitative agreement with
high-energy particle bombardment of organic film
adsorbed on a metal substrate [6-9], and the
bombardment of a polyethylene crystal [10]. Another
MD method with reactive force fields [11-15] developed
to simulate chemical reactions in large atomic and
molecular systems, and to model thermally-induced
chemical large
condensed phases [16-20], and thermal decomposition
reactions in polymers [21, 22].

On the other hand, we obtained the solution of motion
equations automatically by QMD method, because the
potential functions can be determined from the MO or
DFT calculations. In the QMD calculations [23-26], by
considering the main assumption for the cleavage of
chemical bonds of organic substances as the thermal

transformations in molecules in
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decomposition process after the heavy metal ion
bombardment in secondary ionization mass spectra
(SIMS), we compared the calculated fragments to the
atomic mass unit of polymers with the experimental
results of SIMS.

In the present study, we demonstrate theoretical mass
spectra of the (PE, PP, PS, PET) polymers as an ultimate
work calculated by the QMD using the model oligomers
under the main assumption of the thermal decomposition
process corresponding to the thermal sputtering one (as a
process of sputtering) proposed by Sigmund [27]. In the
QMD calculation, we are able to visualize decomposition,
reiterative recombination with a hydrogen atom, and
cross-linking of fragments through the animation of the
thermal decomposition process. From the atomic charge
analysis in the QMD final step output for 60 trajectories,
the fragment distribution was obtained as {(98.1, 0.9,
1.0%), (93.0, 1.9, 5.1 %), (93.0, 2.6, 4.4 %), and (87.8,
5.2, 7.0%)} for neutral, positive, and negative charged
fragments of PE, PP, PS, and PET oligomer models,
respectively.

2. Computational Methods

For our QMD calculation, we used the velocity Verlet
algorithm [28] for the integration of equation of motion
with time step of 0.5 fs. The potential energy is given
from the interatomic force function as the differential
calculus of the potential energy by quantum chemical
calculation. The force function is evaluated automatically
from the Hartree-Fock SCF MO calculations of model
molecules. The thermal decomposition of model
oligomers was simulated by using the velocity scaling
method [29, 30] with the temperature control method
[31].

In our MO calculations, we tested to use ab initio
method [32] with 6-31G** basis and semiempirical AM1
method [33] of decamer {H-(CH,CH,)10-H} model at the
ground state for the of PE model
decomposition. Thus, we concluded to perform the MD
calculation with AM1 method, since the computational
time of QMD with the AM1 method is much shorter in
the time range of 10 order than that with the ab initio
MO method. In our QMD calculation, we adopted 5000
molecular dynamics (MD) step as the maximum, as
referred to the thermal decomposition MD calculations
[21, 22]. In our calculation, we need to perform the

simulation
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calculation time of 6.9 hours for the (AM1) MOSCF
calculation of 5 s and MD calculation of 5000 steps (for
1 trajectory).

The thermal decomposition of PE, PP, PS, and PET
polymers has been simulated using the model molecules
{H-(CH2CHy)10-H, H-(CH,-CH(CHs))s-H,
H-(CH,CH(C¢Hs))s-H, and
H-{CH,CH,-O(CO)-(CgsHy)-(CO)O},-H} by QMD using
the AM1 method at the ground state. The sampling
position data was carried out up to 2.5 ps (5000 MD
step) with a time step of 0.5 fs (The 1 MD step is a
motion of the model molecule with time of 0.5 fs). The
theoretical positive, negative, and neutral charged
fragment distributions to the atomic mass unit for the
polymer model were estimated from the net atomic
charge analysis of the fragments at the
geometry-optimization of n times SCF MO calculations
at the 5000 MD step for total 60 trajectories. We adopted
the positive and negative ions of more than + 0.05 as the
threshold of both charge values. For neutral charge
fragments, we considered single molecule as the
threshold. The calculated distribution of the decomposed
fragments to the atomic mass unit may be compared with
the experimental due to the thermal
decomposition gas mass spectrometry (MS). In the case
of the polymer thermal sputtering process after
bombardments of primary heavy metal ion with a few
tens keV Kkinetic energy in TOF-SIMS, cleavage of
polymer bonds on the outer most surface is assumed as
an example due to thermally decomposed reactions. Thus
we are able to compare the calculated positive- or
negative-ion fragment spectra of the polymer model with
the experimental ones in the TOF-SIMS.

results

3. Results and Discussion

The aim of this article is to describe possibility of our
QMD simulation. The one is to visualize decomposition,
reiterative recombination with a hydrogen atom, and
cross-linking of fragments sputtered from the outer most
surface layer of polymers in the thermal sputtering
process after the heavy metal ion bombardment in SIMS.
The other is that the calculated fragments of polymer
models from the atomic charge analysis almost
correspond to the experimental results of polymers in the
SIMS.

In mass spectrometry, several investigators [34-36]
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already described the model of desorption-ionization
(DI) processes for organic molecules, and the detailed
example and discussion was indicated by Lenaerts and
co-workers [37]. Fast thermal processes are assumed to
be responsible for generating primarily neutrals in the
selvedge. Electrons and protons that are also present in
the selvedge give rise to, respectively, electron ionization
(El) and adduct ionization (Al) of these neutrals. The
radical molecular ions are believed to produce the
majority of the fragments, according to the rules of El
mass spectrometry of organic molecules (cleavages,
rearrangements, and so on). On the other hand, we
assumed that, in simplified emission process of a
fragment ion from a solid polymer surface, an impact
cascade and excited area are created around the point of
primary particle impact through energy and momentum
transfer from the bombarding particle to the solid
polymer, when a polymer sample is bombarded by a
source of heavy metal ions of a few tens of keV of
kinetic energy. The neutral molecular species on the
outer most surface layer are considered to be cleaved in
thermal sputtering process through thermal diffusion due
to the impact cascade and excited area in solid polymer.
Thus, neutral, positive, and negative charged fragment
species are emitted, if a sufficient amount of energy is
transferred. Here we can consider that the results of the
polymer dissociation correspond to the thermal
decomposition in the mass spectrometry.

a) Thermal decomposed process

It is very interesting that we are able to visualize
decomposition, recombination
hydrogen atom, and cross-linking of fragments through
the animation in the QMD calculation, unavailable from
experimental methods. We examined energy-dependency
for thermal decomposition of polymers to obtain the
optimum energy ranges at the maximum 5000 step. Fig.
1 showed the MD snap shots of PP, PS, and PET models
at 2.5 ps (the finial step) in the energy control range of
0.43 ~ 1.03 eV (5000 ~ 12000 K), and similar result of
PE was omitted. It can be seen from the results that
smaller fragments increase with sampling MD data of
larger temperature control. Thus, we found out in the
range of 0.69 ~ 0.86 eV (8000 ~ 10000 K) for (PE, PP),
and 0.78 ~ 0.95 eV (9000 ~ 11000 K) for (PS, PET)

reiterative with a
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polymers, respectively, as the optimum energy ranges of
the decomposed fragments by considering the normal
distribution of 13 (or 14) ~ 200 atomic mass unit for each
polymer model. Fig. 2 indicates two examples for the
snap shots of the thermal decomposition at 0, 0.5, 1.0,
1.5, 2.0, and 2.5 ps with 0.78 eV (9,000 K), and 0.95 eV
(11000 K) energy controls of PP, and PET models,
respectively.

For an example of PP snap shots ( a) PP in the figure)
under the total thermal energy control of 0.78 eV, the
model molecule CyHsg at initial state decomposes into
CigH3g and CsHy, at 0.5 ps, and cleaved fragments (CH,,
CsHy,, C7Hy6, CiiHyg) at 1.0 ps seem to determine such
fragments in the following MD steps. In the MD step of
1.5ps, the fragmentation becomes (2CH,, CH,;, CsHyo,
CgHi4, and CyoHye), and at 2, and 2.5 ps, the fragments
(2CH,, CH4 CsHyp, CgHyp, and CigHgg) occur only
through four deprotonations of CgHys In
animations up to 5000 MD (2.5 ps), we could confirm
decomposition, with a
hydrogen atom, and cross-linking of fragments, although
we didn’t show the detailed figure. In other total energy
control of 0.69 and 0.86 eV, we can see in Fig. 1a) PP
that smaller fragments increase with sampling MD data
of larger temperature control, as described in explanation
of Fig. 1.

In the case of PET snap shots ( b) PET in Fig. 2) under
the total energy control of 0.95 eV, the initial molecule
H-{CH,CH,0(CO)(CsH,)(CO)O}4-H  cleaves  two
fragments {CH,CH,0(C0O)(CsH4)(CO)O},CH,CH,,
HO(CO)(CgH4)(CO)OCH,CH,O(CO)(CeH,)(CO)OH} at
0.5 ps, and decomposes three components {CH,CH,,
HO(CO)(CgH4)(CO)O-CH,CH,0-(CO)(C¢H,)(CO)OH,
HO(CO)(CgH4)(CO)O-CH,CH,0(CO)(CgsH4)(CO)OCC
H} except for H, at 1.0 ps through deprotonation and
recombination with a hydrogen atom, respectively. In the
following MD steps (1.5, 2.0, 2.5 ps), the benzene ring
decomposes one at 1.5 ps, two at 2.0 ps, and thus the
fragments at 2.5 ps become {3CO, CO,, C,H,, CH,CH,,
CH,CO, HCOOH, H,CCCCHCCH,
HCCCH-C(OH)CCH, HO(CO)(CgH4)OCCH,
HO(CO)(CgHy,)-(CO)-OH}. For total energy control of
0.77, 0.86 and 0.95 eV, we calculated 20 trajectories
every three energy controls in the QMD.

some

reiterative  recombination
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Fig. 1.

MD snap shots of PP, PS, and PET models at 2.5 ps in the energy range of 0.43 ~ 1.03 eV (5000 ~ 12000K).
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Fig. 2. Snap shots of the thermal decomposition at 0, 0.5, 1.0, 1.5, 2.0, 2.5 ps: a) 0.78 eV(9,000 K) of PP model, and b) 0.95
eV(11000 K) of PET model.
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Fig. 3. Simulated positive ion mass spectra of PE decamer model in the energy control rangeof 0.69 ~ 0.86 eV with the
experimental positive ion ones of dodecane due to the electron- impact (EI) source.
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b) Fragmentation of polymers simulated by QMD
calculations

One purpose of this study is to provide the theoretical
mass spectra of polymers from the QMD calculation
using the model oligomers, in order to predict the
experimental ones. The fragments at the final step in the
QMD were classified into positive, negative, and neutral
charged ones from the atomic charge analysis at
geometry-optimization of the MO SCF calculations. We,
then, calculated all the fragments for (PE, PP), and (PS,
PET) models in the energy ranges of (0.69 ~ 0.86 eV),
and (0.77 ~ 0.95 eV), respectively, and thus obtained as

Theoretical Mass Spectra of PE, PP, PS and PET Polymers by QMD Methods Using the

{(98.1, 0.9, 1.0%), (93.0, 1.9, 5.1 %), (93.0, 2.6, 4.4 % ),
and (87.8, 5.2, 7.0%} for neutral, positive, and negative
charged fragments of PE, PP, PS, and PET model
oligomers, respectively. The ratios seem to correspond to
the values considered experimentally in SIMS (In
general, the vast majority of the sputtered particle flux is
neutral, with secondary ions comprising of the order of
1% (exceptionally this may rise to 10%)) [38]. In Tables
1, and 2, we showed all the fragments with the intensity
to the atomic mass unit for PP and PET models as two
examples of the four polymers.

Table 1. All fragments with the intensity to the atomic mass unit forPP by a QMD calculation using the octamer model *(Neutral

fragments 93.0 %, positive 1.9 %, negative 5.1 %).

Polypropyrene (PP) fragment distributions (total 3720)
neutral charge | positive charge | negative charge fragments*
fragments* fragments*
mass  formula Mass formula mass  formula

(x20)
14 23CH, 14 CH," 13 CH, 77 CeHs~
16 24CH, 15 8CH;" 14 8CH; 79 4C¢H;
25 2C,H 16 12CH," 15 6CH3" 81 2CsHg~
26 17C,H, 26 C,Hy" 25 C,H™ 82 2CsH10
28 13C,H, 27 C,Hs" 26 C,Hy 89 7C:Hs~
29 3C,Hs 28 4C,H," 27 20C,H;~ 123 2CoHys
30 7C,Hs 29 3C,H5" 28 1C,H4 129 6CyoHg
36 Cs 39 2C3H3" 29 4C,Hs~ 133 5CyoHi3~
38 8C3H, 40 CsH4" 39 14C3H3" 166  5CiHyp
40 24C3Hy,, 41 5C3Hs" 40 13CsH4
42 18C3Hs 42 4C3Hg", 41 32C;3Hs~
44 CsHg 51 13C4H;" 42 8C3Hs~
52 3C4H, 54 6C4H6" 43 8CsH;~
54 2C4Hs 55 C,H;" 51 4C4H;y
55 3C4H; 65 CsHs" 52 6C,H;
56 3C4Hs 66 CsH¢" 53 C4Hs
66 3CsHs 67 CsH;" 54 15C4Hs”
68 2CsHs 69 CsHo" 55 C,H7
72 CsHy, 81 4CsHyo" 63 6CsH3~
76 CeHa 65 CsHs™
80 CeHg 66 3CsHg,
104 CgHg 69 2CsHg™
110 CgH14
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Table 2.  All fragments with the intensity to the atomic mass unit for PET by a QMD calculation using the tetramer model *(neutral
fragments 87.8 %, positive 5.2 %, negative 7.0 %).

PET fragment distributions (total 6120)
Neutral charge fragments™ positive charge fragments* Negative charge fragments*
mass formula mass  formula mass  formula
(x 25)
16 2CH, 14 4CH," 17 490H"
17 OH 15 46CH;" 25 14C,H™
18 H,O 25 3C,H* 28 20CO~
26 17CyH, 27 31C,Hs5" 29 2CHO™
28 77CO 28 25C,H4" 29 3CHs™
28 12C,H, 29 7C,Hs" 41 5C,HO™
30 14CH,0 29 30CHO" 43 86C,H;0~
38 CsH, 39 CsHy" 44 3C,H,0"
39 CsHs 40 C,0* 44 29CO,”
42 12C,H,0 43 6C,H;0" 45 19CHO;”
43 C,H;0 45 7CHO," 51 CsHs™
44 3C,H4,0 51 11C4H;" 55 3C3H30™
44 19CO, 58 9C,H,0," 57 6C,HO,~
46 CH,0, 59 4C,H30," 65 6C,HO™
46 C,HsO 65 11CsHs" 73 C3sHsO,~
50 7C4H; 70 3C3H,0," 75 TCeHs™
51 C4H; 75 7CeHs" 76 CeHs™
54 CsH,0 76 CeHs4" 77 2CeHs™
58 C,H,0, 80 3CsH,0" 77 5CsHO™
63 CsH; 104  28C.H,O" 82 6C4H,0,”
70 2C3H,0, 105 7C/Hs0™ 88 7CH4
74 CeH, 121 10C;Hs0," 102 11C;H,0”
76 6C¢H,4 132 9CgH,0," 105 20C;HsO~
84 C4H,0, 133 12CgHs0," 119 5C;H30;,”
90 C;Hs 149  51CgHs05" 120  23C;H40;
92 CeH,O 166 CgHsO4" 121 4C;Hs0,”
104 2C;H,0 174 5C10Hs05" 132 3CgH,0,”
108 CeH40, 191 CyoH704" 135  16CgH;0,”
110 CeHeO, 137 3C;H:05"
121 C;Hs0, 146 5CoH0,”
122 5C;H¢0; 147 2CgH305™
145 CoHs0, 148  12CgH,O5
150 3CgH(0; 149  10CgHs03"
165 CgHs04 164  16CgH4,04
165 CoHgO4 165 7CgHs0,4”
166 4CgH(0, 192 4C1yHgO4
175 C1oH703 206 7C1oHeO5™
176 C10Hs03 206 3C;H1004~
179 C10H1103
180 2CyHgO,
192 2C1oHg04
207 C1oH;0s
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Table 3.  Chemical formulae of positive ion fragments for PE, and PP models from a QMD method.

mass number (amu) chemical formula (All fragments have linear structures.)

14,15, 16 CH,*, CH;", CH,"

26, 27,28, 29 C.H,", C,H3", CoH,Y, CoHs*
39, 40 CsHs", CsH,*

41,42, 43 CsHs', CsHg", C3H7*

51, 53, 54, 55 C.Hs', C4,Hs", C,Hg", CH;*
65, 66, 67, 69 CsHs', CsHg', CsH;*, CsHg'
81,91 CeHq', CH,*

Table 4. Chemical formulae of positive ion fragments for PS model from a QMD method.

mass number (amu) chemical formula* (structure)

27,40, 50, 51, 54, 65 *CyH3", *C3H,", *CyH,", *CyH5", *C4Hg", *CsHs”

b4 o

76,77,79 CeHa™ ( > ), CeHs" (.f”-u ), *CeH;"

-4

89, 91, 103 C:7H5+ ("‘ﬂd.'u), *C7H7+, C8H7+ ( { » )

g W

4 -8 |

115,117, 119,129 *CoH,", CoHs™ ( ~% “or ** "), CoHu™ (™), CioHe™ (7 7)

*The fragments have linear structures.

Table 5. Chemical formulae of positive ion fragments for PET model from a QMD method.

mass number (amu) chemical formula* (Structures)

14,15,27,28,29  CH,* CHs*, *C,H;", *C,H,*, *C,H:*

29, 43, 45 CHO*, *C,H,0*, CHO,"
51, 65 *C4Hs", *CsHs"
58, 59, 70 *CyH,05" , *CoHs0,", *CaH,05*
75,76,77 *CgHg", *CgHa*, *CoHs*
80, 104, 105 *CHO", Cr 4y, Y M0 o 2 J)
121, 133 CHOF () CeHsO,' ('v”w”)
149, 174 cH0r () cuHor ()

*The fragments have linear structures.
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Fig. 4.

positive ion ones of the polymers.

In Fig. 3, we compared simulated positive ion mass
spectra of PE decamer model in the energy control
ranges of 0.69 ~ 0.86 eV with the experimental positive

Theoretical positive ion mass spectra of ( a)PE, b)PP, c)PS, d)PET) polymer models with experimental secondary ionized

ion mass spectra of dodecane due to the electron-impact
(El) source [39]. The cleaved fragments may almost

correspond to each other,

-10-

although the simulated
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distribution is considered to be due to larger total energy
control in comparison with the EI MS result. For the
SIMS spectra, Fig. 4 indicated calculated positive ion
mass spectra for (PE, PP), and (PS, PET) models with
the experimental ones of the polymers in a static SIMS
[40], although we did not show similar mass spectra for
the negative charged fragments. In the figure, fragment
products (in atomic mass unit) obtained in the QMD are
roughly in accordance with the experimental ones of the
four polymers. Then, we are able to approximately
predict the experimental mass spectra for other polymers
from our QMD method.

At the end, an interesting point is to show the chemical
structures of positive ion fragments for PE, PP, PS, and
PET polymers, unavailable from experimental methods.
In Tables 3 ~ 5, we showed the chemical formulae and
structures of positive ion fragments for (PE, PP), PS, and
PET polymers. It can be seen as the characteristic results
in the tables that the fragments of (CsHs*(65), CsH;*(77),
C/H;"(91), Cg¢H;"(115)), and (C,Hs"(51), CsHs'(65),
CeH."(76), CgHs'(77)) have one dimensional linear
structures for PS and PET polymers, respectively.

4. Conclusion

For our QMD calculation, we used the velocity Verlet
algorithm with a SCF MO calculation every MD step.
The theoretical positive, negative, and neutral charged
fragments were evaluated from the net atomic charge
analysis of the fragments at geometry-optimization of the
SCF calculations for the final MD step of total 60
trajectories in QMD. The theoretical positive charged
fragments in atomic mass unit almost correspond to the
experimental ones of polymers in MS and SIMS after a
few tens of keV of primary heavy metal
bombardment. Especially, we classified in the fragment
distribution with neutral, positive, and negative electric
charges to the atomic mass unit as {(98.1, 0.9, 1.0%),
(93.0, 1.9, 5.1 %), (93.0, 2.6, 4.4 % ), and (87.8, 5.2,
7.0%} for PE, PP, PS, and PET model molecules,
respectively. The ratios seem to correspond to the values
considered experimentally in SIMS (In general, the vast
majority of the sputtered particle flux is neutral, with
secondary ions comprising of the order of 1%
(exceptionally this may rise to 10%)).

ion
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In our QMD calculation, we adopted 5000 molecular
dynamics (MD) step as the maximum, as referred to the
thermal decomposition MD calculations [21, 22]. In our
calculation, we need to perform the calculation time of
6.9 hours for the (AM1) MOSCF calculation of 5 s and
MD calculation of 5000 steps (for 1 trajectory).
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We adopted the positive and negative ions of more
than + 0.05 as the threshold of both charge values. For
neutral charge fragments, we considered single molecule
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as the threshold.
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decomposed process {Z ik X 7= T We examined
energy-dependency for thermal decomposition of
polymers to obtain the optimum energy ranges at the
maximum 5000 step.] T9. 3EZLLTD L 5 [TEH
ZELT.
Thus, we found out in the range of 0.69 ~ 0.86 eV (8000
~ 10000 K) for (PE, PP), and 0.78 ~ 0.95 eV (9000 ~
11000 K) for (PS, PET) polymers, respectively, as the
optimum energy ranges of the decomposed fragments by
considering the normal distribution of 13 (or 14) ~ 200
atomic mass unit for each polymer model.
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The thermal decomposition of PE, PP, PS, and PET
polymers has been simulated using the model molecules
{H-(CH2CHy)10-H, H-(CH2-CH(CHa))e-H,
H-(CH,CH(CgHs))s-H, and
H-{CH,CH,-O(C0)-(CgH,4)-(CO)O};-H} by QMD using
the AM1 method at the ground state.
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In our QMD calculation, we adopted 5000 molecular
dynamics (MD) step as the maximum, as referred to the
thermal decomposition MD calculations [21, 22].
The sampling position data was carried out up to 2.5 ps
(5000 MD step) with a time step of 0.5 fs (The 1 MD
step is a motion of the model molecule with time of 0.5
fs).
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In the case of the polymer thermal sputtering process
after bombardments of primary heavy metal ion with a
few tens keV kinetic energy in TOF-SIMS, cleavage of
polymer bonds on the outer most surface is assumed as
an example due to thermally decomposed reactions. Thus
we are able to compare the calculated positive- or
negative-ion fragment spectra of the polymer model with
the experimental ones in the TOF-SIMS.
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