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Abstract

Simulations by a quantum molecular dynamics (QMD) (MD with MO) method were demonstrated on the
thermal decomposition of PS and PET polymers using the model molecules at the ground state including
excited and positive charged states. For the excited and positive charged model molecules, we adopted
CH3CHCgHsCH3 and CH30COCH,COOCHj; of PS and PET monomers, respectively at the singlet and
triplet states in single excitation, and at (+2) positive charged state by semiempirical AM1 MO method.
Geometry and energy optimized results of the excited and positive charged models by MO calculations were
used as the initial MD step of QMD calculations. In the QMD calculations, we controlled the total energy of
the system using NGse-Hoover thermostats in the total energy range of 0.69 ~ 0.95 eV, and the sampling
position data with a time step of 0.5 fs were carried out up to 5000 steps at 60 different initial conditions. The
calculated neutral, positive and negative charged fragment distributions of PS and PET models with 0.82 eV
energy control were obtained as (93.5, 2.3, and 4.3%), and (87.8, 5.3, and 6.9%) to the total fragments,

respectively. The ratios seem to correspond well to the values observed experimentally in SIMS.
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Introduction

Standard MD has been used powerful tools to
study a wide variety of events to obtain quantities
that can be directly compared with experimental
results as well as yield microscopic pictures about
the mechanisms and reaction pathways. Some of the
advanced MD method with empirical force fields®
has been quite successful in providing quantitative
agreement with high-energy particle bombardment
of organic film adsorbed on a metal substrate,®® and
the bombardment of a polyethylene crystal.® On
the other hand, the MD approach with reactive
force fields'™™ developed to simulate chemical
reactions in large atomic and molecular systems,
and to model thermally-induced chemical trans-
formations in large molecules in condensed
phases'®? and thermal decomposition reactions in
polymers.? 2 However, we think the quantum
molecular dynamics (QMD) method to solve the
motion equations automatically without using
the empirical process of the thermal decomposed
reaction for polymers can be seen, and fragment
distribution due to the electric charged analysis can
be obtained from SCF calculations of MO method
for the data at the final step of MD calculations.

*Corresponding author.
Tel.: +8176-264-5924 fax: +8176-264-5742
E-mail address:endo@wrironl.s.kanazawa-u.ac.jp

Simulation of the thermal decomposition for
polymers at the ground state has already been
demonstrated by a QMD method (MD with a
semiempirical AM1 method).? In the present work,
we simulate the thermal decomposition of the PS
and PET polymers including the excited and
positive charged model molecules, because
experimentalists identify some specific fragments
which correspond to the excited, or charged
molecular species.

Computational methods

(a) Model molecules at excited and positive charged
states

For the excited and positive charged model
molecules, we calculated CH3;CHCgHsCH; and
CH;OCOCH,COOCHj5; of PS and PET monomers,
respectively at the singlet and triplet states in single
excitation, and at (+2) positive charged state by the
semiempirical AM1 MO method.**

Table 1 indicates C-C bond lengths of PET
monomer at ground, singlet, triplet excited state and
(+2) charged states, and Fig. 1 shows molecular
structures of HOMO, and LUMO for PET monomer.
Similar results were obtained for PS monomer,
although we omit such a table and figure for PS. It
can be seen from the table and figure that the length
of C3-C4 and C6-C1 bonds in the benzene ring at
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(+2) charged state becomes 1.51 A in the
single-bond length of all states in Table 1, MO
structures of the highest occupied (HO) MO and
lowest unoccupied (LU) MO at (+2) charged state is
very different in comparison with that of all other
states in Fig. 1. Then, we consider how the (+2)

charged molecule affects some specific MS
fragments, since the two bond lengths (1.51 A) of
benzene ring in (+2) charged molecule are longer
than normal values (1.40 A) at ground, singlet, and
triplet excited states.

Table 1. Bond lengths (A ) of PET monomer at ground, excited and charged states

Structure of PET monomer bond Ground state | Singlet state | Triplet state | +2charged state
C1-C2 1.39 141 1.43 1.39
C2-C3 1.40 141 1.42 1.38
C3-C4 141 1.43 141 151
C4-C5 1.39 141 1.43 1.39
C5-C6 1.40 141 141 1.38
C6-C1 141 1.43 1.40 151
Ce6-C7 1.48 1.47 1.46 151
Molecular orbital 37 Molecular orbital 37 orbital 37 Molecular orbital 36
&S 51— K- 2
-10.55eV -10.44 eV -7.90 eV -19.16 eV (HOMO)
Molecular orbital 38 Molecular orbital 38 Molecular orbital 38 Molecular orbital 37
v, K 4 /
-1.30eV -1.36eV -4.10eV -14.61 eV (LUMO)
Ground Singlet state Triplet state +2 charged state

Fig. 1. MO Structures for PET monomer at ground, excited and charged states

(b) QMD calculations

The thermal decomposition of PS and PET
polymers at the ground state has been simulated
using the model molecules [H-(CH,CH-(CgHs))s-
H}, and [H-{CH,CH,-O(CO)-(C¢H,)-(CO)0O};-H]
by QMD with semiempirical AM1 MO method.
Geometry and energy optimized results of the
excited and positive charged model for
CH3CHCgHsCH;3 and CH;0COCgH,COOCHj; of PS
and PET, respectively by MO calculations were
used as the initial MD step in QMD calculations.
The thermal energy was controlled with the
Nose-Hoover thermostats® ?® and sampling position
data carried out up to 2.5 ps (5000 steps). The
equations of nuclear motions were integrated using
the 5-values Gear method®’ as a predictor-corrector
algorithm®® with a time step of 0.5 fs.

We can obtain the distribution of thermal
decomposed fragment products with positive,

neutral and negative charges to the main chain
carbon numbers, or the atomic mass unit from the
output data of 5000 steps due to the changes of 60
random initial states for the motion of nuclear
particles. Thus, the calculated distribution of the
decomposition products to the number of main
chain carbon atoms may be compared with the
experimental results due to thermal decomposition
gas mass spectrometry. On the other hand, we are
able to compare the calculated positive- or
negative-ion fragment spectra of the polymer model
molecules with the experimental ion mass spectra in
static SIMS, or time-of-flight (TOF)-SIMS.

Results and Discussions
a) Thermal decomposed process

We simulated the thermal decomposition process
of PS and PET polymers using the model molecules
at the ground state, and including excited and




charged states by QMD program. As an example of
data for the polymers, Fig. 2 shows the thermal
decomposed data of PET model tetramer at initial,
2000, and 4000 steps with 0.82 eV thermal energy
control. It can be seen from the figure that the
smaller fragments exist with the increasing
sampling data steps.

For the polymers, we obtained the distribution of

positive, neutral and negative charges to the main
chain carbon number from the output data of 5000
steps due to the changes of 60 random initial states
for the motion of nuclear particles. Thus, the
calculated distribution of the decomposition
products to the carbon numbers enables us to make
comparisons with the experimental results due to
thermal decomposed gas mass spectrometry.

thermal decomposed fragment products with
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Fig.2. Thermal decomposed MD steps of PET tetramers at 0.82 eV

b) Secondary positive ion fragment spectra

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 ions of a few ten of keV
of Kkinetic energy. The surface fragment ions are
then formed by dissociation of sputtered neutral
molecular species on the outer most surface layer.
The surface fragment ions are thus emitted, if a
sufficient amount of energy is transferred. Here we
can consider that the results of the dissociation
polymers correspond to the thermal decomposition
in mass spectrometry. By considering the thermal
decomposition, we are able to simulate the thermal
decomposition of PS, and PET polymer molecules

as examples by QMD method in order to compare
the decomposed data at 5000 MD step in 60 runs
with the experimental results in SIMS.

For the PS and PET polymers, we obtained the
distribution of thermal decomposed fragments with
neutral, positive, and negative charges to the atomic
mass unit from the output data of 5000 step in the
60 runs. The calculated neutral, positive and
negative charged fragment distributions of PS and
PET models including monomer model at (+2)
charged state (5% contribution to total fragments)
with 0.82 eV energy control were obtained as (93.5,
2.3, and 4.3%), and (87.8, 5.3, and 6.9%) to the
total fragments, respectively. Fig. 3 shows the
calculated distribution of the positive ion charged
fragments for PS and PET at ground state and
including (+2) charged state with the experimental
results of PS and PET polymers in static SIMS.® In
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Fig. 3. Calculated distribution of the positive ion charged fragments for PS and PET

with the experimental results.




the figure, the fragment distribution for PS and PET
models including (+2) charged state shows similar
to the results at the ground state, although we found
that neutral charge fragments of carbon-5- and
7-member rings at (+2) charged states occur with
high probabilities in comparison with ones at the
ground state. Especially for PET model, we
obtained C;H,O * (104 amu) and CgHsO3" (149
amu) fragments which correspond well to the
experimental ones.

Conclusion

A quantum molecular dynamics (QMD) (MD
with semiempirical AM1 MO) method were
demonstrated on the thermal decomposition process
of PS and PET polymers using the hexamer and
tetramer models at the ground state including both
monomers CH;CHCgHsCH; and CH;0CO-
CeH4COOCH;, respectively at the singlet and triplet
states in single excitation, and at (+2) positive
charged state. In the QMD calculations, we
controlled the total energy of the system using
Nose-Hoover thermostats in the total energy range
of 0.69 ~ 0.95 eV, and the sampling position data
with a time step of 0.5 fs were carried out up to
5000 steps at 60 different initial conditions. Then,
we obtained the following points:

(1) The distribution of thermal decomposed
fragments of PS and PET models were given as
(93.5, 2.3, and 4.3%), and (87.8, 5.3, and 6.9%)
for the neutral, positive, and negative charges to
the atomic mass unit, respectively from the
output data of 5000 step in the 60 runs with 0.82
eV energy control.

(2) Ratios of the calculated fragment distribution
correspond well to the wvalues observed
experimentally in SIMS.

(3) The simulated positive fragment distribution for
PS and PET models including (+2) charged state
showed good agreement with the experimental
one.

Thus, this QMD simulation enables us to use to
analyze polymers in SIMS after a few ten of keV of
primary heavy metal ion bombardment, since
cleavage of polymer bonds on the outer most
surface is considered as examples due to thermal
decomposition process.
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