Journal of Surface Analysis Vol.17, No. 1 (2010) pp. 15-27

K. Hayashi et al.

Paper

& Department of Chemistry (Faculty of Science), Graduate School of Natural Science and Technology, Kanazawa
® Department of Mechanical and System Engineering, Graduate School of Engineering, University of Hyogo, 2167

¢ Center of Colloid and Interface Science, Research Institute for Science and Technology, Tokyo University of Science

Fragment Distribution of Polystyrene by QMD Method Using the Model Hexamer

Fragment Distribution of Polystyrene by QMD Method
Using the Model Hexamer

Koichiro Hayashi, * Kousuke Moritani, ® Kozo Mochiji, ® Norio Inui, ® and Kazunaka Endo ©*
University, Kanazawa 920-1192, Japan
Shosha, Himeji, Hyogo 671-2201, Japan

(Private address: Kamitakatsu-shinmachi 2-25, Tsuchiura- city 300-0819, Japan)
*endo-kz@nifty.com

(Received: February 24, 2010; Accepted: May 14, 2010)

A guantum molecular dynamics (QMD) due to the force function of MO with the velocity Verlet
algorithm using the polystyrene (PS) hexamer was performed to simulate secondary ion mass spectra
(SIMS) of the polymer. We assumed that the QMD calculation corresponds to the thermal sputtering
process in Sigmund proposal, and tried to analyze experimental mass spectra of PS with size-selected Ar
gas cluster ion beam (GCIB) bombardments from the calculated mass spectra, because the Ar GCIB
bombardments are considered as the sputtering by elastic collisions proposed by Sigmund. The
calculated positive ion mass spectra for PS 6mer from the atomic charge analysis of the fragments at the
5000 MD (2.5 ps) step for total 60 trajectories of 0.77, 0.86 and 0.95 eV energy controls seem to be
roughly in accordance with the experimental secondary positive ion results with the Ar" primary ion
bombardments. From analysis of energy-dependency (0.43 ~ 1.03 eV) for the PS model in QMD, the
calculated relative intensities of fragments (C,H,", CsHs", C4H,", CegH4", CgH;", CgHg™) may almost
correspond to the experimental E,,n, dependence of relative yields of fragments (C,Hs", CsH3", C4Hs",

CsHs", CgH", CoH7").

1. Introduction

Already for organic substances, lots of fundamental
experiments [1-3] were performed by secondary ion
mass spectrometry (SIMS) using various ion beam
bombardment techniques. For these five years, primary
cluster and polyatomic ion beam bombarded
technologies [4-11] in SIMS have been used to increase
secondary ion intensity, and suppress damages to sample
molecules. Among cluster ion beam technologies, gas
cluster ion beam (GCIB) bombardment techniques [12]
have been demonstrated to be very effective for low
damage SIMS. Moritani and coworkers have developed
SIMS instrumentation in which the cluster size of Ar
cluster ions was selected to adjust the kinetic energy per
atom of the cluster ion [13]. They investigated secondary
ion mass spectra of polystyrene (PS) thin film using a
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size-selected Ar GCIB [14], and showed that the PS
surface was bombarded with cluster ions involving 480 ~
4600 Ar atoms, and thus had a low kinetic energy per
atom (Esom) between 1.0 and 22 eV. The Egmm
dependency of secondary ion yield for fragment species
of PS could be classified into three types based on the
relationship between E.om and dissociation energy of a
specific bonding site in PS molecules.

Theoretically, the advanced molecular dynamics (MD)
methods with empirical force fields have been quite
successful in providing quantitative agreement with
high-energy particle bombardment SIMS of organic film
adsorbed on a metal substrate [15-18], and the
bombardment of a polyethylene crystal [19]. For cluster
ion beam bombardment efficiency, Winograd and
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coworkers reviewed that SIMS after cluster projectile
impact due to Aus’, Bis*, SFs’, and Cg" ion sources
available commercially results in a radically different
sputtering mechanism as the new physics than the linear
collision cascades with traditional atomic ion bombarded
SIMS technique [20, 21]. Very recent study [22]
predicted that the sputtering yield, sputtered species, and
damage to the substrate by sputtering from a thin organic
PS layer can be controlled using large Ar cluster ions,
which suggests that a GCIB could significantly improve
the efficiency and performance of SIMS.

On the other hand, from quantum molecular dynamics
(QMD) calculations due to the thermal decomposition,
our previous works [23-26] compared the calculated
fragments to the atomic mass unit of lignin monomers,
dimers, and (PE, PS, PET) polymer models with the
experimental results of SIMS. The QMD calculations at
the ground state were performed by assuming the
thermal decomposition process for the cleavage of
chemical bonds of organic substances. The calculated
fragments to the atomic mass unit of the organic
substances were shown to almost correspond to the
experimental results of SIMS.

In the present study, we calculated the positive ion
mass spectra of PS model by the QMD, and tried to
analyze experimental mass spectra of PS due to
size-selected Ar GCIB bombardments with the
calculated ones, because the Ar GCIB bombardments are
considered as the sputtering by elastic collisions
proposed by Sigmund [27]. The GCIB bombardments
due to majority of neutral charged Ar atoms induce the
direct atomic sputtering and excitations of the molecular
motion (rotational motion, and vibration) of polymer
chains on outer most surface polymers. After that, the
scission of polymer bonds and the desorption of a variety
of the fragments may occur through the thermal energy
transfer sputtering process (as a process of sputtering) in
Sigmund proposal. We assumed that the scission and
desorption are involved into the thermal decomposition
due to our QMD calculation of PS model.

2. Computational Method

In 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
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calculus of the potential energy by quantum chemical
calculation. The force function is obtained automatically
from the Hartree-Fock SCF MO calculations of model
The thermal decomposition of model
oligomer was simulated by using the velocity scaling
method [29, 30] with temperature control method [31].
The thermal decomposition of PS polymer has been
simulated using the model hexamer molecule
{H-(CH,CH(Cg¢Hs))s-H} by QMD with semiempirical
MO AM1 method [32] at the ground state. The sampling
position data were carried out up to 2.5 ps (5000 step)
with a time step of 0.5 fs. The theoretical positive,
negative, and neutral charged fragments to the atomic
mass unit for the polymer model were estimated from the
net atomic charge analysis of fragments at the
geometry-optimization of n times SCF MO calculations
at the 5000 MD step for total 40, or 60 trajectories. The
calculated fragment products to the atomic mass unit
may be compared with the experimental results in SIMS.

molecules.

3. Results and Discussion

Let’s consider the polymer sputtering process after
bombardments of primary inert Ar gas cluster positive
ion with a few keV kinetic energy in TOF-SIMS. The
bombardments on the outer most surface of the PS
polymer sample must be elastic collisions and induce the
atomic translational motion and excitations of
translational, rotational motion, and vibration as the
energy transfer for outer most surface polymers. The
scission of bonds and the desorption of a variety of
fragments of the polymers through the thermal transfer
sputtering process after the bombardment is assumed to
correspond to the thermal decomposition process. Thus
we are able to compare the calculated positive- or
negative-ion fragment spectra of the polymer model in
our QMD calculation with the experimental mass spectra
in the TOF-SIMS.

3.1 Fragmentation of PS simulated by QMD
calculations

By considering the thermal decomposition, we
simulated the decomposition of PS 6-mer model by
QMD method in order to compare with the experimental
result due to bombardments of primary inert gas cluster
positive ion with a few keV Kkinetic energy. As an
example of data, Fig. 1 shows the snap shots of the
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thermal decomposition of PS model at 0, 0.5, 1.5 and 2.5
ps at 0.77 eV (9,000 K) energy control. The initial
molecule H-(CH,CH(CgHs))e-H cleaves five fragments
(CeHe, CiHy, CgHg, CgHsCHCCH,, CgHsCCH-
CH,C¢HsCHCH) at 0.5 ps, and decomposes 8
components (C,H,, CsHs, CsHs, CgHy 2CeHg, CgHg,
C;oH;) at 1.5 ps through deprotonation and reiterative
recombination with a H atom, respectively. Fragments at
2.5 ps become 9 components {C,, C,Hs, CsHs, CgHa,
CeHs, CeHg, C;H;, CgHis, CgH;} at 2.5 ps through
deprotonation, and reiterative H recombination,
respectively. The deprotonation and H recombination
may cause the difference of atomic mass unit of = 1 for
fragmentations.

Table 1 shows the positive, negative, and neutral
charged fragments from the net atomic charge analysis at
geometry-optimization of n times SCF MO calculations

Fragment Distribution of Polystyrene by QMD Method Using the Model Hexamer

at the 5000 MD (2.5 ps) step for total 60 trajectories of
0.77, 0.86 and 0.95 eV energy controls (20 trajectories
every three different energies). We gave the calculated
positive ion spectra from Table 1 into Fig. 2 with
experimental positive secondary ion spectra of PS
bombarded with Ar* ions in Fig 3 a) [14]. The calculated
fragments at (39, 40, 41), (50, 51, 52), (75, 76, 77, 78),
(89, 90, 91), and (114, 115) amu in Fig. 2 roughly
correspond to the experimental results at 39, 51, 77, 91,
and 115 amu in Fig. 3 a). In Table 1, we also calculated
the neutral, positive, negative charged fragments of PS
model as 93.0, 2.6, 4.4 %, respectively. The ratio seems
to approximate 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%).
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Fig. 1. MD snap shots of PS 6-mer at 0.77 eV.
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Table 1.  All fragments with the intensity to the atomic mass unit forPS by a QMD calculation using the Hexamer model *
(neutral fragments 93.0 %, positive 2.6 %, negative 4.4 %)

Polystyrene(PS) fragment distributions(total 6235)(ground-state)
neutral charge fragments Positive fragments* negative fragments*
mass formula mass  formula mass  formula
(x25) 127 2CqoH; 14 3CH," 24 8C,”
14 10CH, 128 2CqoHs 15 6 CH5" 25 10C,H™
16 2CH, 130 CioHyo 25 3C,H" 27 2C,Hy™
26 27C,H, 138 CuHs 26 3C,H,"* 36 7Csy
28 2C,H, 140 CuHs 27 10C,H3" 38 11C3H,~
30 C,Hg 142 CuiHyg 29 2C,Hs* 39 9C3H5~
36 Cs 154 CioHyg 39 CsHy" 40 6CsH,;
38 17C;H, 166 4Cy3Hyg 40 9C;3H,* 48 19C,~
39 3C3H; 181 CyHiz 41 6C3Hs5" 49 20C,H™
40 12C3H,, 194 2C5Hyy 49 C,H* 50 CsHy
50 19C4H, 202 CisH1o 50 5C,H," 51 3C4Hs
51 CsH; 204 CisH1o 51 3C,H5" 60 12C5~
52 11C4H, 206 2C1H14 52 C,H4" 62 2CsH,~
54 3C,4Hs 210 CigHisg 63 2CsH5" 63 14CsH4™
62 5CsH, 216 Ci7Hyo 75 8CgH5" 64 6CsH,;~
64 6CsH, 218 Ci7Hys 76 24CgH," 66 3CsHs
66 3CsHs 330 CosHig 77 5C¢Hs5" 75 7CsH5~
74 2C¢H, 78 11CgHg" 77 4CgHs~
75 CeH3 89 11C/H5* 87 15C;H;~
76 11CgH, 90 C/Hg" 88 10C/H,~
77 2CgHs 91 C/H; 89 20C;H5~
78 21CgHs 105 CgHs" 91 4C,H;”
86 2C/H, 108 4CgHq" 94 4C;Hyo
88 2C,H, 114 3CyHs" 103  12CgH;”
89 C:Hs 115 6CoH,* 104 CgHg™
90 4C;Hg 120 CoH1o" 113 10CgHs~
92 5C;Hg 202  10CyHq0" 116 4CqHg™
94 2C;Hy 219 CiHys" 129  2CyHg
98 CgH, 138 7CyHs
102 15CgHs 158 9Cy;3H,
103 3CgH; 162 10Cy;3Hs
104 8CgHs 164 CisHg™
105 CgHy 166 CisHyo™
106 2CgH1 175 5CyH;
117 CoHy 192 6Cy;sHyy”
118 CoHyo 203 10CHy
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Fig.3. Positive secondary ion spectra of PS bombarded with Ar* (a), and Ary4" (0) at an acceleration of 5 keV.
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3.2 Energy-dependency for the PS model

The most interesting point is to discuss experimental
secondary positive ion fragmen- tations of PS due to
adjusting Eqom 0f 1~ 22 eV (the energy value denotes for
the bombardment of an Ar atom in Ar gas clusters ion)
using size-selected Ar GCIB in comparison with
theoretical results of energy-dependency for the PS
model in QMD calculation especially to obtain
microscopic pictures in the process.

In order to compare the calculated energy- dependence
with the experimental E.om energy, Fig. 4 showed the
MD snap shots of PS 6-mer model at 2.5 ps in the energy
control range of 0.43 ~ 1.03 eV (5000 ~ 12000 K). It can
be shown from the results that decomposed smaller
fragments increase with sampling MD data of larger
temperature control. In Fig. 5, we plotted theoretical
positive ion fragment spectra of the PS model from the

Fragment Distribution of Polystyrene by QMD Method Using the Model Hexamer

total net atomic charge analysis of all fragments at 5000
MD step for 40 trajectories at three different energy
controls of 0.69, 0.86, 1.08 eV ( 8000, 10000, 12000K),
respectively. The net atomic charges of the fragments at
each 5000 MD step were obtained with the
geometry-optimization from n times SCF MO
calculations in AM 1 method. We adopted the positive
and negative ions of more than + 0.05 as the threshold of
both charge values. In the comparison of the theoretical
positive ion spectra (in Fig. 5) with experimental SIMS
results (in Fig. 3), the simulated result at 0.69 eV energy
control seems to correspond to the positive secondary ion
spectra in the amu range of 91~ 181 in Fig. 3b (with
Aryg" primary ion bombardments), while the result at
1.08 eV energy control almost approximates to the
experimental one in the amu range of 0 ~ 128 in Fig. 3a
(with Ar* primary ion bombardments).
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Fig. 4. MD snap shots of PS 6-mer model at 2.5 ps in the energy range of 0.43 ~ 1.03 eV (5000 ~ 12000K).
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Fig. 5. Theoretical positive ion spectra of PS 6mer model from the total net atomic charge analysis of all fragments for 40 trajectories

at three different energy (0.69, 0.86, 1.08 eV) controls.

Furthermore, in the QMD calculation, we examined
the energy dependency (0.69 ~ 1.12 eV (8000 ~ 13000
K)) of the relative intensity for six species of fragments
{C:H,"(26),  C4H"(40),  CuH,"(50),  CeH.'(76),
CgH;"(103), CgHg'(117)} in Fig. 6, in order to compare
the experimental E.on dependence of relative yields of
several fragments {C,H;"(27), C3H3"(39), C,Hs"(51),
CeHs'(77), CgH;"(103), CoH; (115)} with 1~22 eV Ar
energy/atom bombardments in Fig. 7. The relative
intensity of C,H,", and C,H," fragments in Fig. 6
occurred from scission of C-C bonds in phenyl groups
are seen to decrease with total energy (temperature) of
the thermal bath, and the tendency seems to match
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similar experimental fragments C;Hs", and C,H;" in Fig.
7. The calculated result of fragments for CsH,*, CgH;",
and CgH," due to cleavages of main chain C-C bonds in
PS model may be almost flat to the temperature, as seen
in experimental results of fragments (C,Hs;*, CgHs',
CgH;"). For the CgH," fragment, the energy dependence
with the temperature seems to be an intermediate case
between both dependencies in the fragment CqH;" of Fig.
7. The calculated results roughly approximate to the
experimental E.., dependence of relative yields of
fragments with 1~22 eV Ar energy/atom
bombardments in Fig. 7.

several
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4. Conclusion

Theoretical positive ion spectra of PS polymer model
in a QMD under the thermal decomposition were
compared with positive secondary ion ones using
size-selected Ar GCIB bombardments with a low kinetic
energy per atom (Egom) between 1 ~ 22 eV. Assuming
that the QMD calculation corresponds to the thermal
sputtering process in Sigmund proposal, we used the
QMD due to the force function of MO with the velocity
Verlet algorithm. The theoretical positive, negative, and
neutral charged fragments to the atomic mass unit for the
polymer model were estimated from the net atomic
charge analysis of the fragments at the final MD steps of
total 40 or 60 trajectories. Thus, we obtained the
following things:

(1) The calculated positive,
charged fragment mass spectra for PS 6mer are obtained
as 93.0, 2.6, 4.4 %, respectively.

(2) The positive ion mass spectra at the 5000 MD (2.5
ps) step for total 60 trajectories of 0.77, 0.86 and 0.95 eV
energy controls roughly approximate to the experimental
secondary positive ion fragments of Ar® primary ion
bombardment.

(3) From energy-dependency (0.43 ~ 1.12 eV) of the PS
model in QMD calculation, the calculated relative
intensities of several fragments (C,H,", CsH,", C4H,",
CeH.', CgH;", CgHo") almost correspond to the
experimental relative yields of similar fragments (C,H5",
CsHs', C4H3*, CgHs', CgHi", CoH;") due to Eaom
dependence using size-selected Ar GCIB bombard-
ments with a low Kinetic energy per atom (Exom) between
1~22eV.

Finally, we describe that we need to perform the QMD
calculations more than 60 trajectories with energy
control of 0.68, 0.77, 0.86, 0.95 and 1.03 eV,
respectively, in order to reproduce fragment spectra by
the size-selected Ar GCIB bombardments with a low
kinetic energy per atom.

negative, and neutral
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The QMD calculations at the ground state were
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performed by assuming the thermal decomposition
process for the cleavage of chemical bonds of organic
substances.

[EF#E 1-2]

Tablel /% 0.78eV, 0.86eV, 0.95eV O Fd < Ta %
EOTHDTLEID.

[&EFeH 1-3]

3.1 Hi?>"The calculated positive ion spectra for PS 6er
in fig.2 approximate to the experimental spectra of Fig.
3a” % Fig3 D 2Bk DRI - T Tablel ZHEFEL
TCEEIEMTLLIN.

[(FF]

IEFICEBERTHEMOIA NMARD TEASIETH
TET. EDICAPBETLIEZOT, 2O yEESEL
FL7. 31 §IOLU FOXETHBE W, FUGEIK
Tl TablelD# (2 Figs.2,3 # 3R /RLELT=.

Table 1 shows the positive, negative, and neutral
charged fragments from the atomic charge analysis at
geometry-optimization of n times SCF MO calculations
at the 5000 MD (2.5 ps) step for total 60 trajectories of
0.77, 0.86 and 0.95 eV energy controls (20 trajectories
every three different energies). We gave the calculated
positive ion spectra from Table 1 into Fig. 2 with
experimental positive secondary ion spectra of PS
bombarded with Ar* ions in Fig 3 a) [14]. The calculated
fragments at (39, 40, 41), (50, 51, 52), (75, 76, 77, 78),
(89, 90, 91), and (114, 115) amu in Fig. 2 roughly
correspond to the experimental results at 39, 51, 77, 91,
and 115 amu in Fig. 3 a). In table 1, we also calculated
the neutral, positive, negative charged fragments of PS
model as 93.0, 2.6, 4.4 %, respectively. The ratio seems
to approximate 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%.

[(EFEE 1-4]

3.2 fii™ Energy-dependency for PS model M4y T
E_atom A% 1~22eV EHVET N, ZHUTEZET 5 Ars
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.
=

ZHRMOLBYT, 32 HICUL TOXEEAEIMAE
L7z,

“due to adjusting Egem Of 1~ 22 eV (the energy value
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denotes for the bombardment of an Ar atom in Ar gas
clusters ion)”

[EF#E 1-5]

D3N TZR/ALF— 043~1.03eV (5000~
12000K) D fE] T O o3 b FR &~ CTWET R, i,
FE E_atom EDBREITHDDTL LI,
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ET NI F DGR RNF—ARAFNEDT T 7 R
VRS, FEBROD Egom THNF —RIFICE > THIHEND
TT9 T A RERES DT DITITVELTZ. 32812 D
HOBKOEH UL O EMAELE.

In order to compare the calculated energy- dependence
with the experimental E,,, energy, Fig. 4 showed the
MD snap shots of PS 6-mer model at 2.5 ps in the energy
control range of 0.43 ~ 1.03 eV (5000 ~ 12000 K).

[E##E 1-6]

Fig.5 @ 'the net atomic charge analysis' &iZEHVH
BHELZZFTOTLEI.
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I T AN U TOET . BEL T, 3.2 EilZbL
TOXEEZESIMAZEL.

The net atomic charges of the fragments at each 5000
MD step were obtained with the geometry-optimization
from n times SCF MO calculations in AM 1 method. We
adopted the positive and negative ions of more than +
0.05 as the threshold of both charge values.
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DERSITINED, &
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(%]

QMD FHETOHE M LIZIE-ABHDTTVT A D
REZ A SCI2E (We adopted the positive and negative
ions of more than + 0.05 as the threshold of both charge
values.)E EXNN A EL7ZLI1Z, £ 0.05 LLELTZDT,
FEBROFE X R L HEAIZ 2D E 9773, Hhakam i
HiRET. K6LH 7D TIE, m<=77 & m>=105 /X
m=77 ZHE LU TEMEMFLADNH R TWDEZE X BILE
T bV LERET —#ENxuE, 2ok Ialb—
A RO ATREEE R CWET
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FEFRER T (UZDNT, 7TT A RAT VL Art
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The positive ion mass spectra at the 5000 MD (2.5 ps)
step for total 60 trajectories of 0.77, 0.86 and 0.95 eV
energy controls roughly approximate to the experimental
secondary positive ion fragments of Ar® primary ion
bombardment.

FEXVIND Ar VTR —ZE DT T T A NART MV %
BHITL2HIZIE, 20 QMD £ Tix 069,
0.77,0.86,0.951.03 O & = X /)L ¥ — TZ L £ 1L
60Trajctories LA EDFHRZATZIXFHE ATREL b E
R

Z TR R DORALIT, LT E2EHEIMZ ELIZ.

Finally, we describe that we need to perform the QMD
calculations more than 60 trajectories with energy
control of 0.68, 0.77, 0.86, 0.95, and 1.03 eV,
respectively, in order to reproduce fragment spectra by
the size-selected Ar GCIB bombardments with a low
Kinetic energy per atom.
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% —HiZK 2, We think the scission and desorption
seem to correspond to our QMD calculation of PS model.
D—3E, —ROFEE LTS TR
WER LU FET. scission (22U, Sigmund DA/ 21
VI EMBEOTEE Ar GCIB —RAA LD
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After that, the scission of polymer bonds and the
desorption of a variety of the fragments may occur
through the thermal energy transfer sputtering process
(as a process of sputtering) in Sigmund proposal. We
assumed that the scission and desorption are involved
into the thermal decomposition due to our QMD
calculation of PS model.
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BHAL G T DIKFRIR T LIRFA LD G =RV
¥, REMFEEGOZRNLF—JVIERNDOTED
e PR GBI 2V EF. QMD FHECIID LR
TAESNDPHLNERTADT, ERFEREDENR-1 1D
+2 DEFEVRTHOTT. 3.1 BITBINLIZLL FO3C
THEL CIHITAEEWET.

The initial molecule H-(CH,CH- (C¢Hs))s-H cleaves five
fragments (CgHs, C;Hg, CgHg, C¢HsCHCCH,, CgHsCCH-
CH,C¢HsCH- CH) at 0.5 ps, and decomposes 8
components (C,H,, CsHs, CsHs, CeHg 2CeHg, CgHg,
CoH;) at 1.5 ps through deprotonation and reiterative
recombination with a H atom, respectively. Fragments at
2.5 ps become 9 components {C,, C,Hs, CsHs, CgHy,
CeHs, CgHg, CsH;, CgHi, CgH;} at 2.5 ps through
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deprotonation, and reiterative H recombination,
respectively. The deprotonation and H recombination
may cause the difference of atomic mass unit of + 1 for
fragmentations.
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