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Ionic fragmentation caused by Si:1s photoexcitation of 1-trifluorosilyl-2-trimethylsilylethane [F3SiCH2CH2Si(CH3)3] vapor was studied usin
onochromatized synchrotron radiation and a reflectron-type mass spectrometer. The total ion-yield spectrum in the Si:1s excitation

ound to be very similar to the superposition of the ion-yield spectra of Si(CH3)4 and SiF4, showing that site-specific excitation occurred in
olecule. When the photon energy was scanned from low to high, the 1s→ �* excitation at the Si atom bonded to three CH3 groups suppresse

he production of CH3+ and SiCH3
+. The 1s→ �* excitation at the Si atom bonded to three F atoms, on the other hand, enhanced the pr

f F+ and SiF+ and suppressed the production of SiF3
+. These results suggest that Si:1s site-specific excitation causes site-specific fragm

he fragmentation caused by Si:1s→ �* photoexcitation was also found to be more violent than that caused by Si:2p→ �* photoexcitation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A core electron of an atom in a molecule is localized very
lose to the nucleus, and the excitation energy required by a core
lectron depends on the chemical environment of the atomic site.
onochromatized synchrotron radiation can excite core elec-

rons of an atom in a specific chemical environment selectively,
iscriminating them from those of like atoms in different chem-

cal environments. This site-specific excitation often results in
ite-specific fragmentation[1–7], which is potentially useful for
ontrolling chemical reactions by dissociating bonds selectively.
ite-specific fragmentation also offers possibilities of analyzing

he structures and properties of molecules, molecular assem-
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blies and nanoscale devices by controlling matter at the
of individual atoms. To realize these possibilities we nee
understand what controls behavior at the atomic level.

1-Trifluorosilyl-2-trimethylsilylethane [F3SiCH2CH2-
Si(CH3)3, FSMSE] is a promising molecule for the study
site-specific excitation and fragmentation because the che
environment of a silicon atom bonded to three fluorine at
(here denoted Si[F]) is very different from that of one bon
to three methyl groups (Si[Me])[8–10]. The dimethylene grou
(–CH2CH2–) between the two Si atoms impairs intersite e
tron migration and protects site-specificity in the fragmenta
[11,12]. In this molecule, it is very interesting to comp
the ionic fragmentation due to the photoexcitation of S
electrons with that due to the photoexcitation of Si:2p electr
Photoexcitation from the Si:1s orbital to an antibonding orb
(�* ) often leads to multistep Auger transitions and the forma
of a multiply charged parent-ion. The resultant decompos

387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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due to Coulombic repulsion among these multiple charges is
expected to be more violent than the decomposition caused by
Si:2p→ �* photoexcitation, which leads to single-step Auger
transitions.

The site-specific fragmentation caused by Si:1s→ �* pho-
toexcitation in organosilicon molecules, however, has not yet
been studied because it has been hard to obtain, with high reso-
lution, the 1850 eV photons needed for exciting Si:1s electrons.
Conventional grazing-incidence grating monochromators with
high resolution were usually used for experiments with elec-
tron energies up to∼=1 keV, and double-crystal monochromators
were utilized for those with electron energies above 2 keV. It was
thus difficult to make practical use of monochromatized syn-
chrotron radiation with high resolution in the region of 1–2 keV.
Although monochromatized output in the Si:1s edge region has
been obtained by installing InSb(1 1 1) single crystals in double-
crystal monochromators[13,14], there is some question as to
their heat-resistance.

Recent developments in optics components, as well as the
recent construction of third-generation synchrotron radiation
facilities, have made it possible to perform various experiments
in the above-mentioned intermediate photon energy range. We
have used monochromatized output in the intermediate range
to study relaxation processes caused by Kr:2p photoexcitation
(≈1700 eV)[15–17], which cannot be attained from a double-
crystal monochromator equipped with InSb(1 1 1) single crys-
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After the main chamber was evacuated to a pressure below
10−6 Pa, sample gas was introduced through a 1/16-in. needle
until the pressure in which was 3× 10−4 Pa. The experiments
were performed using a variable-angle reflectron time-of-flight
(TOF) mass spectrometer[18,22,23]. The axis of the TOF tube,
the incident monochromatized photon beam and the sample-
gas beam were mutually perpendicular. The axis of the TOF
tube made an angle of 55◦ with respect to the electric vector of
the linearly polarized synchrotron radiation. The electrons and
ions were extracted in opposite directions with a static electric
field of 72 V/mm applied across the ionization region during the
measurement. With the aid of the mass spectrometer, the total
ion intensity (Itot-ion) was detected with a Microsphere Plate
(MSP; El-Mul C033DTA). Photoionization mass spectra were
obtained by feeding the signals from the electron detector (MSP;
El-Mul C033DTA) into the start pulse input of a single-hit time-
to-amplitude converter (TAC) and feeding the signals from the
TOF mass spectrometer into the stop pulse input of the TAC. The
dwell time of the TAC was 25 ns/channel. The output signals
from the TAC were sent to a multichannel analyzer (MCA) unit
in a personal computer that processed these signals into a TOF
mass spectrum.

3. Results and discussion
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als. The present paper reports the site dependence of ion
n the Si:1s→ �* photoexcitation of FSMSE and compare
ith that of ion yields in Si:2p→ �* photoexcitation.

. Experimental

FSMSE was synthesized from CuF2 and 1-trichlorosilyl-
-trimethylsilylethane prepared from trimethylvinylsila

richlorosilane and 1.0 M H2PtCl6·6H2O/isopropyl alcohol[8].
The experiments were performed using the high-resol

lane-grating monochromator installed in the c branch of the
-ray figure-8 undulator beamline 27SU at the SPring-8 fac

18,19]. The beamline provided linearly polarized monoch
atized synchrotron radiation (0.17–3 keV) with a resolu
/�E better than 5400 atE = 1.5 keV. The available photon flu
as 1× 1011 photons/s/100mA/0.02%-bandwidth at 2 keV,
t the sample position the beam was about 0.2 mm in diam
large monochromator slit-width (E/�E = 3500) was used

btain sufficient signal intensity within a reasonable accum
ion time. The energy and resolution of the monochroma
hotons (E andE/�E, respectively) were calibrated by using
r:2p3/2 photoelectron peak (binding energy: 1678.4 eV[20])
easured with a hemispherical electron-energy analyzer (G
ADATA SES-2002) that had been calibrated against the en
f Kr:L3M45M45

1G4 normal-Auger peak (1460.1 eV[21]). The
ntensity of the monochromatized photon beam (Iphoton) was

onitored by measuring the drain current of the post-focu
irror at the beamline, and the spectral sensitivity of the d

urrent was assumed to be constant within the photon e
egion of interest.
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.1. Si:1s photoexcitation

Fig. 1A shows the total ion-yield spectrum (Itot-ion/Iphoton)
ear the Si:1s ionization threshold of FSMSE vapor. One
ee three sharp peaks and one broad peak in the spectrum
pproximates the photoabsorption cross-section on a re

ig. 1. (A) Itot-ion/Iphoton near the Si:1s ionization threshold of FSMSE va
he letters (a–f) indicate the photon energies used in the measurement

ndividual spectra shown inFig. 2. Photoabsorption spectrum of: (B) Si(CH3)4

apor[24] and (C) SiF4 vapor[24].
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Fig. 2. FSMSE vapor photoionization mass spectra obtained at the photon ener-
gies indicated by (a–f) inFig. 1A. Data collection times for each data point were:
(a) 18351 s, (b) 9045 s, (c) 4440 s and (d–f) 7200 s.

scale. The peak assignments inferred by comparison with the
photoabsorption spectra of Si(CH3)4 and SiF4 vapors (Fig. 1B
and C[24]) are indicated inFig. 1A. TheItot-ion/Iphotonspectrum
of FSMSE is very similar to the superposition of the photoab-
sorption spectra of Si(CH3)4 and SiF4, showing that site-specific
excitation indeed occurs in FSMSE.

Parts (a–f) ofFig. 2, respectively, show the photoionization
mass spectra of FSMSE vapor that were obtained at the pho-
ton energies indicated by (a–f) inFig. 1A. For convenience, we
divide the various ions seen in the spectra into groups A–C.
The group A ions – CH3+, SiCH3

+, Si(CH3)2+ and Si(CH3)3+ –
are produced through dissociations of only the SiC bonds sur-
rounding the Si[Me] site, whereas the group B ions – F+, SiF+,
SiF2

+ and SiF3+ – are produced through dissociations of only
the Si F and Si C bonds surrounding the Si[F] site. The group
C ions are produced through the dissociations of several bond
in the vicinity of either the Si[Me] site, the Si[F] site or both
sites. Although rearrangement (isomerization) is not extensive
in direct fragmentations from organosilicon parent-ions[25],
some rearrangement ions seen in the mass spectra of FSMS
related molecules[26] are classified into group C. However, the
fragmentation related to group C ions is not treated in this paper

Fig. 3. (Top panel) Plot ofItot-ion/Iphotonas a function of photon energy near the
Si:1s ionization threshold of FSMSE vapor. Plots ofIion/Itot-ion for: (A) group A
ions and (B) group B ions.

Ratios of the integrated intensities of various ion peaks
in the photoionization mass spectra to the total ion intensity
(Iion/Itot-ion) are plotted against photon energy (near the Si:1s
ionization threshold) inFig. 3, which for comparison also shows
the total ion-yield spectrum (Itot-ion/Iphoton). Fig. 3A and B are,
respectively, theIion/Itot-ion plots for ions of groups A and B.
The abundances of Si(CH3)2+ and Si(CH3)3+ (group A ions)
are small.

As shown inFig. 3B, the production of F+ and SiF+ ions is
enhanced at the Si[F]:1s→ �* photoexcitation energy. That is,

Si[F] : 1s → �∗ excitation :

F3SiCH2CH2Si(CH3)3 → F+ and/or SiF+. (1)

Site-specific fragmentation caused by Si[F]:1s→ �* photoex-
citation is evident in FSMSE vapor. The enhanced production
of F+ and SiF+ shows that Si[F]F and Si[F] C bonds must
have been dissociated. Thus, the site-specific bond dissociation
occurs at the Si[F] atom where the photoexcitation has taken
place.

The production of SiF3+ ions is suppressed at the
Si[F]:1s→ �* photoexcitation energy even though the produc-
tion of F+ and SiF+ ions is enhanced there (Fig. 3B). The extent
of decomposition is thus enhanced by Si[F]:1s→ �* photoex-
citation. The SiF3 group is destroyed by the Si[F]:1s→ �*

photoexcitation because the ionic fragmentation usually takes
p ob-
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lace in the vicinity of the core-excited Si[F] site. This is pr
bly the reason that the production of SiF3

+ ions is suppresse
t the Si[F]:1s→ �* resonance.

As shown inFig. 3A, the production of CH3+ and SiCH3
+ ions

s suppressed at the Si[Me]:1s→ �* photoexcitation energy, an
heIion/Itot-ion values of these ions are nearly constant abov
hreshold of the Si[F]:1s photoexcitation. This suppressio
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Fig. 4. (Top panel) Plot ofItot-ion/Iphotonas a function of photon energy near the
Si:2p ionization threshold of FSMSE vapor. Plots ofIion/Itot-ion for: (A) group A
ions and (B) group B ions. These results were obtained with an optical resolution
of E/�E = 600 at the BL3A2 beamline of the UVSOR facility[8].

CH3
+ and SiCH3

+ production is also likely due to the enhanced
extent of decomposition caused by Si:1s→ �* photoexcitation.
Site-specific fragments formed through the Si[Me]:1s→ �*

photoexcitation may be the source of some group C ions. Thus

Si[Me] : 1s → �∗ excitation :

F3SiCH2CH2Si(CH3)3 → some group C ions. (2)

3.2. Comparison with Si:2p photoexcitation

A previous study[8] showed that site-specific fragmentation
of FSMSE is also caused by Si:2p→ �* photoexcitation in the
vapor phase. The top panel ofFig. 4showsItot-ion/Iphotonplotted
as a function of photon energy near the Si:2p ionization threshold
of FSMSE vapor. Peak assignments are given in that panel, an
theIion/Itot-ion plots for groups A and B ions are shown inFig. 4A
and B.

Si[F]:2p→ �* photoexcitation enhances the production of
SiF+ ions and suppresses the production of SiF3

+ ions (Fig. 4B).
Since the peak at 106.9 eV in theItot-ion/Iphoton plot for
Si[F]:2p→ �* excitation is lower than the other peaks in that
plot, the Iion/Itot-ion curve for SiF+ drops at 106.9 eV and the
Iion/Itot-ion curve for SiF3+ rises there[12]. This means that

Si[F] : 2p → �∗ excitation :

S -
t t the
p
p by

Si[F]:1s→ �* photoexcitation (Fig. 3B). Thus, the extent of
FSMSE decomposition due to Si[F]:2p→ �* is less than that
due to Si[F]:1s→ �* photoexcitation.

Abundant Si(CH3)2+ and Si(CH3)3+ (group A ions) are seen
in the photoionization mass spectra obtained at the photon ener-
gies of Si:2p→ �* excitation (Fig. 4A), in contrast to what is
seen in the spectra obtained at the photon energies of Si:1s→ �*

excitation (Figs. 2 and 3). At the Si[Me]:2p→ �* photoex-
citation energies, the production of Si(CH3)2+ and Si(CH3)3+

ions is suppressed while that of SiCH3
+, which is smaller than

Si(CH3)2+ and Si(CH3)3+, is enhanced slightly. This means that

Si[Me] : 2p → �∗ excitation :

F3SiCH2CH2Si(CH3)3 → SiCH3
+. (4)

Thus, the extent of FSMSE decomposition is increased by
Si[Me]:2p→ �* photoexcitation as well as by Si[Me]:1s→ �*

photoexcitation. A difference, however, between the fragmen-
tations due to the Si[Me]:2p→ �* and Si[Me]:1s→ �* pho-
toexcitations should be noted. Si[Me]:2p→ �* photoexcita-
tion suppresses the production of Si(CH3)2+ and Si(CH3)3+

and slightly enhances the production of SiCH3
+ (Fig. 4A),

whereas Si[Me]:1s→ �* photoexcitation suppresses the pro-
duction of SiCH3

+ (Fig. 3A). Thus, the extent of decomposi-
tion due to Si[Me]:2p→ �* photoexcitation is less than due to
Si[Me]:1s→ �* photoexcitation.

com-
p t
e e
r t, as
n ep
A to
s ergy
d at
d

4

t tized
s eter.
T n
r tation
o om-
p nt
o d
t
p

A

ring-
8 itful
d ori of
K ng-8
f er-
i Nara
F3SiCH2CH2Si(CH3)3 → SiF+. (3)

i[F]:2p→ �* photoexcitation and Si[F]:1s→ �* photoexcita
ion both increase the extent of FSMSE decomposition, bu
roduction of F+ ions is negligibly increased by Si[F]:2p→ �*

hotoexcitation (Fig. 4B), whereas it is clearly increased
,

d

As described above, although the extent of FSMSE de
osition is enhanced by Si:2p→ �* photoexcitation, it is no
nhanced as much as it is by Si:1s→ �* photoexcitation. Th
esult can be explained in terms of two facts. One is tha
oted in Section1, Si:1s→ �* photoexcitation leads to multist
uger transitions, whereas Si:2p→ �* photoexcitation leads
ingle-step Auger transitions. The other is that the initial en
eposition due to Si:1s→ �* photoexcitation is larger than th
ue to Si:2p→ �* photoexcitation.

. Conclusions

The ionic fragmentation caused by the Si:1s→ �* photoexci-
ation of FSMSE vapor was studied by using monochroma
ynchrotron radiation and a reflectron-type mass spectrom
he Itot-ion/IphotonandIion/Itot-ion spectra in the Si:1s excitatio

egion suggested that site-specific excitation and fragmen
ccurred in this molecule. When this fragmentation was c
ared with that caused by Si:2p→ �* photoexcitation, the exte
f decomposition due to Si:1s→ �* photoexcitation was foun

o be larger than that of the decomposition due to Si:2p→ �*

hotoexcitation.
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