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Abstract

In this work, we studied the formation of long-lived hot adducts in the O+CsDs, S+CsHs and
S+CeDs reactions with crossed molecular beam method. Theoretical calculations related to the
CeHsS adduct formation are also performed.

In the crossed molecular beam experiments, O (or S) atoms were generated with discharge
and ground state O(*P) and S(®P) atoms were found to be predominant in these two atomic
beams. After O (or S) atomic beam intercepted with CeHs (or CeDs) beam, the products were
photo-ionized by vacuum UV light from synchrotron radiation 10 cm away from the crossing
point; the photo-ions were then mass-filtered and detected. For the studied reactions, the
detected parent and daughter ions arrived at the detector almost at the same time and exhibited
the same angular distribution, indicating they all correspond to the same neutral species.

Based on our experimental results, long-lived hot adducts of C¢DsO, CeHsS and CeDsS are
formed in the crossed beam condition. These products are detected at the angle of the center
of mass, indicating zero recoil velocity. Photoionzation efficiency (PIE) curves of the Ce¢DsS
adduct and thiophenol sample were measured. In the PIE curves, lower ionization energy and
more fragmentation are observed for the Ce¢DsS adduct, consistent with the fact that this
adduct has higher internal energy than the thiolphenol sample. Although the observed adducts
have high internal energy and are thermodynamically unstable, their lifetimes may exceed the
experimental time of flight which is in the order of hundreds of microseconds.

To determine the possible isomers for the CeHeS adduct and their formation pathways, we
conducted theoretical calculation on the S(®P) + CgHs reaction. Geometry optimization of
stationary points and intrinsic reaction paths (IRC) are carried out at B3LYP/6-311G(d,p)
level of theory. These stationary points are then optimized again at B3LYP/aug-cc-pVTZ level.
From the present data, we propose the most possible reaction paths are as follows. Reactants
are originally on the triplet potential energy surface. Through intersystem crossing (possibly
near the CeHsS diradical geometry), most isomers are then deposited on the singlet potential
energy surface. Singlet benzene sulfide and thiophenol are supposed to be the first-formed
intermediates, which may undergo further isomerizations. For all possible isomers, singlet
thiophenol is found to be the most stable one. Furthermore, energies of ground and excited
states near the intersystem crossing region are calculated by time-dependent density
functional method, TD-M06 method. And for some stationary points which might concern

singlet-triplet intersystem crossing are optimized by MO06/aug-cc-pVTZ for better accuracy.
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Chapter I Introduction

The reaction between benzene and O atom is an important issue in both combustion
chemistry and atmospheric chemistry because benzene is the crucial chemical of
forming polycyclic aromatic hydrocarbons (PAHS) in the air. A large amount of research
on kinetics of benzene and ground state O(®P) atom has been reported previously.
Several reaction channels were investigated in experimental and theoretical works,
including spin allowed and spin forbidden paths®. The followings are the products of
O(®P) + CgHe reaction?:
C4Hg + OCP) — C4HsO- + H- (1)

— C¢HsOH (2

— isomers of CgHsOH (3)

— CsHg + CO 4)
O-addition onto carbon atom is thought to be the first step of these reaction paths.
Triplet diradical CeHeO is formed through O-addition and this intermediate will further
proceed to the major products listed abovel=. Phenoxy plus H radicals (1) are formed
through spin allowed H-detachment path. They were first detected by Lee and
coworkers® in crossed molecular beam experiments. And this channel was further
reinvestigated by Fontijn and coworkers # in multi-collision conditions with flow tube.
Triplet diradical also undergoes intersystem crossing to form singlet products. Singlet
phenol (2) is another major product of O(®P) + CeHs reaction. It is found to have very
long lifetime in crossed beam experiments®. Nguyen et al.! have proposed the reaction
paths on the ground state singlet potential energy surface with high-level CBS-QB3
method. Figurel-1 shows the reaction paths start from singlet phenol. In this figure,
singlet phenol is calculated to have minimum potential energy. Because the total energy

is high, it can further isomerize to other singlet isomers .
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Figurel-1 Part of reaction paths on singlet potential energy surface calculated at CBS-QB3

level by Nguyen et al.! The energy reference here is the total energy of O(°P) + CsH.

Benzene oxide and cyclohexadienone are other isomers of phenol detected in the
experiments. Parker and Davis® have conducted photolysis experiments on Os and
benzene in a solid Ar matrix, and found out these two isomers are the products in the
reaction between O(*P) atom and benzene. CO elimination (4) was regarded as a minor
pathway by Lee and coworkers®. Further results from theoretical calculations indicated
CsHs + CO formation is significant only when temperature is higher than 700K 2,

In this work, we conducted crossed beam experiments on O(°P) + CsDs reaction with
much better resolution than Lee’s work. We were quite interested in the formation of the
long-lived CsDeO adduct, and therefore mainly focused on its parent mass (m/z=100
signal) in this reaction.

S atom shows similar characteristics to O atom, and it also plays an important role in
combustion of S-containing fuel and coals. However, compared to well-established
research on O atom and hydrocarbons, there were only limited reports on the kinetics of
the reaction between S atom and hydrocarbons %12, Matsui and coworkers® have carried

out the shock-tube experiments on the reaction between S(°P) atom and several
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saturated hydrocarbons (such as CH4, n-C4H10 and etc.). They have measured the rate
constants of these reactions at temperature above 830K. In recent years, Casavecchia
and coworkers’® have investigates the reaction between S(*D) atom and unsaturated
hydrocarbons, such as C:Hs and C:H.. Both the crossed beam experiments and
theoretical work have been done for the dynamics of these reactions. However, the
reaction between S(®P) atom and aromatic ring still remains unexplored.
In lack of kinetic data, we presented the first report on the crossed beam experiment on
the reaction between ground state S(°P) atom and benzene. In this work, we carry out
the experiments on both S + CsHs and S+ Ce¢Ds reaction; we especially focused on
formation of adducts, as followings show.

C4Hg + SCP) > CHgS

C¢Dg + SCP) = C¢DgS
To our knowledge, most of the articles related to theoretical calculations of CsHeS are
for decomposition of thiophenol (CeHsSH). Lim et al.l% mainly focused on
photoinduced H-detachment path of thiophenol at 243 nm and other wavelengths.
Al-Muhtaseb®? et al. proposed the geometries of some possible intermediates and the
energy diagram for pyrolysis of thiophenol. To better understand the reaction dynamics
of S(®(P) + CsHs and the relative energies of possible CsHsS adduct conformers, we

made a lot of efforts on the theoretical study of this system.



Chapter 11 Experimental Section

2.1 Crossed Molecular Beam Experiments

0°pulsed valve
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Figure 2-1 Schematics of the crossed molecular beam setup in this work. (a) first skimmer for
0° molecular beam (in SC-I) (b) second skimmer for 0” molecular beam (in SC-I) (c) skimmer
for 90° molecular beam (in SC-I1) (d) cold panel (for diminishing background, in main chamber)
Note that not all components here are to scale.

Instrument for the crossed beam experiments can be generally divided into three parts:
source chamber, main chamber and detection chamber. The details will be discussed in
section 2.1.4. Figure 2-1 shows the arrangement of the major components for crossed
beam experiments in this work. O atom and S atom beam were generated at 0 pulsed
valve (Even-Lavie type) with discharge device in Source Chamber-I (SC-1 in Figure

2-5). CeHs, CeDs and CeHsSH molecular beam were ejected from 90° pulsed valve
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(Even-Lavie type) with heating device in Source Chamber-I1 (SC-11). The crossing point
of the two beams is in the main chamber, and then the initial products will be ionized by

synchrotron radiation at ionization point in the detection chamber.

2.1.1 Molecular Beam Preparation

We followed the method done by Lee et al.'® to generate O atom beam. In their
experiments, they generated O atom with two kinds of discharge medium, 3% O +
12.5% Ar (in He) and 20% O- (in He). In our experiment we only exploited 20% O> (in
He) as discharge medium because this mixture was reported to have good performance
in producing ground state O (°P) atom*2.

Photolysis of S-containing compounds is a common way to generate S(°P) atoms. Lee
and coworkers obtained S(®P) by photolysis of OCS at 248nm*. However, the
absorption cross section of OCS is in the order of 2.338 x 10%° cm? at 295K, which
might be too small to generate enough amounts of S atoms for single-collision
experiments. We thought high-voltage discharge of S-containing molecules might be
more suitable to generate S atom beam for crossed beam experiments. Therefore, 3%
CS2 vapor (in Ne) was chosen as the discharge media in our case.

To initiate discharge and keep it stable, the backing pressure of the discharge media
needs to be 100 psia or higher. Because CSzis in liquid phase at room temperature, it
needs to evaporate first before mixed with Ne in the cylinder. Consequently, even if it is
better to increase CS> density in discharge media to create more S atoms, CS» vapor was
premixed with the Ne buffer gas to make a 3% mixture. It was the results of a balance
between vapor pressure of CS, (6.85 psia at 298K) and 100 psia backing pressure

requirement.



Without demand of discharge at 90° pulsed valve, backing pressure and even the density
of molecular beam is much easy to control. Here we use a bubbler to generate Ce¢Hs,
CeDs and CgHsSH molecular beam. With bubbler, we can change the backing pressure
by regulating the blowing pressure of buffer gas (Ne is used here). And the density of
CeHs (or other species) can be altered by changing the temperature of CsHe liquid
(change the vapor pressure of it). In our experiments, the temperature for CeHs, CeDs
and CeHsSH liquid were all 298K. The backing pressure of CsHs and CeDs beams were
around 55 psia, and that of CeHsSH beam was 23.8 psia. Besides, to avoid clustering of
CeHs, CsDs and CsHsSH molecules during ejection from pulsed valve (supercooling
process), we used heating apparatus to increase the temperature of the nozzle to 398K.

Ne was used as buffer gas here. The beam speed is slower and suitable for detector
responding time when we choose Ne than He. And compared to Ar, tendency to form

clusters is also less for Ne. Therefore, Ne is the most suitable buffer gas in our case.



2.1.2 Pulsed-High Voltage Discharge Device

In this work, we used pulsed-high voltage discharge device designed by Huang et al. 8
to generate O atom beam and S atom beam. Figure 2-2 shows details of discharge

device on 0° pulsed valve.

Cathode //

(2000V) Adaptor
/, Anode
., o\ _7 (grounded)
)
L

Even-Lavie Pulsed Valve Insulator
Figure 2-2 Discharge Device (Components contour by Huang et al.®)

The discharge media are first ejected by Even-Lavie pulsed valve, and then discharged
by stainless steel electrodes (Cathode and Anode in the figure). The insulators are made
of ceramic, which can avoid the two electrodes and Even-Lavie valve from contacting
with each other. The Teflon adaptor is used to arrange the small insulators and cathode
in the right positions. The 3 holes (in triangle array) in the adaptor, anode, and
Even-Lavie valve are for the screws to fix all the components together.

The repetition rate for both 0° pulsed valve, 90" pulsed valve and discharge were
synchronized by a delay generator DG-535 pulse generator and were set to be 200Hz (or
100Hz for optimizing signals). Pulse widths of two molecular beams were both
20 ps, and discharge time width was set to be 10 us. Time delay between the two
molecular beam pulses and discharge starting time were also controlled by DG-535.
Figure 2-3 shows TOF (time of flight) spectra of S atom from discharging 3% CS; (in
Ne) with instrument describing here. Different lines are TOF spectra at different

detection angles. After integrating signals at different detection angles, we can plot the
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angular distribution of S atom, as Figure 2-4 shows. The distribution was fitting by
Gauss curve; we can find out the angle with the largest intensity is at -0.2°, and FWHM

(Full width at half maximum) of the angular distribution is around 1.4".

600 ~ Detection Angle
\ -0
500 | —-1.5°
- _10
400 - —-0.5°
k2 0
S 3004 0.5°
O
o 1°
200 - 15
100
0 —

120 140 160 180 200 220 240 260 280 300

Figure 2-3 TOF spectra of the S atomic beam at different detection angles. The time zero was
set at the beginning of the discharge interval, and the ion flight time is removed here. Before the
S atoms arrive at the crossing point, they fly through 85 mm distance and it takes 71 ps for the
flight.
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Figure 2-4 Angular distribution of the S atomic beam from discharging the CS; gas mixture.
The largest signal appears at -0.2°, and FWHM of the angular distribution is 1.4". The photon
energy for ionization is 10.25 eV.

-8-



2.1.3 lonization by Synchrotron Radiation Light

Photoionization is regard as soft ionization method because the energy used for
photoionization is much lower than other ionization method. In this work, beam line
21A (BL21A) in National Synchrotron Radiation Research Center (NSRRC) was used
as the ionization light source.

With higher ionization energy, intensity of signal gets stronger and signal-to-noise ratio
(S/N) also increases. However, higher photon energy might cause dissociative ionization
of neutral molecules. Therefore, choosing a suitable energy range is crucial.

In the gas cell we arranged Ar as gas filter for O atom + CsDe experiments, and Kr for S
atom + CeHpe (also CeDe) experiments. Light source with energy higher than 15.7 eV
will be absorbed by Ar and will not get into the ionization region of crossed beam
instrument. And Kr blocks radiation with energy higher than 14.1 eV. Besides, energy of
radiation can be adjusted during the experiment by changing the gap between two
magnets arrays of the undulator. Energy range for photoionization efficiency curve is
selected to be 7.02-11.71 eV in this work, and the energy of radiation for each time of

flight spectra is chosen around ionization energy of each species.

2.1.4 Instrument Detail

Figure 2-5 shows the vertical cross section of the instrument in this work. As mentioned
in the previous section, instrument for crossed beam experiments can be generally
divided into three parts: source chamber, main chamber and detection chamber. Source
chambers, main chamber and detection chamber are kept at 8.2x10°, 108 and 2.8x10™
torr respectively without gas loading. During O atom + C¢Ds and S atom + CgHe/CesDs
experiments, 0° source chamber was kept at 2-5x107 torr, and 90” source chamber was
kept at 5-7x10° torr. For CeHsSH experiments, 90° source chamber is kept at lower

pressure, 8.9x107 torr.



0" and 90° pulsed valves are set in Source Chamber-l and 11 (SC-1 and SC-II)
respectively. The two source chambers are fixed at 90° with each other, and they can be
rotated together from -20° to 110°. Therefore, products formed at crossing point can be
detected from different lab angles by the fixed detector. 0" and 90° skimmers are used to
confine angular dispersion of molecular beams. Two skimmers are used for 0°beam, and

one is for 90" beam.

e
Chopper
Assembly
m Cold Head
Main Chamber ‘3 llnlot
Ion
Optics -HV Cathode
8C-1 r Scintillater
> : /
v 2 Turbo
8c-1z vov Pump
Ionization
Rotating
Source
Chambers Turbo
Pump
—

Figure 2-5 Scheme of the crossed molecular beam instrument®.
Main chamber is where the reaction takes place. At the entrance into main chamber,
there is an L-shaped cold panel with two 3mm orifices (each for one beam), as Figure
2-1 (d) shows. Cold panel is used to trap rebounded molecules which are not in the
direction of molecular beam. Cooling by He refrigerator to nearly 10K, the copper-made
cold panel substantially diminishes background, and thus increases S/N ratio.
The distance between crossing point and ionization point is 100.5 mm. At the entrance

into ionization region, another liquid-nitrogen trap is used to decrease the background of
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detection region. After ionization, ions with different masses are separated by

quadrupole mass filter, and then detected by Daly-type ion counter.

2.2 Theoretical Calculation

We like to learn more about the conformations of products detected in the crossed
molecular experiments; however, due to the limitation of mass spectrometry, we only
know the masses of the products but little about their structures. Therefore, theoretical
calculation is needed for understanding the details of the reaction dynamics.

There are a lot of theoretical articles discussing the reaction path between O atom and
CeHes, but there is no theoretical report about S atom and CesHs reaction. In this work, we
put emphasis on the reaction of S atom and CeHs. Besides, we found S atoms generated
from discharging CS2 are mainly in the ground state, and hence we focused on the
reaction between S (3P) and CsHs in the computational section.

All the calculations are done by Gaussian 09 package!’. The geometries and vibrational
frequencies for the ground-state stationary points which might be related to the reaction
are first obtained by B3LYP/6-311G(d,p)'®*°. Intrinsic reaction paths (IRC) are then
found by B3LYP/6-311G(d,p). To get better geometries, we optimized both the
intermediates and transition states we have found with higher basis set
B3LYP/aug-cc-pVTZ82°, Besides, for some stationary points which might concern
singlet-triplet intersystem crossing are optimized by M06/aug-cc-pVTZ %21, M06 is the
hybrid functional developed by Zhao and Truhlar?!, and it is suggested to have better
performance on main group molecules than B3LYP. We also use time-dependent
M06/6-311G(d,p) method to find the relative energies of the ground state and excited

states near the crossing point of singlet and triplet potential energy surfaces.
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Chapter 111 Result and Discussion

3.1 Results from Crossed Molecular Beam Experiments

3.1.1 O atom + CsDs Reaction

19m/s
H
180 m/s 81m/s
—
151 m/s

vcﬁDé
976 m/s

;- Vep,0

872 m/s
70°
I24m/s
Vo 498 m/s
1865 m/s

Figure 3-1 Newton diagram for the reaction between O atom and CsDe. The angle 70°is from
the Gaussian fitting of the angular distribution data of C¢DsO* (m2100) signal. The error bars of
the CsDs and O atom velocities are calculated by matching the time of flight (TOF) spectra of
CsDg and O atom.

In this section, we will discuss the data from crossed beam experiment of O atom +
CeDs. Figure 3-1 shows the newton diagram of the reaction between O atom and CsDe.

CeDsO adduct is found at the angle of the center-of-mass, lab angle 70".

3.1.1-1 O atom beam produced from discharging O-
Angular distribution of O atom generated at 0° pulsed valve is plotted as Figure 3-2. The
distribution is fitting by Gauss curve. The largest signal appears at -0.2°, and FWHM of

the angular distribution is around 1.2,
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Figure 3-2 Angular distribution of the O atomic beam from discharging O,. The largest signal
appears at -0.2°, and FWHM of the angular distribution is 1.2".

Figure 3-3 shows photoionization efficiency (PIE) curve of O atom beam from
discharging 20% O- (in He) in this work. The ionization thresholds for O(®P) and O(*D)
are at 13.62 and 11.65 eV, which correspond to ionization processes O(’P) — O*(*S?)
+ ¢ and O(*D) — O*(*S%) + e, respectively'*?2, Between 11.65 and 13.62 eV, only
O(*D) atoms are ionized; both O(®P) and O(*D) atoms cam be ionized when photon

energy is larger than 13.62 eV.
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Figure 3-3 Photoionization efficiency curve of the O atom (m16 signal) reactant in this work.
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Lee et al.?® has recorded PIE curves of O(*D) and O(®P) atoms. In their PIE curves, the

photoionization cross section for pure O(®P) source at 13.98 eV to that for pure O(‘D)

oC’p)
source at 12.62 eV is 0.4 (S22

20D (12,62 eV)

ion

= 0.4). We can therefore estimate the O(‘D)

population in our experiment to be 1.51% of all O atoms.

Most abundant O atoms are in the ground state O(®P). The result is the same as that
from Lee’s work®2. It is because the rate coefficient of reaction O(*D) + O,—~O0(%P) + O
is rather high ((4.140.5) x 10"** cm® molecule S at 298K?%), most O(*D) atoms are
depleted to ground state by O,. Therefore O(®P) atoms are the dominant species in this
work.

3.1.1-2 Photoionization Efficiency Curve of CsDs

160000 -

140000 4 ‘ —e—m84, C.D,
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Figure 3-4 Photoionization efficiency curve of C¢De.

Figure 3-4 shows the PIE curve of C¢sDs* from CsDe molecular beam in this work. The
ionization energy of CsDs in this figure is about 9.24 eV, which coincides well with the
ionization energy of CeDs measured by Person®. Person has also recorded the
photoionization efficiencies (n) of CsHs. We didn’t measure the PIE curve of the CsHs
beam; however from Person’s result®®, the ionization energy of CsHg is known to be

close to that of CsDs, 9.24 eV.
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3.1.1-3 O atom + CsDs Reaction

We have detected the parent ions of the CsDsO adducts, which correspond to the m100
signal in Figure 3-5. The CsDsO" ions are detected in the direction of center-of-mass,
indicating there is no recoil velocity for the adducts. Although photoionization is called
“soft ionization” method (compared to average 70 eV for electron impact ionization
method), the photon energy might cause dissociative ionization of Ce¢DsO adducts.
Therefore, beside parent ion CsDsO* (m100 signal), we also detected signals from its
possible daughter ions: CsDsO" (m98 signal), CsDs" (Mm72 signal) and CsDs" (m70
signal).

From Figure 3-5, we can find out the signals of CsDsO", CeDsO", CsDs" and CsDs" all
arrive at the detector at the same time, which implies there are only CeéDsO adducts
formed at the collision point and all the other fragments are further generated from
CeDsO adducts during ionization process. Before being ionized, the long-lived C¢DsO
adducts do not decompose to other fragments during 100.5 mm field-free flight. Their

lifetimes likely exceed the experimental time of flight which is 115 ps.

60

[ 1 ——m100, C,D,0"
50 i ——m98, C,D,0"
——m72,C,D,
——m70,C,D,’

40 + |

30

Counts

204

N

\[ |
il mm

I M\
!

AL

100 ' 1é0 ' 1:10 ' léO ' 1;30 ' 2(IJO ' 2&0 ' 2:10 ' 2;30 2;30 ' 30
TOF / us

Figure 3-5 TOF spectra of m100, m98, m72 and m70 signals detected at 70". (The curves are
from integration of 200k, 800k, 30k and 30k pulses for m100, m98, m72 and m70 signals,
respectively.) The ionizing photon energy is 11.35 eV. The time zero was set at the beginning of
the discharge interval, and the ion flight time is removed here. Before the O atomic beam
intercepts with the C¢sDs beam, O atoms fly through 85 mm distance (from the discharge
position to at the crossing point), and it takes 46 ps for the flight.
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From the previous section, the ionization energy of Ce¢Ds is close to 9.24 eV. In some
cases, the photon energy we chose to ionize products might exceed 9.24 eV and produce
daughter ions of the same masses as those of C¢DeO adducts, for example CsDe*and
CsDs". It seems the signal from C¢De might confuse us. However, the scattering angles
for CsDe and CsD6O are different. The daughter ions of CsDe will be mostly detected at

lab angle 90°. And according to momentum conservation, the signal from CgDsO

-1 168Xveip,

adducts appears at lab angle 70°(6=tan ). Different scattering angles make it

-
possible to distinguish between these two species. Besides, we don’t have to worry
about the contributions from the daughter ions of (CsDs)20O (if (CeDe)2 still forms after
heating CsDs), the signal of (CsDs)20 might appear at lab angle 80",

Figure 3-6, Figure 3-7 (a) and (b) are the PIE curves of CsDsO", CsDs" and CsDs"
detected at 70°, respectively. The ionization energy of C¢DsO product in this work is
much lower than the ionization energy of phenol, 8.5 eV. This indicates the C¢DsO
adduct has higher internal energy than phenol, and thus less energy is required for
ionization. The ionization thresholds for CsDs" and CsDs" are also higher than that for

CsDsO". It is quite reasonable because extra energy is needed for bond scissoring.
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Figure 3-6 Photoionization efficiency curve of CsD¢O* from the O + C¢Ds reaction at 70",
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Figure 3-7 Photoionization efficiency curve of (a) CsDs" (m72 signal) (b) CsDs* (m70 signal)
from the O + C¢Ds reaction at 70",
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Figure 3-8 Branching Ratios of forming CsDsO* (m100), C¢DsO* (m98), CsDs" (Mm72) and
CsDs* (m70) ions in the O + CgDs reaction at 70°. (Total are the summation of the intensities of

these four products in the PIE curves.)

Figure 3-8 shows the branching ratios of forming CsDsO*, CsDs0O*, CsDs" and CsDs*
ions at different photon energies. At 8.1 eV, the most abundant ion is CsDsO*. As photon
energy increases, the ratios of the CsDsO* and CgDsO* ions decrease, and in the
meanwhile the ratio of CsDs* ions increases. The signal of CsDs* ions also slightly rises
(the sudden increase at 8.3 eV was thought to be fluctuations). The phenomena imply
CsDs" and CsDs" might be generated from dissociative ionization of the C¢DsO adducts,
and CsD¢* are the dominant species in this energy region. At 10 eV, the signal of CsDg*
begins to decrease and the signal of CsDs* increases. This indicates more CsDs* ions are

generated from dissociation of CsDs* ions as photon energy higher than 10 eV.
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3.1.2 S atom + CsHes and S atom + CsDs Reaction

In section 3.1.2, we will first analyze the S atom generated by discharge. Then we will
discuss the results from S atom + CsHs and S atom + CsDs experiments.

3.1.2-1 S atom beam produced from discharging CS;

Lee and coworkers?® have reported the photoionization spectra of S atom with
synchrotron radiation light ranging from 9.36-11.10 eV (75 500-89 500 cm™). In their
study, it shows there is no absorption band for ground state S(3P) atom but only excited
S(*D) atom when photoionization energy smaller than 10.53 eV (84 892 cm™).

Figure 3-9 shows the photon ionization efficiency curve of S atom beam from
discharging CS;in this work. Based on Lee’s result?®, the increase of intensity around
9.69 eV is mainly contributed by S(*D) atom, and the peak around 10.84 eV results

from the absorption of both S(*D) and S(°P) atoms.
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Figure 3-9 Photoionization efficiency curve of the S atomic beam.
To simplify the calculations on the ratios of SCP) and S(*D) in S atom beam, we
assumed the photoionization cross sections of S(°P) at 9.69 eV and S(*D) at 10.84 eV
are the same. Therefore, the intensity at 9.69 eV refers to the amounts of S(*D) atoms.

And at 10.84 eV, the contributions from S(*P) and S(*D) atoms depend on their relative

-18-



amounts. Thus, we can calculate the relative amount of S(°P) atom by simply
subtracting the intensity at 9.69 eV from that at 10.84 eV. The ratio S(:D) atoms is only

1.04% in our experiments.

3.1.2-2 Formation of the CsHesS adduct from S atom + CsHs crossed

beam reaction
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Figure 3-10 Newton diagram for the reaction between S atom and CsHg. The angle 63”is from
the Gaussian fitting of the angular distribution data of C¢HeS* (m110 signal). The error bars of
the CsHs and S-atom velocities are calculated by matching the TOF spectra of CsHs and S atom.

Figure 3-10 shows the newton diagram of forming CeHsS adduct in S + C¢Hs reaction.
The signal of CeHsS* (m110 signal) has been detected at the center-of-mass angle 63,
which indicates there is no recoil velocity for the CsHeS adducts. As mentioned in
section 3.1.1-3, we don’t have to worry about the contributions from the daughter ions
of (CeHe)2S either. The signal of (CsHs)2S might appear at lab angle 76°. In this work,
we mostly detected the parent ion and the possible daughter ions of CsHeS adduct at 63°.
However, due to discharging conditions of S atom beam and stability of CsHes bubbler,

in seldom cases the signals are detected at 64° for stronger signals.
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Figure 3-11 TOF spectra of m110, m109, m66 and m65 signals at 64", which correspond to
CsHeS*, CsHsS™, CsHs™ and CsHs*, respectively. (The curves are from integration of 150k, 50Kk,
100k and 100k pulses for m110, m109, m66 and m65 signals, respectively.) The ionizing photon
energy is 11.71 eV. The time zero was set at the beginning of the discharge interval, and the ion
flight time is removed here. Before the S atomic beam intercepts with the CeéHs beam, the S
atoms fly through 85 mm distance (from the discharge position to the crossing point), and it
takes 71 ps for the flight.

Figure 3-11 shows the TOF spectra of m110, m109, m66 and m65 products, which
correspond to CsHeS™, CsHsS™, CsHe" and CsHs", respectively. The ion flight time and
the background are removed in this figure. We can find out the arrival time of these four
ions are almost the same. Figure 3-12 is the scaled TOF spectra from Figure 3-11. The
TOF spectra of CsHsS™, CsHsS™, CsHes" and CsHs™ are scaled to nearly the same height,
and we can find out the distributions of these spectra look similar. Both Figure 3-11 and
Figure 3-12 show that before ionized by synchrotron radiation, CeHsS adduct does not
decompose to other small fragments. The C¢HsS*, CsHsS™, CsHes" and CsHs* are parent
ion and daughter ions of CeHsS adduct during ionization process. The lifetime of this

long-lived adduct is estimated to exceed 130 ps.
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Figure 3-12 Scaled TOF spectra of CsHeS*, CeHsS*, CsHe* and CsHs* at 64°. The time zero was
set at the beginning of the discharge interval, and the ion flight time is removed here. Before the
S atomic beam intercepts with the C¢Hg beam, the S atoms fly through 85 mm distance and it
takes 71 ps for the flight.
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Figure 3-13 Angular distributions of C¢HeS*, C¢HsS*, CsHs* and CsHs".

The angular distributions of the CgHsS*, CsHsS*, CsHs* and CsHs* ions are also
evidence for conclusions above. After the intensity of angular distributions are scaled to
the same height, the width of these four distributions fit well with each other. It’s clear
that CsHeS™, CsHsS™, CsHe" and CsHs™ are not decomposed from other products but

only CsHeS adducts.
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3.1.2-3 m110 signal (CsHesS™) and 66 signal (CsHeS") for the CesHsS
adduct

Figure 3-14 (a) and (b) show the TOF spectra and scaled TOF spectra of C¢HsS* and

CsHe" with longer integral time to increase signal-to-noise ratio (S/N ratio). Arrival time

and the shape of peak are almost the same for these two products. Because CsHs" is the

most abundant in all parent and daughter ions of CeéHesS adduct, largest S/N ratio of m66

signal decreases the influence from background. Therefore, in the following part, we

measured the m66 signal to represent the behavior of CeHsS adduct.
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Figure 3-14 (a) TOF spectra and (b) Scaled TOF spectra of CsHsS* (m110 signal) and CsHs"
(m66 signal) at 63°. The time zero was set at the beginning of the discharge interval, and the ion
flight time is removed here. Before the S atomic beam intercepts with the CéHs beam, the S
atoms fly through 85 mm distance and it takes 71 ps for the flight.
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Figure 3-15 Angular distributions of CsHg* (m66 signal) and CsHsS™ (m110 signal). The angle
with the most intense signal is 63° for both m66 and m110 signals, and FWHM of the angular
distributions for both signals are about 7°.

-22 -



Figure 3-15 is the angular distributions of CsHe" and CeHeS*. After optimization by
Gauss curve, we can find out the most intense signal is at 63 for both products. This
angle is what we used for Newton diagram shown in the beginning of Section 3.1.2.

In this work, we measured the PIE curves for the most two abundant daughter ions,
CsHs"™ (m66 signal) and CsHs* (m65 signal), as Figure 3-16 and Figure 3-17 show. Both

of these two curves begin to rise around 8.5 eV.
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Figure 3-16 Photoionization efficiency curve of CsHg* (m66 signal) from S atom + CsHs
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Figure 3-17 Photoionization efficiency curve of CsHs* (m65 signal) from S atom + CsHg

reaction
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3.1.2-4 Formation of the CsDeS adduct from S atom + Ce¢De crossed
beam reaction
The reaction between S atom and CsDg is fairly similar to that between S atom and CeHe.
Figure 3-18 is the newton diagram for C¢DeS adduct from the reaction between S atom
and CsDs. Table 3.1 shows the parent and daughter ions of CsDsS and the comparison
parts for CeHsS. Here, we focused on the parent and the daughter ions of CsDeS adduct,
CsDeS* (M116 signal), CeDsS™ (m114 signal), CsDs" (Mm72 signal) and CsDs" (m70
signal) in the center-of-mass angle 65°. The signal of (CsDs)2S might appear at lab angle

77°, and therefore we don’t have to worry about the contributions from the daughter ions

of (CeDs)2S.
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Figure 3-18 Newton diagram of the reaction between S atom and CsDs. The angle 65”is from
the Gaussian fitting of the angular distribution data of CsDsS™ (m116 product). The error bars of
the CsDs and S-atom velocities are calculated by matching the TOF spectra of CsDs and S atom.

Table 3.1 Products of S + CgHs reaction and the comparison products of S + CsDs reaction

Mass m116 m114 m72 m70
lonic Species CsDeS* CeDsS* CsDg" CsDs*

Mass m110 m109 m66 m65
lonic Species CeHeS* CeHsS* CsHe" CsHs"
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Figure 3-19 TOF spectra of m116, m114, m72 and m70 signals at 65°, which correspond to
CsD6S*, CsDsS*, CsDs™ and CsDs", respectively. (The curves are integration of 500k, 500k, 200k
and 500k pulses for m116, m114, m72 and m70 signals, respectively) The ionizing photon
energy is 11.35 eV. The time zero was set at the beginning of the discharge interval, and the ion
flight time is removed here. Before the S atomic beam intercepts with the C¢Ds beam, the S
atoms fly through 85 mm distance (from the discharge position to the crossing point), and it
takes 71 ps for the flight.
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Figure 3-20 Scaled TOF spectra of CsDeS*, CsDsS*, CsDs* and CsDs* at 65 . The time zero was
set at the beginning of the discharge interval, and the ion flight time is removed here. Before the
S atomic beam intercepts with the C¢D¢ beam, the S atoms fly through 85 mm distance and it
takes 71 ps for the flight.
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Figure 3-19 shows TOF spectra of CsDsS*, CsDsS*, CsDs* and CsDs*. After adjusting
the ion flight time and removing background, the arrival time of these four ions are
almost the same. Figure 3-20 is the scaled TOF of these four products, in which the
distributions of these four products fit well with each other. Figure 3-19 and Figure 3-20
are the evidence that CsDsS is the only product formed at crossing point. C¢DeS,
CesDsS™, CsDs" and CsDs" all generated from the neutral CeDeS adduct during ionization
process. The lifetime is calculated to be of 128 us. The results are quite similar to those
in S atom + CgHe reaction.

As what we did in 3.1.2-4, we measured angular distribution of the daughter ion which
has the highest intensity to represent the behavior of C¢DeS adduct, and thus CsDe" is
measured here. Figure 3-21 shows the averaged value and the standard deviation of four
sets of angular distributions of CsDs*. The optimization angle is used for the Newton

diagram of CgDs + S reaction.
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Figure 3-21 Averaged Angular Distribution of CsDe"(m72 signal). After optimization, the
angle with the most intense signal appears is 65°. FWHM of the angular distribution is 6°.
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Figure 3-22 and Figure 3-23 are the PIE curves of CsDs"and CsDeS™, respectively. The
appearance energy of CsDs" is around 8.5 eV, which is close to the value of CsHe" and
CsHs™ in S atom and CeHs reaction (as Figure 3-16 and Figure 3-17 show). The
ionization energy of Ce¢DsS adduct is much lower than this value, around 7.75 eV. This
result is quite reasonable because extra energy is required to break bonds to form

daughter ions like CsDs".
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Figure 3-22 Photoionization efficiency curve of CsD¢" (m72 signal) from S atom + CgDs
reaction
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Figure 3-23 Photoionization efficiency curve of CsDsS™ (m116 signal) from S atom + C¢Ds

reaction
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3.1.3 CeHsSH (Thiophenol)

In this section, thiophenol (CeHsSH, >99% Sigma-Aldrich) liquid sample is examined.
Thiophenol in Ne is used as molecular beam source of 90°pulsed valve, and Ne is used
as that of 0" pulsed valve. The angular distribution of thiophenol is shown as Figure

3-24.

30000

25000 - e m110, C,H,SH"

20000 -

15000 ~

10000 ~

Relative Intensity

5000

Angle / degree
Figure 3-24 Angular distribution of CsHsSH* (m110 signal) of thiophenol sample. After
optimization, the most intense signal appears at 90", and the FWHM is found to be 1.4".

The following is the PIE curves of CsHsSH™ (m110 signal), as shown in Figure 3-25.
The ionization energy of CeHsSH is near 8.3 eV. Compared to the ionization energy of
CeD6S (m116 signal) from S + CeDs reaction in Figure 3-23, the ionization energy of
CeHsSH (m110 signal) from thiophenol sample is 0.75 eV higher. However, isotope
effect does not make so much difference in ionization energy. It might result from
higher internal energy of Ce¢DeS adduct. Because CeDsS adduct has higher internal

energy, less energy is required to ionize CsDeS adduct than thiophenol sample.
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Figure 3-25 Photoionization efficiency curve of CsHsSH* (m110 signal) from thiophenol

sample
Figure 3-26 shows the ratios of different ions generated from thiophenol sample during
ionization process. We can find out thiophenol sample forms few daughter ions during

ionization process. Even with higher photon energy, CeéDeS" is still the dominant ions.
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Figure 3-26 Ratios of CsDsS*, CsDsS*, CsDs* and CsDs* ions from thiophenol sample at
different photon energies (calculated from PIE curves of these signals)
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Figure 3-27 compares the relative intensities of parent and daughter ions from
thiophenol sample to those from S + CeDs reaction. The ratios of daughter ions to parent
ions are much larger for CeDsS adduct than thiophenol sample. Fragments seemed to be
generated more easily for Ce¢DsS adduct, which indicates CsDeS adduct from S + CsDe

reaction has higher internal energy than thiophenol sample.
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Figure 3-27 (a) Relative intensities of C¢DeS*, CeDsS*, CsDg" and CsDs* ions from thiophenol
sample at different photon energies (b) Relative intensities of CsDsS* and CsDs* ions from S +

CsDs reaction at different photon energies.
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3.2 Results from Theoretical Calculations

3.2.1 Energy Diagram of S(°P) + C¢Hs reaction

All the intermediates and transition states are first optimized at B3LYP/6-311G(d,p)
level of theory, and then re-optimized with aug-cc-pVTZ basis set for better geometries.
Figure 3-28 is the energy diagram of stationary points calculated at B3LYP
/aug-cc-pVTZ level of theory, in which the zero point energies (ZPE) have been
included. The label “T” stands for intermediates on triplet potential energy surface, “S”
for intermediates on singlet surface and “TS” for transition states. The geometries of
intermediates and transition states are shown in Figure 3-29 and Figure 3-30,
respectively.

By calculation, S(3P) atom initially reacts with CsHs to form CeHseS diradical (T1) on
triplet potential energy surface. It is an endothermic reaction with 7.1 kcal/mol barrier,
which is quite different from O(*P) + CeHs reaction. Formation of CsHsO diradical is
reported to be an exothermic reaction?, and the relative energy of CeHsO diradical is
-14.5 kcal/mol compared to O(®P) + CsHs reactants at CBS-QB3 levell. However, the
collision energy of S(®P) + CeHs reaction is calculated to be 14.2 kcal/mol in our
crossed beam experiments. Forming CeHeS diradical is thus energetically feasible.

Most intermediates of CsHesS formula are found to have lower energies in the singlet
state rather than in the triplet state. Singlet state seems to be the ground state of most
isomers, and therefore we put more emphasis on singlet potential energy surface. In
section 3.2.2, we will discuss the possible path related to formation of singlet isomers
through triplet-singlet intersystem crossing near the diradical geometry. In this section,

we mainly focus on the reaction paths on singlet potential energy surface.
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Figure 3-28 Energy diagram for S(°*P)+CsHs reaction at B3LYP/aug-cc-PVTZ level of theory (ZPE included, Frequency Scale factor=0.97%")
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Figure 3-29 Optimized geometries of intermediates at B3LYP / aug-cc-pVTZ level
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Figure 3-30 Optimized geometries of transition states at B3LYP / aug-cc-pVTZ level
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Figure 3-31 shows the reaction paths on singlet potential energy surface. Benzene
sulfide (S1) and thiophenol (S3) are found to be the main intermediates formed after
intersystem crossing (see Section 3.2.2 for details). These two intermediates may further

isomerize to other singlet isomers.

s TS7

HH 45.6

TS8

7 -53.5

Unit: kcal/mol

Figure 3-31 Energy diagram on singlet potential energy surface at B3LYP/aug-cc-pVTZ level
of theory (ZPE included, frequency scale factor=0.97 ") Zero of energy here is S(P) + CsHe.

Benzene sulfide forms seven-membered-ring isomer, thiepine (S2) through a 17.7
kcal/mol barrier. This barrier is higher than the benzene oxide/Oxepin equilibrium,
which is calculated to be 4.8 kcal/mol at CBS-QB3 level.

Benzyne and H.S are formed from decomposition of thiophenol. Al-Muhtaseb et al.'?
have done the calculation on this path and regarded this channel to be of negligible

importance. Therefore, we only calculate the enthalpy of benzyne + H>S products to
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show the relative energy compared to thiophenol, as Figure 3-31 shows. This value is
only 0.4 kcal/mol lower than that calculated by Al-Muhtaseb et al.!2 at QCSID(T)/
6-311+G(2d,p)// MP2/6-31G(d,p) level.

Hydrogen migration plays an important role in forming other isomers from thiophenol.
Migration of H atom from S atom to p-carbon of thiophenol forms
cyclohexa-2,4-dienethione (S4). B-hydrogen of S4 can further migrate to y-carbon to
form cyclohexa-1,3-dienethione (S5). S5 locates at a shallow local minimum. The
energy differences between the transition states (TS4, TS6) and S5 are small, which
makes S5 an unstable intermediate. S5 can forms S4 or cyclohexa-2,5-dienethione (S6)
by H migration, or forms S7 intermediate by interaction between two carbons on either
side of a-carbon. The barrier for decomposition of S7 into cyclopentadiene + CS is quite
high relative to 14.2 kcal/mol total kinetic energy in the crossed beam experiments. This
result also matches with the data from crossed beam experiment which show the
observed m66 product at 63° is not from decomposition of m110 product before
ionization.

Besides, another hydrogen migration channel is first found by calculation. Migration of
H atom from B-carbon to a-carbon of thiophenol forms S8 intermediate. However, he
energy of S8 is inaccessible under our experimental collision energy.

The enthalpy of phenylthio radical + H is also calculated. The energy difference relative
to reactants is 31.2 kcal/mol. This high energy also makes formation of phenylthio

radical (m109) impossible in the crossed beam experiments.
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3.2.2 Intersystem Crossing from Triplet to Singlet Potential

Energy Surface

As mentioned in section 3.2.1, the reactants S(3P)+C¢Hs are initially on the triplet
potential energy surface, but most isomers of lower energies are on the singlet potential
energy surface. We proposed intersystem crossing happens near the triplet diradical
geometry and further forms singlet isomers.

Figure 3-32 shows the singlet intrinsic-reaction-coordinate (IRC) path for the transition
state (TSa) which connects to thiophenol (S3) and benzene sulfide (S1). Optimization
from the geometry of the 1st IRC step gives thiophenol (S3) and from the final step, it
leads to benzene sulfide (S1). Transition state TSa is the geometry of the 51st step. TSh

is the structure obtained from transition-state optimization (OPT=TS) from geometries

of the 59th to 76th steps.
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Figure 3-32 IRC path for S3—TSa-S1. The path is calculated at B3LYP/6-311G(d,p)
level. (Relative energy is the energy compared to the reactants, and ZPE is not included.)
Note that optimization of the geometries from the 59th to 76th step all leads to TSb
structure.

-37-



The geometries and relative energies of TSa, TSb and related intermediates are listed in
Table 3.2. The geometry of optimized triplet diradical (T1) is also shown. We found the
geometry of the triplet diradical (T1) is in between those of TSa and TSb, and the
energy of it is very close to TSa. Therefore, it is likely that intersystem crossing occurs

around this region.

Table 3.2 Comparison of energies and geometries of stationary points calculated at
B3LYP/6-311G(d,p) level

Thiophenol TSa Diradical TSh Benzene sulfide

Spin Singlet Singlet Triplet Singlet Singlet
C-S bond (A) 1.79 2.03 1.94 1.91 1.88
S-C-H angle 78 96’ 19l

C-H bond (A) 2.36 1.10 1.10 1.09 1.08
S-H bond (&) 1.35 2.09 2.33 2.52 2.48
Energy compared to

reactants (kcal/mol) -51.61 5.98 6.84 -4.53 -20.07
(with ZPE)

To verify the above hypothesis, we calculated the excited-state energies of selected
geometries along the IRC path in Figure 3-32 with time-dependent density functional
method, TD-MO06. The results are shown in Figure 3-33 and Figure 3-34. The solid
circles show the ground state energies of the IRC path. Solid circles indicate the singlet
states, and hollow circles indicate triplet ones. In Figure 3-34, we can see that the
energy gap between the first excited state (triplet) and the ground state of thiophenol (S3)
is larger than that of benzene sulfide (S1). First triplet excited state (red line) intercepts
with ground state in the region of 49"-62"" IRC steps; the energy of second triplet
excited state (blue line) is close to that of the singlet ground state, and the closest point
is the 54" point. This region is also where we found the geometries are quite close to
triplet diradical (T1) in Figure 3-32. Therefore, there might be singlet-triplet intersystem

crossing occurring in this region.

-38 -



Energy (kcal/mol)

oI20I4oI60I80I1(|)o
IRC Step
Figure 3-33 Ground and excited states along the IRC path in Figure 3-32 calculated at
TD-MO06/aug-cc-pVTZ//B3LYP/6-311G(d,p) level (without ZPE). Solid circles indicate singlet
states, and hollow circles indicate triplet states. The energy of TSa ground state is set as the
energy reference. The first and last points are the energy values of thiophenol (S3) and benzene
sulfide (S1), respectively.
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Figure 3-34 Energy difference of excited states relative to the ground state along the IRC path
at TD-MO06/aug-cc-pVTZ// B3LYP/6-311G(d,p) level.
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We can find out on singlet potential energy surface the energies near crossing region are
higher than its surroundings; on the contrary, crossing region on triplet potential energy
surface is the local minimum. Therefore, it makes sense that we can only find out
optimized triplet diradical intermediate because the singlet diradical is not stable and

forms into other intermediates with lower energy, like thiophenol (S3) and benzene

sulfide (S1).
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Figure 3-35 Energy diagram of stationary points near the singlet-triplet crossing region
calculated at M06/aug-cc-pVTZ level. (ZPE included, Frequency scale factor =0.984%)

MO6 is regarded to have better performance on molecules composed by main group
atoms. Therefore, we used M06/aug-cc-pVTZ method to optimize the stationary points
near the crossing region to get more accurate energies, as Figure 3-35 shows. The
largest difference between Figure 3-35 and Figure 3-28 is the energy of benzene sulfide,
which decreases by a lot compared to other intermediates. However, the whole diagram

keeps almost the same tendencies as those calculated by B3LYP method.
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Chapter IV Summary

In this work, the O(P)+CsDs crossed beam experiments have been reinvestigated with
Synchrotron Radiation for better resolution. Long-lived Ce¢DsO adducts has been
detected at the angle of center-of-mass with only 6° FWHM of angular distribution.
Based on TOF spectra and angular distributions, the measured CsDsO", CsDsO", CsDs"
and CsDs" ions are the parent and daughter ions of the neutral C¢DsO adduct.

The crossed beam experiments of S(P)+CsHs and S(3P)+CsDs are reported for the first
time. Based on TOF spectra and angular distributions, long-lived hot adducts CeHsS and
CeDsS are formed at the angle of the center of mass, indicating zero recoil velocity. PIE
curves of the CsDeS adduct and thiophenol sample were measured. From the PIE curves,
lower ionization energy and more fragmentation are observed for the CsDeS adduct,
indicating this adduct has higher internal energy than the thiophenol sample. Although
the observed CsDsO, CeDsS and CeDeS adducts have high internal energy and are
thermodynamically unstable, their lifetimes may exceed the experimental time of flight
which is in the order of hundreds of microseconds before the adducts are ionized.
Theoretical calculations on the S(°P) + CsHg reaction are also performed in this work.
Geometry optimization of stationary points and intrinsic reaction paths (IRC) are carried
out with B3LYP method. From the IRC data, we proposed that S(3P) + CgHs initially
forms triplet CeHeS diradical, which may form either singlet thiophenol or singlet
benzene sulfide through intersystem crossing near the diradical geometry. Thiophenol or
benzene sulfide may undergo further isomerization to form other products. However we
find that most dissociation pathways on the singlet surface is much higher in energy
than SC°P) + CeHs asymptote, thus giving support to the large life time of the adduct.
Furthermore, energies of ground state and excited states near the intersystem crossing
region are calculated by time-dependent density functional methods (TD-MO06). The
results show the energies of ground state and the first triplet excited state are really
close or even the same near the diradical geometry. The geometries of stationary points
near the crossing region are reoptimized at M06/aug-cc-pVTZ level for better accuracy.
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Appendix

Optimized Geometries and Energies for Stationary Points

of the S(°P) + CsHs Reaction in this Work
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T1
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z

C -2.086093 0.000051 -0.42715
C -1.450343 -1.219075 -0.1164

C -0.204781 -1.244662 0.439995
C -0.204671 1.244629 0.440013
C -1.450243 1.219133 -0.116357
H -3.069815 0.000089 -0.873967
H -1.965550 -2.150941 -0.309985
H 0.276638 -2.180866 0.684414
H 0.276815 2.180801 0.684415
H -1.965409 2.151027 -0.309923
C 0.563543 -0.000054 0.658421
H 1.077365 -0.000039 1.629483
S 2147843 -0.000013 -0.423473

E(UB3LYP) (Hatree): -630.46290767
ZeroPoint Energy (Hatree): 0.09906
T2
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z

C  0.555780 -0.017510 0.562423
C -0.198184 1.250869 0.455634
C -1.442468 1.244993 -0.091986
C -2.087270 0.024041 -0.426563
C -1474614 -1.220914 -0.086644
C -0.228462 -1.264495 0.44467

H  0.258225 2.170067 0.800847
H -1.980124 2.177098 -0.216628
H -3.081451 0.036913 -0.848208
H -2.041937 -2.135652 -0.206312
H  0.211513 -2.200751 0.763956
S 2.093195 -0.085914 -0.323983
H 2393974 1.225051 -0.255121

E(UB3LYP) (Hatree): -630.43634462
ZeroPoint Energy (Hatree): 0.0949829
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Sl
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)

X Y z
C -0.391196 -1.707573 0.723605
C -0.435121 -0.558831 1.421119
C -0.435121 0.741159 0.744823
C -0.435121 -0.558831 -1.421119
C -0.391196 -1.707573 -0.723605
H -0.389197 -2.656142 1.243032
H -0.490926 -0.566432 2.501212
H -0.945383 1.550379 1.248723
H -0.490926 -0.566432 -2.501212
H -0.389197 -2.656142 -1.243032
C -0.435121 0.741159 -0.744823
H -0.945383 1.550379 -1.248723
S 1.174267 1.352958 0

E(UB3LYP) (Hatree): -630.50939969
ZeroPoint Energy (Hatree): 0.1017437
S2
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)

X Y z
C  1.655452 0.674520 -0.27702
C  1.655452 -0.674520 -0.27702
C  0.656875 -1.550921 0.30405
C  0.656875 1.550921 0.30405
C -0.665701 -1.360708 0.358826
C -0.665702 1.360708 0.358826
H 2.545911 1.167517 -0.65135
H 2.545911 -1.167517 -0.65135
H  1.037085 -2.464119 0.753307
H  1.037085 2.464119 0.753307
H -1.303403 -2.066056 0.876199
H -1.303403 2.066056 0.876199
S -1.519918 0.000000 -0.411661

E(UB3LYP) (Hatree): -630.49961221
ZeroPoint Energy (Hatree): 0.100041
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S3
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)

X Y z
C -0.505191 0.000688 0
C  0.200070 -1.203450 0.000001
C  1.588454 -1.196947 0
C  2.288855 0.004029 0
C  1.584994 1.202495 0
C 0.195780 1.206211 -0.000001
H -0.335197 -2.143488 0.000003
H & 2803105 -2.137139 0.000001
H  3.369703 0.005899 0
H 2116876 2.144368 -0.000001
H -0.338026 2.146700 -0.000002
S -2.283842 -0.083433 -0.000002
H -2.512760 1.240425 0.000028

E(UB3LYP) (Hatree): -630.55899644
ZeroPoint Energy (Hatree): 0.0991902
S4
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)

X Y z
C -2.251446 0.061373 -0.000058
C -1.649365 -1.133966 -0.000036
C 0.639676 0.020424 0.000029
C -0.103608 1.251540 0.000056
C -1.458476 1.270435 0.00001
H -3.329546 0.141983 -0.000124
H -2.228943 -2.048288 -0.000078
H  0.463046 2.171681 0.000081
H -1.973570 2.222593 0.000009
S 2.292267 0.001327 -0.000043
C -0.161605 -1.265443 0.000075
H  0.150769 -1.867595 0.859889
H  0.150921 -1.867787 -0.859542

E(UB3LYP) (Hatree): -630.52013595
ZeroPoint Energy (Hatree): 0.1009283
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S5
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)

X Y z
C -0.100507 -1.173533 0.172696
C 0.649828 -0.000713 0.137617
C -0.113848 1.203092 0.199635
C -1.501766 1.256383 -0.028552
C -2.227832 0.112762 -0.179581
H  0.406927 -2.120966 0.296647
H  0.430927 2.124115 0.360967
H -1.985935 2.222569 -0.079909
H -3.288752 0.132986 -0.382388
S 2336821 -0.004318 -0.122452
C -1.559279 -1.185841 -0.016741
H -1.843843 -1.882082 -0.820322
H -1.988029 -1.680439 0.873793

E(UB3LYP) (Hatree): -630.4700057
ZeroPoint Energy (Hatree): 0.0988562
S6
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)

X Y z
C  1.443720 -1.246894 0
C 0.103685 -1.237610 0
C -0.661301 0.000000 0
C 0.103685 1.237610 0
C  1.443720 1.246894 0
H  1.977443 -2.189326 0
H -0.459720 -2.160108 0
H -0.459720 2.160108 0
H 1.977442 2.189326 0
S -2.315737 0.000000 0
C  2.256821 0.000000 0
H 2937177 0.000000 0.863165
H 2937177 0.000000 -0.863164

E(UB3LYP) (Hatree): -630.52507571
ZeroPoint Energy (Hatree): 0.1013674
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S7
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C 1484101 -1.160992 -0.175888
H 1.124471 -1.811127 -0.9777
H  2.269693 -1.711441 0.34893
C -0.780772 -0.001516 0.250516
S -2.259423 -0.015285 -0.372192
C 1357949 1.203660 -0.146509
C 1978539 0.164253 -0.698745
H 1536498 2.242618 -0.382388
H 2744339 0.237426 -1.457762
C 0.311273 0.785552 0.8383
H  0.142092 1.359509 1.741247
C 0.345162 -0.771848 0.772261
H 0.156164 -1.387081 1.643142
E(UB3LYP) (Hatree): -630.4668571
ZeroPoint Energy (Hatree): 0.1001033
S8
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z
C -1519273 -1.237366 0.04437
C -1.991838 -0.045569 -0.496599
C -1.387344 1.204659 -0.190397
C -0.217825 1.246684 0.488608
C -0.189670 -1.298867 0.437129
H -2.114461 -2.139717 -0.034498
H -2.854268 -0.053240 -1.155138
H -1.913192 2.113383 -0.451796
H 0.161725 2.170549 0.907611
C 0.515148 -0.022145 0.710897
H  0.912062 -0.055447 1.732033
S  2.021570 0.012609 -0.414091
H 2207826 -1.321649 -0.336801

E(UB3LYP) (Hatree): -630.40983235
ZeroPoint Energy (Hatree): 0.0952872
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S9
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C  2.050560 -0.384685 -0.276669
C  1.793995 1.050683 -0.289258
C -1.132643 -0.604091 0.065757
C  1.243505 -1.421945 0.020445
H  3.062928 -0.656038 -0.55803
H  2.369559 1.605929 -1.024311
H  1.707255 -2.400938 0.022916
C & No136wT 1.745342 0.542019
H  0.454369 1.277004 1.339354
H  0.934347 2.820300 0.457605
C -0.181710 -1.479942 0.309685
H -0.550067 -2.418840 0.716463
S -2.293919 0.396276 -0.199117
E(UB3LYP) (Hatree): -630.47325247
ZeroPoint Energy (Hatree): 0.0975179
S10
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z
C  1.055395 -1.177479 0.21884
C  1.055395 1.177479 0.21884
C  2.253281 0.730915 -0.196966
H  0.735906 -2.202708 0.317544
H  0.735905 2.202708 0.317544
H  3.095397 1.344124 -0.482442
C  2.253281 -0.730915 -0.196966
H  3.095397 -1.344124 -0.482442
C 0.156866 0.000000 0.513419
H -0.206582 0.000000 1.543146
C -1.011736 0.000000 -0.434268
H -0.718550 0.000000 -1.483177
S -2.582023 0.000000 -0.029223

E(UB3LYP) (Hatree): -630.4942739
ZeroPoint Energy (Hatree): 0.0999055
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TS1
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z

C -2.042029 0.000006 -0.503209
C -1.437727 -1.216281 -0.144555
C -0.234248 -1.233456 0.511538
C -0.234237 1.233451 0.511543
C -1.437716 1.216288 -0.14455
H -2.988734 0.000011 -1.024796
H -1.936852 -2.148515 -0.373126
H 0.226045 -2.167354 0.800556
H 0.226063 2.167343 0.800565
H -1.936834 2.148527 -0.373117
C 0.489213 -0.000006 0.764424
H 1.108092 -0.00001 1.66125

S 2.167667 -0.000001 -0.466405

E(UB3LYP) (Hatree): -630.46230447
ZeroPoint Energy (Hatree): 0.0989983
TS2
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z

C 1.640412 0.700448 -0.342639
@ 0.666009 1.457007 0.288512
C -0.627855 1.019054 0.564878
C 0.666009 -1.457007 0.288512
C 1.640412 -0.700448 -0.342639
H 2.559364 1.193969 -0.632299
H 0.953441 2.417906 0.702606
H -1.212128 1.498532 1.339349
H 0.95344 -2.417906 0.702606
H 2.559364 -1.193969 -0.632299
C -0.627855 -1.019053 0.564878
H -1.212127 -1.498531 1.33935

S -1.546509 0 -0.55927

E(UB3LYP) (Hatree): -630.47877936
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ZeroPoint Energy (Hatree): 0.0993207



TS3
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C 0.601107 0.00618 0.030894
C -0.187109 1.235071 0.023936
C -1.55058 1.220798 -0.010662
C -2.272081 0.005664 -0.040202
C -1.595458 -1.19436 -0.027393
C -0.198976 -1.221399 -0.012398
H 0.362714 2.165115 0.031923
H -2.092135 2.157514 -0.022617
H -3.352509 0.021819 -0.060894
H -2.1355 -2.131179 -0.04544
H 0.350585 -2.151701 0.006957
S 2.348833 0.003412 -0.05167
H 0.504097 -0.427888 1.131745
E(UB3LYP) (Hatree): -630.45840474
ZeroPoint Energy (Hatree): 0.0968965
T34
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z

C -2.265625 0.050178 -0.100101
C -1.554088 -1.177012 -0.028363
C 0.651212 0.03616 0.045498
C -0.145964 1.222998 0.082233
C -1.53004 1.224473 -0.010634
H -3.34065 0.050241 -0.186959
H -2.053083 -2.113293 -0.248638
H 0.381591 2.164423 0.15145

H -2.047928 2.174807 -0.018378
S 2.340846 0.00117 -0.048403
C -0.097485 -1.171359 0.002004
H -1.15911 -1.28671 1.089766
H 0.417592 -2.120818 0.043385

E(UB3LYP) (Hatree): -630.4613168
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ZeroPoint Energy (Hatree): 0.0973608



TS5
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C -0.11304 -1.206162 -0.026761
C 0.65708 -0.01584 0.001089
C -0.120469 1.202875 0.003774
C -1.493666 1.252249 -0.014953
C -2.250145 0.074316 -0.06259
H 0.400069 -2.15668 -0.040579
H 0.440465 2.127655 0.032081
H -2.000984 2.207087 0.003557
H -3.328814 0.065102 -0.085767
S 2.345585 0.000713 0.000567
C -1.526101 -1.189985 -0.025884
H -2.071819 -2.102652 -0.233294
H -1.890223 -0.856636 1.066885
E(UB3LYP) (Hatree): -630.45734839
ZeroPoint Energy (Hatree): 0.0971333
TS6
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z

C 1.578437 -1.16486 -0.048589
H 1.525498 -1.838653 -0.916035
H 2.193726 -1.686979 0.68932

C -0.732392 0.003643 0.026151
S -2.352885 -0.012023 -0.24553
C 1.491901 1.20784 -0.053518
C 2.196667 0.135806 -0.425998
H 1.859264 2.221559 -0.150143
H 3.147318 0.180595 -0.93645
C 0.16644 1.010524 0.503904
H -0.237963 1.740853 1.197392
C 0.190061 -0.979007 0.475031
H -0.188368 -1.708683 1.182514

E(UB3LYP) (Hatree): -630.45251971
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ZeroPoint Energy (Hatree): 0.0985282



TS7
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z

C 1.608445 -0.326081 -0.924765
C -1.052425 0.852959 0.162595
C 1.269076 0.940392 -0.682843
H 2.089924 -0.688967 -1.820728
H 1.399615 1.788079 -1.337317
C 0.731366 -0.246837 1.236407
H 0.358003 -0.52276 2.209798
C 0.553037 1.023644 0.643932
H 0.588255 1.944498 1.20955

€ 1.173257 -1.218604 0.209209
H 0.321503 -1.857283 -0.121011
H 1.943489 -1.911919 0.558026
S -2.024833 -0.30653 -0.285345

E(UB3LYP) (Hatree): -630.39859621
ZeroPoint Energy (Hatree): 0.0965774
TS8
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z

C -0.217948 1.222503 0.03332

@ 0.483545 -0.055071 0.162595
C -0.17266 -1.353565 0.011913
C -1.598484 -1.226886 -0.043699
C -2.265954 -0.027767 -0.059007
C -1.572702 1.213018 -0.031948
H 0.338389 2.151127 0.014825
H 0.295172 -0.379845 1.251078
H 2.448836 -1.276422 -0.181666
H -2.179192 -2.138927 -0.129772
H -3.348847 -0.011267 -0.113159
H -2.127542 2.139441 -0.091013
S 2.2899 0.055157 -0.074333

E(UB3LYP) (Hatree): -630.40766195
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ZeroPoint Energy (Hatree): 0.0933214



Tsa
B3LYP/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C 0.464548 -0.000023 0.632879
C -0.215726 -1.225641 0.409361
C -1.489924 -1.221335 -0.116103
C -2.112353 0.00003 -0.38931
C -1.489864 1.221363 -0.116104
H 1.228962 -0.000082 1.423915
H 0.307423 -2.147756 0.615696
H -2.001799 -2.148413 -0.330814
H -3.106564 0.000053 -0.81754
H -2.001695 2.148458 -0.330854
C -0.215686 1.225617 0.409415
H 0.307495 2.147713 0.615749
S 2.226264 -0.000002 -0.384811
E(UB3LYP) (Hatree): -630.46501719
ZeroPoint Energy (Hatree): 0.0993636
TSb
B3LYP/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y z
C -0.596545 0.00002 0.919455
@ 0.062581 1.222851 0.499082
C 1.295892 1.213839 -0.127851
C 1.923473 -0.00002 -0.404001
C 1.295865 -1.213857 -0.127838
H -1.143156 0.000035 1.854324
H -0.427773 2.156098 0.733895
H 1.755019 2.145818 -0.423315
H 2.89145 -0.000033 -0.887747
H 1.754965 -2.145852 -0.423295
C 0.062555 -1.22283 0.499105
H -0.427821 -2.156062 0.733931
S -1.791601 -0.000001 -0.57097

E(UB3LYP) (Hatree): -630.48301748
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ZeroPoint Energy (Hatree): 0.1006837



T1
UMO6/ aug-cc-pVTZ

Atom Coordinates (Angs)

X Y z
C -2.066506 0.000001 -0.426538
C -1.433643 -1.214643 -0.11528
C -0.196097 -1.238602 0.4458
C -0.196095 1.238601 0.445801
C -1.433641 1.214644 -0.11528
H -3.049017 0.000002 -0.878561
H -1.946028 -2.14774 -0.314108
H 0.292208 -2.174174 0.686015
H 0.29221 2.174173 0.686017
H -1.946025 2.147742 -0.314107
C 0.565092 -0.000001 0.663103
H 1.090034 -0.000002 1.630465
S 2.114497 0 -0.430085

E(UMO06) (Hatree): -630.23240666

ZeroPoint Energy (Hatree): 0.0986086
S1
RMO06/ aug-cc-pVTZ
Atom Coordinates (Angs)

X Y Y/
@ -0.372954 -1.694033 0.72074
C -0.431689 -0.550575 1.414759
C -0.431689 0.745339 0.742762
C -0.431689 -0.550575 -1.414759
C -0.372954 -1.694033 -0.72074
H -0.363125 -2.642483 1.242045
H -0.49471 -0.560494 2.49522
H -0.948878 1.556009 1.241507
H -0.49471 -0.560494 -2.49522
H -0.363125 -2.642483 -1.242045
C -0.431689 0.745339 -0.742762
H -0.948878 1.556009 -1.241507
S 1.153088 1.330323 0

E(RMO06) (Hatree): -630.29037332
ZeroPoint Energy (Hatree): 0.1016326
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S3
RMO06/ aug-cc-pVTZ

Atom Coordinates (Angs)

X Y z
C -0.502815 0.001214 0
C 0.197614 -1.198442 0
C 1.579781 -1.192719 0
C 2.277336 0.003428 0
C 1.57707 1.197382 0
C 0.194087 1.201661 0
H -0.343117 -2.137381 0.000001
H 2.1 160 7l -2.133518 0
H 3.358906 0.005081 0
H 2.110129 2.139712 0
H -0.343748 2.14189 -0.000001
S -2.271741 -0.083446 -0.000001
H -2.488031 1.244208 0.000008

E(RMO06) (Hatree): -630.32833332

ZeroPoint Energy (Hatree): 0.0982543
TS1
UMO06/ aug-cc-pVTZ
Atom Coordinates (Angs)

X Y Y/
@ 1.989831 0 -0.547088
C 1.409457 1.20996 -0.162353
C 0.243586 1.222882 0.555795
C 0.243586 -1.222882 0.555795
C 1.409458 -1.20996 -0.162353
H 2.908192 0 -1.119372
H 1.892487 2.143245 -0.421405
H -0.211119 2.155797 0.861302
H -0.211119 -2.155797 0.861302
H 1.892487 -2.143245 -0.421405
C -0.441936 0 0.840531
H -1.121897 0 1.690172
S -2.142058 0 -0.495785

E(UMO06) (Hatree): -630.23005398
ZeroPoint Energy (Hatree): 0.0987492
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Tsa
RMO06/ aug-cc-pVTZ

Atom Coordinates (Angs)
X Y z
C 0.48036 0.000077 0.621312
C -0.202163 -1.222036 0.410197
C -1.470891 -1.218841 -0.110859
C -2.087182 -0.00008 -0.383401
C -1.471018 1.218763 -0.110895
H 1.229919 0.000132 1.430957
H 0.331134 -2.141306 0.611951
H -1.984741 -2.144987 -0.327392
H -3.081433 -0.000139 -0.813773
H -1.984971 2.144846 -0.327452
C -0.202288 1.222115 0.410132
H 0.33092 2.14145 0.611825
S 2.179892 0.000002 -0.387815
E(RMO06) (Hatree): -630.23613944
ZeroPoint Energy (Hatree): 0.098621
TSb
RMO06/ aug-cc-pVTZ
Atom Coordinates (Angs)
X Y Z
© 0.61028 0.000017 0.923204
G -0.04368 -1.215167 0.496302
C -1.277042 -1.20857 -0.120912
C -1.903751 -0.000017 -0.389316
C -1.277067 1.208553 -0.120924
H 1.172008 0.00003 1.850556
H 0.455566 -2.147463 0.722819
H -1.73347 -2.141656 -0.418738
H -2.874966 -0.000029 -0.868242
H -1.733517 2.141626 -0.418758
C -0.043704 1.215185 0.496284
H 0.455523 2.147494 0.72279
S 1.74179 -0.000001 -0.581141

E(RMO06) (Hatree): -630.25802704
ZeroPoint Energy (Hatree): 0.1003141
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