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Abstract

The vacuum ultraviolet (VUV) single-photon and ultraviolet nonresonant two-photon (N2P) pulsed field ionization
photoelectron (PFI-PE) spectra for GCH, have been obtained in the energy range of 69 500—72 50 .cwibrational
structures observed in the VUV-PFI-PE and N2P-PFI-PE spectra are similar. Guided by the ab initio theoretical harmonic
frequencies, we have assigned the vibrational bands resolved in these spectra. Using a semiempirical simulation schen
together with ab initio theoretical rotational constants for;68H, and CHSCH;, we have also obtained a good fit to the
contours of rotational branches resolved in the origin band of the VUV-PFI-PE spectrum. Taking into account the uncertainty
of the simulation model used, we obtain a value of 70 097 3.0 cmi * (8.69096+ 0.00016 eV) for the adiabatic ionization
energy of CHSCH;. (Int J Mass Spectrom 185/186/187 (1999) 533-543) © 1999 Elsevier Science B.V.

Keywords:Photoionization; Photoelectron; lonization energy

1. Introduction cially poor because of the difficulty in assessing the
Accurate ionization energies (IE’s) for molecular hot band and kinetic shift effects [2]. The fact that the
species, which are used for prediction of chemical geometries for a neutral polyatomic molecule and its
reactivity, are of fundamental importance to chemists cation are usually different often makes photoioniza-
[1,2]. The IE of a gaseous molecule can be determined tion yields very low near the ionization threshold. The
routinely in a photoionization [2] or a photoelectron combination of these effects may prevent the obser-
[3,4] experiment. lonization energy determinations vation of the ionization step in the photoionization
made in conventional photoionization and photoelec- efficiency (PIE) spectrum of a polyatomic molecule,
tron studies have uncertainties in the range of 3—-100 and thus results in a large uncertainty in the experi-
meV (25-250 cm?). The accuracy of adiabatic IE ~ mental |IE value [5]. Recent advances in ab initio
values measured for polyatomic molecules is espe- quantum computation procedures [6,7], such as the
GAussiaN-2 (G2) type theories [6] and density func-
. . . tional [8] theoretical methods, have been able to
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accuracy 0K0.15 eV, approaching that achievable in at half maximum (FWHM)] obtainable in laser or
conventional photoionization and photoelectron ex- synchrotron based PFI-PE measurements are still not
periments. This theoretical achievement has set asufficient to resolve rotational transitions in photo-
challenge for experimental IE measurements to be electron spectra of polyatomic molecules. Thus,
made with higher accuracy. PFI-PE studies of polyatomic species reported today

In the past decade, the most exciting development mostly provide vibrational information for the corre-
in the field of photoionization and photoelectron sponding cations [12]. In recent VUV-PFI-PE and
spectroscopy has been the availability of high resolu- N2P-PFI-PE studies of C}$H and CHCH,SH, we
tion, tunable ultraviolet (UV) and vacuum ultraviolet find that the FWHM for individual vibrational bands
(VUV) laser sources [9—11]. For probing electronic are in the range of 15-25 cm for supersonically
structures of cations, photoelectron spectroscopic cooled CHSH and CHCH,SH samples at rotational
measurements are preferred over PIE studies. Thetemperatures of 20—30 K [20,21]. These experiments
laser pulsed field ionization photoelectron (PFI-PE) also show that the resolution achieved in the VUV-
scheme is the current state-of-the-art photoelectron PFI-PE measurement is better than that in the N2P-
spectroscopic technique, and is capable of providing PFI-PE study performed under similar experimental
photoelectron energy resolution close to the optical conditions [21]. Fine structures arising from contours
resolution [12-14]. For specific molecular species of rotational branches are resolved in the origin bands
with IE values below 12 eV, the nonresonant two- of the VUV-PFI-PE spectra for Ci$H and
photon (N2P) PFI-PE scheme involving the use of a CH;CH,SH. The simulation of these fine structures
UV laser is an attractive method for high resolution has provided accurate IE values for £ and
photoelectron measurements [15,16]. Without doubt, CH;CH,SH with uncertainties of-2.9 cm * [21].
the single-photon PFI-PE technique is the most ver-  Here, we present the results of an N2P-PFI-PE and
satile high-resolution photoelectron spectroscopic VUV-PFI-PE study of CHSCH,. As in previous
method. In the current technical level, VUV laser studies [20,21], ab initio predictions for vibrational
radiation with usable intensities can be generated at and rotational constants of GECH, and CHSCH;
energies up te=17.7 eV by nonlinear optical mixing  are used to assist the assignment and simulation of the
using commercial dye lasers [9]. Most recently, a PFI-PE spectra. Theoretical predictions obtained using
synchrotron based VUV-PFI-PE technique has also standard ab initio program packages [22] for vibrational
been demonstrated using monochromatized third-gen-and rotational constants for small polyatomic species are
eration undulator synchrotron radiation at the photon known to have an accuracy of 10—-20%. This experi-
energy range of 8—27 eV [17,18]. The PFI-PE reso- ment, together with previous studies [20,21,23], sug-
lutions achieved in synchrotron, UV laser, and VUV gests that with an achievable instrumental resolution
laser based measurements are similar. For specificof ~0.5-1.0 cm?, it is advantageous to perform
diatomics, triatomics, and simple hydrides, N2P- PFI-PE measurements of polyatomic molecules at
PFI-PE and VUV-PFI-PE measurements have pro- higher rotational temperatures. The rotational con-
vided IE values with uncertainties less than a few tours resolved in a rotationally hot spectrum contain
cm 1[12,19]. This accuracy represents a 10—100-fold more information about the rotational structures of the
improvement over those achieved in conventional neutral and cationic species as compared to that
photoionization and photoelectron measurements. In observed in a rotationally cooled spectrum.
principle, the analysis of a truly rotational resolved
photoelectron spectrum of a molecule is expected to
yield the definitive IE value. 2. Experiment and ab initio calculations

Despite this impressive experimental progress in
high-resolution photoelectron spectroscopy, the pho-  The experimental apparatus and procedures used
toelectron energy resolutionsp.2 cm %, full width are similar to those described previously [20,21,23—
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25]. The apparatus consists of a tunable UV or VUV
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intensity of the VUV difference frequency is also

laser source, a pulsed molecular beam source, an ionnearly constant over the VUV range of interest here.

time-of-flight (TOF) mass spectrometer, and an elec-
tron detector for PFI-PE detection.

2.1. VUV-PFI-PE and VUV-PIE measurements

The VUV laser system has been described previ-
ously in detail [21,25]. Briefly, it is comprised of one
excimer laser (Lambda Physik EMG201), two dye
lasers (Lambda Physik FL3002), and a Xe gas cell for
nonlinear optical mixing. The XeCl excimer laser
output (308 nm, 200-250 mJ) was split to pump the
two dye lasers. For the present study on SBH,,

The VUV-PFI-PE intensities presented here were not
normalized by the corresponding VUV light intensi-
ties.

To calibrate the laser frequencies, a small fraction
of the dye laser ¢,) output was directed into a
uranium hollow cathode lamp with Ne as the buffer
gas. The Ne absorption spectrum recorded simulta-
neously during the experiment provided accurate
energy calibration of the PFI-PE spectra. The band-
width of the dye laser is 0.2 cnt for the fundamental
and~0.4 cm ! for the second harmonic output. For a
two-photon excitation, the resolution 0.8 cm ..

the photon energy range of interest is 69 900—71 500 Thus, the resolution for the VUV laser radiation is

cm *. The UV frequencyw, was generated using
coumarin-450 dye in one of the dye lasers followed by
frequency doubling with a BBOI crystal. Here, UV
frequency was fixed ata, = 89860.6 cm?, corre-
sponding to the two-photon resonance of the Xe-5p

estimated to bes1 cm *. The accuracy of photon
frequency calibration is expected to .2 cm *.

The photoelectron—photoion apparatus [20,21,23,24]
used in this study consists of a pulsed molecular beam
production system, an ion TOF mass spectrometer,

6p transition. The other dye laser is tuned in the and an electron detector for PFI-PE detection. The
visible frequency ¢,) range of 18 200—20 800 cm molecular beam source chamber was pumped by a
that was generated using coumarin-500 dye. The freon-trapped, 6 in. diffusion pump (pumping speed
visible laser beam is merged with the UV laser beam ~2000 L/s), while the photoionization chamber and
by a dichromic mirror. Both beams were then focused the ion TOF tube were evacuated by turbomolecular

into the Xe gas cell (pressurec 21 Torr) by a
focusing lens (focal length= 15 cm). The VUV
frequencies ¢,,,y) Were produced by the four-wave
difference frequencyd, v = 2w, — w,) Mixing in

pumps with pumping speeds of 250 L/s and 50 L/s,
respectively. During the experiment, the beam source
chamber and the photoionization chamber were main-
tained at pressures o5 X 10 ° and~5 X 10’

the Xe gas cell. The gas cell has a quartz entrance Torr, respectively.
window and a Mgk exit window that serves to isolate lon detection using the ion TOF mass spectrometer
the gas cell from the photoexcitation/photoionization has been described previously [23,24]. In this study, a
(PEX/PI) chamber. With a transmission cutoff wave- constant electric field at 42 and 167 VV/cm was used to
length of =115 nm, the MgEk window allows the extract ions formed in the PEX/PI region. The PFI-PE
VUV difference frequencies to transmit while absorb- detection scheme relies on delayed PFI of long-lived
ing the VUV sum frequencies. high-n Rydberg states populated by laser excitation at
A photoelectric detector made out of Cu was used a few wave numbers below the ionization threshold
to measure the VUV laser photon intensities. In [12-14]. In the present experiment, the firing of the
addition to monitoring the VUV light intensities, the  excitation laser was delayed by 586 with respect to
photoelectric detector also served as a light trap for the triggering pulse for opening the pulsed valve.
w4, 0y, andwy,,y,. However, by blocking the visible  After a typical delay of 2.5us with respect to firing of
laser beam, we found that90% of the photoelectric  the VUV laser, a forward biased pulsed electric field
current is contributed by the UV lasew{) beam. of 0.24 V/cm and 1us duration was used to field
Fortunately, this background is nearly constant be- ionize the higha Rydberg species as well as to extract
cause the UV frequency is fixed. We found that the the electrons to the micro-channel plate detector.
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Using this PFI-PE detection scheme, we expect to were scaled [26] by 0.92 and are employed for the

achieve a resolution of 1.0-1.5 crh(FWHM).
Two digital delay units (Stanford Research

DG535) control the operating sequence of the pulsed

assignment of the vibrational structures obtained in
the PFI-PE spectra.
The theoretical geometries of GBSCH; and

valve, dye laser, and pulsed electric field. The signals CH;SCH; were calculated at the MP2/6-3i)(level
from the electron detector (or ion detector) and the for calculation of their rotational constants. The cal-

photoelectric VUV detector were fed into two identi-

culated rotational constants for GEICH; (A, B, C)

cal boxcar integrators (Stanford Research SR250) thatand CHSCH; (A", B*, C") are listed in Table 1. At

were interfaced to an IBM computer.

In this experiment, the C}$CH,; molecular beam
was produced by seeding the ¢3CH; vapor 430
Torr) at~=20°C in 640 Torr of Ar and then expanding
the mixture through the nozzle (diamete50 um) of
a pulsed valve. The C}$CH,; sample £99% purity)
was obtained from Aldrich and used without further
purification. The molecular beam is skimmed by a
conical skimmer (1 mm diameter, 3.8 cm from the
nozzle) before intersecting with the VUV laser beam
at 90° and 8.3 cm downstream from the skimmer.

2.2. N2P-PFI-PE measurements

The experimental setup and conditions in the

the MP2/6-31Gq) level of theory, the geometries for
both CH,SCH; and CHSCH; are predicted to have
the G, symmetry. The structural parameters [equilib-
rium bond distancesr], bond angles4), and dihe-
dral angles ¢)] for CH,SCH, and CHSCH; are
summarized in Table 1. The“Hand H represent
hydrogen atoms lying in and out of the C—S—C plane,
respectively, in CHSCH,; and CHSCH; . The differ-
ences in the theoretical bond length§Q-S), r(C—
H<), andr(C-H?)], bond angles { C-S—C,/S-C-
H*, and 2 S-C—H], and dihedral anglesg[C-S—C—
H*) and (C-S—C—H)] for CH,SCH; and CHSCH;

are also calculated in Table 1.

N2P-PFI-PE study [20,23,24] were the same as those 3. Results and discussion

in the VUV-PFI-PE study as described above except

that only one UV dye laser was used for excitation.

3.1. Photoionization efficiency spectrum for

Rhodamine-560 dye was used to produce visible light CH;SCH,

in the range of 17 400-18 100 crh(552-575 nm).
The second harmonic radiation in the UV range of 34
800-36 200 cm' was generated using a BBOI
crystal. The UV laser radiation thus formed was
focused into the PEX/PI region with a 200 mm
fused-silica focusing lens (focal length 200 mm).
The typical UV laser pulse energy used wa$.2 mJ.

2.3. Ab initio calculations

Ab initio calculations were performed on
CH,SCH,; and CHSCH; with the caussian 94 pro-
gram for Windows installed on a Pentium 166 PC
[22]. The G2 energies for C}$CH; and CHSCH;
were calculated to obtain the adiabatic IE for
CH;SCH,. The detail of the G2 procedure has been
described previously [6]. The harmonic vibrational
frequencies of CESCH; at the MP2/6-31Gq) level

The adiabatic IE of CEBCH; has been measured
to be 8.685+ 0.005 eV (70049+ 40 cm Y)?7 by
Watanabe et al. and 8.68 0.01 eV (70090+ 81
cm 1) [28] by Akopyan et al. in previous PIE studies.
The G2 calculation of the present study gives an
IE(CH,SCH,) value of 8.71 eV (70251 cit), and is
in good agreement with these PIE measurements.
Similar to the N2P ionization study of GEBH,SH,
efforts to measure the N2P-PIE spectrum for
CH5SCH; were not successful. As pointed out previ-
ously [20,21], the N2P ionization requires the laser to
be focused at the PEX/PI region. Thus, parent
CH,SCH; ions initially formed by the N2P ionization
may absorb an additional photon within the same laser
pulse, and result in further dissociation. The VUV-
PIE spectrum for CES5CH; obtained using a dc
electric fields F) of 42 V/cm at the PEX/PI region is
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Table 1
Calculated rotational constants”{A™, B"/B™, and C/C™), bond lengthsr), bond angles4), and dihedral anglesp] for CH;SCH,/
CH,SCH; obtained at the MP2/6-31@Y level of theory

CH,SCH, CH,SCHy A (ion — neutral}
Rotational constantgicm %)
A" or A* (cm™Y) 0.589 0.639 —
B” or B* (cm Y 0.256 0.249 —
C'or C* (cm™}) 0.191 0.192 —
Bond length$ (A)
r(C-S) 1.804 1.784 —0.020
r(C-H%) 1.091 1.090 —0.001
r(C-HF) 1.092 1.095 +0.003
Bond angle$(deg.)
/C-S-C 98.5 102.5 +4.0
£ S—C—H 107.7 108.2 +0.5
/S-C-H 111.3 109.3 —-2.0
Dihedral angles(deg.)
¢(C-S-C—H) 180.0 180.0 0.0
o(C-S—C—H) 61.1 59.8 -1.3

2 Difference of the bond parameter predicted for SBH; and CHSCH,.

P Theb axis is the G symmetry axis bisecting. C-S—C; thea axis is perpendicular to the axis and lies in the C-S—C plane; and the
axis is perpendicular to the C-S—C plane.

¢ Both CH,SCH; and CHSCH; belong to the G, point group. Here Fland H® are hydrogen atoms lying on and out of the C-S—C plane,
respectively.

shown in Fig. 1(a). The VUV-PIE spectrum obtained depicted in Fig. 1(b). The sharp ionization onsets
using a higher dc electric field &f = 167 V/cm is observed in the PIE spectra indicate that the Franck—
Condon factor for the ionization transition is favor-
able. Since the ionization of GJSCH; involves the

] I removal of a nonbonding electron localized at the S
- - atom, the geometries for GBCH; and CHSCH;

are expected to be similar. Assuming that the IE is
determined by the midpoint of the rapidly rising

PR S A A SN S S T T S SO S T N R R S

i (b) F=167Vicm R

Z o ionization onset in the PIE spectrum, we obtained
E 1 I IE(CH,SCH,) values of 70 032+ 12 cm * and 70
s i 060 = 12 cm * for F = 167 and 42 V/cm,
1;;’ ] L respectively. The lower IE value observed fer=
% — 167 V/cm than that foF = 42 V/cm is due to the
e (a) F=42v/cm i Stark shift effect. By linear extrapolation, the IE at
] i zero electric field is determined to be 70 08812
] i cm .

L I L 3.2. Comparison and assignment of the VUV-PFI-
69900 70000 70100 7:)200 70300 70400 PE and N2P-PFI-PE spectra for GISCH,
Oyyy (CM™)

. _ In both the VUV and N2P experiments, we have
Fig. 1. VUV-PIE spectrum of CESCH, in the photon energy range

of 69 940—70 330 cm* recorded using a dc electric field of (a) 42 Measured the PFI-PE spectrum of £&8€H; covering
Viem and (b) 167 Vicm. the energy region of 69 500-72 500 ¢ The
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e (X *A;; v, = 0) — CHSSCH; (X 2By; vi" = 0) +

I e . The overwhelmingly high intensity for the origin
band is consistent with the prominent ionizing
steplike onset observed in the PIE spectrum of Fig. 1.
The widths of the vibrational PFI-PE bands resolved
in Fig. 2(a) and (b) can be attributed to finite rota-
tional excitation of the CESCH,; sample. As shown
in the spectral simulation below (Sec. 3.3), the rota-
tional temperature for C§{6CH,; achieved in the
] . pulsed supersonic expansion~80 K.
81 °”fi” () i In our recent PFI-PE study of GBH,SH [20], we
suggested that the comparison of corresponding the-
oretical structural parameters, such as bond lengths,

+ + +
Vigt/ Vit vy

1(e”) (arb. units)
~

| 2v,* Vit vg I bond angles, and dihedral angles, for the neutral and
5 1 i cation is useful in revealing the excitation vibrational
4 vyt v, vyt AR L modes of the cation. As shown in Table 1, the change

: . i in r(C-S) is significantly greater than those for
1% v v’ Vit ] r(C—H*) andr(C-H?) upon ionization of CHSCH;.
= This observation indicates that the C-S stretching
I mode is excited in CEBCH; . Similarly, since finite
changes are predicted farC-S—C,~S-C—H, and

0+ I ©(C-S—C—H) upon ionization of CHSCH;, we ex-

Al : pect that the C—-S—C bending, S—C*bending, and

70000 70400 70800 71200 71600 torsional modes in CEBCH; are also excited. As-
Oyyy OF 205 (M) suming that the CEBCH; sample is vibrationally

_ cold, the total vibrational wave function for GHCH,
B o s 0 15 round electronic stte Shauid be totaly sym-
observeds? (symmetric C—S—C bending) vibrational progression Metric and have the, symmetry. In accordance with
for CH,SCH;Z is marked in (a). Other assignments of {ICH; the Franck—Condon principle, which results from the
vibr_ational bands are marked in (b). See also Table 2 for the Born—Oppenheimer approximation, the allowed ion-
assignments. . .. . .

ization transitions should give rise to GBCH;

vibrational states witla, symmetry. Guided by the ab
VUV-PFI-PE and N2P-PFI-PE spectra in the energy initio harmonic frequencies and their symmetries, we
region of 70 00071 600 cit are plotted in Fig. 2(a)  have satisfactorily assigned the vibrational bands re-
and (b), respectively. The spectra of Fig. 2(a) and (b) solved in the VUV-PFI-PE and N2P-PFI-PE spectra.
represent the average of more than two independentThe comparison between the experimental and theoret-
scans. The signal-to-noise ratio obtained for the N2P- ical harmonic vibrational frequencies is given in Table 2.
PFI-PE spectrum is better than that for the VUV- Here, the energies of the observed vibrational PFI-PE
PFI-PE spectrum. Taking into account the experimen- bands are measured with respect to the peak position of
tal uncertainties, we conclude that the vibrational the origin band. The assignments of the vibrational
bands and their relative intensities observed in the two bands are also marked in Fig. 2(a) and (b).
spectra are nearly identical. The major peaks at 70  According to theoretical predictions, the two low-
094 cm * observed in Fig. 2(a) and (b) have FWHMs est harmonic frequencies for GECH; are the asym-
of ~20 cmi * and are assigned as the origin band, metric torsional modei, predicted frequency: 57
corresponding to the ionization transition ¢¥CH, cm 1) and symmetric torsional modey, predicted
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Table 2
Comparison of experimental and theoretical vibrational frequencies fgECH;
VUV-PFI-PE

Assignmertt N2P-PFI-PE (crmY)®© (cm™YPe Theoreticel® (cm™Y)
vy 83 (w) 86 (w) 57 [asym. torsional {48
vy 130 (w) 130 (w) 134 [sym. torsional {}
2v) 175 (s) 173 (s) 114

(166) 172)
vy 291 (s) 290 (s) 276 [C-S—C bending)a
2vy + vy 465 (w) 472 (w) 410

(466) (463)
2v§ 577 (w) 578 (w) 235 = 552

(582) (580)
4 681 (s) 681 (s) 675 [sym C-S stretch){a
3v§ 865 (w) 865 (w) 35 =828

(873) (870)
vy + vy 963 (s) 967 (s) 951

(972) (971)
vg 1042 (s) 1042 (s) 1057 [S-C-H bending){a
vy + vg 1131 (w) 1127 (w) 1114

(1128) (1125)
4vf (1164) (1160) 45 = 1104
29 1312 (s) 1316 (s) 1356 [S—-C—H bendirgwagging ()]
Vg 1402 (w) 1409 (w) 1416 [S-C—H bending scissoring+

wagging ()]

vy + vy (1395) (1402) 1413

aSee the text. The frequencies fgf are arranged in increasing order as a functiom.of

bWe denote (s) and (w) as strong and weak intensities, respectively.

¢ The frequencies given in parentheses are estimated energy positions based on experimental observatiprendiow2, the estimated
values have not taken into account corrections due to anharmonicities.

d Calculated frequencies at the MP2/6-31i(evel of theory. The theoretical values have been scaled by 0.92.

¢ The o-plane perpendicular to the C—S—C plane is taken asrthie the symmetry labels.

frequency = 134 cm ). The three lowest energy All other vibrational bands observed at higher
bands observed in the VUV-PFI-PE/N2P-PFI-PE energies can be assigned to {3€H; vibrational
spectra are peaked at 83/86, 130/130, and 175/173modes witha; symmetry. The three strong vibrational
cm L. If we assign the first peak at 83/86 cito vy, bands observed in the VUV-PFI-PE/N2P-PFI-PE
the third peak at 175/173 c¢m should be assigned to  spectra at 290/291, 681/681, and 1042/1042 toan
2v;. The second peak at 130/130 chcan be be assigned with confidence to thg (symmetric
assigned tov,. Since 2, has g symmetry, this  C-S-C bending modey, (symmetric C-S stretching
assignment accounts for the higher intensity observed mode), and,g (symmetric S—C—H bending mode) for
for the peak at 175/173 cnt compared to those ofthe  CH,SCH;. These modes are ai; symmetry and
first and second peaks. We expect that the torsional have the respective scaled MP2/6-3tl{zarmonic
potentials for CHSCH, and CHSCH; are highly frequencies of 276, 675, and 1057 ¢ The weak
anharmonic. As shown in the VUV-PFI-PE/N2P- structures at 578/577, 865/865, and 1127/1131%tm
PFI-PE study of CHCH,SH [20], more accurate are assigned asv2, 3v;, and 43, respectively,
predictions for ionization transitions associated with belonging to members of they vibrational progres-
the CH,SCH,/CH,SCH; torsional modes will require  sion. The weak band at 1127/1131 chnmay also
the consideration of transitions between energy levels arise from excitation of; + vg. The medium peaks
supported by the torsional potential for GCH, and observed at 472/465, 967/963, and 1316/1312 tm
those for CHSCH; . are assigned toid + vy, v + v; and v);
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(symmetric S—-C—H bending and wagging mode) of
CH,SCH;, respectively. Based on the observed en-
ergies forvy, v3 andv;, the 27 + v3 andvs + vy
combination bands are expected to be at 463—466 and
971-972 cm*, respectively. The weak peak at 1409/
1402 cm?' can be attributed tov;, (symmetric
S—C-H bendingt+ scissoring+ wagging, predicted
frequency= 1416 cm ) and/orv; + vi;. The latter
combination band is expected to appear at 1399/1398
cm ' Both the v{; and v{, are of a; symmetry.
Comparing the theoretical and experimental vibra-
tional frequencies, we conclude that the scaled MP2/
6-31G() frequencies are too low far; (n < 4) and

too high forv) (n = 9, 11, and 14).

3.3. Simulation of the origin VUV-PFI-PE band for
CH,SCH;

Fig. 3(a) shows an expanded view of the origin
band of the VUV-PFI-PE spectrum for GECH; in
the energy region of 70 060—70 130 ¢ This
spectrum represents the average of more than five
independent scans. The majority of fine structures of
Fig. 3(a) are reproducible. The most noticeable fea-
ture is the dip in the center of the PFI-PE band. This
feature is contrary to the sharp peaks observed in the
centers of the VUV-PFI-PE origin bands for G&H
and CHCH,SH [21].

Both CH,SCH; and CH;SCH; are asymmetric top
molecules that are classified by the moment of inertia
| o, |, @andl - associated with rotation around tagb,
and ¢ molecular axes, respectively [29,30]. For
CH,SCH; and CHSCH;y, the symmetry axiz bi-
secting the/ C-S-C is identical to thd axis, the
moleculara axis (symmetry axiy) is perpendicular
to theb axis and lies in the C—S—C molecular plane,
and the moleculat axis (symmetry axig) is perpen-
dicular to the C—S—C molecular plane. The similar
theoretical rotational constants obtained for/SEBH,;
and CHSCH; (see Table 1) are consistent with the
fact that the neutral and cationic geometries are quite
similar. As indicated above, both GHCH; and
CH,SCH; belong to the G, point group. The asym-
metry parametersk] [defined as (2B-A"-C")/(A"-

C") for the neutral and 2B-A*—C"/A*—C") for the
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Fig. 3. (@) The origin VUV-PFI-PE band for GSCH;J in the
energy range of 70 060—70 160 ch (b) Simulated spectra for
CH;SCH,; obtained by using a rotational temperature of 30 K and
a Gaussian width of 0.8 and 0.2 ch(FWHM) are marked as
curves (i) and (i), respectively. The respective contributions by the
Q branches4J = 0, AK = 0, =1) andP plusR branches4J =

+1, AK = 0, =1) calculated assuming a Gaussian linewidth of
0.2 cm ! (FWHM) are shown as curves (iv) and (iii). The
calculated contribution [Gaussian linewidth0.2 cni* (FWHM)]

due to rotational branchea = 0, £1; AK = *=2) is shown as
curve (v). Therg values used forAJ = *1, AK = 0, *1) are

5, whereas theg values for all other rotational branches are taken
to be 1.

ion] are —0.67 for CHSCH,; and —0.74 for
CH,SCH;. Since thesex values are close te-1,
CH,SCH,; and CHSCH; are near prolate top mole-
cules [29,30].

We have calculated the rotational energigg,§ of
these asymmetric top molecules by diagonalization of
the Hamiltonian matrix using the symmetric top
rotational basis set [29]. The asymmetric top energy
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levels for CHSCH, and CHSCH; are labeled by
J" ., and JQK;, respectively. Here)” andJ™ are
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McKoy and co-workers has shown that for threshold
photoionization of HO the selection rules are sum-

good quantum numbers that represent the respectivemarized asAK, + | = odd [36,37]. They show that

total angular momentum quantum numbers for the

neutral and cation. The project quantum numbets

(K2) andK” (KZ) are good quantum numbers only in

the prolate and oblate top limits, respectively. Here,

we use the conventional labeli, P, Q, andR and

S rotational branches foAJ = N*™ — J" = -2, —

1, 0, +1, and+2 transitions, respectively.
Depending on the order of the rotational constants

and the direction of the transition dipole moment,

rotational transitions involving asymmetric top mole-

cules are classified into types a, b, and c transitions.

The CHSCH,/CH,SCH; system of interest here is
similar to that of the BO/H,O" that has been
investigated in detail [31]. The highest occupied
orbital for H,O (CH;SCH;) has theb, symmetry and

is essentially a-type atomic orbital pointing out the
H-O-H (C-S—C) molecular plane. Thus, the atomic
selection rulesAl = *1 are expected to provide an
approximated description of photoionization for these
molecules. Ab initio Schwinger variational calcula-
tions on the HO/H,O" system indicate dominant kd

(I = 2) photoionization continuum, in accordance
with the atomic model [32]. Calculations based on the
multichannel quantum defect theory (MQDT) show
that | 2 photoionization leads only to type c
rotational transitions, for which the selection rules are
AK, odd; andAK, even [33]. Rotationally
resolved VUV-PFI-PE spectrum for SO near its
ionization threshold has been reported previously by
White and co-workers [34]. Although the strongest
transitions can be assigned to type c transitions,
rotational structures arising from type a transitions are
clearly observed. This observation is attributed to
np—nd Rydberg series interactions induced by a finite
anisotropy of the HO™* ion core [35,36]. In the
MQDT approach, the np—nd mixing could also be
induced by a long-range dipolar coupling, which is
the manifestation of the anisotropy of the cation
potential. The types a and c transitions for thgOifi

only type c ( even) and type al(= odd)
photoionization transitions are allowed independent
of nuclear symmetry constraints. In view of the
similarity between the bD/H,0" and CHSCH,/
CH,SCH; systems, we may assume that the threshold
photoionization of CHSCH,; also follows types a
and c transitions. However, our effort to simulate
the VUV-PFI-PE spectrum of Fig. 3(a) by assuming
types a and c transitions was unsuccessful. Since
individual rotational transitions are not resolved in
the present experiment, this unsuccessful simula-
tion cannot be considered as proof that the selection
rules governing photoionization transitions for the
H,O/H,0" and CHSCH,/CH,SCH; systems are
different.

As shown in Table 1, the rotational constants A
and A" are significantly greater than”Cand C"
indicating that the rotational spacings of ¢3CH,
and CHSCH; are mostly determined by the”And
A™ rotational constants, respectively. In the simula-
tion present below, we have assumed that the photo-
ionization transitions for the C}$CH,/CH,SCH; are
close to the prolate top limit [29,30], governed by
AK, (=AK) only.

The intensity for a rotational transition from a
neutral levellJ”, K%, K’> to an ionic state I-g(J",

K7, K9] is proportional to the rotational population
of the neutral molecule according to the Boltzmann
distribution [21,23],

lpe(J", K% KQ)org(2J” + 1) exp[~AE o/ (KTiop)]
(1)

Here, T, is the rotational temperature of GSICH;,
AE,., is the rotational energy measured with respect
to the ground rovibronic state of GHCH;, andrg is
a scaling parameter for a given rotational branch that
is adjusted to obtain the best fit to the experimental

H,O" system are a general consequence of the parity spectrum. The main assumption of this semiempirical

selection rule for the formation of dn= even (odd)
electron. The ab initio Schwinger variational study of

scheme is that the transition probabilities from differ-
ent|J”, K%, K”> levels within a rotational branch are
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taken to be equal and are measured by the scaling4. Conclusion

parameter g. In an accurate theoretical treatment, the
intensity of a rotational transition is proportional to
the product of the rotational population and the
rotational line strength, which depends on the actual
electronic matrix element that couple the initial neu-
tral rotational state to the final cation rotational state,
plus the photoelectron state.

Curve (i) of Fig. 3(b) shows the simulated spec-
trum for CH,SCH; obtained using &, value of 30
K and a Gaussian line width of 0.8 crh(FWHM). In
order to compare the experimental and simulated

We have obtained the vibrationally resolved VUV-
PFI-PE and N2P-PFI-PE spectra for £&3€CH; near
its ionization threshold. Guided by the theoretical
harmonic frequencies for CJ3CH;, we have as-
signed the photoelectron bands to excitations of the
torsional ¢; andv;,), C-S—C bendingig), symmet-
ric C-S stretchingi;), and S—-C—H bending/{, v,
v;,) vibrational modes of CESCH; .

Contours of rotational branches are partially re-
solved in the origin band of the VUV-PFI-PE spec-

features. we have also shown the simulated spectrumtrum' Using the theoretical rotational constants based

calculated using a Gaussian line width of 0.2 °¢m
(FWHM) [see curve (ii)]. The contributions by th@
branches4J = 0; AK = 0, £1,) and theP plusR
branches 4 = *=1; AK = 0, *=1) calculated
assuming a Gaussian line width of 0.2 ch{FWHM)
are plotted as curves (iv) and (iii) in Fig. 3(b),
respectively. The rotational branchesJ(= 0, =1;
AK = =2) calculated using a Gaussian line width of
0.2 cm * (FWHM) are also shown in Fig. 3(b) [see
curve (V)]. ThesédK = *2 branches are quite broad.
Therg values used for the rotational branchas) (=
+1, AK = 0, =1) are 5, as compared to theg
values of 1 for all other rotational branches.
Although the simulated spectrum consisting of the
P, Q, andR rotational branches captures the main
structures observed in the VUV-PFI-PE spectrum of
Fig. 3(a), the width of such a simulated spectrum
[curve (i) or (ii)] is too narrow compared to the
experimental spectrum. We expect that higher rota-
tional branches, i.dAJ| > 1 branches [not shown in
Fig. 3(b)], also have minor contributions to the
experimental spectrum. The contributions of thd|
> 1 branches should have the effect of broadening

on the geometries for C}$CH, and CHSCH; pre-
dicted at the MP2/6-31@l) level, we have calculated
the rotational levels of these asymmetric top mole-
cules. On the basis of a semiempirical simulation, we
have obtained an accurate value for the adiabatic IE of
CH,SCH,.
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the simulated band and thus providing a more satis- References
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097.3+ 2.0 cm 1 (8.69096+ 0.00016 eV) for the IE
for CH;SCH;.
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