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Two-color zero kinetic energy (ZEKE) photoelectron spectra due to the cation D0 states of thioanisole and its
van der Waals complexes with argon (thioanisole-Ar and-Ar2) in a supersonic jet are reported for the first
time, together with mass-selected REMPI (resonantly enhanced multiphoton ionization) spectra associated
with their S1 states. For bare thioanisole, the adiabatic ionization energy (Ia) is 63 906( 3 cm-1 and the S1
origin is located at 34 506( 1 cm-1. Low-frequency vibrational progressions due to the excitation of the
CH3S torsion (94 cm-1) are observed in the ZEKE photoelectron spectra. A series of hot bands showing a
large anharmonicity is observed in a REMPI spectrum, indicating that the CH3S torsional frequency is 68
cm-1 in the neutral ground state. An ab initio 6-311G** calculation gives a torsional barrier of 530 cm-1

along the S-C(sp2) bond and a minimum energy for the CH3 group rotated 90° from the aromatic plane.
Intensive∆V ) 0 ionization transitions are observed in the ZEKE photoelectron spectra via several S1 vibronic
levels. Concerning the thioanisole-Ar and-Ar2 vdW complexes, the shifts inIa amount to-117 and-231
cm-1, respectively, with respect to thioanisole, while the shifts in the S1 origin are-51 and-100 cm-1,
respectively. The vdW bending modes (bx and by) in the S1 states are resolved in the REMPI spectrum. The
vdW bx mode is observed up toV ) 5 in the ZEKE photoelectron spectrum due to thioanisole-Ar.

Introduction

The conformation of aromatic ethers and thioethers is a topic
of a fundamental interest.1 A series of NMR studies of thio-
ethers in solution indicate the presence of both a planar (1)
and a perpendicular (2) conformer (see Chart 1).2-7 For un-
substituted thioanisole, the planar conformation seems to be
prevalent.
The relative stability of the two conformers is strongly af-

fected by aromatic ring substituents. Variable-temperature IR
and UV spectra of thioanisole derivatives were also interpreted
in terms of the presence of two conformers.8-10 However, there
is a disagreement in the literature concerning the relative popu-
lation of the two conformers and the height of the torsional
barrier. A series of semiempirical and ab initio calculations
also provided unequivocal results.11,12 According to a recent
interpretation of microwave spectra, the planar conformation
(1) is present under free jet conditions.13

Electronic spectra of methoxybenzenes in a supersonic jet
expansion have been studied by means of LIF (laser-induced
fluorescence) spectroscopy,14,15by REMPI (resonantly enhanced
multiphoton ionization) ion-current spectroscopy, from which
direct information about structural conformation can be de-
duced,16 and by two-color ZEKE (zero kinetic energy) photo-
electron spectroscopy based on resonant ionization (or REM-
PI).17,18 The effect of the side chain conformation on ZEKE
photoelectron spectra is observable for the van der Waals (vdW)
complexes ofcis- andtrans-p-dimethoxybenzene with argon.19

The ZEKE photoelectron spectroscopy is also useful for studying
the hindered rotation of the methyl group in the methylbenzene
cations.20-22

Two-color ZEKE photoelectron spectroscopy is especially
powerful to carry out high-resolution cation spectroscopy for

jet-cooled molecular species.23,24 Several applications of this
technique in cation spectroscopy have earlier been demon-
strated.25 The selective population of a single intermediate state
in the two-color REMPI scheme allows us to obtain selectively
ZEKE photoelectron spectra of particular conformers present
in the supersonic jet expansion. In the present study a compact
cm-1-resolution ZEKE photoelectron analyzer26was used, which
has a high brightness due to a short flight distance of ZEKE
electrons. This ZEKE analyzer has so far been extensively used
to study a series of aromatic molecules exhibiting conforma-
tional isomerism as well as a series of argon vdW complexes
of aromatic molecules showing low-frequency torsional modes
and vdW vibrational modes.27-34

To our best knowledge, literature data on electronic spectra
of thioanisole are limited to the condensed phase. We report
here one-color (1+1) REMPI ion-current spectra and two-color
(1+1′) ZEKE photoelectron spectra of jet-cooled thioanisole
for the first time, showing low-frequency vibrational structures
in the neutral S1 state and in the cation ground (D0) state,
respectively. The ZEKE photoelectron spectra obtained via
several particular S1 vibronic levels may provide a clue to
distinguish the S1 r S0 transitions of the different conformers.
We also report experimental frequencies of the CH3S torsional
motion in the neutral and cation states, together with the
theoretical ones which were obtained by solving a one-dimen-
sional rigid-rotor wave equation with potential curves deduced
from ab initio (6-311G**) calculations.
In van der Waals (vdW) complexes of a planar aromatic

molecule with argon, there are two equivalent bonding sites on
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the aromatic plane and an additive relation holds for the shifts
of the S1 and D0 origins. On the other hand, for a nonplanar
aromatic molecule with two nonequivalent bonding sites, it may
result in a nonadditivity on the spectral shifts upon the complex
formation with argon. We also report here two-color (1+1′)
REMPI ion-current spectra and (1+1′) ZEKE photoelectron
spectra of the thioanisole-Ar and-Ar2 vdW complexes with
the aim of obtaining further evidence on the conformation of
thioanisole under free jet conditions.

Experimental and Computational Details

The experimental setup is essentially similar to that used in
previous studies,32-34 and only a brief description is given here.
The supersonic free jet expansion is generated by a pulsed valve
(General Valve) with an orifice diameter of 0.8 mm. The
stagnation pressure was in the range 3-4 atm. Thioanisole
(Extra Pure Grade) from Nacalai Tesque was used without
further purification. The sample was degassed by repeated
freeze/thaw cycles and seeded in argon or helium at room
temperature.
The laser system consists of a Nd:YAG laser (Quanta-Ray

GCR-190) pumping two dye lasers (Quanta Ray PDL-3). The
outputs of the dye lasers were frequency doubled by KD*P
crystals. A wavemeter (Burleigh Instruments, WA 5500) was
used for a wavelength calibration of the dye lasers. The dyes
Rhodamine 590 and 610 were used for the S1 r S0 excitation,
while LDS 698 and DCM were used for the ionization step (D0

r S1). Counterpropagating laser beams were loosely focused
by 200 mm focal length lenses into the ionization region. In
measurements of MPI ion-current spectra, a one-color (1+1)
ionization scheme was used for bare thioanisole, while a two-
color (1+1′) scheme was used for the vdW complexes (thio-
anisole-Ar and-Ar2). The ionizing laser was tuned approxi-
mately 100 cm-1 above the ionization threshold in order to avoid
an extensive photofragmentation of the complexes. The MPI
ion-current signals were mass selected by a 20 cm time-of-flight
mass analyzer of a Wiley-McLaren type.35

A two-pulsed-field method was used for recording ZEKE
photoelectron spectra.36 The analyzer collecting ZEKE photo-
electrons consists of two parallel electrodes. A repelling electric
field V1 applied approximately 50 ns after the laser shot prevents
free electrons from reaching the electron multiplier. This field
also ionizes high lying Rydberg states located a few cm-1 below
the ionization threshold. Approximately 1µs after the laser
shot, the second pulsed field,V2 > V1, was applied in the
opposite direction. This field ionizes the deeper lying Rydberg
states and accelerates ZEKE electrons toward the detector. The
“depth” of the field ionization is proportional to the square root
of the intensity of the pulsed electric field,∆E(cm-1) ≈ (4-
6)V1/2. The typical field intensities were 0.7 and 1.2 V cm-1,
respectively. The measured ionization energies are biased by
the Stark effect. The estimated red shift amounts to 4.6-6.8
cm-1 in the current experimental setup. The published values
are not corrected for this shift.
Ab initio calculations were carried out with the Gaussian-94

program package37 using the 6-311G** basis set. The UHF
method was used for the cation ground state. A full geometry
optimization was carried out. The effective torsional barrier
was obtained by full geometry optimization for a given torsional
angle. The purely torsional potential energy function was
obtained for the molecule fixed at the optimum geometry as a
function of the torsional angle only. The potential energy curve
was calculated with an interval of 5° and was fitted by a cosine
power series up to sixth order. The torsional (internal rotation)
energiesEi and the corresponding wave functionsΦi were

obtained as eigenvalues and eigenfunctions, respectively, of the
following one-dimensional Schro¨dinger equation,

whereh is the Planck constant andGtt is the torsional part of
the WilsonGmatrix. The solution of eq 1 was obtained making
use of the Numerov-Cooley integration procedure.38

Results and Discussion

Mass-Selected REMPI Spectra of Thioanisole.The one-
color (1+1) REMPI ion-current spectrum of thioanisole (seeded
in argon), observed in the range 34 400-35 950 cm-1, is shown
in Figure 1, in which the inset shows the spectrum obtained
with a helium carrier gas in the region 34 000-34 540 cm-1.
The most intensive band at 34 506 cm-1 may be assigned to
the S1 origin of thioanisole, because no further structure was
observed down to 33 000 cm-1. The vibronic levels of the S1
manifold in the region up to 1343 cm-1 are summarized in Table
1, together with their tentative vibrational assignments based
on the ZEKE photoelectron spectra. (Two weak peaks appear-
ing on the red side of the S1 origin in Figure 1 obviously
correspond to the thioanisole-Ar and -Ar2 vdW complexes
as follows from the mass spectra.) The Franck-Condon
envelope corroborates identical conformations of the CH3S
moiety in the neutral ground and S1 states.
The mass-resolved spectrum obtained with a helium carrier

gas (the inset in Figure 1) indicates that the extended structure
on the red side of the S1 origin is due to hot bands (transitions
from several vibrationally excited levels of the ground state)
and not due to any vdW complexes of thioanisole with helium
atoms. Helium is generally less effective in the cooling of
vibrational and torsional motions. The observed vibrational
progression exhibiting a strong anharmonicity is summarized
in Table 2. The hot band structure is most likely due to the
torsional motion of the CH3S group with respect to the benzene
ring.

Figure 1. One-color (1+1) REMPI ion-current spectrum of thioanisole
seeded in argon under free jet conditions. The two weak peaks on the
red side of the S1 origin are due to the thioanisole-Ar and-Ar2 van
der Waals complexes. The inset shows a detail of the spectrum obtained
with the helium carrier gas. The change in the laser dye is shown by
a broken line.

[- h2

8π2
Gtt

d2

dΘ2
+ V(Θ)]Φi(Θ) ) EiΦi(Θ) (1)
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Two kinds of potential energy curves (solid and dashed lines)
are shown in Figure 2, which were obtained from the present
ab initio calculations using the 6-311G** basis set, indicating
a single potential energy minimum at the perpendicular con-
formation (2) and a relaxed torsional barrier of 530 cm-1 (solid
line). The purely torsional barrier given by a dashed line in
Figure 2 amounts to 1180 cm-1. The relaxation is mainly on
account of a shortening of the S-C(sp2) bond length and an
increasing of the C-S-C(sp2) angle. Torsional energy levels
calculated with both the “relaxed” and “purely rotational”
potential energy curves are compared with the observed ones
in Table 2.
Mass-Selected REMPI Spectra of Thioanisole-Ar and

-Ar 2. Two-color (1+1′) mass-resolved REMPI ion-current
spectra obtained for the thioanisole-Ar and-Ar2 vdW com-
plexes are presented in Figure 3, showing intense peaks

attributable to their S1 origins at 34 455 and 34 406 cm-1,
respectively, with several low-frequency vibrational bands. The
S1 origins of thioanisole-Ar and-Ar2 are shifted by-51 and
-100 cm-1, respectively, from that of bare thioanisole. The
latter shift is just twice as much the former within experimental
error. This additive character in the red shift strongly suggests
that the thioanisole moiety is effectively planar, and thus both
sides are equivalent.
The frequencies of vdW bending modes in several vdW

complexes of aromatic molecules with argon in the S1 state are
reported to be 10-16 cm-1.40-45 The vibrational structures
observed in Figure 3 may be interpreted in terms of vdW
vibrational modes. There should be a total of three and six
vdW vibrational modes in thioanisole-Ar and-Ar2, respec-
tively. In the spectrum of thioanisole-Ar, a weak peak
appearing at 9 cm-1 from the origin band may tentatively be
assigned to one quantum of the vdW bending mode (bx

1) along

TABLE 1: Vibronic Levels of the S1 Manifold of
Thioanisole

energya (cm-1) ∆ from S100 (cm-1) assignmentb

34 506 0 00

34 578 72 ν12
34 637 131 ν22
34 695 189 ν31
34 708 202 ν41/ν12ν22
34 719 213 ν51
34 730 224 ν11ν31
34 763 257 ν12ν31
34 788 282 ν12ν51
34 815 309 ν61
34 838 332 ν22ν41/ν12ν24
34 874 368 ν71
34 896 390 ν81
34 910 404 ν42/ν14ν24
34 970 464 ν12ν81
34 979 473 ν12ν42
35 028 522 ν22ν81
35 041 535 ν14ν81
35 098 592 ν41ν81/ν12ν22ν81
35 190 684
35 230 724 ν22ν41ν81/ν12ν24ν81
35 285 779 ν82
35 459 953 νx1
35 592 1085 ν22νx1
35 644 1138
35 662 1156 ν41νx1/νx1ν11ν21
35 849 1343 ν81νx1

a Above 35 028 cm-1(ν22ν81), only intensive bands are included in
this table.b Assignments of bands up to 35 028 cm-1 are supported by
ZEKE photoelectron spectra obtained via the particular levels.

TABLE 2: Experimental and Calculated Energy Levels (in
cm-1) for the Torsional Motion along the S-C(sp2) Bond

calculatedb

Vt observeda σT
c σC

c relaxedd frozene

0 0 s, af s, af 0 0
1 68 s, a s, a 62.1 59.9
2 138 s, a s, a 122.8 125.3
3 198 s, a s, a 182.7 190.5
4 s, a s, a 240.1 255.1
5 s, a s, a 294.8 320.1
6 s, a s, a 345.8 385.1
7 s, a s, a 392.5 450.8
8 s s 433.652 516.524
8 s a 433.655 516.524
8 a a 433.658 516.524

a From the spectrum shown in the inset in Figure 1.b The potential
energy functions shown in Figure 2 are used.c The same notation used
as in ref 39.dCalculated by using the effective torsional potential energy
function. eCalculated by using the purely torsional potential energy
function. f Internal rotation splitting smaller than 10-3 cm-1.

Figure 2. Calculated torsional barriers for rotation of the CH3S group
about the S-C(sp2) bond. The solid line represents the relaxed barrier
where the geometry is optimized at each value of the torsional angle.
The dashed line indicates the purely rotational barrier where only the
torsional angle is varied.

Figure 3. Two-color mass-selected (1+1′) REMPI ion-current spectra
of the thioanisole-Ar and -Ar2 van der Waals complexes. The S1

origins of thioanisole-Ar and-Ar2 are shifted by-51 and-100 cm-1,
respectively, with respect to bare thioanisole. The band marked by an
asterisk is due to bare thioanisole.
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the S-C(sp2) bond (thex axis). The next peak appearing at 16
cm-1 may be assigned to the one-quantum transition of another
vdW bending mode (by) rather than to the bx2 level, because of
its relative intensity. (The benzene ring is in thex-y plane
and the C-S bond lies on thex axis.) The two additional bands
appearing at 24 ()16+ 8) cm-1 and 29 ()16+ 13) cm-1 may
originated from the bx1by1 and by2 levels, respectively.
Analogously, the spectrum of thioanisole-Ar2 (Figure 3)

shows two weak peaks at 7 and 13 cm-1, which may be due to
the two “symmetric” bending modes, bxs and bys, respectively.
The coordination of the second Ar atom results in the decrease
of the vdW frequencies. All the low-frequency bands assignable
to the vdW vibrational progressions (Figure 3) are summarized
in Table 3.
ZEKE Photoelectron Spectra of Thioanisole. Figure 4

shows four ZEKE photoelectron spectra of bare thioanisole,
which were obtained via the S1 origin and three low-frequency
vibronic levels (S1 ν12, ν22, andν41/ν12ν22). Vibrational bands
observed in the ZEKE spectra (Figure 4) are summarized in
Table 4, together with the possible vibrational assignments of
the thioanisole cation.
The strong lowest energy band appearing at 63 906 cm-1 in

spectrum a in Figure 4 may safely be assigned to the vibra-
tionless ground cation state (D0). It gives the adiabatic
ionization energy (Ia ) 63 906( 5 cm-1; 7.9234 eV( 0.0004
eV). Two kinds of vibrational progressions are observed in
Figure 4a; one is a vibrational progression with a frequency of
94 cm-1 up to V ) 4, and the other is a progression with a
frequency of 152 cm-1 up to V ) 2. Another weak band
appearing at 245 cm-1 in Figure 4a fits theν11ν21 combination.
The Franck-Condon envelope of the D0 r S1(000) transition
indicates a close geometry of these two states (D0 and S1).
The spectrum in Figure 4b, obtained via the first excited

vibrational level (S1 ν12), shows three strong transitions to the
cation D0 00, ν12, andν11ν21 levels. In the planar conformation
(1), theCs symmetry dictates the even selection rule∆V ) 0,
2, ... for the out-of-plane modes. Given the∆V ) 0 propensity
observed for the transitions from the S1 origin, the higher
intensities of the 000 andν12 bands compared to theν11 band
in Figure 4b may indicate that the ionization transitions take
place from an even level of a non-totally symmetric mode. Thus
the lower state of these ionization transitions may tentatively
be assigned to the S1 ν12 level. The strong 000 peak may be
due to a dramatic narrowing of the torsional potential energy
function in the cation state. A similar situation also occurs
in the ionization taking place via the second excited level
of S1 (Figure 4c). Analogously the intermediate state is assigned

to the S1 ν22 level. The cation band assigned toν21 is
considerably weaker than theν22 band. The vertical transition
is to the D0 ν12 level. The harmonic analysis indicates that the
two lowest energy vibrational modes (ν1 andν2) have a large
CH3S-C(sp2) torsional contribution and differ from each other
mainly in the phase of the CH3 group torsional motion around
the CH3-S bond. A large change in the torsional potential
manifests itself in theν12 population upon the ionization of the
S1 ν22 state.
The fourth excited vibronic level of S1 fits the ν12ν22

combination (see Table 1). As seen from spectrum d obtained
via this level (Figure 4), the vertical transition gives a frequency
of 198 cm-1. The ν11ν21 combination band appearing at 246
cm-1 is slightly weaker in intensity. Therefore it may be
justified that the S1 band at 202 cm-1 is tentatively assigned to
an overlap of a fundamentalν4 level with aν1ν2 combination
level.
Further measurements of ZEKE photoelectron spectra of

thioanisole were carried out by selecting weaker and higher
energy REMPI ion-current peaks (see Figure 1) corresponding
to the following higher S1 levels: namely, (a)ν31, (b) ν51, (c)
ν11ν31, (d) ν12ν31, (e) ν12ν51, (f) ν12ν24/ν22ν41, (g) ν71, (h) ν81,

TABLE 3: Van der Waals Vibrational Transitions
Observed in the Neutral S1 State and Cation D0 State of
Thioanisole-Ar and -Ar 2

S1 D0

vibr freq
(cm-1) assignta

vibr freq
(cm-1) assignt

thioanisole-Ar 0 00 0 00

9 bx1 11 bx1

16 by1 18 bx2

24 by1bx1 29 bx3

29 by2 39 bx4

50 bx5

thioanisole-Ar2 0 00

7 bxs1

13 bys1

18 bys1bxs1

24 bys2

a vdW bending modes (the aromatic ring is in thex-y plane; the
C-S bond is on thex axis).

Figure 4. ZEKE photoelectron spectra of thioanisole, obtained via
(a) S1 00, (b) S1 ν12, (c) S1ν22, and (d) S1 ν41/ν12ν22, showing the cation
vibrational spectra. For band assignments see Table 3.
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(i) ν42/ν14ν24, and (j)ν12ν81. The cation vibrational levels thus
obtained from dominant ZEKE photoelectron bands are sum-
marized in Table 5, together with their tentative cation
vibrational assignments.
It is interesting to mention that the assignment of the weak

189 cm-1 REMPI band to theν3 fundamental mode of S1 in
Table 1 is supported by the appearance of the vertical ZEKE
band due to theν11ν31 cation level at 271 cm-1 (Table 5a). The
photoelectron spectra obtained via S1 ν51, ν12ν51, andν71 levels
show intensive peaks which fit formally toν14, ν15, andν16 and
their combinations with other modes (see Table 5b,e,g).
Because of the symmetry theν15 transition should be weaker
than the even ones, as was observed for theν12 level ionization.
Therefore the strongest vertical band at 464 cm-1 (obtained via
S1 ν12ν51) in Table 5e is assigned to the cationν11ν61 vibrational
level rather than theν15 level. In the same way the strongest
vertical band at 430 cm-1 (obtained via S1 ν81) in Table 5h is
assigned to the cationν71 level rather than theν13ν21 level. The

experimental fundamental frequencies of thioanisole in the S1

and D0 states thus obtained are summarized in Table 6 together
with those calculated from a harmonic analysis for the cation
D0 state. As seen from Table 6, there is a reasonable agreement
between the experiment and the calculation for the four lowest
vibrational frequencies in the cation D0 state.
There are nearly 3-fold increases in theν1 andν2 frequencies

upon ionization, as seen from Table 6. This result indicates
that the torsional barrier in the cation D0 state is much steeper.
The positive hole in the benzeneπ system brings about a
stronger conjugation with the sulfur pzorbital. The conjugation
is the maximum at the planar (1) conformation. Given the
Franck-Condon envelope for the S1 r S0 excitation step and
for the D0 000 r S1 000 ionization, the planar conformation
seems to be dominant under the free jet conditions.
The UHF 6-311G** calculation of the thioanisole cation gives

a global minimum at the planar conformation (1). The
electronic spectrum does not exhibit any transitions due to
vibronic levels of another conformer, presumably the perpen-
dicular one (2). The ZEKE photoelectron spectra corroborate
the assignment of the observed S1 levels to a single conformer.
ZEKE Photoelectron Spectra of Thioanisole-Ar and

-Ar 2. A ZEKE photoelectron spectrum of the thioanisole-
Ar vdW complex obtained via the S1 band origin is shown in
the region 63 760-63 880 cm-1 in Figure 5, indicating a
vibrational progression with several well-resolved peaks. The
vibrational interval amounts to 7-11 cm-1 and exhibits a visible
anharmonicity (see Table 3). For the thioanisole-Ar2 vdW
complex, only a photoionization efficiency curve was recorded,
since a broad unresolved feature was observed in a ZEKE
photoelectron spectrum probably due to an overlap with a signal
from a dimer species.
The adiabatic ionization energies of the vdW complexes were

determined to beIa (thioanisole-Ar) ) 63 789 cm-1 and Ia
(thioanisole-Ar2) ) 63 675 cm-1 from the first peak of the
progression shown in Figure 5 and the mass-selected photo-
ionization threshold obtained by the (1+1′) excitation, respec-
tively. TheIa values of thioanisole and its-Ar and-Ar2 vdW
complexes are summarized in Table 7. The shifts inIa from
bare thioanisole are∆Ia ) -117 and-231 cm-1 for thioani-
sole-Ar and-Ar2, respectively. Thus, theIa shift of thioani-
sole-Ar is almost twice that of thioanisole-Ar2. A similar
situation occurs in the aniline-Ar and-Ar2 vdW complexes,30

in which the additivity rule holds almost strictly for∆Ia; namely,
∆Ia(aniline-Ar) ) -111 cm-1 and∆Ia(aniline-Ar) ) -219
cm-1. The additivity of theIa shift suggests that there are two
equivalent bonding sites on both sides of the aromatic moiety.
This fact corroborates the planar conformation (1) also in the
cation D0 state.
The Ia shift of-117 cm-1 found for thioanisole-Ar is close

to that of -111 cm-1 for aniline-Ar. For unsubstituted
benzene,∆Ia(benzene-Ar) is -172 cm-1.24 The data obtained
recently in this laboratory for substituted benzenes (C6H5-CN,33
C6H5-F,46 C6H5-OCH318) show that the electron-donating
substituents tend to destabilize the cation state relative to
unsubstituted benzene. TheIa shift in a vdW complex may be
written as

where∆νind represents the shift brought about by the induced
dipole-charge interaction and∆νdisp is the contribution of the
dispersion interaction.47 In cations,∆νind is considered of a
comparable magnitude as the dispersion component, whereas
in neutral states∆νind contributes about 5% to the spectral shift.48

Obviously the electron flux from the electron-donating sub-

TABLE 4: Vibrational Frequencies of Thioanisole in Cation
D0 State, Obtained from ZEKE Photoelectron Spectra, and
Their Vibrational Assignments

ion internal
energy, cm-1 assignt

ion internal
energy, cm-1 assignt

(a) via S1000
0 00 279 ν13
94 ν11 304 ν22
152 ν21 324 ν51
179 ν31 338 ν12ν21
186 ν12 371 ν14/ν61
197 ν41 396 ν42/ν11ν22
245 ν11ν21 431 ν13ν21/ν71
271 ν11ν31

(b) via S1ν12
0 00 323 ν51
93 ν11 337 ν12ν21
152 ν21 370 ν14/ν61
179 ν31 382 ν12ν41
186 ν12 394 ν42/ν11ν22
196 ν41 429 ν13ν21/ν71
245 ν11ν21 487 ν12ν22/ν11ν42
271 ν11ν31 503 ν31ν51/ν22ν41
278 ν13 517 ν12ν21ν31
288 ν11ν41
303 ν22

(c) via S1ν22
0 00 415 ν11ν51
94 ν11 431 ν13ν21/ν71
153 ν21 452 ν11ν32
187 ν12 465 ν15/ν11ν61
247 ν11ν21 489 ν12ν22/ν11ν42
271 ν11ν31 524 ν14ν21/ν21ν61/ν11ν71
280 ν13 541 ν22ν41
304 ν22 557 ν16/ν12ν61
324 ν51 580 ν13ν22/ν21ν71
338 ν12ν21 603 ν13ν51
353 ν21ν41
372 ν14/ν61

(d) via S1ν41/ν12ν22
0 00 372 ν14/ν61
93 ν11 383 ν12ν41
152 ν21 395 ν42/ν11ν22
180 ν31 441 ν11ν21ν41
198 ν41 466 ν15/ν11ν61
246 ν11ν21 488 ν12ν22/ν11ν42
270 ν11ν31 495 ν81
278 ν13 525 ν14ν21/ν21ν61/ν11ν71
291 ν11ν41 537 ν12ν21ν41
304 ν22 555 ν16/ν12ν61
324 ν51 569 ν11ν21ν51/ν14ν41/ν41ν61
338 ν12ν21 628 ν13ν21ν41/ν41ν71
352 ν21ν41 651 ν52/ν13ν61

∆Ia ) ∆νind + ∆νdis (2)
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stituent tends to neutralize the positive hole on the aromatic
ring and thus decreases the∆νind contribution. On the other
hand, the electron-withdrawing CN group increases∆Ia by one-
half relative to the unsubstituted benzene. The effect of the
CH3S group is very close to that of the NH2 group (∆Ia ) -111
cm-1). A similar charge distribution may be anticipated in the
cation state.

The low-frequency vibrational progression in Figure 5 may
be interpreted in terms of one of the cation vdW vibrations. In
the thioanisole-Ar cation, there are three vdW vibrations:
namely, two bending and one stretching. Similar progressions
of the vdW bending vibrations with frequencies of 12 and 16
cm-1 have previously been observed for the aniline-Ar cation30
and the benzonitrile-Ar cation,33 respectively. These frequen-

TABLE 5: Dominant ZEKE Photoelectron Bands of Thioanisole, Obtained via Weaker and Higher Energy Intermediate Levels

ion internal
energy, cm-1 intensitya assignt

ion internal
energy, cm-1 intensitya assignt

(a) via S1ν31
197 55 ν41 340 20 ν12ν21
245 59 ν11ν21 352 35 ν21ν41
271 100 ν11ν31 452 20 ν11ν32
322 39 ν51

(b) via S1ν51
93 23 ν11 370 20 ν14/ν61
186 40 ν12 465 100 ν15/ν11ν61
197 70 ν41 525 67 ν14ν21/ν21ν61/ν11ν71
245 22 ν11ν21 555 20 ν16/ν12ν61
271 26 ν11ν31 614 21 ν15ν21/ν11ν21ν61

(c) via S1ν11ν31
93 38 ν11 371 52 ν14/ν61
186 36 ν12 465 69 ν15/ν11ν61
198 30 ν41 525 28 ν14ν21/ν21ν61/ν11ν71
245 100 ν11ν21 554 38 ν16/ν12ν61
303 28 ν22 615 27 ν15ν21/ν11ν21ν61
325 20 ν51

(d) via S1ν12ν31
181 22 ν31 340 37 ν12ν21
186 21 ν12 353 54 ν21ν41
245 23 ν11ν21 453 25 ν11ν32
270 100 ν11ν31 466 60 ν15/ν11ν61
304 70 ν22 526 55 ν14ν21/ν21ν61/ν11ν71
325 50 ν51

(e) via S1ν12ν51
197 34 ν41 464 100 ν15/ν11ν61
323 20 ν51 486 29 ν12ν22/ν11ν42
352 23 ν21ν41 494 22 ν81
371 22 ν14/ν61 524 79 ν14ν21/ν21ν61/ν11ν71
428 23 ν13ν21/ν71 554 20 ν16/ν12ν61

(f) via S1ν12ν24/ν22ν41
322 44 ν51 524 20 ν14ν21/ν21ν61/ν11ν71
340 100 ν12ν21 549 24 ν11ν23
351 21 ν21ν41

(g) via S1ν71
304 29 ν22 553 55 ν16/ν12ν61
352 37 ν21ν41 693 28 ν51ν61
371 51 ν14/ν61 716 46
535 47 ν12ν21ν4 743 100 ν62

(h) via S1ν81
0 35 00 577 34 ν13ν22/ν21ν71

352 20 ν14ν21 669 26 ν14ν22/ν11ν21ν71
430 100 ν13ν21/ν71 733 21 ν13ν23/ν21ν71
517 47 ν13ν21ν31/ν11ν71 859 21 ν72

(i) via S1ν42/ν14ν24
341 63 ν12ν21 505 44 ν31ν51/ν22ν41
383 57 ν12ν41 519 75 ν12ν21ν31
395 100 ν42/ν11ν22 537 21 ν12ν21ν41
431 86 ν13ν21/ν71 550 23 ν21ν42
454 20 ν11ν32 556 27 ν16/ν12ν61
466 21 ν15/ν11ν61 578 48 ν13ν22/ν21ν71
489 27 ν12ν22/ν11ν42 762 21 ν12ν42
494 24 ν81

(j) via S1ν12ν81
432 82 ν13ν21/ν71 678 60 ν11ν21ν71
523 32 ν14ν21/ν21ν61/ν11ν71 705 46 ν13ν71
580 65 ν13ν22/ν21ν71 769 39 ν12ν21ν71
619 100 ν12ν71/ν15ν21/ν11ν21ν61 860 37 ν72

a Only the bands of relative intensities greater than 20% are included in this table.
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cies are assigned to the vdW bending mode along thex axis
(the direction of the S-C(sp2) bond). An identical assignment
may be adopted for the thioanisole-Ar cation.

Conclusions

From both the mass-selected REMPI and ZEKE photoelectron
experiments, accurate values of the S1 origins and the adiabatic
ionization energies (Ia) have been determined for thioanisole
as well as for the thioanisole-Ar and-Ar2 vdW complexes,
and several low-frequency fundamental vibrations (including
the CH3S torsional motions) up to 500 cm-1 have been identified
for bare thioanisole in the neutral S1 and cation D0 states. The
vibrational assignment of some S1 bands of thioanisole to its
fundamental vibrational modes is supported by the ZEKE
photoelectron spectra obtained via the particular S1 levels. From
the present study it may be concluded that only a single
conformer is present under free jet conditions. The CH3S group
torsional angles in thioanisole in the S0, S1, and D0 states are
identical with one another. The planarity of thioanisole is
supported by the additive relations in the observed energy shifts
both in the S1 origins and in the adiabatic ionization energies
of the thioanisole-Ar and-Ar2 vdW complexes.
The HF ab initio 6-311G** calculation predicts the planar

conformation (1) in the thioanisole cation D0 state. In the neutral
S0 state, a minimum is predicted for the perpendicular confor-

mation of the CH3S group with a 2-fold torsional barrier of
530 cm-1. Although there is a reasonable agreement between
the calculated torsional levels and the experimental ones deduced
from the hot band structure, the balance between theπ
conjugation and the steric effect seems to be not properly
assessed at this level.
In the present study the potentiality of two-color REMPI and

ZEKE photoelectron spectroscopy has been demonstrated in
studying the conformational structure of the flexible molecule
as well as in observing the series of low-frequency vdW
vibrations. It should be mentioned that the observation of the
vdW complexes of aromatic molecules with rare gas atoms is
also useful for the determination of the conformation of the
aromatic moiety.
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