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The equation-of-motion coupled cluster method (EOMIP) using a reference Slater determinant based on the
CH3S--anion ground state with basis sets of triple- and quadruple-ú quality was applied for numerical
optimizations of geometries of stationary points on adiabatic Jahn-Teller surfaces of the X2E ground state
of CH3S crossing at theC3V symmetry nuclear configuration. Calculations by the multireference configuration
interaction method and multiconfiguration quasi-degenerate second-order perturbation (PT2) theory were also
performed with use of a complete active space CASSCF reference wave function. The linear and quadratic
Jahn-Teller constants were computed for each of three Jahn-Teller active modes. The potential surfaces
corresponding to spin-orbit states2E3/2 and 2E1/2 were obtained with eigenenergies of the full Breit-Pauli
spin-orbit operator with a PT2-CASSCF reference wave function. The one- and two-electron scalar relativistic
effects were included in CASSCF and spin-orbit calculations. The calculated Jahn-Teller stabilization energy,
the barrier to pseudorotation, and the spin-orbit splitting are 93, 15, and 358 cm-1, respectively. The Jahn-
Teller distortions are totally quenched by the strong spin-orbit coupling. The recommended values of the
geometry parameters of CH3S areRe(CS) ) 1.794 Å,Re(CH) ) 1.087 Å, andRe(HCS) ) 109.8°.

Introduction

The methoxy radical (CH3O) and its sulfur analogue (CH3S)
are important intermediates in atmospheric and combustion
chemistry. Numerous references to the practical importance of
CH3O in astronomic, atmospheric, and combustion studies have
been compiled.1 According to ref 2, the methylthio radical
(CH3S) plays a significant role in the oxidation of products of
natural sulfur emission in such forms as dimethyl sulfide (CH3-
SCH3), methanethiol (CH3SH), and dimethyl disulfide (CH3-
SSCH3).

Both CH3S and CH3O are open-shell radical systems. They
may demonstrate such effects as Jahn-Teller and spin-orbit
couplings, which make a significant impact on all spectroscopic
and structural properties of the radicals. The spin-vibronic
interactions can lead to the well-known fact3 that Jahn-Teller
distortions can quench the electronic angular momentum and
reduce the spin-orbit splitting and, vice versa, the spin-orbit
coupling can quench the Jahn-Teller stabilization energy.
Obviously, the spin-vibronic effects are able to bring complica-
tions into prediction of thermochemistry and kinetics of gas-
phase processes involving these compounds.

The methoxy radical has been widely studied by laser-induced
fluorescence, stimulated emission pumping, and photoelectron
(photodetachment) spectroscopy (see refs 4 and 5). Numerous
manifestations of Jahn-Teller coupling in the X2E state of
CH3O were observed. A recent high level theoretical study4 of
the Jahn-Teller effect in X2E CH3O yields a moderate Jahn-
Teller stabilization energy of 209 cm-1 that is much larger than
the value of spin-orbit splitting (61.8( 0.6 cm-1) predicted
from the experiment.1

The CH3S radical has been studied during the last three
decades, though less extensively than the oxide. Spectroscopic
studies of CH3S were performed using emission,6 microwave
spectroscopy,7 laser-induced fluorescence,2,8,9ultraviolet absorp-
tion spectroscopy,10 electron photodetachment11-13 of the thio-
methoxyl (CH3S-) anion, and photodissociation spectroscopy
of CH3S14,15(see also references therein). Experimental results
mostly demonstrate a relatively large spin-orbit splitting of the
ground electronic state, in excess of 200 cm-1, and the Jahn-
Teller distortions are supposed to vanish.3,9 The rotational
transitions in the microwave spectrum7 of CH3S were observed
to be split into doublets. The estimate ofR(C-S) ) 1.791 Å
was obtained from the observedB rotational constant with fixed
values of R(C-H) ) 1.090 Å and ∠HCS ) 110°.7 The
symmetric top rotational constantA of CH3S was not explicitly
obtained from this experiment.7

Suzuki et al. reported results of investigations of the CH3S
and CD3S A2A1-X2E systems by laser-induced fluorescence.8

They observed two progressions in the fluorescence excitation
spectrum of CH3S that were assigned to the transitions from
the spin-orbit splitting levels (2E3/2 and2E1/2) to different C-S
stretching (ν3) vibrational levels of the2A1 state. To explain
the difference of band shapes of the2A1-2E1/2 and2A1-2E3/2

transitions, the authors of ref 8 supposed that geometries of these
spin-orbit sublevels are significantly different. The band shapes
of doublets in the dispersed fluorescence spectrum of CH3S are
mostly similar to those of the excitation spectrum.8 Only two
fundamental vibrational frequencies of the CH3S X2E ground
state were determined from the dispersed spectrum,8 ν2(A1) )
1316( 4 andν3(A1) ) 740( 4 cm-1. On the basis of rotational
analysis of the A2A1-X2E laser-induced fluorescence spectrum
of jet-cooled CH3S,9 Hsu, Liu, and Miller rejected the suggestion
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of Suzuki et al.8 about the difference of2E1/2 and 2E3/2

geometries and showed that nearly all of the previously reported
molecular parameters of CH3S should be revised. They deter-
mined two rotational constants (A andB) in the CH3S radical
as a prolate symmetric top and two additional parametersh1

andh2 to characterize Jahn-Teller interactions in CH3S. The
X2E ground-state geometry parameters,R(C-S) ) 1.767 (
0.012 Å and∠HCH ) 102.5 ( 2.6°, were evaluated at the
fixed value ofR(C-H) ) 1.10( 0.02 Å.9 Another A2A1-X2E
laser-induced fluorescence study of CH3S was performed by
Chiang and Lee.2 They observed the main (2A1-2E3/2) and weak
(2A1-2E1/2) progressions in the excitation spectrum of jet-cooled
CH3S, which were similar to those observed by Suzuki et al.8

at room temperature except for a few new bands. The main
progressions gave the following X2E ground-state fundamentals
(cm-1): ν2(A1) ) 1313( 5, ν3(A1) ) 727 ( 3, andν5(E) )
1496( 6.2 The evaluations ofν1(A1) ) 2776,ν4(E) ) 2706,
andν6(E) ) 586 cm-1 were less accurate because the relevant
observed lines were weak and a limited number of them were
identified. The values ofν2 andν3 obtained by Suzuki et al.8 in
a static gas cell at room temperature are close to those observed
by Chiang and Lee2 in the jet-cooled CH3S spectra. However,
the latter approach is more accurate and gives more information
about the vibrational structure of the dispersed fluorescence
spectrum due to less band congestion at low temperatures.2,3

The technique of laser photoelectron spectrometry of negative
ions based on detection of photodetached electrons provides
electron affinities and some vibrational frequencies for both an
anion and the resulting neutral molecule.11 Only the totally
symmetric fundamentals of CH3S (ν1 and ν3) were measured
in a recent study of the CH3S- anion by Schwartz et al.13 The
value ofν3(A1) ) 725( 15 cm-1 (ref 13) reproduces very well
ν3(A1) ) 727( 3 cm-1 from the CH3S dispersed fluorescence
spectrum.2 However, theν1(A1) values (2960( 3013 and 27762

cm-1) are in significant disagreement. Other electron photo-
detachment experiments performed prior to the work of
Schwartz et al.13 gave the following values (in cm-1): ν2(A1)
) 1040( 80 andν3(A1) ) 680 ( 40 (ref 11);ν2(A1) ) 1360
( 70 andν3(A1) ) 770 ( 50 (ref 12). The CH3-deformation
fundamentalν2(A1) measured for CH3S in ref 11 is too low in
comparison withν2(A1) ) 1325( 30 cm-1 observed for CH3O
in the same photodetachment study and strongly contradicts the
results of other spectroscopic investigations of CH3S (see refs
2, 8, and 12).

Generally the experimental values (-aúed) of spin-orbit
splitting in CH3S are in good agreement among themselves (in
cm-1): 220.37 (microwave spectroscopy); 259.1,2 280 ( 20,8

and 255.59 (laser-induced fluorescence); 280( 5012 and 265
( 1513 (photoelectron spectroscopy). The value from the
microwave study7 is less accurate because it was not measured
directly. We should mention here that the observed values of
spin-orbit splitting (-aúed) are always an energy difference
between two spin-vibronic levels each of which is approximately
the product of the vibrational ground state and one of the two
spin-orbit states (2E3/2 and 2E1/2). In this case, the observed
values ofaúed may vary for different isotopic species (see for
instance ref 8,-280( 20 cm-1 in CH3S and-260( 20 cm-1

in CD3S) unlike the value ofaúe that shows the spin-orbit
splitting without Jahn-Teller coupling. The Ham reduction
factor d (d e 1) shows how much the spin-orbit coupling is
reduced by the Jahn-Teller effect. Using the spectroscopic data
for CH3S and CD3S, Bent18 calculated the coefficientsd in CH3S
and CD3S and evaluated the Jahn-Teller stabilization energy
(EJT ) 88-152 cm-1 with the most likely value of 95 cm-1)

and the spin-orbit coupling in CH3S (-aúe ) 327-377 cm-1

with the most likely value of 356 cm-1). However, these
parameters should be reviewed because of the large uncertainties
and the fact that Bent supposedν5(E) to be the only Jahn-
Teller active mode in CH3S. Supposing that another vibrational
modeν6(E) is the only one responsible for the Jahn-Teller effect
in CH3S and using the ab initio values of the harmonic
frequencies of CH3S, Barckholtz and Miller3 obtained somewhat
different values ofEJT ) 41 and-aúe ) 341 cm-1.

Analysis of the results of spectroscopic studies (see refs 2,
7-9, 11-13, and references therein) on the thiomethoxyl radical
CH3S forces us to conclude that experiments have not provided
complete and totally reliable data about the structure and
transition frequencies of CH3S, especially for the fundamentals
ν1(A1), ν4(E), ν6(E), and relevant overtones. Although the study
by Chiang and Lee2 has provided the most accurate experimental
results presently, the experimental accuracy is not enough to
identify those weak lines in the dispersed fluorescence spectrum
of jet-cooled CH3S, which may be assigned to vibrations along
Jahn-Teller active modes. According to ref 3, Jahn-Teller
coupling in CH3S is small, otherwise greater intensities would
be detected for lines associated with the Jahn-Teller active
modes.

Numerous references to results of theoretical studies of CH3O
are given in ref 4. There are also a few calculations of the
heavier CH3S radical (see for instance refs 13, 16, and 17).
Barckholtz and Miller16 made the first attempt at quantitative
ab initio predictions of the spectroscopic parameters to char-
acterize the Jahn-Teller potential surfaces of the CX3Y methoxy
family radical (CH3O, CH3S, CF3O, and CF3S). The 6-31G*
basis sets and the state-averaged complete active space self-
consistence field (CASSCF) method were applied.16 Quadratic
Jahn-Teller constants were obtained from restricted open-shell
Hartree-Fock (ROHF) calculations.16 Optimization of geom-
etries at specific points on the adiabatic potential surfaces of
CX3Y was followed by calculations of harmonic frequencies.16

Höper, Botschwina, and Ko¨ppel4 performed a variational
calculation of vibronic energies for the methoxy radical. All
the linear, quadratic, and bilinear coupling vibronic constants
of CH3O were calculated by the multireference configuration
interaction method with a CASSCF reference.4 Analysis of
results of previous theoretical studies of CX3Y shows that the
most rigorous ab initio approach should include dynamical
electron correlation (for instance by the multireference config-
uration interaction method) and the spin-orbit coupling. The
latter has never been taken into account for CX3Y by means of
ab initio methods. The role of spin-orbit and other relativistic
effects may be very significant for the electron and nuclear
dynamics in the heavier species such as CH3S and CF3S.

The present theoretical study is intended to provide a more
accurate ab initio evaluation of the molecular parameters of
CH3S as well as to review experimental data on the basis of
our evaluations. We report here results of our first investigations
of vibronic and spin-orbit interactions in CH3S performed at a
high level of theory using basis sets of triple- and quadruple-ú
quality and multiconfigurational methods to account for dynamic
electron correlation. The equation-of-motion coupled cluster
method (EOM-CCSD), the multiconfiguration quasi-degenerate
second-order perturbation theory (PT2), and the multireference
configuration interaction approach with all doubles and singles
(SOCI) were applied in calculations of Jahn-Teller parameters
of CH3S. The spin-orbit correction to the total energy of CH3S
was calculated. The secondary purpose of the work is to make
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comparison of the computational accuracy of different ap-
proaches which may be applied in studies of the CX3Y vibronic
systems.

Details of Computations

Solution of the Electron Problem.We performed computa-
tions by EOMIP with use of a local version of the ACES II
program package19 and by CASSCF, PT2, and SOCI with the
GAMESS (US) package.20 We used the correlation consistent
polarized valence basis sets of Dunning et al.21 of triple- and
quadruple-ú quality (further abbreviated to pvtz and pvqz,
respectively). The linear combinations of symmetry-adapted
basis functions were created only by means of pure spherical
harmonics in all the computations of CH3S. The total number
of basis functions included in the MO variation spaces was 106
(pvtz) and 204 (pvqz). The two core molecular orbitals [1s (C,
S)] were dropped in coupled cluster and perturbation theory
calculations of CH3S.

We used the equation-of-motion coupled cluster method with
a reference Slater determinant|0〉 based on the CH3S--anion
ground state (further abbreviated to EOMIP).22 The main idea
of EOMIP theory is the description of final (neutral) states by
means of the diagonal representation of the similarity trans-
formed electron Hamiltonian in a basis comprised of all
determinants obtained from|0〉 by removing a single electron
and those determinants that also involve promotion of another
electron to an orbital that is not occupied in|0〉.22 The accuracy
of EOMIP was shown to be comparable to that obtained in
relatively large scale and much more time expensive multiref-
erence configuration interaction calculations of doublet radi-
cals.22 TheTn amplitudes of the CCSD wave function obtained
for X1A1 CH3S- were of small magnitude lying under 0.011
(T1) and 0.054 (T2).

As an alternative, we performed energy calculations by the
multiconfiguration quasi-degenerate second-order perturbation
theory (PT2) and the multireference (second order) configuration
interaction approach with all doubles and singles (SOCI).20 In
both cases, we used a CASSCF reference wave function, the
molecular orbitals being optimized with equal weights for both
E states. Analysis of the CH3S electronic structure allowed us
to separate six molecular orbitals [(a1)2(a1)2(a1)2(a1)2(e)4] as-
signed approximately to atomic basis functions 1s (C) and 1s,
2s, 2p (S) and seven valence ones [(a1)2(a1)2(e)4(a1)2(e)3]. The
smallest active space (a1)2(e)3(a1)0 in our calculations included
five electrons in four orbitals, where the e orbitals could be
interpreted as the S 3pπ lone pairs and the a1 orbitals as the
C-S σ and σ* MOs. The larger complete active spaces (13
electrons in 8 orbitals [4a1 + 2e] and 13 electrons in 11 orbitals
[5a1 + 3e]) were studied only at the pvtz basis set level. The
total number of configuration state functions (CSFs) in these
CASSCF calculations was 20, 168, and 76 230, respectively.
The initial molecular orbital set for the smallest CAS was
obtained from the restricted Hartree9Fock calculation for
CH3S-. The starting molecular orbitals for more extensive
CASSCF calculations were taken from computations with a
smaller CAS. This approach gave good convergence for the CAS
optimization routine. The doubly occupied molecular orbitals
were optimized.

The complete active space including 13 electrons in 8 orbitals
was used in our SOCI calculations, as many as 13 940 178 single
and double configurations being generated by the promotion
of one or two electrons from the active space orbitals to all
virtual ones. We used the PC GAMESS version23 of the
GAMESS (US) program20 with the implemented graphical
unitary group approach (GUGA) CI Hamiltonian packing to save

disk space. The formalism of multiconfiguration quasi-degener-
ate second-order perturbation theory was described by Nakano.24

All the molecular orbitals (doubly occupied, active space, and
virtual MOs) were correlated in perturbation calculations with
the exception of two core molecular orbitals 1s (C, S).

The PT2 computations were followed by evaluation of spin-
orbit coupling (SOC) as a second-order perturbative correction
to the PT2 total energy (SOCPT2) with use of GAMESS.20 The
reference CAS in SOCPT2 calculations consisted of five
electrons in four orbitals (2a1 + e). The final spin-mixed states
(2E3/2 and2E1/2) were obtained by means of the full Breit-Pauli
spin-orbit operator composed of one- and two-electron com-
ponents (see details in ref 25). Inclusion of the SOC treatment
into multireference perturbation theory allows one to account
for the dynamical electron correlation in SOC calculations.

The one- and two-electron spin-independent relativistic effects
were involved in CASSCF, PT2, and SOCPT2 calculations by
means of the elimination of the small components of relativistic
wave functions (the RESC scheme).20,25,26

Calculations of Vibronic Constants. As predicted by the
Jahn-Teller theorem, theC3V symmetry nuclear configuration
in the X2E ground electronic states is expected to be unstable.
There are two specific points on the adiabatic potential energy
surface (PES) of CH3S corresponding to distorted (Cs symmetry)
nuclear configurations (a minimum and a saddle point) with
electron wave functions of A′ or A′′ symmetries.4,16

Optimizations of geometry parameters and calculations of
harmonic frequencies forC3V(E), Cs(A′), and Cs(A′′) nuclear
configurations were performed numerically using the symmetry
coordinates (S) and the program ANOCOR.27 The set of
coordinates used for theC3V symmetry structure of CH3S is
shown on Figure 1. The vectorS is related to the vector of
normal coordinates (Q) by means of the matrixL that can be
obtained by the GF method28

The unperturbed harmonic frequenciesω4(E), ω5(E), andω6-
(E) were calculated by numerical differentiation of average
energiesU0 expressed through total energies (U+ andU-) of
the two electronic states crossing at theC3V symmetry point16

The average potentialU0 is relevant to the hypothetical case
when a Jahn-Teller perturbation totally vanishes. The Jahn-
Teller stabilization energy (EJT) is determined asEJT ) U(C3V,
E) - U(Cs, A′) whereU(C3V, E) andU(Cs, A′) are total energies
corresponding to theC3V(E) andCs(A′) equilibrium geometries,
respectively. The barrier to pseudorotation (∆JT), or the quadratic
Jahn-Teller stabilization energy, is∆JT ) U(Cs, A′′) -
U(Cs, A′). The quantities ofEJT and∆JT calculated along the a
component of any of the E-type normal coordinates (Q4a, Q5a,
and Q6a) are measures of a net Jahn-Teller effect for this
vibrational mode. With use of the expressions from refs 3 and
16, we established the following relations betweenEJT, ∆JT, an
unperturbed harmonic frequencyω, linear (k, D), and quadratic
(K, g) vibronic constants

where the quantitiesEJT, ∆JT, ω, g, andk are expressed in cm-1.

S ) L Q (1)

U0 ) 1/2(U+ + U-) (2)

K ) ∆JT/(2EJT - ∆JT) (3)

D ) EJT (1 - K)/ω (4)

g ) ω K (5)

k ) ([2EJTω (1 - K)]1/2 (6)
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The constantsD and K are dimensionless. The values ofEJT

andD calculated for any of the Jahn-Teller active modes cannot
be negative becauseU(Cs, A′) e U(C3V, E) whereas∆JT andg
may be negative in the case ofU(Cs, A′′) < U(Cs, A′) when
the PES minimum corresponds to the A′′ electron wave function.
It is always true that 0e K e 1. The sign ofk depends on the
choice of theL matrix in eq 1 (L and -L correspond to the
same set of harmonic frequencies). In our calculations, we used
k e 0.

In the absence of quadratic Jahn-Teller coupling (K ) g )
0), we can evaluate the vibronic levelsE(V, l) of a molecule by
means of second-order perturbation theory in the single mode
approximation3

where the integerV is a vibrational quantum number of a two-
dimensional isotropic harmonic oscillator andl (l ) -V, -V +
2, ..., V - 2, V) is a vibrational angular momentum quantum
number. Assignments of vibronic levelsE(V, l) can be made
with use of a Jahn-Teller quantum numberj ) l ( 1/2. As
shown in ref 3, eq 7 is valid only for low energy levels with
small Jahn-Teller coupling (D e 0.05).

Energy levels obtained by eq 7 are 2-fold degenerate (with
symmetries e or a1 + a2). Being accidental, the a1 + a2

degeneracy can be eliminated by the quadratic Jahn-Teller
coupling. With spin-orbit coupling, the vibronic states are split
as a1 + a2 f 2e1/2, e f e1/2 + e3/2. The final spin-vibronic
levels are transformed according to irreducible representations
of the doubleC3V symmetry group. For the case of a weak linear
Jahn-Teller coupling, the spin-orbit splitting ∆ESO of any
vibronic level may be approximated for eachj ) l ( 1/2 as

using a value (9 aúe) of spin-orbit splitting in the X2E ground
electronic state at theC3V symmetry nuclear configuration.3

In the figures and tables, we use dimensionless a components
of the normal coordinatesQ4(E), Q5(E), andQ6(E). The relation

betweenq (dimensionless) andQ (in hartree units, Bohr radius
× [electron mass]1/2) is

whereω is a relevant unperturbed harmonic frequency (in cm-1).

Results and Discussion

Calculations without Spin-Orbit Coupling. The Jahn-
Teller stabilization energy (EJT) and the barrier to pseudorotation
(∆JT) in the CH3S X2E ground-state calculated at different levels
of theory are shown in Table 1.

Figure 1. The C3V nuclear configuration of CH3S and symmetric vibrational coordinatesS. The values ofr, R, and θ are internal vibrational
coordinates defined as displacements of relevant coordinates from their optimal (equilibrium) values in theC3V nuclear configuration. The dotted
and solid curve lines corresponding toS5 andS6, respectively, show directions of possible Jahn-Teller distortions in CH3S.

TABLE 1: The Jahn-Teller Stabilization Energy (EJT,
cm-1) and Barrier ( ∆JT, cm-1) to Internal Vibronic
Pseudorotation in X2E CH3S Calculated at Different Levels
of Theorya

EJT)
U(C3V) - U(Cs, A′)

∆JT)
U(Cs, A′′) - U(Cs, A′)

method pvtz pvqz pvtz pvqz

CASSCF 41.5 43.2 5.5 5.9
CASSCF (rel) 41.1 42.1 5.4 5.7
PT2 87.6 89.2 15.3 15.2
PT2 (rel) 87.3 87.8 15.2 15.8
CASSCFb 53.5 7.7
SOCIb 81.5 13.3
CASSCFc 56.6 9.2
PT2c 92.4 15.8
EOMIP 91.5 93.2 14.8 14.9

a Methods: the complete active space self-consistent field (CASSCF),
the multiconfiguration quasi-degenerate second-order perturbation
theory (PT2) based on a CASSCF reference wave function, the second-
order (with all singles and doubles) configuration interaction method
(SOCI) also with a CAS reference, and the equation-of-motion coupled
cluster (EOMIP) approach with the CH3S--anion CCSD reference state.
Calculations of total energies were carried out at geometric parameters
optimized by EOMIP/pvqz. The complete active space contains five
electrons in four orbitals (2a1 + e) unless noted otherwise. The notation
“rel” designates the calculations involving spin-free relativistic effects.
b The complete active space contains 13 electrons in 8 orbitals (4a1 +
2e). c The complete active space contains 13 electrons in 11 orbitals
(5a1 + 3e).

q ) (4.55635× 10-6 × ω )1/2 Q (9)

E(V,l) ) ω(V + 1) - 2EJT(l ( 1) (7)

∆ESO ) aúed (8)

d ) (1 - 4EJT(V + 1)/ω
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The values ofEJT and∆JT calculated by multiconfiguration
quasi-degenerate second-order perturbation PT2 theory are
similar to those obtained by the equation-of-motion EOMIP
method; the differences do not exceed 4 cm-1. The computa-
tionally inexpensive PT2 approach yields very reliable results
even with an active space as small as “five electrons in four
orbitals (2a1 + e)” and with correlation of all doubly occupied
noncore orbitals.

The CASSCF approach gives too low values ofEJT and∆JT

in comparison with the PT2 and EOMIP results. More extended
complete active spaces do not reduce this discrepancy signifi-
cantly (seeEJT (CASSCF) from Table 1, cm-1, 41.5f 53.5f
56.6) but cost much more computational time. Apparently, the
main reason for this inaccuracy is omission of the dynamical
electron correlation in the CASSCF calculations. The very
computationally expensive SOCI method (multireference con-
figuration interactions with all doubles and singles) improves
the CASSCF results, but the difference between the values of
EJT and∆JT calculated by PT2 (or EOMIP) and those obtained
by SOCI still remains relatively large (3-10 cm-1). Our
computational experiments suggest that further (hypothetical)
extension of a CAS reference in SOCI computations may reduce
this disagreement. However, the low computational cost of
calculations by PT2 and EOMIP in comparison with SOCI
encourages us to prefer the former ones; the time gain with PT2/
pvtz and EOMIP/pvtz versus SOCI/pvtz was found to be 1:300.

The basis set extension from triple- to quadruple-ú quality
does not play any significant role in Jahn-Teller energy
calculations. Hence, further extension of the basis set would
improve our results only a little. Inclusion of scalar relativistic
effects (CASSCF (rel) and PT2 (rel) in Table 1) is not critically
important. However, we still included these effects for PT2 and
SOCPT2 (next section) because it was a no-cost routine. We
used the pvqz basis set in all PT2 and EOMIP calculations,
results of which are shown below.

The optimized geometries and relevant sets of harmonic
frequencies calculated at theC3V(E) symmetry nuclear config-
uration and in Jahn-Teller distorted structures (A′ and A′′) of
Cs symmetry are shown in Table 2. The Jahn-Teller energies
(EJT and ∆JT) calculated by PT2 and EOMIP are in good
coincidence, whereas there is some disagreement inRe (0.006
Å) and inRe (0.6°). The inconsistency of harmonic frequencies

in PT2 and EOMIP calculations varies from 6 to 58 cm-1. We
prefer EOMIP as a more sophisticated approach rather than PT2.

The C3V(E) symmetry geometry calculated here is in good
agreement with experimental estimates from ref 7 (R(C-S) )
1.791 Å, R(C-H) ) 1.090 Å, ∠HCS ) 110°) and in poorer
agreement withR(C-S) ) 1.767( 0.012 Å,R(C-H) ) 1.10
( 0.02 Å,∠HCS) 115.8° from refs 9 and 16. In general, the
calculated equilibrium geometry parameters (re) are slightly
different from the relevantrg or ra values obtained from
experimental data.7,9

Fragments of potential surfaces of CH3S calculated by
EOMIP without accounting for spin-orbit coupling are shown
in Figure 2. The harmonic analysis of specific points on the
CH3S potential energy surfaces was performed (Table 2). The
normal modesQi in CH3S (C3V) were assigned to symmetric
CH3 stretching (ω1), symmetric CH3 deformation (ω2, “um-
brella”), CS stretching (ω3), asymmetric CH3 stretching (ω4),
asymmetric HCH and HCS deformations (ω5 andω6), respec-
tively. The infrared intensities along Jahn-Teller active vibra-
tional modes increase significantly when the molecule is
distorted. Comparison of geometries optimized in theC3V(E)
symmetry nuclear configuration and in the Jahn-Teller distorted
structures (Table 2, Figure 1) shows that in the minimum area
(A′) the angleRe(HCS) is slightly compressed (3.5°) from its
nearly tetrahedral value in the unperturbedC3V(E) structure, and
thereforeRe(HCS) has to be expanded in the saddle point area
(A′′). The calculated Jahn-Teller distortions in CH3S are less
appreciable than those in CH3O.4,16

Table 3 contains evaluations of single mode Jahn-Teller
energies, vibronic constants, and positions of a minimum and a
maximum in the projections of adiabatic surfaces on a single
modeQia (Qja ) 0, j * i). The Jahn-Teller effect is predicted
to be large for HCS bending (Q6), moderate for HCH deforma-
tion (Q5), and weak for CH3 stretching (Q4), compare (in cm-1)
EJTi ) 82 f 9 f 1. Unlike theQ4 andQ6 modes, the relative
energies of A′ and A′′ electronic states are inverted and the
values of∆JT5 andg55 become negative.

We calculated the vibronic energy levels of CH3S by eq 7,
taking account of linear Jahn-Teller coupling only in the single
mode approximation (Table 4). One can see the splitting of the
unperturbed (harmonic oscillator) levels that is largest for the
HCS bending (Q6) mode and less noticeable in the case ofQ4.

TABLE 2: The Structural Parameters of the CH3S Radicala

EOMIP

C3V(E) parameter PT2 EOMIP Cs Parameter A′, min A′′, max

Re(CS) 1.8202 1.7940 Re(CS) 1.7913 1.7919
Re(CH) 1.0847 1.0872 Re(CH) 1.0914 1.0843
Re(HCS) 109.17 109.80 Re(HCS) 106.38 112.44
θ(HCSH′) 120 120 Re(CH′) 1.0855 1.0889
E + 437.0 -1.664174 -0.591697 âe(H′CS) 111.45 108.45
EJT 87.8 93.2 θe(HCSH′) 117.69 122.01
∆JT 15.8 14.9 ω1(A′) 3145(11) 3183(10)
ω1(A1) 3072 3066(8) ω2(A′) 3057(4) 3062(6)
ω2(A1) 1316 1367(3) ω3(A′) 1498(10) 1477(8)
ω3(A1) 700 758(0.1) ω4(A′) 1361(3) 1359(2)
ω4(E) 3200 3164 ω5(A′) 886(2) 990(8)
ω5(E) 1477 1483 ω6(A′) 750(0.5) 756(0.5)
ω6(E) 917 938 ω7(A′′) 3170(60) 3115(71)

ω8(A′′) 1407(100) 1446(100)
ω9(A′′) 606(84) 595i

a Values and dimensions: distancesR (Å), valence anglesR, â, and torsionsθ (deg), total energiesE (hartree), Jahn-Teller stabilization energies
EJT ) U(C3V, E) - U(Cs, A′) and barriers∆JT ) U(Cs, A′′) - U(Cs, A′) (cm-1), harmonic frequenciesωi (cm-1), and infrared intensities (in
parentheses, km/mol). The potential energy minimum (min) and the saddle point (max) on PES of the JT-distorted CH3S radical correspond to
2A′- and 2A′′-electronic states ofCs symmetry, respectively. The unperturbed harmonic frequenciesωi(E) were calculated by eq 2 (see the text).
Calculations of PT2 Jahn-Teller energies were carried out at geometric parameters optimized by EOMIP/pvqz.
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Because the barriers∆JTi to pseudorotation forQ4 andQ5 are
very small andQia(A′) ≈ Qia(A′′) ) F (whereF is a pseudoro-

tation radius), the linear Jahn-Teller coupling model (so-called
Mexican hat, eq 7) may be a good approximation to describe
librations governed by these modes.29 The formula of second-
order perturbation theory (eq 7) may be less appropriate for the
Q6 mode where the maximum quadratic Jahn-Teller coupling
was predicted.

Calculations with Spin-Orbit Coupling. The value of
spin-orbit splitting in CH3S X2E (-aúe ) 358 cm-1) was found
from SOCPT2/pvqz calculations. Fragments of potential surfaces
of CH3S calculated by SOCPT2 are shown in Figure 3.

The value of-aúe in CH3S is significantly larger than the
Jahn-Teller stabilization energy along any of the E modes (EJT4,
EJT5, EJT6 from Table 3). According to a relation obtained in
ref 3 between the linear Jahn-Teller effect along a single normal
mode (EJTi) and the value of spin-orbit splitting (-aúe), the
Jahn-Teller distortions are expected to vanish because of-aúe

g 4EJTi.3 In general, the conclusion based on this relation may
not be applied for a case with the multimode Jahn-Teller
coupling. However, the full SOCPT2 optimization of the
geometry parameters of CH3S followed by a calculation of

Figure 2. Fragments of potential surfaces of CH3S calculated by
EOMIP without account for spin-orbit coupling,2E f 2A′ (solid) and
2A′′ (dotted). The a components of normal coordinatesQ4, Q5, andQ6

are dimensionless. TheC3v configuration energy is zero.

TABLE 3: The Vibronic Constants Calculated with
EOMIP/pvqz and Net Jahn-Teller Effects in CH3Sa

Jahn-Teller active mode

parameter i ) 4 i ) 5 i ) 6

Qia(A′) -0.0288 -0.1101 -0.4401
EJTi 1.30 9.08 81.70
Qia(A′′) 0.0288 0.1134 0.3617
∆JTi 0.0002 -0.32 14.81
ωi 3164 1483 938
-ki 90 166 372
Di 4.08× 10-4 6.24× 10-3 7.84× 10-2

Ki 7.74× 10-5 -1.62× 10-2 9.96× 10-2

gii 0.25 -24 93

a Values and dimensions:Qia, Di, andKi (dimensionless);EJTi, ∆JTi,
ωi, ki, andgii(cm-1). Relations between vibrational constantsωi, linear
(ki, Di) and quadratic (Ki, gii) vibronic constants, and relative energies
EJTi ) Ui(C3V, E) - Ui(Cs, A′), ∆JTi ) U(Cs, A′′) - Ui(Cs, A′) (see eqs
3-6). Mass-weighted normal coordinatesQ4, Q5, andQ6 may be turned
into the hartree system units (Bohr radius× [electron mass]1/2) by
division into a factor of 0.1201, 0.0822, and 0.0654, respectively.

Figure 3. Fragments of potential surfaces of CH3S calculated by
SOCPT2 including spin-orbit coupling. The upper sublevel is2E1/2;
the lower one is2E3/2. The a components of normal coordinatesQ4,
Q5, andQ6 are dimensionless.
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harmonic frequencies confirms that the Jahn-Teller distortions
are totally overpowered by the spin-orbit coupling in CH3S.
TheC3V equilibrium geometries are equivalent in the2E3/2 and
2E1/2 spin-orbit sublevels and correspond to global minima on
the relevant PESs (Figure 3). Hence, the suggestion of Suzuki
et al.8 about the difference of2E3/2 and 2E1/2 geometries was
not supported by theory.

The reduction of the Jahn-Teller effect by spin-orbit
coupling does not mean though that the vibronic effects may
be completely neglected.3 The shape of potential surfaces for
the two final spin-orbit states is determined by the relation
between theaúe quantity and the values ofEJTi and∆JTi (Table
3). In the case of a vanishing Jahn-Teller effect (Figure 3, part
a), the2E3/2 and2E1/2 curves go in a nearly parallel way with a
gap of -aúe like the case of a totally symmetric mode. If a
strong Jahn-Teller coupling occurs (Figure 3, part c), the lower
and upper states exhibit significantly different curvatures in the
equilibrium point; the lower curve is much flatter. The crude
evaluation of spin-vibronic energy levels by eqs 7 and 8 is
shown in Table 4. This corresponds to the case when the Jahn-
Teller effect occurs only in the HCS bending mode (Q6) and
all nonlinear vibronic couplings are neglected. Each vibronic
level undergoes spin-orbit splitting, the value of which varies
from 233 to 16 cm-1, being always less than-aúe. The energy
difference between the two lowest spin-vibronic sublevels
(-aúed ) 233 cm-1) should be interpreted as a spin-orbit
splitting of the zero energy vibrational level. The Ham reduction
factord shows how much the spin-orbit couplingaúe is reduced
by the Jahn-Teller effect. The quantity ofaúed can be observed
in the spectrum.

Our evaluations ofEJT ) 93 and-aúe ) 358 cm-1 are in
very good agreement with those obtained by Bent18 from the
spectroscopic data (EJT ) 95 and-aúe ) 356 cm-1). The values
of EJT ) 41 and-aúe ) 341 cm-1 calculated by Barckholtz
and Miller3 seem to be underestimated. The theoretical value
of -aúed ) 233 cm-1 is close to the observed ones: 220.37

(microwave spectroscopy); 259.1,2 280( 20,8 and 255.59 (laser-
induced fluorescence); 280( 5012 and 265( 1513 (photoelec-
tron spectroscopy). The inaccuracy of our value ofaúed is mostly
defined by numerical errors of spin-vibronic energies calculated
by means of second-order perturbation theory (with the omission
of nonlinear and multimode vibronic couplings).

Summary

This study presents results of the first accurate calculation
of linear, quadratic, and spin-vibronic constants and adiabatic
Jahn-Teller surfaces in X2E CH3S performed with use of
advanced computational methods accounting for dynamical
electron correlation (equation-of-motion coupled cluster and
multiconfiguration quasi-degenerate second-order perturbation
theories) and basis sets of triple- and quadruple-ú quality. To
the best of our knowledge, this is the first ab initio computation
of spin-orbit coupling that has been ever done for any of the
CX3Y (CH3O, CH3S, CF3O, and CF3S) species. Analysis of the
literature3 and results of this study show that all these species
exhibit quite different relations of the Jahn-Teller effect to the
spin-orbit coupling. The spin-orbit coupling in the sulfur-
centered radicals is very large with respect to the Jahn-Teller
effect (358 versus 93 cm-1 in X2E CH3S, this study) and totally
overpowers JT distortions in CH3S and CF3S. However, the
oxides CH3O and CF3O are structurally distorted by the Jahn-
Teller effect accompanied by a relatively small SOC.
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