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The methyl torsion and aldehydic hydrogen wagging modes are studied theoretically in 
thioacetaldehyde, in both ground and first triplet excited states. For this purpose, the 
potential energy surfaces were determined by ab initio restricted Hartree Fock and 
unrestricted Hartree Fock calculations with 4-31 basis set + d orbitals on the sulphur atom. 
The two electronic states were found to have different preferred conformations. The 
singlet state exhibits a planar eclipsed conformation, whereas the structure of the triplet state 
is anti-eclipsed and pyramidal. It was found that a potential function, which was 
constructed from a symmetry adapted double Fourier expansion of the wagging and torsional 
coordinates, gave a reasonable fit to the energy points. The two-dimensional SchrOdinger 
equations for the torsion and wagging motions were solved for both singlet and triplet states, 
taking into account the internal symmetry and the appropriate basis. The relative band 
locations and the intensities (Franck-Condon factors) were evaluated from the eigenvalues 
and the eigenvectors. Spectra were calculated for the thioacetaldehyde 
CH3CHS/CH3CDS/CD3CHS/CD3CDS isotopomers. New assignments for the higher bands 
in the CH3CHS spectrum are proposed. 

INTRODUCTION 

The properties of the electronic ground states X (So) 
of medium-sized molecules containing the carbonyl moiety 
have been extensively studied by microwave, infrared, and 
Raman spectroscopies. It has only been in the last few 
yearsl

,2 that the vibrational and rotational dynamics of the 
higher electronic a,A,B, ... states have been experimentally 
determined through a combination of supersonic-jet-Iaser
excitation and classical spectroscopies. The assignments 
and the analyses of the more complex systems have been 
assisted by quantum mechanical ab initio self-consistent 
field (SCF) calculations that have led to a better under
standing of the structure and the dynamics of the higher 
electronic states. 3,4 

The parallel development in the study5 of the thiocar
bonyl group of compounds has been hampered by two fac
tors. Most of the aliphatic thiocarbonyl aldehydes are un
stable in the vapor phase at low pressures, moreover they 
possess a vile smell. Thioacetaldehyde, CH3CHS, is unsta
ble in the vapor phase with a half-life of about 10 s. It can 
be prepared from the trimer 1,3,5-trimethyl-s-trithane by 
flash pyrolysis. In all, six electronic systems have been ob
served6 in absorption. The spectrum7 that lies in the visible, 
490-620 nm, can be recorded in absorption at path lengths 
of 60 m. It is found to consist of two systems of nearly 
equal intensity that have been attributed to n .... 'IT* excita
tion. These have been assigned to the spin allowed 
SI-SO' AlA" _ X lA' and spin forbidden TI-SO' 

a 3 A" _ X lA' electronic transitions. Both systems are 
complex and congested. The lower TI state was observed to 
be radiative8 with a lifetime under collision-free conditions 
of 10 JLS. Weak emission was detected following excitation 

to the SI state. It is believed to result from collisionally 
assisted intersystem crossing to the TI state. 

Because of the more restrictive nature of the vibronic 
spin orbit selection rules that operate for triplet-singlet 
transitions, the TI-So spectrum at longer wavelengths was 
more open, and therefore is more amenable to analysis. 
This system consists of two clusters of bands that are sep
arated by a quantum of the C S stretching mode, Q6' The 
dense and congested band cluster that is located in the 
region of the 08 transition was attributed to the activity of 
methyl torsion, mode Q15' The appearance of this mode in 
the spectrum is somewhat unusual. On Franck-Condon 
grounds the long progressions in QI5 would be the result of 
a twisting of the methyl group about the C-Me axis. That 
is, the methyl group in the excited TI state must assume a 
molecular conformation that is different from its So ground 
electronic state. 

The assignment of the quantum numbers to the tor
sional fine structure was not straightforward. The initial 
approach to the problem was to synthesize the torsional 
spectrum from the ground state potential of Kroto et al.9 

(which was derived from the rotational line splittings in 
the microwave spectrum) and from estimates of the tor
sional potential for the TI state. In this way it was possible 
to identify several of the key hot bands in the spectrum and 
through ground state combination differences, the origin of 
the system as a weak band at 16292.8 cm -I. The analyses 
of the hot band structure led to a set of torsional levels for 
the lower So state that were in agreement with those de
rived from the microwave data. The potential barrier in 
V(€) of 549.8 cm -I derived from the ground state rota
tional line spIittings compares favorably with the 534.3 
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cm - 1 value obtained from the hot band intervals observed 
in the visible spectrum. The torsional levels attached to the 
TI triplet state were found to be highly irregular and could 
not be fitted to the levels of a simple one-dimensional os
cillator. The interval spacings observed in the CH3CDS 
spectra pointed to the source of the difficulty. The effect of 
deuterium substitution CDS, on the CHS frame of the mol
ecule should have only a small effect on the CH3 torsional 
dynamics. The differences in the band structure which are 
observed in the CH3CHS and CH3CDS spectra can only be 
brought about by perturbations that result from interac
tions between methyl torsion, mode Qis, and the aldehyde 
wagging mode, Qi4. In the TI electronic state, thioacetal
dehyde bears the electron configuration (n) 1 ( 1T* ) I. One of 
the consequences of populating the antibonding 1T* orbital 
is that molecule distorts into a pyramidal structure with 
the aldehyde hydrogen adopting a nonplanar eqUilibrium 
configuration. As a result, the potential function governing 
the· out-of-plane displacement of the CH aldehyde bond 
contains a central barrier and Qi4 becomes a large ampli
tude low frequency motion. It is the coupling between the 
low frequency large amplitude torsional and wagging 
modes, Qis and Qi4, which is believed to be responsible for 
the erratic behavior of the torsional levels of the TI state. 

For these reasons, we decided to reopen the question of 
the dynamics of the inversion and wagging modes in the 
two states. Potential surfaces V(a,®) were generated by 
fitting a double Fourier expansion in a (the out-of-plane 
wagging coordinate) and ® (methyl internal rotation) to 
the energy points obtained from ab initio SCF calculations. 
Torsional-wagging manifolds for the So and TI states were 
then extracted from the two-dimensional Hamiltonian 
H(a,®) by a variational procedure. to For both the wag
ging and the torsional modes an extended set of free rotor 
wave functions was used as basis functions. A torsional
wagging spectrum was derived from the calculated energy 
levels and the Franck-Condon factors and was compared 
to the observed absorption spectrum. 

THEORY 

In the present paper, the torsional motion arising from 
the methyl group and the out of plane wagging -of the 
aldehyde hydrogen atom will be considered in the same 
way, i.e., the torsion as a threefold rotation around the 
C-CH 3 bond, and the wagging as a rotation of the hydro
gen around an imaginary axis perpendicular to the C-H 
bond lying in the CCS molecular plane and passing 
through the aldehyde carbon atom. 

In the following discussion we shall use the formalism 
of Altmannll,12 to describe the nonrigid rotational opera
tions rather than the theory of Longuet-Higgins. 13 

The Hamiltonian operator for the double hindered ro
tation in the rigid and symmetric rotor approximation can 
be written as 

if- if- if-
H(a,®) = - Ba 7f'(;!- - 2Ba,e aaae - Be alP + V(a,®), 

(1) 

THE ex AND e ANGLES 

So (ECLIPSED) T1 (ANTIECLIPSED) 

FIG. 1. The internal rotation angle 0 and the hydrogen wagging angle a 
in thioacetaldehyde. The molecular conformations for the .so and Tl elec
tronic states: So, eclipsed (a = 0,0 = 0), Tl antieclipsed, 
(a = 0,0 = 60). . 

where Be, Ba, and Bae are the internal rotation constants 
and the kinetic interaction term, respectively, and 
V(a,®) is the potential energy function. The angle ® that 
is defined in Fig. 1 measures the rotation of the methyl 
group (QIS mode). The wagging motion at the aldehyde 
end of the molecule (QI4) was approximated as a rotation 
of the CH bond about an axis that lay in the CCS plane at 
right angles to the CH bond direction. The internal coor
dinate a is the angle between the CH bond -and the CCS 
plane. This model is somewhat unusual in that it assumes 
that the aldehyde hydrogen undergoes a C1 rotation 
around the CH3CS fragment. 

The existence of symmetry planes in both rotors and in 
the frame of thioacetaldehyde allows the nonrigid group 
for these molecules to be expressed asl4-18 

(2) 

The subgroups C{ and C{ are defined as follows: 

,..J A A ""'2 A 

l.-3=[E + C 3 + C 3l or q={E), (3) 

while the subgroup VI has the form 

l' A A 

V=[E + Vl, (4) 
A • A 

where C3 is the threefold rotational operator and V is the 
double switch operator that rotates the methyl group from 
9 to - 9 and simultaneously displaces the aldehyde hy
drogen atom from a to - a such that 

A 

Vf(a,®)=f( - a, - e). (5) 

S is a nonrigid group that is isomorphic to the symmetry 
point group C311" From the character tables, the symmetry 
eigenvectors corresponding to the irreducible representa
tions of the nonrigid pOint group can be, easily deduced on 
the free double rotor function basis, 
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xal = cos 3K0 cos La and sin 3K0 sin La, 
Xa2 = cos 3K0 sin La and sin 3K0 cos La, 
Xe=cos(3K±1)0cosLa and sin (3K±1)0 sin La, 
Xe=cos(3K±1)0sinLa and sin(3K± 1)0 cos La. 

(6) 

The potential energy can be developed in terms of the a 1 

symmetry eigenvectors, 

V(a,0)= L [A~LcosK0cosLa 
K,L 

+ A;L sin 3K0 sin La] . (7) 

Because of the conditions on the limits of the sine function, 
one term more in K and L in the cosine expansion has to be 
returned and a minimal Fourier expansion of 10 terms for 
the potential energy can be put forward. 18--20 

2 2 

V(a,0) = L L [A~L cos 3K0 cos La] 
K=O L=O 

+ Afl sin 30 sin a. (8) 

As is well known, the rotational constants in the dou
ble rotor problem are related to the reduced moments of 
inertia of the rotors by the expressions21 

f(- 1 a f(- Aae 
Be=- 2 and Bae = 21 1 _ A2 

2 lela - Aae a"e ae 
(9) 

a similar expression can be written for Ba' leis the reduced 
moment of inertia of the rotor defined as 

le=Ae( 1 - ~ A~elMg), g=a,b,c. (10) 

Ae is the moment of inertia of the internal top and Ag is the 
cosine of the angle between the axis of the internal top and 
the lh principal axis of the molecule. M g are the principal 
moments of inertia of the whole molecule. 

(11 ) 

The solutions of the Hamiltonian operator (1) are devel
oped, as in the one-dimensional case, onto the basis of the 
symmetry eigenvectors (6), which factorize the Hamil
tonian matrix into boxes. 

Transition intensities, 1 nm' between the TI upper and 
So lower torsional states nand m, were evaluated by the 
relationship 

(12) 

wheregis the statistical weight, v = En - Em the length of 
the transition (in cm - I), <,.pn l1fJm) the Franck-Condon 
factor that was calculated from the eigenvectors for the 
two torsional states, and Em the torsional energy, relative 
to the So zero point level. For CH3CHS and CH3CDS the 
al and a2 levels were given nuclear statistical weights22 of 
8, while the e levels were weighted 4. The corresponding 
weights for CD3CHS and CD3CDS were 11 and 8. 

TABLE I. Structural parameters for the So and TJ electronic states of 
thioacetaldehyde. 

Parameter" X JA'(SO)b a3A"(TJ )C 

r(C-Hm) 1.098 1.098 
r(C-H.) 1.089 1.089 
r(C-C) 1.506 1.506 
r(C=S) 1.610 1.799 

P(CCHm) 110.12 110.12 
P(CCH.) 119.40 119.40 
P(CCS) 125.28 121.51 
a(wag) 0.00 20.00 

"In A and degrees. 
bKroto et al., Ref. 9. 
CSmeyers et al., Ref. 20. 

The potential energy terms for methyl torsion V( 0) 
were evaluated by the standard Hartree-Fock method, 
with the Monstergauss programY A 4-31G basis was em
ployed in which six d-type Gaussian orbitals with exponent 
a = 0.39 were centered on the sulphur atom. The re
stricted Hartree-Fock (RHF) and unrestricted Hartree
Fock (UHF) schemes were used for the singlet ground 
state and triplet excited states, respectively. The geometri
cal parameters of Table I derived from the microwave 
spectrum,9 were used for the lower state. The geometry of 
the triplet state was optimized in three directions: along the 
C=S bond, across the CC=S angle, and with respect to a, 
the CHald out of plane angle. The refined values for these 
coordinates20 were, respectively, 1.799 A, 121.51°, and 20°. 
The total (electronic + nuclear) energies were deter
mined for various conformations for both the singlet and 
triplet states, and were fitted by means of a least squares 
procedure to the symmetry adapted potential energy func
tions (8). 

The internal rotation constants Ba, Be, and Ba,e for 
methyl rotation and aldehyde wagging in the So and TI 
states were calculated from Eqs. (10) and (11) and are 
given in Table II. The reduced moment of inertia of Be 
= 7.137 cm -I, derived from the structural parameters of 

Table I was found to compare favorably with the 6.9950 
cm - 1 experimental value.9 

A cross section cut out of the two-dimensional poten
tial surface for the case of the planar frame (a = 0.0°) for 
the So and TI states is illustrated in Fig. 2. 

For the So state this potential took the form 

TABLE II. The internal rotation constants of thioacetaldehyde in the So 
and TJ states (in cm - J ). 

Ba Ba Baa 

CH3CHS So 16.615 7.137 - 2.079 
TJ 16.188 6.695 - 1.639 

CH3CDS So 9.102 6.819 - 1.719 
TJ 8.773 6.470 - 1.376 

CD3CHS So 16.401 4.320 - 1.927 
T J 15.997 3.897 - 1.510 

CD3CDS So 8.923 4.031 - 1.603 
TJ 8.610 3.696 - 1.276 
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PIG. 2. Torsional potential functions for the So and TI states of thioace
taldehyde. XIA'; V(a = O,@) = 229.0173 - 229.0173 cos 3@, a 3A N

; 

V(a = O,@) = 59.3480 + 59.3480 cos 3@; V(a = 20,@) 
= 182.3609 + 128.0594 cos 3@ + 129.8378 sin 3@. 

V(a=0,0) =229.0173 - 229.0173 cos 30 cm -I. (13) 

The calculated barrier height of 458.0 cm - 1 is in good 
agreement with the experimental values obtained from the 
microwave9 (549.8 cm - I) and visible7 (534.3 cm - 1 ) 

spectra. The corresponding· function for the excited state, 

V(a=0,9) =59.3480 + 59.3480 cos 30 cm -I (14) 

(barrier height of 118.8 cm -I), may be compared to the 
funetion derived from the visible spectrum,s where the bar
rier was estimated to be 94.18 cm - I. The interesting as
pect of Fig. 2 is the phase relationship between the two 
states. It is apparent from this figure, that while a mini
mum in V( 0) occurs at 0 = <r in the lower state, the 
minimum in the upper state lies 6ft. That is, thioacetalde
hyde in the So state adopts a conformation in which the 
methyl hydrogens eclipse the sulphur atom, whereas in the 
TI state the conformation is antieclipsed with the methyl 
group rotated by 6<r with respect to the lower state. Figure 
1 shows the Newman projections. 

The Schrodinger equations corresponding to the one
dimensional Hamiltonian operator were solved variation
ally, for both states by expanding the solutions in terms of 
the free rotor solutions according to Ref. 24. The potential 
functions for the two states came from Eqs. (13) and (14). 
The internal rotation constants came from Eq. (9) with 
Aae = 0.0. As the matrices that require diagonalization are 
large (in the two-dimensional case exceeding 400 by 400) 
it was necessary to establish the minimum basis length. 
This is described in Table III where it is seen that while the 
free rotor functions are a good basis for describing methyl 
torsion (particularly in the TI state), many torsional levels 
are thermally populated in the lower electronic state. For 
this reason, it was necessary to extend the basis set to at 
least 37 terms for the torsional coordinate. 

The torsional levels for the So and TI states are given in 
Table IV. When the barrier is high, the levels form a stack 
with uniform spacing and may be classified by a set of 
torsional vibrational quantum numbers v = 0,1,2, .... The 
triple minimum nature of the potential leads to a tripling of 
the states. In order of increasing energy the 0,1,2, ... levels 

TABLE III. The effect of the free rotor basis length on the levels of aldehyde wagging and methyl torsion of thioacetaldehyde in the X A' (So) and 
a 3A N (TI ) states." 

Aldehyde wagging mode, QI4b 

X IA'(So) a 3A N(TI ) 

nC 23 27 35 39 19 23 27 31 
0' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ON 890.50 842.30 828.02 827.77 170.07 168.42 168.22 168.22 
0' 1930.27 1734.48 1653.46 1651.00 464.64 463.94 462.37 462.31 
ON 3214.20 2745.49 2484.69 2470.99 833.92 799.20 797.90 797.03 

Methyl torsion mode, QISd 

nC 13 19 25 31 13 19 25 31 

°1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
e 3.43 0.14 0.02 0.02 1.40 1.30 1.30 1.30 
e 155.45 151.48 150.65 150.62 61.06 60.80 60.80 60.80 

°2 169.45 151.63 151.37 151.37 76.43 76.38 76.38 76.38 

°1 284.48 274.87 274.48 274.47 98.84 98.79 98.79 98.79 
e 329.23 286.41 282.74 282.65 135.89 132.09 132.06 132.06 
e 406.84 373.37 369.89 369.80 192.02 188.69 188.67 188.67 

°1 450.16 415.22 413.22 413.19 262.20 259.27 259.25 259.25 

°1 469.37 440.54 438.77 438.74 262.40 259.47 259.46 259.46 

BIn cm 1 

bprom Eqs. (15) and (16); Ba(So) = 16.010, Ba( TI) = 15.787. 
"Total number of basis functions. 
dprom Eqs. (13) and (14); Be(So) = 6.877, Be( Td = 6.529. 
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TABLE IV. A comparison of the torsional levels for the So and TI states of thioacetaldehyde in one and two 
dimensions. a 

So 

V sym. V(a = 0",O) V(a,0) V(a = 0',O) 

0 °1 0.00 0.00 0.00 
0 e 0.02 0.03 1.30 
I e 150.65 141.78 60.80 

°2 151.39 142.67 76.37 
2 °1 274.49 259.93 98.79 
2 e 282.68 268.89 132.05 
3 e 369.83 353.59 188.65 
3 °2 413.25 398.43 259.22 
Barrier ht. 458.0 .458.0 118.9 

aIn em-I. 
bSaddle point. 

divide into pairs of microstates ale, ea2, ale, ... . Selection 
rules allow the torsional states to combine as 
al++al, a2++02, e++e. The notation for designating the tran
sitions follows the usual convention in which the active 
mode is subscripted and superscripted with the appropriate 
quantum numbers. As a consequence the origin band, 
which is commonly written og, consists of two bands: 
0801 and Oge. For example, 146156e would be the designa
tion for an e++e transition between the zero point levels of 
the two states where one quantum of aldehyde hydrogen 
wagging QI4 and two quanta of methyl torsion QI5 are 
excited. 

Calculated spectra for CH3CHS, with T = 300 K, are 
shown in Fig. 3 where the position of the 0801 transition is 
scaled to zero cm - I. The torsional spectrum which was 

~ 
(f) 
z 
W 
f--
Z 

100 

THE HYDROGEN WAGGING SPECTRUM 

9 = o· 

50 

0 A )~ 
BOD 600 400 200 0 

100 

THE METHYL TORSION SPECTRUM 

50 

o+-----+-----+-----+-----+---~ 

200 100 0 -100 -200 -300 

DISPLACEMENT (em -1) 

FIG. 3. Calculated hydrogen wagging and methyl torsion spectra of thio
acetaldehyde with the approximation that the modes are uncoupled. 

TI 

V(a = 20',O) V(a,0) 

0.00 0.00 
0.18 0.57 

103.90 63.73 
107.85 68.38 
174.63 132.50 
194.04 151.21 
249.68 192.66 
313.18 280.82 
364.7 239.2b 

derived from the ab initio potential functions of Eqs. (13) 
and (14) gives an overall representation of the torsional 
structure that is similar to the previous study,7 which was 
obtained from a direct fit to the observed band positions. 
The hot band structure, in the region 0 to - 400 cm - I, 

which emanates from the higher torsional levels of the So 
state is well accounted for. On the other hand, the bands 
that corne from transitions that terminate on the higher 
levels of the TI state, 0 to + 400 cm - \ are poorly de
scribed by this one-dimensional approach based on ab ini
tio calculations. 

The energy terms for the hydrogen wagging V( a) po
tential were evaluated in the same way as those of V( 0). 
Higher terms A2 cos 2a and A~ cos 3a were added to the 
potential to give it the quadratic form expected for the 
lower electronic state, or to shape it into the broad double 
minimum function of the upper state. The least squares fit 
of the potential energy to the data points derived from ab 
initio calculations gave for the So state, 

V(a,0=0) =20 663.6331 - 20 327.4647 cos a 

- 336.1684 cos 2a cm - \ (15) 

and for the TI state with eclipsed conformation, ® = 0', 

V(a,®=O) =9429.7243 - 10 262.3033 cos a 

- 493.8151 cos 2a 

+ 1326.3940 cos 3a cm -I. (16) 

The potential functions for hydrogen wagging in the So and 
TI states are illustrated in Fig. 4. It is clear that the dy
namics in the two states are very different. As would be 
expected, the lower function has the quadratic form of a 
harmonic oscillator. The upper function, on the other 
hand, is broad and flat over ± 30' and does not possess a 
central barrier. When the methyl C-H bond is allowed to 
antieclipse the thiocarbonyl group, ® = 60', the potential 
function becomes 

J. Chern. Phys., Vol. 93, No.8, 15 October 1990 
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FIG. 4. Hydrogen wagging potential functions for the So and TI 
states of thioacetaldehyde. XIA'; V(a,Gl = 0) = 20663.6331 
-20327.4647cosa-336.1684cos2a, alA"; V(Gl O,a) 
= 9429.7243 - 10 262.3033 cos a":" 493.8151 cos 2a + 1326.3940 
x cos 3a; V(a,Gl = 60) = 9548.4203 - 11 307.4070 cos a + 493.8151 
x cos 2a + 1265.1716 cos 3a. 

V(a,0=6O) =9548.4203 - 11307.4070 cos a 

+ 493.8151 cos 2a 

+ 1265.1716 cos 3a .cm -I. 
(17) 

ThIs function, which is shown in Fig. 4,' is broad and fiat, 
but in this case has a barrier at a = (1' of 76.7 cm - 1 with 
minima at ± 2(1'. 

With this value of the aldehyde hydrogen equilibrium 
angle, it is possible to return to the probiem of the methyl 
torsion. A better approximation to the dynamics of the 
torsional motion would be to calculate the torsional poten
tial function with the wagging coordinate fixed at its equi
librium value, a = 20.0°. When this is done the potential 
function becomes 

V(a=20,0) = 182.3609 + 128.0594 cos30 

+ 129.8378 sin 30 cm -I. (18) 

This function, which is shown in Fig. 2, has a barrier 
height of 365.0 cm - 1 and minima at 75°, 75-120°, and 
75-240°. The height of the barrier to methyl torsion is 
sensitive to the position of the aldehyde hydrogen. It un
dergoes a threefold increase from 118.8 to 365.0 cm - 1 as a 
goes from 0.(1' to 20°. 

The hydrogen wagging spectrum derived from the po
tential functions (15) and (16) is illustrated in Fig. 3. It 
shows the effect of the selection rules for the Cs nonrigid 
group (clamped methyl torsion) in that the transition 
145 is allowed, a' -a', and appears as a weak band in the 
spectrum whereas the single quantum addition 
14A a'-a", is forbidden and is absent. The calculated levels 
are shown in Table V. The level structure for the So state is 

TABLE V. Calculated energy levels" for the aldehyde wagging motion in 
the So and TI states of thioacetaldehyde (one-dimensional case only). b 

V sym. So: V(a,Gl = O")C T1:V(a,Gl = O")d T1:V(a,Gl = 60"). 

0 a' 0.00 0.00 0.00 
a" 828.38 270.44 168.30 

2 a' 1654.17 616.28 462.52 
3 a" 2485.71 1003.04 797.38 
4 a' 3344.63 1420.44 1170.57 
5 a' 4264.96 1861.96 1572.53 

Barrier ht. 0.0 0.0 76.7 

"In em -I. 
~otal of 35 basis functions; 18a' + 17a". 
CV(a,Gl = 0") = 20 663.6331 - 20 327.4647 cos a - 336.1684 cos 2a. 
dV(a,Gl = 0°) = 9429.7243- 10 262.3033 cos a -493.8151cos2a 
+ 1326.3940 cos 3a. 

·V(a,Gl = 60°) = 9615.0218 - 11 307.4070 cos a - 493.8151 cos 2a 
+ 1265.1716 cos 3a. 

well behaved and it ~s only for. the higher v = 3 and v 
= 4 quanta that inadequacies in the basis length become 
apparent. 

Very few substituted thiocarbonyl compounds are 
available for spectral correlation. The out·of-plane wagging 
vibration for trans-dithioformic acid that has been 
observed25 at 824.0 cm - 1 can be combined with the cor
responding frequencies26,27 for CH3CHO/CHOOH of 
1107.3/1033.4 cm -I to predict an out-of-plane frequency 
of 882.9 cm - 1 for CH3CHS. The value calculated here for 
QI4 of 828.4 cm - 1 is in good agreement with this predic
tion and gives some confidence to the validity of the mo
lecular model. The hydrogen wagging levels for the TI 
state which are given in Table IV are calculated for the 
eclipsed, 0 = 0°, and antieclipsed, 0 = 6ft, configurations. 
Both calculations yield levels which have reversed anhar
monicity (first interval smaller than the second) with 
about one-third of the ground state wagging energy that is 
characteristic of levels contained in a broad shallow poten
tial function. The levels are very sensitive to the conforma
tion of the methyl group: for 0 = 0°; the wagging quanta 
are: 270.44, 616.28, and for 0 = 60°; 168.30,462.52 cm - I, 

which perhaps is not too surprising since both the methyl 
torsion and hydrogen wagging modes are low frequency 
large amplitUde motions. The pronounced variation of the 
torsional level structure with the hydrogen wagging angle 
demonstrates that the QI4 and QI5 modes are strongly cou
pled in the upper triplet state. It follows that the correct 
description of the T1-So spectrum would require an anal
ysis of the joint motions of methyl internal rotation and 
aldehyde hydrogen wagging. 

The potential function, V(a,0), which describes the 
joint wagging-torsional motion was obtained as a fit of the 
two-dimensional Fourier expansion, (8) to the calculated 
total energy points by a linear regression procedure.28 For 
the So state the potential took the form 

V(a,0) =20633.10 - 20435.62 cos a 

+ 107.15 cos 30 cos a 

- 336.17 cos 30 cos 2a 

+ 657.11 sin 30 sin a cm - I, (19) 
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FIG. 5. The potential energy surface V( a,0) for the So ground electronic 
state. The interval between the isopotential lines is 200.0 cm - I. 

with a correlation factor very close to one: R = 1.0000 and 

a standard deviation u = 10.31 cm - '. 
Similarly, for the triplet state: 

V(a,0) =9668.92 - 10 784.85 cos a + 1295.78 cos 3a 

+ 522.55 cos 30 cos a 

- 493.82 cos 30 cos 2a 

+ 30.61 cos 30 cos 3a - 92.18 sin 30 sin a 

+ 186.33 sin 30 sin 3a cm -I, 

with R = 0.9990 and u = 45.14 cm -I. 

(20) 

Plots of the potential surface for the So and T, states 
are given in Figs. 5 and 6. The form of the motion can be 
understood from an examination of these surfaces. In the 
So state, the Q'5 mode moves the methyl group from point 
A (a = 0,0 = 0) to B (a = 0,0 = 60) and then onto 
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FIG. 6. The potential surface V(a,0) for the TI excited electronic state. 
The interval between the contour lines is 100.0 cm -I. 
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FIG. 7. The molecular configurations in the So and TI electronic states. 
The (A) eclipsed, (B) antiec1ipsed, and (C) eclipsed structures represent 
the conformational changes that occur in So thioacetaldehyde as the me
thyl group rotates from point (A) to point (B) to point (C) in Fig. 5. 
The diagrams (D), (E), and (F) illustrate the structural changes which 
occur as TI thioacetaldehyde undergoes molecular inversion and (D), 
(G), and (H) are the corresponding changes in structure for methyl 
rotation. 

point C (a = 0,0 = 120), while the molecular conforma
tion changes from an eclipsed to an antieclipsed and then 
back to an eclipsed conformation. The height of the barrier 
at point B relative to equilibrium energy of point A is 
calculated to be 458.0 cm -I, which is to be compared to 
the experimental value of 534.3 cm - '. Newman projection 
diagrams illustrating the changes in conformation are 
given in Fig. 7. In the lower So state, the aldehyde wagging 
mode can be described as a high frequency low amplitude 
vibration which is localized in a single minimum potential. 
That the dotted line trajectory representing Q'4 is only 
slightly skewed with respect to the a axis indicates that the 
coupling between the 0 and a coordinates is small. The 
interpretation of the dynamics in the T, state is more com
plex. From the potential surface of Fig. 6 it is clear that one 
full cycle of the wagging-torsion coordinates generates six 
mlmma. The equilibrium configuration of point 
D, a = 20, 0 = 75, can be described as staggered. For 
wagging displacement to occur, the molecule must traverse 
the lowest saddle point on the surface at point E where it 
adopts an antieclipsed conformation, a = 0°,0 = 60°. This 
point is 120.5 cm - , above the equilibrium position. From 
here the wagging mode moves onto configuration 
F (a = - 20,0 = 45°). Note that while the wagging mode 
involves a 20° displacement of the hydrogen from the mo
lecular plane it has also associated with it a 15° rotation of 
the methyl group. That is, the aldehyde wagging mode is 
nearly an equal admixture of the a and 0 internal coordi
nates. This motion resembles an internal rotation in the 
sense that the two ends of the molecule counter rotate 

J. Chern. Phys., Vol. 93, No.8, 15 October 1990 



Smeyers, Nino, and Moule: Studies of nonrigid molecules: Thioacetaldehyde 5793 

TABLE VI. Calculated energy levels· for the coupled methyl torsion mode, QIS' and the aldehyde wagging mode, Q14, in the So and TI states of 
thioacetaIdehyde: CH3CHS, CH3CDS, CD3CHS, CD3CDS. 

CH3CHS CH3CDS CD3CHS CD3CDS 

1114 illS sym. SOb TIC SOb TIC SOb TIC Sob ToC 

0 0 01 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0 0 e 0.028 0.572 0.019 0.634 0.001 0.067 0.001 0.081 
0 e 144.68 63.73 142.74 44.68 114.82 49.44 111.52 33.02 
0 02 145.53 68.38 143.35 47.43 114.86 50.15 111.54 33.46 
0 2 01 264.85 132.50 263.27 121.17 219.19 109.81 213.67 95.56 
0 2 e 273.53 151.21 270.08 132.71 220.00 115.26 214.13 99.14 
0 3 e 359.22 192.66 357.53 153.48 308.69 156.14 302.95 130.38 
0 3 02 403.56 280.82 395.29 246.04 316.22 176.26 307.26 138.26 

0 02 834.88 213.16 627.66 162.23 830.49 219.41 622.81 184.09 
0 e 834.90 239.01 627.71 206.80 830.49 212.56 622.81 197.45 

e 972.92 312.46 766.16 289.55 940.24 278.99 731.45 229.46 
01 974.07 345.31 767.04 291.16 940.32 297.75 731.49 232.22 

aIn cm - I. Total of 31 wagging and 37 torsional basis functions. 
bV(a,0) =20663.10-20435.62 cos a+ 107.15 cos 30 cos a- 336.17 cos 30 cos 2a + 657.11 sin 30 sin a. 
CV(a,0) = 9668.92 - 10 784.85 cos a + 1295.78 cos 3a + 522.55 cos 30 cos a - 493.82 cos 30 cos 2a + 30.61 cos 30 cos 3a - 92.18 sin 30 sin a 
+ 186.33 sin 30 sin 3a. 

against each other. The saddle point for the QIS methyl 
rotation is located at G (a = O·,E> = a·), which is 239.2 
cm -I above D. The dotted line D-G-H represents one 
possible path for the rotation of the methyl group. 

Following Ref. 10, the corresponding Schrodinger 
equations for the coupled torsion wagging Hamiltonian op
erator H(a,E» were solved variationally for both elec
tronic states. Solutions were expanded in terms of the sym
metry eigenvectors (6), which factorize the Hamiltonian 
matrix into boxes. Ba, Be, and Ba,e were taken from Table 
II. It was found that 31 wagging and 37 torsional functions 
gave a sufficient basis length. This symmetrization reduced 
the 1147 X 1147 direct product matrix to smaller ai' 02' and 
e blocks of dimension 202, 201, and 372 + 372. Table IV 
gives the energy level data derived from the two
dimensional Hamiltonian along with calculations in one 
dimension evaluated at fixed out of plane angle: a = 0.0· 
and a = 20.0· for the sake of comparison. Table VI gives 
energy levels for the four isotopomers of thioacetaldehyde. 

The calculated levels for the So ground electronic state 
are well behaved. The aldehyde wagging mode, QI4 

= 834.88 cm -I, is a small amplitude out of plane vibration 
of high frequency and does not couple strongly with the 
QIS methyl torsion. This can be seen from the isotope data 
of Table VI. In CH3CHS (So) the QIS mode has a value of 
15 1e = 144.68 cm -I, which changes only slightly to 142.74 
cm - I in CH3CDS (So) when the CHS frame is deuter
ated. Moreover, the stack of torsional levels in QIS that is 
built on the QI4 wagging mode has the same 01 - e split
tings as those that are attached to the zero point level 
(140150e - 140150a1 = 0.028 cm - I; 14 1150e - 14115002 
= 0.021 cm - I). The situation is very different in the ex
cited triplet TI state since both QI4 and QIS are now of 
large amplitUde. The central two columns of Table IV give 
the torsional levels derived from the one-dimensional 
Hamiltonians (a = a·, barrier height = 118.9 cm - I and 
a = 20·, barrier height = 364.7 cm - I). The widely dif
fering potential functions lead to different energy levels. 

Compare the 15le/15lo2levels at 60.80/76.37 cm -I for the 
planar case, a = 0.0· with the 103.90/107.85 cm - I values 
derived for the equilibrium configuration where the out 
plane angle is fixed at 20·. These two cases represent the 
limiting values for the coupling and it is not too surprising 
that the two-dimensional calculation yields the energy lev
els, 63.73/68.38. The data of Table VI demonstrates just 
how strongly the modes are coupled in the upper electronic 
state. In CH3CHS the first quantum of torsion, 151 has a 
value of 63.63 cm - I. On deuteration of the aldehyde 
group, CH3CDS, this interval drops to 44.68 cm -I. In
deed the mixing is so severe that it is difficult to give a clear 
quantum number designation to the higher torsional levels 
ofthe triplet state. For example, while the 01 - e splitting 
of the zero point level in CH3CHS is 0.572 cm - I, it in
creases to 25.85 cm - I when it is attached to Vl4 = 1. This 
would indicate that the methyl group undergoes nearly free 
rotation when quanta of torsion combine with quanta of 
the wagging mode. 

Intensities were calculated from the Franck-Condon 
overlap factors and are listed along with the band positions 
in Table VII. Figure 8 shows the observed and calculated 
spectra for CH3CHS at 614 nm while Fig. 9 shows plots of 
CH3CHS/CH3CDS/CD3CHS/CD3CDS where each ofthe 
calculated lines was artificially broadened. The absorption 
bands have a distinct contour which is the result of the 
overlap of many rovibronic transitions. For the sake of 
comparison with the experimental spectrum, it was 
assumed that under low resolution conditions used here 
the contour of each band could be simulated by a Lorent
zian function. While this seems to be satisfactory for the 
lower bands in the spectrum, the contour of the 155e band 
appears to be quite different and to extend in a series of 
equally spaced subbands over a 50 cm - I range. The agree
ment between the overall profiles of the observed and cal
culated spectra is quite good in that the major features are 
reproduced. Of importance is the dip in the intensity that is 
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TABLE VII. Calculated transition energies: and intensities for the methyl torsion and aldehyde wagging modes in the TI - So system of thioacetal-
dehyde (two-dimensional case).b 

CHJCHS CHJCDS 

Assign. em-I into em-I 

155e 151.18 100.0 132.69 

15501 132.50 93.3 121.17 

15~ 192.63 66.0 153.46 

15# 63.70 63.8 44.66 

15~1 260.33 36.9 209.02 
15;e 6.52 33.8 -10.03 

151a2 -77.15 31.8 - 95.91 
146t5ge 238.98 31.5 206.79 
15re 16.77 27.4 10.73 
146t5le 167.78 27.4 99.80 
15?e - 144.12 23.5 - 142.11 
151e - 209.80 23.4 - 225.40 
15~e - 358.64 23.4 - 356.90 
15~al - 264.85 20.1 - 263.27 

146t5?a2 67.6 15.5 19.01 
15le - 80.96 14.2 - 98.06 

146t5~e - 34.52 14.0 - 63.27 
15~e - 272.96 12.6 - 269.44 
15;a2 - 135.29 11.5 102.68 

0801 -0.00 10.0 0.00 

'Relative to 0801' 
bIn em-I. 

observed between the 15Ae and 156a1 bands in the center of 
the absorption spectrum. This intensity minimum is not 
reproduced in either of the one-dimensional calculations 
based on the V(a = 0,0) or V(a = 20,0) potentials. 

The strongest band in the absorption spectrum, which 
is observed at 16402.6 cm - \ appears very clearly as a 
linelike feature. It is assigned to the transition 156a 1 that is 

~ 
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FIG. 8. The observed and calculated torsion-wagging TrSo spectra of 
thioacetaldehyde at 614 nm. 

CD3CHS CDJCDS 

into em-I into em-I into 

100.0 115.25 26.5 99.14 28.9 
74.4 109.81 37.8 95.56 43.4 
30.8 156.14 100.0 130.38 100.0 
40.8 49.43 14.7 33.02 15.7 
41.9 195.90 53.9 172.33 88.1 
12.6 44.47 34.5 - 12.37 39.8 
21.7 - 64.71 14.0 -78.08 16.0 
71.4 212.56 22.1 170.47 81.9 
28.0 41.33 13.3 18.86 17.0 
40.0 121.14 24.2 85.93 49.5 
21.5 - 114.74 65.9 - 111.43 10.3 
17.8 - 170.55 21.0 - 181.10 25.4 
20.8 - 308.61 17.2 - 302.86 23.0 
17.4 - 219.18 7.8 - 213.67 11.2 
20.2 61.40 26.5 26.72 28.5 
10.6 - 65.37 6.8 -78.49 7.9 
11.0 -7.42 7.1 -43.64 5.4 
10.6 - 219.92 4.0 - 214.04 5.7 
2.7 107.36 2.7 72.55 10.8 

10.0 0.00 1.8 0.00 3.1 

calculated to be displaced from the 08a1 electronic origin 
by 132.50 cm - I. Because of the clear definition of this 
band and its high calculated strength, 93.3, it is used as the 
starting point for the vibronic assignment. The second 
strongest band is observed at 16339.4 cm - 1 and is as
signed to 15Ae. The observed interval between these two 
bands of 63.2 cm - 1 compares favorably with the calcu
lated interval of 68.80 cm -I. The perplexing part of the 
analyses is that the 15ije band has a calculated relative 

~ 
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z 
W 
f
Z 

300 200 100 o -100 -200 -300 
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FIG. 9. The calculated spectra of thioacetaldehyde, CH3CHS, CHJCDS, 
CD3CHS, and CDJCDS. 
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intensity of 100 and is not observed in the spectrum as a 
prominent feature. Instead, a broad absorption is observed 
at + 150 cm -I, which extends over more than 50 cm -I. 
It is this broad undulating feature that is assigned to 
15~. It would appear that the strongest band in the tor
sional progression has a contour that is different from that 
of the other bands in the spectrum in that it is broad and 
contains subband structure. This is somewhat surprising 
and a possible explanation for the different contour is that 
the upper level, 152e

, lies just above the top of the central 
barrier. Without a hindering barrier, the methyl group 
would behave somewhat like a free rotor and the quantum 
numbers that describe the internal torsion would be those 
of the free internal rotor. 

The origin band may not be observed directly in the 
absorption spectrum since it is calculated to have a 
strength of 10.0 and is adjacent to the stronger hot band 
15te that is calculated to have an intensity of 27.4. The hot 
band structure at 16189.5, 16 131.4, 16033.9, and 
15 986.2 cm - I is assigned without difficulty to the 
15ja2' 15?e, 15!e, and 15~al vibronic transitions. When the 
origin is placed at 16 292.8 cm - I, the levels of the So state 
may be extracted by combination differences to give 
151/15201 of 161.4/306.6 cm -I that may be directly com
pared to the calculated values of 144.68/264.85 cm -I. 
Thus, the ab initio MO calculations underestimate the ob
served frequency data by about 11 percent. On the other 
hand, the 15Ie/152a1 levels for the TI state are observed to 
be at 46.6/109.8 cm - I and are some 37 percent lower than 
the calculated values, 63.73/132.50 cm -I. The observed 
band at + 249.6, 16542.4 cm -I cannot be assigned to 
transitions to higher quanta of the QI5 mode. Rather it 
must arise from the activity of the aldehyde wagging mode. 
Such transitions would be forbidden in the absence of 
wagging-torsion coupling. In the calculated spectrum, the 
transition 14A15Ae at + 238.98 cm - I has a calculated 
strength of 31.5. While the agreement between the calcu
lated and observed line positions is good, the calculations 
overestimate the strength of this band. 

Further work is planned on this system using the tech
nique of flash pyrolysis-supersonic jet spectroscopy. The 
reduction in the vibrational temperature by this method is 
expected to remove most of the torsional hot band struc-

tore and the background congestion and to give a better 
view of the higher vibronic bands in the .spectrum. This 
information will be invaluable in establishing the band as
signments and should give further insight into the anhar
monic coupling between the two large amplitude low fre
quency modes. 
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