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We report quantitative calculations of stereomutation tunneling in the disulfane isotopomers H,S,, D,S,,
and T,S,, which are chiral in their equilibrium geometry. The quasi-adiabatic channel, quasi-harmonic reaction
path Hamiltonian approach used here treats stereomutation including all internal degrees of freedom. The
torsional motion is handled as an anharmonic reaction coordinate in detail, whereas all the remaining degrees of
freedom are taken into account approximately. We predict how stereomutation is catalyzed or inhibited by
excitation of the various vibrational modes. The agreement of our theoretical results with spectroscopic data
from the literature on H,S, and D,S, is excellent. We furthermore predict the influence of parity violation on
stereomutation as characterized approximately by the ratio (4E,/AE. ) of the (local or vibrationally averaged)
parity violating potential AE,, and the tunneling splittings AE . in the symmetrical case. This ratio is exceedingly
small for the reference molecules H,0, and D,0,, and still very small (2-10-° cm™') for H,S,, which, thus, all
exhibit essentially parity conservation in the dynamics. However, for D,S, it is ca. 0.002, and for T,S, it is ca. 1,
which seems to be the first case where such intermediate mixing through parity violation is quantitatively
predicted for spectroscopically accessible molecules. The consequences for the spectroscopic detection of
molecular parity violation are discussed briefly also in relation to other molecules.

1. Introduction. — Geometrical aspects of molecular symmetry have been a key
element in discussions of molecular structure and dynamics for some time, with
occasionally brilliant presentations of the various facets of this topic [1][2]. At a more
fundamental level, the abstract symmetries of the group of the Hamiltonians of physics
have been historically known to provide a key to an understanding of the classical and
quantum dynamics of physical systems [3]. Such symmetries may be approximate and
then can be used as a guiding principle to classify molecular properties ranging from
models of electronic structure [4][5] to detailed state-to-state selection rules in
chemical reactions [6][7]. A violation of such symmetries and selection rules is then
anticipated and understood as providing the structure of various levels of approx-
imation used in our description of nature. However, certain symmetries of physics have
an even more fundamental character, being almost accepted a priori [8]. The violation
of such symmetries, whenever established experimentally, provides deep insight into
what is observable or unobservable in nature [9].

The discovery of parity violation in nuclear physics [10][11] and the formulation of
electroweak theory [12-14] led to the realization that possible effects from parity
violation should also be considered in molecular physics. However, it turns out that the
inclusion of parity-violating effective potentials in quantum-chemical calculations is
usually not necessary due to their minute size (on the order of 107"3*3 J mol~! for
molecules consisting of lighter elements). An exception are chiral molecules, especially
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those with a high barrier for stereomutation, because of their close degeneracy of
vibrational tunneling energy levels. Thus, the special situation may arise that the energy
difference between the enantiomers of a chiral molecule AE,,, which is caused by the
parity-violating electroweak interaction, is as large as or even larger than the tunneling
splitting in the vibrational ground state. Such a situation is of particular interest, since
parity violation becomes dynamically important for the chirality of the molecule
[91[15][16].

Indeed, as illustrated in Fig. I, one may distinguish two limiting cases for the
structure and dynamics of chiral molecules. In the first case, the tunneling splittings
AE, corresponding to the interconversion of enantiomers are large, much larger than
the asymmetric, parity-violating effective potentials corresponding to a hypothetical
parity-violating energy difference AE, between the enantiomeric (R) and (S)
equilibrium structures. In this case (Fig. 1,a), the molecular eigenfunctions have
essentially pure parity (+or — ), being delocalized superpositions of localized (‘left’ or
‘right’) 4,p structures (see Fig. 1,a)

1
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Recent experimental and theoretical studies show definitively that H,O, [17][18]
and aniline-NHD [19] with very low barriers for stereomutation, of ca. 5 kJ mol~!, are
among these types of molecules. Although such molecules are chiral at their
equilibrium geometries, they are not generally considered as ordinary chiral molecules,
because the lifetime of chiral structures falls into the femtosecond to picosecond range
[17-20]. On the other hand, for typical, stable chiral molecules such as CHFCIBr [21 -
26], one can estimate that the opposite case applies, with AE,,>AE.. Then the
eigenfunctions are localized with well-defined handedness (4 or p) as shown in Fig. 1,b
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Only recently, a simultaneous, quantitative theoretical investigation of both parity
violation and tunneling splittings has actually shown such a case to apply to S,Cl, [27],
which could also be useful for experimental study [15]. Another very interesting case
with respect to experiments [16] is an intermediate situation where 4L, is on the order
of AE..

The recent theoretical discovery [28 —30] that parity-violating potentials are orders
of magnitude larger than previously accepted [31][32] has stimulated new interest in
molecular-parity violation, as many more molecules might become dominated by parity
violation than hitherto anticipated, and accessible to useful experimental study.

Here, we investigate disulfane isotopomers (X,S,, X=H, D, T; Fig. 2). Disulfane
isotopomers have a chain structure, and they exhibit C, symmetry in their chiral
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Fig. 1. Quantum-mechanical energy levels (E) and wave functions Y(=21, py.) in the two limiting cases:
a) tunneling splitting AE, much larger than the parity-violating energy difference AE,, and b) parity-violating
energy difference AE,, much larger than the tunneling splitting AE .

equilibrium geometry. They are among the simplest prototypes for stereomutation,
performing a large amplitude motion — internal rotation, i.e., torsion around the S—S
bond. The barriers for stereomutation between the enantiomers of H,S, were
determined experimentally [33] and theoretically [34] to be rather high, for the cis-
barrier ca. 2800 cm~! and for the trans-barrier ca. 2000 cm~!. Accordingly, the torsional
tunneling splittings are rather small. For instance, the torsional tunneling splitting in the
vibrational ground state (torsional state v, = 0) was experimentally determined to be ca.
2-10%cm™! [35][36]. Torsional tunneling splittings for higher torsional states have
also been determined, either experimentally or theoretically [33][35][37-40]. More-
over, an increased torsional splitting in the millimeter-wave rotational spectra of an
excited vibrational state was observed, and possible mechanisms for this increase were
discussed [37][41]. For the disulfane isotopomer D,S,, only the torsional tunneling
splitting in the torsional state v,=3 has been observed. Its value was determined to be
33-10*cm™! [39]. For the first three torsional states of D,S,, there are neither
experimental nor calculated torsional tunneling splittings available (except for a
preliminary study in our group [42]). To our knowledge, no data have been published
for T,S,.
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Fig. 2. Chiral C, equilibrium structure of the (P)-enantiomer of disulfane obtained employing MP2/6-311 +
G(3df2p) calculations

In this paper, we present our theoretical results for the mode-selective stereo-
mutation tunneling in disulfane isotopomers. The calculations were performed
employing the quasiadiabatic channel reaction-path Hamiltonian (RPH) approach
[18][19], which has been shown to reproduce well the experimentally observed pure
torsional spectrum and mode-specific tunneling, as well as the few known isotope shifts
for H,0,, a related molecule. The reaction path Hamiltonian used here is based on
earlier work by Miller, Handy, and Adams [43], and further related to still earlier
adiabatic channel model [44][45] and transition-state-theory treatments [46]. It has
also been successfully applied to the inversion dynamics of aniline [19]. Moreover, it
has been shown that our harmonic reaction-path Hamiltonian approach gives good
agreement with the results of a new fully coupled six-dimensional adiabatic channel
approach [18][47]. We compare the torsional tunneling splittings of the disulfane
isotopomers with parity-violating potentials [29][34][48][49], including some addi-
tional calculations from the present work, and with the corresponding results for
hydrogen peroxide [28—30][49]. While the parity-violating energy differences for H,S,
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and D,S, are small compared with the torsional tunneling-splittings in the vibrational
ground state, the parity-violating energy difference for T,S, is of the same order as the
torsional splitting. This is, to our knowledge, the first system for which explicit
calculations show that AE,, ~AE,. Moreover, excitation of the antisymmetric TSS-
bending fundamental inhibits the tunneling dynamics, thus possibly inducing the
torsional splitting to become smaller than the parity-violation energy difference.

2. Calculations. — The ab initio calculations with parity-conserving Hamiltonians
were carried out with the Gaussian 98 quantum-chemistry package [50]. The
equilibrium structure and nuclear configurations of disulfane at constrained dihedral
angles 7 and within the constraints of C, symmetry were completely optimized to obtain
the parity-conserving torsional potential using second-order Mgller-Plesset perturba-
tion theory (MP2) [51]. The ‘tight’ Gaussian 98 convergence criteria were used, and the
core electrons were kept frozen. For each nuclear configuration considered, we
calculated also the harmonic vibrational frequencies using MP2 analytic second
derivatives. For the above-mentioned calculations a 6-311+ G(3df, 2p) split-valence
basis set was employed. In particular, the torsional potential and the corresponding
structures were calculated in steps of 10 degrees. Thus, we calculated the reaction path
as a minimum-energy path, which is invariant under isotope substitution. The
calculations of parity-violating potentials were carried out according to the MC-LR
approach described in [30], making use here of the RPA (random phase approx-
imation) and the Dalton program [69].

The torsional-tunneling dynamics were calculated with the quasiadiabatic channel-
reaction path Hamiltonian treatment described in detail in [18][19]. In brief, it is a
modified version of the RPH treatment introduced by Miller, Handy, and Adams [43].
We introduce the one-dimensional (RPH) Hamiltonian ﬁq (P, q), which depends only
upon the reaction coordinate g and its conjugate momentum p,

H,=5 pGp +u(q) + V.(q) (5)

N =

V, is the electronic potential along the minimum-energy path, the momentum operator
p has its usual definition

. 0
P:—lha*q (6)

The effective inverse reduced mass G is obtained by pointwise inversion according to

Glg) =3 aaé—éq) aaé—? (7)

i=1

with the reference geometry a,(¢) in terms of the mass-weighted cartesian-coordinate
vectors of the atoms i. u(q) is the pseudo potential. The complete vibrational
Hamiltonian is given by

H(p. q. (P, Q) =Ho({Pr. Qi @)+ H,(P. q) (8)
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where the first part depends on the ‘fast’ 3N — 7 mass weighted normal coordinates O,
and their conjugate momenta P,, and parametrically upon ¢, the ‘slow’ reaction-
channel coordinate. The eigenfunctions in the quasi-harmonic-quasi-adiabatic channel
approach are given by the products

¥ (Q, 9) =10(0)9.(Q: q). 9)
Hyp,(Q: 9) =2,(0)9.(Q: q) (10)

The ¢,(Q; g) are harmonic-oscillator eigenfunctions. The x”,(q) are associated with the
adiabatic channel n

(e.(q) + (@ | Hy | @) — Ep) 2(q) =0. (11)

Eqn. 11 is solved numerically in a discrete variable representation (DVR). Avoided
crossings of adiabatic channels are removed in the modified approach by a systematic
deperturbation by means of 2 x 2 diabatic rotations in normal coordinate space. For
details, we refer to [18][19]. The existing computer program package from [18][19] was
modified to allow for much higher numerical precision. We use 128-bit word length
(quadruple precision) for a floating-point number. However, the originally calculated
ab initio values for the electronic potential energies, force fields, and cartesian
coordinates were by far not represented with a comparable precision. This causes high-
frequency artificial noise. It furthermore leads to a very slow numerical convergence in
the calculation of extremely small tunneling splittings as a function of increasing
number of grid points, because each added grid point possibly adds even higher-
frequency noise. To avoid these numerical problems, the effective potential V(z(q)) =
V.(q)+u(q), all harmonic transition wavenumbers functions w/7(q)), and G(z(q))
were fitted to a Fourier series up to 16th-even-order, which acts as a filter for the
numerical noise

F(z(q))=F,+ zl(i F; x cos (it(q)/360). (12)

i=2.even
For symmetry reasons, all expansion terms F; with an odd index i are zero. This
expansion was found to be sufficient. The root-mean-square deviations were lower than
one part per thousand with respect to the maximum value of the fitted function. It is
expected that these deviations have a negligible influence on our calculations.

While the fully anharmonic quasiadiabatic channel approach should be fairly
accurate, also with respect to absolute energies except for local resonances, and can be
implemented when a full potential surface is available, for instance, with the quasi-
adiabatic-channel quantum Monte Carlo or DVR techniques [52][53], the present
approach contains substantial further approximations (most importantly the quasihar-
monic approximation for the 3N —7 normal modes). Thus, the absolute vibration-
torsion energies are not expected to be accurate. It has been demonstrated before,
however, for the rather similar example H,0,, that the stereomutation tunneling is well
approximated by the present approach. For H,0O,, such a validation was possible by
comparison with fully six-dimensional, ‘exact’” DVR calculations [18][47], as a
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complete six-dimensional potential hypersurface is available [17]. The approximate
and exact tunneling splittings were almost identical for the case, when there are no
resonances. This gives us confidence to expect similar accuracy for H,S,, where a full
six-dimensional hypersurface is not yet available, and exact six-dimensional calcu-
lations cannot be carried out for this reason. Indeed, the major advantage of the
quasiadiabatic channel RPH approaches consists in the possibility of obtaining fairly
accurate results with full-dimensional dynamics in cases where a global electronic
potential hypersurface is not available. Some initial calculations [42] were carried out
with a simple one-dimensional flexible model Hamiltonian [54] and an effective, adjusted
potential for the torsional motion only [42]. They will be given here for comparison.

3. Results and Discussion. — 7able I compares the symmetric tunneling components
(A*) of calculated fundamental transition wavenumbers for disulfane and its
isotopomers with the experimental results for the band centers and with the harmonic
wavenumbers from ab initio theory. One finds the typical deviations that are due to
fundamentals being different from harmonic frequencies because of anharmonicity and
due to the ab initio error in harmonic frequencies. However, the torsional transition
wavenumbers agree very well. This is to be expected, since the RPH approach treats the
torsional vibration anharmonically. For T,S,, there exist, to our knowledge, no
experimental data. Moreover, in Table 2 it is shown that the experimental r,-structure
agrees reasonably well with our calculated MP2/6-311 + G(3df,2p) structure.

Table 3 displays the calculated results for the torsional tunneling splittings of
disulfane in the first six pure torsional states compared with experimental and other

Table 1. Calculated and Experimental Wavenumbers for the Vibrational Modes of H,S,, D,S,, and T,S,. All
values are given in cm™. In the following assignments s refers to a stretching and b to a bending mode: v, = sym.
s(SX), v, =sym. b(SSX), v;=s(SS), v, =torsion, vs=asym. s(SX), vs=asym. b(SSX) where X=H, D, T

H.S, DS, T,S,

Exper.?) RPH") Calc.€) Calc.%) Exper.©) RPH") RPH)
7 2555.8 27286 2726.6 2657.3 - 1959.8 1625.5
v 883 911.4 912.6 886.9 - 659.8 553.8
v 515.9 539.1 537.4 500.8 - 537.1 532.3
v 4175 4248 450.7 412.9 306 3115 260.8
Vs 2558.6 2731.1 27292 26583 1863 1961.5 1626.7
Vs 882 905.81 909.9 882.3 646.4 653.7 545.6

2) Experimental gas-phase data from [55-58]. ®) Quasiharmonic RPH calculations, this work. €) Ab initio
harmonic wavenumbers from this work MP2/6-311 4 G(3df,2p). ¢) Ab initio harmonic wavenumbers from [59]
(CCSD(T)/6-311 ++ G(2d,2p)). ©) Experimental gas-phase data from [57].

Table 2. Experimental and Ab Initio Equilibrium Geometry of H,S,

Parameter Exper. [60] MP4/cc-pVTZ [61] MP2/6-311 + G(3df,2p), This work
rss/A 2.0564(1) 2.083 2.053

rsulA 1.3418(2) 1.344 1.338

agsl° 97.91(5) 97.71 98.19

Thssi’ 90.40(10) 90.55 90.78
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Table 3. Torsional Tunneling Splittings (7(A~) — ©#(A")) of H,S, for Pure Torsional States 7 =v,-v,. All values
are given in cm™!

v, Exper. Note RPH?) Calc.®) Calc.©) FitY) 1d°¢)

0 1.935-10-° D) 1.985-10-¢ -£) 1.115-10°3 -8) 2.616-10°°
2.502-10-° D)

1 2.667-107* D] 2.245-107* 2-107* 3.87-10* 2.50-10* 2.783-107*
1.2547-102 7 1.112-1072 0.83-102 1.91-1072 1.26-102 1.333-10°2
12672-102 ¥

3 3.550-10! k) 3.134-107! - 5.6-107! 3.69-107! 3.69-10°!

4 - 5.319 - 9.9 6.49 6.15

5 - 44.815 - 70.1 - -

) RPH Calculations, this work. ) Variational calculations [38]. ©) Variational calculations [40]. ¢) Determined
with an effective potential adjusted to the experimental tunneling splittings for v,=0, 1, 2 [39]. ©) One-
dimensional flexible model [42] with adjusted potential from [33], this work. ) From millimeter-wave data
[35][37]. &) Within their numerical precision determined to be zero. ) From saturation spectroscopy [36].
1) From millimeter-wave data [37]. /) From millimeter-wave data [33]. ) From IR data [33].

previously published data. Our RPH results agree very well with experiment,
particularly in view of the absence of any adjustment to experiment. This holds even
for the very small splitting in the torsional ground state. Other ab initio methods yielded
either a ‘zero’ value (due to insufficient numerical precision [38]) or a value one order
of magnitude too large [40]. Moreover, our ab initio values agree well with those that
were determined with an effective torsional potential, which had been adjusted to the
experimental torsional splittings for the first three torsional states (v,=0, 1, 2). The
predictions obtained from the latter effective potential for the tunneling splittings in
the torsional states v,=3, 4 agree with the results of our RPH calculations. The
torsional energy levels for the pure torsional states up to the tranms-barrier to
stereomutation are shown in Fig. 3.

For D,S, (see Table 4), only the v,=3 tunneling splitting is experimentally known.
The torsional tunneling splitting that we obtain ab initio agrees approximately with the
experimental result. Altogether, our calculated torsional tunneling splittings for H,S,
and D,S, agree well with experiment. The calculated splittings are always smaller (ca.
11-21%, if one does not take the early experimental value of 1.935-10=° cm™! into
account, which we would reproduce within <3%). Thus, we expect our predictions for
the pure torsional tunneling splittings for D,S, in the torsional states v,=0, 1,2, and 5 as
well as for T,S, (see Table 4) to be good estimates of the true values. This is also
supported by the relatively good comparison of our results with the simple, one-
dimensional adjusted model potential.

A question of considerable current interest in chemical-reaction dynamics concerns
vibrational-mode selectivity [62—64]. As we have discussed for the case of H,O, [18],
the question arises in this context, whether excitation of certain, nontorsional
vibrational modes promotes (‘catalyzes’) or inhibits the prototype reaction of
stereomutation. The results of our investigation of the mode selectivity of the
tunneling process in disulfane isotopomers are shown in Table 5. Our comparison with
experimental data is, in this case, limited, since only the enhanced splitting in the first
excited S—S stretching state of H,S, has been observed so far. Moreover, this particular
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Fig. 3. Parity-conserving torsional potential V (t) plotted as a function of the dihedral angle T and torsional energy
levels for different torsional states v,=1...5 of H,S,, which have been superimposed on the potential. Only the
torsional splitting (#(A~) — 7(A™")) for the v,=5 level is large enough to be depicted (see Table 2)

Table 4. Torsional Tunneling Splittings (¥(A~) — #(A")) of D,S, and T,S, for pure torsional states V =v,-v,. All
values are given in cm™!

D:S, LS,

v, Exper. [38] RPH?) 1d®) Fit.) RPH?) 1d®)

0 - 4.827-10710 6.014-10°1 -9 1.151-10-12 1476-10°12
1 - 7.805-10° 9.43-10°¢ -9 2270-10°% 2.835-10°1
2 - 5.833-10°° 6.88-10-° =4 2.107-10°% 2.565-10°
3 333-10° 2.660-10* 3.07-10* 1.80-10- 1.220-10°° 1.447-107¢
4 - 81981073 9.28-10° 5.76-107 4915-10° 5.675-107°
5 - 1.776-10! - - 1.451-107 1.629-107

) RPH Calculations, this work. *) This work with one-dimensional model potential adjusted to data for H,S,
(Table 3). ©) Determined with an effective potential adjusted to the experimental tunneling splittings of H,S,
for v,=0, 1, 2 [39]. 9) Zero within numerical uncertainties.

splitting has been interpreted to be perturbed by an anharmonic resonance coupling
between the first excited S—S stretching state and the manifold of excited torsional
states with torsional splittings much larger than 1.0 MHz [36] [41]. In such a case, where
anharmonic resonance effects markedly shift vibrationally excited levels, the quasi-
adiabatic harmonic approach necessarily fails. This explains that our theoretical result
is approximately seven times smaller than the experimental splitting [41]. However,
our result supports the assumption that the unperturbed, zero-order torsional tunneling
splitting in the first excited S—S stretching vibration in H,S, is about equal to the
ground-state torsional tunneling splitting [36][41].
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Table 5. Mode-Specific Stereomutation Tunneling of H,S,, D,S,, and T,S,: Torsional Tunneling Splittings Av;,=
(?(A~) — #(A*)) for Fundamental Excitations ¥;

H,S, A#/10-6 cm~! D,S, 47/10- 9 cm=!  T,S, A7/10-12 cm~!
Exper. RPH?) Calc.?) Calc. [41] RPH?) RPH?)
vy 1.935¢) 1.985 11.15 - 4.827 1.151
2502 [35] -
vy - 1.613 —300 - 3.898 0.924
v, - 1.001 1400 - 12.747 3.283
V3 14.674)°) 2.051 47 342 5.299 1.300
16.7°)¢)
Vs - 1.570 18000 - 3.821 0.917
Vs - 4.768 400 - 2.095 0.465

) RPH Calculations, this work. ®) Variational calculations [40]. ¢) From millimeter-wave data [37]. ¢) From
millimeter-wave data [41]. ¢) Assumed to be perturbed by anharmonic resonance [37][41].

Overall, one finds that v; appears to be an ineffective mode, the symmetric bending
mode v, is a rather strongly promoting mode, whereas the asymmetric bending mode v,
is a rather strongly inhibiting mode for D,S, and T,S,. For H,S,, v, is an inhibiting and v,
a promoting mode. The two HS stretching modes are weakly inhibiting modes. This
remains true for the isotopomers. Furthermore, this overall picture is also not too
different from that for H,O, [18], where the effects are generally more pronounced,
and the splittings are much larger. Figs. 4 and 5 provide a convenient graphical survey
of these results.

Finally, it is of interest to compare the tunneling splittings with calculations for the
parity-violating energy difference 4E,,, which we take here as the difference of parity-
violating potentials (or total energies) at the assumed or calculated equilibrium
geometries of the enantiomers

AE,, ~ E, (M) — E,(P) (13)
~2E,(M). (14)

As there is a rather strong dependence of E,, upon torsional angle [29][30][34],
this single number is not quite sufficient for complete characterization. For the present
purpose of an overall order of magnitude study, it should be sufficient, however. This
conclusion is supported by the more accurate calculation of torsional-energy levels
including an antisymmetric parity-violating effective potential.

Table 6 summarizes the results for AE,, for H,O, and H,S, as obtained from
previous and present calculations. As defined here, the sign is different for H,0, and
H,S,, that is, for H,O,, the potential is lower for the (M)-enantiomer than for the (P)-
enantiomer near the equilibrium geometry (z,), whereas, for H,S,, the potential is
lower for the (P)-enantiomer than for the (M)-enantiomer near (z,). Table 6 shows
that, for H,O,, the early results for | E,, | are lower by about two orders of magnitude
than all current results, as first established in [28]. For H,S,, the corresponding increase
is still more than an order of magnitude. For a critical discussion of the smaller
differences in recent calculations, we refer to [30][34]. We should note that, because of
the relatively strong dependence of AE,, upon geometry, a global comparison should
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Fig. 4. Mode-specific stereomutation tunneling of H,S,: logarithmic plot of the torsional tunneling splittings
A(v;+v-v) for the singly excited fundamentals v; in dependence of the torsional state v, with respect to the lowest
corresponding A" fundamental level

really be made on the basis of comparing the behavior of E,,, as a function of geometry,
including all degrees of freedom, but this aspect is dealt with separately [49]. Suffice to
say that, of course, results from different calculations on AE,, are only comparable,
when they refer to exactly the same geometry. We give in Table 6 results for two sets of
geometry for H,S,.

Here, we should discuss the relative magnitude of |AE,, | and |A4E,| for the
various molecules. For convenience we summarize these data in 7Table 7 for survey,
presenting the rounded values for AE, just for the vibrational ground state and a
rounded ‘current best estimate’ for |AE,, |. Because the hydrogen-isotope nuclei do
not contribute much to the parity-violating potential due to the low electroweak
charges compared to oxygen and sulfur [29][30], we have inserted the same value of |
AE,,| for all isotopomers. The |A4E,, | of the D and T isotopomers were calculated
with a small basis for confirmation of this result. The changes due to the different
effective geometries are presumably as large as those arising from the changes in
electroweak charges. For H,O, and D,0,, the tunneling splittings are so much larger
than the parity-violating potentials that, for all practical purposes, the observable
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Fig. 5. Mode-specific stereomutation tunneling of H,S,: torsional energy levels for the singly excited fundamentals v,
relative to the energy of the lowest corresponding torsional level

energy eigenstates of H,O, can be considered to have well-defined parity (and no well-
defined chirality). The average mixing of the wrong parity into these ‘pure parity’ levels
is of the order of x=(|4E,|/|4E,|)*~10"* in this case, which will hardly be
detectable by any of the currently available or proposed spectroscopic techniques.
While the situation is still about similar for H,S, (x ~2 10~!®) this changes somewhat for
D,S,, where a mixing of x =~ 10~° (and more for some excited vibrational levels) might
become detectable with advanced spectroscopic techniques, although the levels will
show essentially pure parity (and no chirality). For T,S, |4E,,| and |AE. | are about
equal, leading thus to very substantial mixing of the levels of different parity, a
prediction that is independent of the precise level of accuracy of the present
calculations. To our knowledge, T,S, is the first molecule for which this range of relative
order of magnitude for |E,| and |4E,, | has been explored by quantitative theory.
Because |4E,, | depends so strongly upon geometry, the comparison of |E,, | and
| AE, | in the first columns of Table 7 gives only a qualitative or at best semiquantitative
estimate of the effect of parity-violating potentials on the torsional energy levels and
wave functions. As another approximation to estimate the effects from parity violation,
we have calculated the changes in positions of the lowest-torsional-energy levels when
calculating these with an effective torsional potential including parity violation (over
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Table 6. Parity-Violating Energy Difference AE,,=E, (M) —E, (P) for H,S, and H,0,

Molecule Method 4E, /1075 cm™!

H,0,%) 6-31G [32] ~0.003
CIS/6-31G [28][29] [34] —0.50
TDA/6-31G [65] —0.70
DHF [48] -0.37
CASSCF-LR/cc-pVTZ [30] -0.34

H,S, 4-31G [32]%) 0.20
TDA/4-31G (scaled 74.9%) [65]°) 12.0
RPA/extended (scaled 74.9%) [65]°) 194
CIS-RHF/6-31G [29][34]) 15.1
CIS-RHF/D95%* [29][34]®) 16.3
CIS-RHF/6-311G** [29][34]%) 18.8
RPA/6-31G (this work)®) 14.3
RPA/cc-pVDZ (this work)®) 16.5
RPA/cc-pVTZ (this work)®) 18.5
RPA/aug-cc-pVTZ (this work)®) 18.7
DHEF [48]®) 28.0
RPA/cc-pVDZ (this work)®) 57
RPA/cc-pVTZ (this work)®) 6.6
RPA/aug-cc-pVTZ (this work)®) 7.0

2) Using the geometry: roo =149 A, roy=0.97 A, aoon=100.0°, and 7300y = 90.0°. ) Using the geometry:
res=2.055 A, rgy=1.352 A, agey=92.0°, and 1y = 90.0°. ©) Employing the MP2/6-311 4+ G(3df,2p) equilib-
rium structure shown in 7able 2.

Table 7. Comparison of |AE,,| and |AE. | for Various Molecules

. . AEY, — AE,

Molecule |AE,,|/cm~ |AE. |/em™ yE—m
+

H,0, 4.10-" 11 _
D,0, 4-1071 2 _
H,S, 1-10-%2 2-10-° 45-10-8
D,S, 1-107%2 5-10710 7.6-10°°
T,S, 1-10-12 1-10-12 0.91

the full range of torsion angles) as compared to the symmetric potential. These results
are shown in the last column of Table 7 in the form of the ratio of splittings of the lowest
two levels calculated including parity violation (AE}) and without parity violation
(i.e., AE,; =AE.) by means of the expression

_AEY, — AE.

— AE;
Further, similar results were obtained using a simple one-dimensional model
potential including parity violation. The various types of results agree in their order of
magnitude estimate for the effect of parity violation, and further improvements would
require a full-dimensional treatment for parity-violating potential hypersurfaces [49].
It must be understood in discussing such calculations including parity-violating
potentials that these must not be naively considered as simple additions to the Born-
Oppenheimer potential governing the nuclear motion within the molecule. Indeed,

(15)
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non-Born-Oppenheimer effects, radiative effects, and related corrections would be all
much larger than the parity-violating potentials. Nevertheless, the latter can be
introduced as effective potentials into the dynamics, because their different symmetry
allows them to be isolated from all other corrections in the perturbation theory (see
also the discussion in [29]).

4. Conclusions and Outlook. — In combination with ab initio calculations, the quasi-
adiabatic channel quasi-harmonic reaction-path Hamiltonian approach allows us to
make quantitative predictions of good accuracy for the stereomutation tunneling
splittings and rates of the series of chalcogene derivatives of the form X,Y,, which are
chiral in their equilibrium geometries. Although the stereomutation process in these
compounds is dominated by the torsional motion, the theoretical approach treats the
problem in all six internal degrees of freedom, where the influence of the other,
nontorsional vibrational modes is taken into account approximately. This allows us to
demonstrate mode-selective catalysis and inhibition of stereomutation by the various
vibrational modes in H,S,, D,S,, and T,S,. Where available for comparison,
experimental data agree well with our theoretical results. Our work provides
furthermore a number of predictions for spectroscopically accessible levels.

At a more fundamental level, our calculations of the very small tunneling splittings
predicted for D,S, and T.,S, allow an interesting comparison with parity-violating
potentials. It is found that, with the new order of magnitude of parity violation
discovered about 5 years ago [28], and with the present calculations of both parity
violation and tunneling splittings, these two isotopomers are potentially useful
candidates for the spectroscopic investigation of parity violation. Indeed, for D,S,
the parity-violating mixing of spectroscopic levels, while still weak (1075), might be
detectable by spectroscopic techniques, and we thus propose to reinvestigate the
spectroscopy of this easily accessible molecule under this aspect. For T,S,, the mixing is
predicted to be essentially complete with |AE,, |~|4E. | and large relative effects of
the parity-violating potential on the calculated positions of the lowest torsional levels.
These are to our knowledge the first quantitative predictions of this type. The present
findings can be extended to X, Y, chalcogenic molecules, where parity violation actually
dominates chirality [27]. One obvious set of candidates is the series of isotopomers
H.Se,, D,Se,, and T,Se,, as well as the Te compounds (parity violation, but no
tunneling splittings, has been studied for H,Te, with relativistic Hiickel techniques [66]
and more recently Dirac Fock techniques [48]). Our approach to multidimensional
tunneling can treat such systems easily. However, they are neither handled easily by
experiment nor is the underlying many-electron relativistic theory well under control.
The other option is to use substituted molecules of the type S,Cl,, which is under
current study in our laboratory [27], and where parity violation, indeed, dominates
tunneling. Another obvious extension of our work concerns the investigation of
biomolecules [67][68].

We have received stimulus and encouragement in our investigations through several discussions on
symmetry with Edgar Heilbronner, to whom this paper is thus justly dedicated. Help from and discussions with
Robert Berger, Benjamin Fehrensen, Rolf Meyer, Achim Sieben, and loannis Thanopoulos are gratefully
acknowledged. Our work is supported financially by the Swiss National Science Foundation and ETH-Ziirich
(including CSCS and C4 projects).
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