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Abstract

We investigate the stereomutation tunneling processes in the axially chiral prototype ion H@@dHn HTe, isotopomers in their
relation to parity violation using quantum chemical calculations including our recently developed MC-LR approach to electroweak quantum
chemistry and the quasiadiabatic channel reaction path Hamiltonian (RPH) approach. All the molecules dealt with here exhibit intermediate
barriers to stereomutation (in the range from 0.1 to 0.3 eV depending on the molecuis @nttans-type of transition structure considered).
Whereas tunneling dominates the quantum dynamics of stereomutation in all isotopomers of'HElground-state torsional tunneling
splittings for hydrogen ditelluride isotopomersT2, and T,Te, are calculated to be much smaller than the parity violating energy differences
AE,, between the enantiomers of these molecules. We present a systematic investigation of the dependence of tunneling splittings upon the
excitation of various vibrational modes and we identify some strongly promoting and some weakly inhibiting modes as well as essentially
inactive modes. A comparison of the new results for HOCWdth our previous results for the isoelectronic HSOH shows some similarities
but also some striking differences. HOCIli$ predicted to have sufficient kinetic stability for a spectroscopic observation, as a barrier of more
than 1 eV separates it from the more stable isom&@®Ei*. We also provide a summary comparing the whole series of axially chiral HXYH
isotopomers with X, ¥=0, S, Se, Te, Cl and discuss the outlook for experiments on molecular parity violation in this series of molecular and
ionic species. For the hydrogenic compound3® is the only non-radioactive compound, in which parity violation is predicted to dominate
over tunneling, similar to the chlorinated species3g| which we had investigated earlier.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tation[11]. In the present paper, we shall address the pos-
sibility of using transient species generated and observed
Mass spectrometry has a long history and high renown in mass spectroscopy for the study of some fundamental
as an analytical technique and we may mention here somedynamical aspects of chiral molecules relating to tunneling
very practical applicationfl,2]. However, mass spectrom- stereomutation and parity violatigt2,13].
etry has also contributed to fundamental physics. We name Parity violation in chiral molecules is known to lead to
as selected examples here the questions of the dynamics ofery small, but potentially observable effedt<?—18] al-
electron impact ionizatiof3—5], studies in cluster physics though so far no successful experiments have been reported
[6-8], unimolecular fragmentation procesg8s10] or the [19]. In particular, if the barrier to stereomutation is large
proof of vibrational preionization of the very highly vibra- and thus hypothetical tunneling splittings for the symmetri-
tionally excited neutral g after infrared multiphoton exci-  cal case are small, then, becausel®fege asymmetry[12]
one may observe a slight parity violating energy difference
- AEpy between enantiomers, which corresponds to the re-
* Corresponding author. Telkt41-1-632-44-21; fax#441-1-632-10-21 action enthalpyApyHo® for the stereomutation reaction be-
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Mirror olation, because of the small magnitudesaf,, compared
to the tunneling splitting.
The situation for HHTe; isotopomers turns out to be some-
what different because of large&yEpy and smaller tunneling
splittings. Its cathodic formation has been suggested in 1962
[46], more than 20 years later it has been synthesized by
neutralization of ions in mass spectroscdpy] and more
recently it has been shown to be stable in the gas gHa$e
In HoTey, because of the highly charged and neutron-rich
_ _ _ - _ nuclei, parity violation is expected to be much more im-
Fig. 1. Axially chiral structures and angle definitions Gf-symmetric . . . .
protonated hypochlorous acid HOCIH(Y — 0, and Z — Cl) and portant than in molecules involving lighter atorﬁss_—241
Co-symmetric hydrogen ditelluride 4T, (Y = Z = Te) isotopomers  1Nus calculationsA Epy for HoTe; have been carried out
(X = H, D, and T) and their corresponding enantiomer, that is, mirror repeatedly befor¢48,49] However, so far stereomutation
image molecule. Note that forFfe; the anglexxyz andaxzy are iden- tunneling has not been studied in this molecule. Therefore
tical. Th_e left-hand side shows the P enantiomer, the right-hand side the it was not known, whether $Te, would in fact be a good
M enantiomer. . . . .
candidate for future experiments that aim to measure parity
violating energy differencea Epy, which is only possible if
tunneling splittingsA £ are much smaller than Ep,. We
ARHo® = ApyHo® = NAAEpy (2) shall show in the present work that this is, indeed, the case
for DoTe; and T>Tey, of which the former should be rather
While this energy difference might be measured spectro- easily accessible.
scopically[20], it is expected to be very small, typically on
the order of 1012 Jmot or 10-17 eV [12]. The recent the-
oretical discovery thanEp, is predicted to be one to two 2. Theory and methods of calculation
orders of magnitude largdR1-24] than anticipated from
earlier calculation$18] has given new impetus to the field 2.1. Electronic structure calculations with parity
and the present work contributes to the new effort in this conservation
field [19-33]

From both an experimental and theoretical point of view,  The calculations of the electronic energy, forces, and force
it would be of interest to study particularly simple proto- constants as needed for the reaction path calculations in
type molecules or ions. Indeed, among the simplest chiral Section 2.3vere done with the Gaussian 98 program pack-
molecules are the axially chiral four-atomic molecules and age[50]. The electron correlation was included using the
ions of the type X—Y-Z—X" for which we show an exam-  second-order Mgller—Plesset perturbation theory (full MP2).
ple in Fig. 1, where Y and Z might also represent the same For the choice of an appropriate basis set we performed for
element. H,Te; and for HOCIH™ several calculations using progres-

The molecular and ionic systems we thus address in oursively larger basis sets. In the case of HOCIHe 6-31G,
study are the HOCIH ion and B Te; [34], of which the lat- 6-311++G**, aug-cc-pVDZ and aug-cc-pVTZ standard all
ter has been characterized in mass spectrometric experimentslectron basis sets were used. FoiTg the following ba-
as a transient species. There have also been parity consersis sets were used: (1, 2) the Los Alamos pseudopoten-
ing quantum chemical studies of,Fe, [35] and HOCIH" tials LANL2DZ and LANL2DZDP (including polarization
[36—39] This ion is isoelectronic to HSOH which has been functions)[51] to describe the core region of the Te atom
generated in mass spectroscopic experimgittcsand more and a double zeta basis for its valence electrons and the all
recently in bulk[41]. This molecule also falls in the general electron basis set aug-cc-pVDZ for the H atoms, and (3)
series of axially chiral molecules HXYH, for which we have the Stuttgart—-Dresden—Bonn (sdb) relativistic effective core
already presented extensive calculations of parity violation potential (see ref[52]) with its corresponding basis sets
and tunneling in our previous worR1-27,32,33,42,43] (see ref[53]), which are: (a) the sdb-cc-pVTZ and (b) the
However, it seems that, so far, parity violation has not been sdb-aug-cc-pVTZ (for Te) and in both cases the all electron
studied for an ionic species of this type. There is, how- basis set aug-cc-pVTZ for H, and (c) the sdb-aug-cc-pVQZ
ever, interest in such a study because it has been suggestefibr Te and aug-cc-pVQZ for H. It is obvious that some of
that ions could be more easily studied in traps than neutral the above basis sets are really inadequate for our purposes,
molecules, in a spectroscopic search for molecular parity vi- but they were used for comparison with earlier work, where
olation[44]. The disadvantages of such experiments on ions available.
have been discussed as well, related to easy perturbation by There are two isomers of the protonated hydrochlorous
weak electric fields that are best avoid&8,45] Anticipat- acid, HOCIH" and HOCI™. In the present work, the latter
ing some of our results we note here that HOCIkself is calculated to be 5875.0 cth more stable than HOCIH
turns out to be not very suitable for experiments on parity vi- (this work, MP2/aug-cc-pVTZ). Our calculation is in good




M. Gottselig et al./International Journal of Mass Spectrometry 233 (2004) 373-384

agreement with a previous CCSD(T)/6-31-+G**(3df,3pd)
(using the CCSD(T)/6-3H+G**(2df,2p) equilibrium
structures) result of 5651.5 cth [36]. To our knowledge
there is no previous calculation for the barrier connecting
these two isomers. We calculated a value of 9478.7cm
for the electronic transition state energy with respect to
the less stable isomer HOCHH(MP2/aug-cc-pVTZ; tran-
sition state structureryc) = 14191 pm,ryo = 98.89 pm,
rcio = 177.28 pm, aociH = 50.87°, acion = 10384,
THCIOH 10349°), which implies that HOCIH is a
metastable isomer.

2.2. Calculation of parity violating potential energies

Under field free condition and upon neglecting nuclear
spin interaction, the Hamiltonian which transforms odd un-
der space inversion (or parity) is given [82,24,31]

Hpy ~ Zﬁ ioch Z Qw(a) Z[Sz pi G — )l (3)

with the Fermi coupling constanGg 1.16639 x
1073(he)3 (GeV) 2 ~ 1.43586x 107623 nP, the electron
massme, the velocity of lightc, and Planck’s constant
h = h/2n.s; and p; denote the electron spin and electron
momentum operator, respectively,. []+ is a shorthand
notation for the anti commutator. IBq. (3) summation is
carried out over nuclet and electrong. The weak charge

Ow(a) is
Ow(a) ~ 4)

whereNa denotes the neutron numbgg, the nuclear charge
and ®y the Weinberg angle with sf®w ~ 0.2311716)
[54].

Eg. (3) was used to determine the parity violating po-
tential energyEpy (Fig. 2). The reaction path —described in
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Fig. 2. Parity-conserving electronic torsional potentigd(z) (plain

full line; MP2/aug-cc-pVTZ) and parity-violating potentialBp,(r) for
HOCIH" calculated employing RPA and different basis sets (full circles,
aug-cc-pVTZ; squares, cc-pVTZ; triangles, aug-cc-pVDZ). Also shown
are the torsional energy levels for different torsional states= 0-2

of HOCIH* that are superimposed on the electronic torsional potential.
Only the torsional splittingv(A~) — b(A™)) for the v = 2 level is large
enough to be visible on this scale.

found in all investigated parity violating potentials for tor-
sional motion in HO, analogous compounds.

2.3. Reaction path hamiltonian calculation

In Fig. 1the axially chiral structures and angle definitions
of C;-symmetric protonated hypochlorous acid HOCIH
(Y = O and Z= CI) andC,-symmetric hydrogen ditelluride
HoTex (Y = Z = Te) isotopomers (%= H, D, and T) and
their corresponding enantiomer (mirror image molecule) are
shown. In this figure we also included our angle definitions.
For symmetry reasons we have fos Hy: axyz = axzy.

The torsional tunneling dynamics were calculated with the
guasi-adiabatic channel-reaction path Hamiltonian (RPH)

detail in the next section—calculated as a minimum energy approach described in detail [27,33,42,43] Our treatment

path with the corresponding dihedral anglas leading co-
ordinate Fig. 1) provides a set of coordinates which have
been used as input to our modificatif@®d] of the DAL-
TON program packag¢b5] to determineEp, within the

multi-configurational linear response approach using RPA |,

(“random phase approximation”), as described in detail else-
where (seg24,56-58] and references cited therein).

We employed several basis sets to determifyg as a
function of the reaction coordinate (corresponding approx-
imately to the dihedral angle); there is no difference be-
tween the values obtained with RPA for the correlation

consistent valence triple zeta bases (cc-pVTZ) and its aug-

mented form (aug-cc-pVTZ), which is to be expected, and
there is only a small deviation at the maxima and minima
of the potential functions for the basis of double zeta qual-
ity (aug-cc-pVDZ). The transition state structures are pla-
nar with zero parity violating energ¥py whereas the func-
tional form of Eyy as function of the reaction coordinate is

is a modified version of the RPH approach of Miller et al.
[59] and is also conceptually related to the adiabatic channel
model[60].

In this approach the complete vibrational Hamiltonian:

H(p, q, {Pr, Q) = Ho({ Py, Qi}; @) + Hy(p, q) )

is divided in two parts. The first part depends on the “fast”
3N — 7 mass weighted normal coordinat@s and their
conjugate moment#y, and parametrically (indicated by the
semicolon) upon the reaction coordinagtel'he second part,
which is the one dimensional Hamiltoniaffg,(jo, q) depends
only on the “slow” reaction coordinatg and its conjugate
momentump and is given by

(6)

with u(q) as the pseudopotential (s¢&1]), Ve as the
Born—Oppenheimer potential energy along the minimum

Hy = 3pGp+u(g) + Veilq)

sinusoidal between consecutive transition state structures agnergy path and; as the effective inverse reduced mass.
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2500 7 were chosen as leading coordinate representeairl. The
E g path itself was calculated in steps of°1@nd an interpola-
2000 | ] tion in the path length coordinageemploying the calculated
A ] points, led to a path consisting of 179 grid points. Finally,
1500 [A° / Eq. (8)was solved numerically in a discrete variable repre-
o [ sentatio43,62] We used a 128-bit word length (quadruple
§ 1000 b precision) for a floating-point number and fitted the effec-
2 ] tive potentials, all harmonic transition wavenumbesg4))
:% [ and the effective inverse reduced masses as functions of the
500 - reaction coordinate with Fourier series, which acted as fil-
3 ters for the numerical noise. This procedure, described in
of . . . . . detail in ref.[25], enables us to numerically “resolve” even
0 60 120 180 240 300 360 tunneling splittings of about 1#8cm~1 (see ref[26]).

7/ ——

Fig. 3. Parity-conserving electronic torsional potential(z) of HyTex

calculated employing MP2/sdb-aug-cc-pVTZ/aug-cc-pVTZ (Te/H) as well 3. Results and discussion

as torsional energy levels for different torsional states: 0-6 of HTe,

that are superimposed on the electronic torsional potential. Only the 3.1. HOCIH* DCIOD* and TCIOT+
torsional splitting(?(A~) — B(A™)) for the vy = 6 level is large enough

to be visible on this scale.
The fundamentals of HOCIHhave to our knowledge not

been observed, so far. However, there is one extensive previ-
ous theoretical stud}B6] in which the harmonic wavenum-
bers and the equilibrium structure for various basis sets were

For the full Hamiltonian/ the eigenfunctions are approx-
imated as follows:

(0, q) = xP (@ (0 q) (7)  calculated at the MP2 and at the CCSD(T) level of theory.
. () (CCSD(T) stands for coupled-cluster theory including sin-
(pnlHlgn) o — Ep’) X (@) =0 ®) gle and double excitations explicitly and triple excitations

with a perturbative approach)able 1presents our predic-
tions for the harmonic wavenumbers &afable 2shows the
optimized equilibrium structures as well as the calculated
andtrans barrier heightsVe| trans and Ve cis (With Ve trans =
V(r = 180°) — V(tmin) and Ve ¢is = V(r = 0°) — V(tmin)),
of the torsional electronic potential energy for four different
- ®en . basis sets (as described above) on the MP2 level of theory
on(Q1q) = 1_[ Vi (Qis 9) (©) and also the results of CCSD(T) calculations with a 6-31G
k=1 and a 6-31G(2df,2p) (only iffable 9 basis set§36].
The potential energy along the reaction path calculated The results for all basis sets agree for the four largest

wherewn(@; q) represents the eigenfunctions of the Hamil-
tonian Eq. (5) at fixed values ofg. We approximated
these eigenfunctions by a product of one-dimensional har-
monic oscillator functionsb,(,’;)(Qk; ¢) so thatn becomes a
multi-index:

3N-7

as a minimum energy path is shownFRig. 2 for HOCIH* harmonic vibrations within a few percent. Fass (the
and inFig. 3for HoTe,. We calculated the minimum energy  CI-O stretching vibration) and fowe (the torsional mo-
path as follows: for a given fixed dihedral angleve op- tion) large deviations up to about 20% are present when

timize, with respect to minimal electronic potential energy, comparing the MP2/aug-cc-pVTZ and the corresponding
all the remaining degrees of freedom (“clamped coordinate” CCSD(T)/6-31G calculation. The CCSD(T) level of the-
approach). This minimum energy path has the advantageory may be considered to be, in principle, superior to the
that it is invariant under isotopic substitution. FosTé, as MP2 level of theory, but the 6-31Gbasis set used in the
well as for HOCIH" the corresponding dihedral angles =~ CCSD(T) calculation is rather small and therefore it is

Table 1
Calculated harmonic wavenumbeus of HCIOH* at the MP2 level of theory (if not otherwise quoted) for various basis sets
6-31G 6-3114-+-G** aug-cc-pvVDZ aug-cc-pvVTZ CCSD(T) (6-31¢[36]

w1 3564.2 3690.0 3591.5 3615.3 3562.0

w2 2807.1 2811.5 27315 2742.6 2754.0

w3 1388.9 1294.0 1342.6 1346.1 1378.0

w4 1009.1 1011.6 977.5 1014.9 974.0

ws 767.0 736.6 762.2 790.8 680.0

we 443.5 412.6 443.3 460.4 424.0

All values are given in cml. In the following assignments ‘s’ refers to a stretching and ‘b’ to a bending made:s-(HO), vz = s{HCI), vz = b-(HOCI),
v4 = b-(HCIO), vs = s{CIlO) and vg = torsion.
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Table 2

Calculated optimizedis andtrans saddle point energies (electronic potential enei@yirans = Vel(t = 18C°) — Vei(z(HCIOHT, min. gea)) and Ve cis =
Vei(t = 0°) — Ve (r(HCIOHT, min. gea))) and calculated equilibrium geometries of HCIOHor various basis sets on the MP2 level of theory (if not
otherwise noted)

rvo (PM)  rcio (M) rhcl (BM)  amoct () amcio () tHoion (O) Velwans (€M) Veids (cmY)

6-3114++G** 97.8 166.4 130.5 105.7 98.8 100.5 860.3 2624.6
aug-cc-pvDZ 98.7 167.9 132.2 104.8 98.6 97.5 1057.5 2438.0
aug-cc-pVTZ 98.1 163.8 130.9 105.8 99.7 96.0 1181.6 2480.3
CCSD(T) (6-31@) [36] 99.1 168.0 131.0 105.9 98.9 100.4 - -
CCSD(T) (6-31G(2df,2p)]36]  97.7 165.3 131.1 105.1 99.7 96.3 - -
TransTS (aug-cc-pVTZ) 98.1 166.3 130.6 93.5 104.4 180.0 - -
CisTS (aug-cc-pVT2) 98.1 165.8 130.6 103.5 108.1 0.0 - -

For comparison results of previous work are also shown as well as the transition states (TS) at the aug-cc-pVTZ level of theory.

Table 3 In Table 3 we summarize all calculated ab initio

Harmonic wavenumbersy; calculated ab initio for XCIOX (X = (MP2/sdb-aug-cc-pVTZ) harmonic wavenumbers for

H, D, T) with the aug-cc-pVTZ basis set on the MP2-level of theory HCIOH* DCIOD* and TCIOT . The numbering of the
w1 w2 w3 wa ws ws fundamentals corresponds to the HCIDi$otopomer con-

HCIOHT 36153 27426 13461 10149 790.8 460.4 vention. _ _ _
DCIOD* 26343 1968.1 983.9 721.5 807.6  337.3 Table 4summarizes the results for the torsional tunneling
TCIOT* 22149 16309 8384 6139 7846 2836 splittings

Thew; are given in cmit. The numbering of the fundamentals of DCI®D AD = D(AT) — f)(A"‘) (10)
and TCIOT" corresponds to the HCIOHfundamentals (se®able 1for
descriptions). of the first six pure torsional states and the torsional

wavenumbersi(AT) with respect to the corresponding

anticipated that the results are not converged with respectzero point level of HOCIH and its fully deuterated and

to the basis set size. This is further confirmed by a com- tritiated isotopomers for calculations on the MP2 level of
parison of the equilibrium structure3able 9 where large  theory with the aug-cc-pVTZ basis sets. As mentioned
deviations between the results of a CCSD(T)/6-31@l- above no experimental tunneling splittings are known for
culation and a CCSD(T)/6-31G(2df,2p) calculation (with these molecules. We expect that our data are good estimates
only a somewhat larger basis set) are observed, whereas afPr these small tunneling splittings and might be useful as
excellent agreement was found between the latter and theguidance for future experimental work. Our results indicate
MP2/aug-cc-pVTZ results. Therefore we decided to use the that all tunneling splittings should be experimentally acces-
aug-cc-pVTZ basis set on the MP2 level of theory in our Sible with high resolution spectroscopy. The accuracy of
calculations as the best compromise between accuracy andhe RPH approach itself was discussed in detail previously
computational cost for the complete reaction path calcula- [25,43} We have also shown recently that with appropriate
tion. Fig. 2shows the potential energy function for the reac- €mpirical corrections the modest intrinsic ab initio error in
tion path. Overall, the behavior is very similar to the isoelec- the electronic structure calculations can be further reduced
tronic neutral species HSOH but the difference betwaien  [63]. Fig. 2shows the lowest six torsional levels & 0-2)
andtransbarrier heights is larger in HOCIHthan in HSOH.  in their position related to the potential.

Table 4

Torsional tunneling splittingga\ iy = v(A~) — (A™) for pure torsional statesy), whereu, is the torsional quantum number in high barrier notation, and
the corresponding(A+) (with respect to the corresponding zero point level, whose wavenumber is given in the column “0”) of X@WIXX = H,

D or T calculated within our quasi-harmonic quasi-adiabatic channel RPH approximation (MP2/aug-cc-pVTZ)

AUt
mn 0 1 2 3 4 5
HCIOH* 1.63x 102 1.02 225 117.74 181.96 199.86
HCloD*t 1.67x 104 1.58 x 102 0.62 12.06 72.62 124.27
TCIOT+ 6.69x 10°© 7.84x 1074 4.02x 1072 1.14 16.71 71.90
P(AT)
HCIOH* 4972.81 415.99 767.55 1021.03 1323.15 1693.03
DCloOD* 3724.20 314.24 603.20 853.62 1037.46 1240.32
TClOT+ 3181.51 267.57 518.24 748.21 942.42 1087.71

All values are given in cml.
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Table 5

Mode specific stereomutation tunneling of XCIOXX = H, D, or T): torsional tunneling splittings\i; = 5(A~) — »(A*) for the excitation of a
fundamentah; (RPH with MP2/aug-cc-pVTZ)

Vo V1 V2 V3 V4 V5 Ve

HCIOH* AV (x1072cm™Y) 1.62 1.64 1.34 1.44 1.86 1.74 102
DClOD* AD; (x10%cm™1) 1.67 1.68 1.38 1.44 1.92 1.93 158
TClOT+ AV (x108cm 1 6.69 6.68 5.51 6.07 8.15 7.34 784

In previous work we have demonstrated by comparison cussed for the case of:8, [43], H2S; [25], ChS, [26],
with experimental results that for the rather similar exam- and hydrogenthioperoxide isotopomgg¥] it is of inter-
ples BO, [43] and BS; [25] the stereomutation tunnel-  est whether certain non-torsional vibrational modes promote
ing is well approximated by the present approach. Moreover (“catalyze”) or inhibit the stereomutation dynamics. The re-
for H,O, a direct validation was possible by comparison sults of our investigation of the mode selectivity of the tun-
with a fully six-dimensional, “exact” DVR and a full di- neling process in HOCIH (and the corresponding D and T
mensional Quantum Monte Carlo calculatii@3,62,64] as isotopomers) are summarizedliable 5and compared to our
a complete six-dimensional potential hypersurface is avail- previous work on HSOH analogous moleculed=ig. 4. In
able [64]. The approximate and exact tunneling splittings this figure we show the relative deviations\v; / Avg (with
are generally almost identical except in the cases of excitedAAD; = Av; — Avg) from the ground state torsional tun-
states with local resonances. From past experience we exneling splittingsAvg due to excitation of non-torsional fun-
pect the torsional tunneling splittings to be rather accurate, damentals for XYOX dichalcogenide molecules with=X
whereas the absolute energy of the zero point level is onlyH, D, T and Y = CI, S (Z = Oxygen).

a rough approximation. The excitation of a XY stretching or a XOY bending
As expected the data imable 4 indicate that an iso- fundamental leads for all molecules to an inhibition of
topomer with a higher effective reduced tunneling mass the stereomutation tunneling dynamics, corresponding to
has a smaller tunneling splitting and a correspondingly a decrease of the tunneling splittings by about 20%. A
longer tunneling time. We predict here an increase of more rather small influence on the stereomutation dynamics has
than three orders of magnitude for the stereomutation time the excitation of the XO stretching mode. The YO stretch-

ts = (2cA%) "1 in going from HOCIH (s = 1.0 x 1079s)
to TCIOTt (zs = 2.5 x 107 6s) (ground state values). This

ing fundamental appears also to be an inactive mode or
a weak promoting mode. However, the XYO bending vi-

behavior is similar to what has been observed for HOOH, brational mode is a relative strong promoting mode (about

HSSH, and HSOH, but not as pronounced as #%&l [33]
or HaTey (see next section).

30%). There is a general trend visible in this figure that
the changes of tunneling splittings upon various vibra-

In chemical reaction dynamics a current question con- tional excitations are larger for HSOH than for the ionic

cerns vibrational mode selectivifg5—68] As we have dis- HOCIHT.
0.50 T T T T T
®
0.25 - A i
A i
° 4
0.00 —4 o
AAV; () &
AV, o X=H;Y=8S
0 A o X=D;Y=S
-0.25 8 e X= ;Y:S I
o A X=H; Y=CI
a  X=D; Y=CI
A X=T,; Y=CI
-050 T T T T T
s(XO) s(XY) b(XOY)  b(XYO) s(YO)

Fig. 4. Relative deviationA AD;/ Aty (with AAD; = AD; — ADp) from the ground state torsional tunneling splittiry8p due to excitation of non-torsional
fundamentals for XYZX dichalcogenides molecules and cations with M{, D, T and Y= S (i.e., hydrogen thioperoxide) and=¥ ClI (i.e., protonated

hypochlorous acid). The data for ¥ S are from ref[27] (Z = Oxygen).
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Table 6
Calculated harmonic wavenumbeps for HoTe, (at the MP2 level of theory with various basis sets which are given for the Te atom)
LANL2DZ LANL2DZDP sdb-cc-pvVTZ sdb-aug-cc-pVTZ sdb-aug-cc-pVQZ

w1 2237.1 2187.3 2195.8 2191.7 2210.72

w2 563.9 613.8 621.7 618.43 622.35

w3 305.8 315.79 329.3 323.9 330.92

w4 170.8 201.32 211.9 209.9 213.18

ws 2237.9 2187.6 2196.2 2193.2 2212.42

we 565.6 614.7 625.2 618.5 622.45

For the H atoms the aug-cc-pVDZ (in combination with LANL2DZ and LANL2DZDP for Te), the aug-cc-pVTZ (in combination with sdb-cc-pVTZ and
sdb-aug-cc-pVTZ for Te) and aug-cc-pVQZ (in combination with sdb-aug-cc-pVQZ for Te) are employed. All values are giver.itnciine following
assignments ‘s’ refers to a stretching and ‘b’ to a bending moge: sym-s(HTe), v, = sym-b(HTeTe), vz = torsion,vq = s(TeTe), vs = asym-s(HTe)

and vg = asym-b(HTeTe).

Finally, we compare the tunneling splittings with the in Table 4indicates that tunneling dominates by far over
parity-violating energy differencé Epy. The parity violat- parity violation for all three isotopomers and thus there is
ing potential as a function of the torsional angles shown actually no observable parity violating ground state energy
in Fig. 2 There is a modest basis set dependence whendifference for the enantiomef&2].
going from aug-cc-pVDZ to aug-cc-pVTZ. We notice that
the general form of this function and also the maximum of 3.2. H,Te, and its isotopomers
the absolute value (about 2010~ 3cm™1 for r ~ 130°)
of the parity violating potential is almost identical with For HyTe; there are to our knowledge neither experiments
the corresponding results for HSOH (maximum of about nor previous calculations for its six fundamental vibrations.
10 x 107 13cm1 for r ~ 13%). In principle one would Table 6compares the harmonic wavenumbers that were cal-
expect this similarity, because of the similar electroweak culated ab initio on the MP2 level of theory as described in
charge of the Cl atom compared with that of the S atom and Section 2.1with five different basis sets. Taking the largest
the fairly similar, isoelectronic structure. We define an elec- basis set as reference the results for the four largest basis
tronic parity-violating energy difference between the two sets agree for all harmonic wavenumbers within a few per-
enantiomers at their equilibrium structures as the difference cent. The smallest, which is the LANL2DZ basis set, shows
AEg{, of the parity-violating potentials at the dihedral angle deviations up to about 20%. Similar to the calculation for
T = 96 and 276 for the P und M enantiomers. H>Se [33] we consider the latter basis to be unreliable.

el . ) ) In Table 7the optimized equilibrium structures as well
AEpy ~ Epu(P; 96") — Epu(M; 276") (11) as the calculatedis and trans barrier heights and tran-
AES{/ ~ 2Ep,(P; 967) ~ (ho)7.74 x 10713 em™Y (12) sition state istructures\/ew;,mS z_ind Vel,cis» are listed and
compared with results of previous theoretical work, where
This result is almost isotopomer independent. Thus the com-available. The results presentedTiables 6 and 7ndicate
parison with the isotopomer dependent tunneling splittings that the Stuttgart quasi-relativistic pseudo-potentials with

Table 7

Calculated optimizedis and trans saddle point energies (electronic potential enefdyirans = Vel(t = 180°) — Vei(t(H2Tez, min. gea)) and Ve s =
Vel(t = 0°) — Vei(r(H2Tez, min. gea))) and calculated equilibrium geometries of Hy for various basis sets on the MP2 level of theory (if not otherwise
noted)

rTeTe (PM) rute (PM) ayteTe (°) THTeTeH (7) Veltrans (cm™1) Velcis (cm™1)
MP2/sdb-aug-cc-pvVQZ 267.6 164.8 95.38 90.31 1830.9 2348.0
MP2/sdb-aug-cc-pVTZ 269.1 165.29 95.30 90.20 1780.8 2276.5
MP2/sdb-cc-pVTZ 269.29 165.26 95.27 89.61 1821.3 2044.21
MP2/LANL2DZDP 272.55 165.37 94.24 90.17 1655.4 21245
MP2/LANL2DZ 284.16 162.80 91.80 89.38 1483.9 1919.0
MBPT22 [49] 284.0 164.0 94-96 - - -
SCF/min. Slater basig2] 272.7 167.7 92.47 90.0 1262.0 1471.0
SCF/MINI-1* [73] 293.3 165.5 90.66 90.3 - -
EPTY [74] - - - - 1469.0 1259.0
Trans-TS (sdb-aug-cc-pVTZ) 269.3 165.3 95.27 180.0 - -
CisTS (sdb-aug-cc-pVTZ) 275.4 164.8 91.48 0.0 - -

For comparison results of previous work are also shown as well as the transition states (TS) at the aug-cc-pVTZ level of theory.
2MBPT2 stands for “second-order many-body perturbation theory” (sed4@. also for basis set details).
b Range for whichx is expected for BS;, HySe and HTey.
¢ Kept fixed during geometry optimization.
dEPT stands for “exchange perturbation theory”.
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Table 8
Harmonic wavenumbers; calculated ab initio and band strengifis of X,Te, (X = H, D, T) calculated with the sdb-aug-cc-pVTZ/aug-cc-pVTZ (Te/H)
basis set on the MP2-level of theory in the double harmonic approximation

w1 w2 w3 w4 ws we
HoTe, 2191.7 618.4 323.9 209.9 2193.2 618.5
D,Tex 1556.4 438.9 230.2 209.8 1557.4 440.6
T, Tey 1276.9 359.9 188.7 210.1 1277.8 362.5

Gy Go G3 Gy Gs Ge
HoTex 0.175 0.0002 0.005 0.001 0.235 0.919
DoTex 0.124 11x 104 0.003 0.001 0.166 0.656
T Ter 0.101 90 x 1073 0.003 0.0007 0.135 0.541

The w; are given in cm?® and theG; in pm?. The numbering of the fundamentals ofTE, corresponds to the 4Te, or D,Te, fundamentals.

their corresponding basis sets of triple zeta or quadruple these deviations decrease to a factor of about 2. The tun-
zeta quality at the MP2 level of theory should be ade- neling splittings calculated with the LANL2DZDP basis set
guate for our investigation. It is obvious that the changes in are in any case larger, which is expected, becaustdhe

the results for the LANL2DZDP basis set compared with barrier heightVg, yrans is about 180 cml lower than those
those of the LANL2DZ basis set are pointing in the direc- of the larger basis sets, which should be much more reliable
tion of the results of the larger basis sets. As we aim at (see above). However, even such large differences have no
a well balanced overall description under the consideration influence on the conclusions to be drawn below on the im-
of the computational costs we decided to use in general portance of parity violation in various hydrogen ditelluride

the sdb-aug-cc-pVTZ basis set in our investigatibig. 3
shows the torsional potential and the corresponding tor-
sional levels calculated in the RPH approximationTéble
8 we list all calculated ab initio harmonic wavenumbers for

isotopomers.

Normally, an isotopomer with a higher effective reduced
tunneling mass has a longer tunneling time. For the stereo-
mutation time £ = (2cA¥y) 1) an increase of about eight

HoTey, DoTe; and ToTe as well as the corresponding band
strengths in terms of the integrated cross sectiGnsThe
values forG; are calculated in the double harmonic ap-
proximation and are defined through the practiggl (13)
[69]:

orders of magnitude is predicted for the vibrational ground
state in going from HTe (s = 6 x 1074s) to ToTey (1s =
66138 5s). All molecules of the type XYZX investigated up
to now show such a behavior but the effects are most pro-
nounced for the biTe; isotopomers.

We expect that our data, especially for the calculations
with the sdb-aug-cc-pVTZ basis sets, are good estimates
to within an uncertainty of less than a factor of 2—-10 for
these very small tunneling splittings. They might be used
as a guide in future ro-vibrational experimental investi-
gations.
where . is the electric dipole moment operator. Reporting ~ The torsional modevs (e.g., Table § is not the lowest
G; has the advantage in contrast to the frequently reportedin frequency for HTe; and its isotopomers but rather the
A; = w; x Na x G; that no additional error is introduced in  (Te—Te)-stretching mode; is lowest. This raises the ques-
G; through the usually large ab initio error in the harmonic tion whether the adiabatic separation of the torsional mode
wavenumbers;. from the other modes is adequate here. However, it has been

Table 9shows the tunneling splittings for the first six found that this separation may be adequate, even if the tor-
pure torsional levels and also the positions of the lower tun- sional mode is not the lowest, and even for highly excited
neling levelsi(A*) with respect to the corresponding zero states (see e.g[63]). Thus we do not expect our conclu-
point level of HTey and its fully deuterated and tritiated iso- ~ sions to be affected by this approximation except for local
topomers. The torsional tunneling splittings calculated with resonances, as usual. Also, a two-dimensional treatment of
the LANL2DZDP basis set are also given in order to get tunneling including the lowest two modes could be used to
a conservative estimate of the uncertainties in our ab ini- check this assumption. However, any error introduced by
tio predictions. Overall we find, as expected from the above this is expected to be smaller than the errors from the po-
discussion, a basis set dependence for the values of the tortential energy calculations.
sional tunneling splittings and the corresponding levels with ~ We have also investigated the vibrational mode selectivity
a maximum variation of the tunneling splittings fos T, in of the stereomutation dynamics and the results are listed in
the range of a factor of 10 (for the vibrational ground state). Table 10together with our previous work on the whole series
For the other isotopomers and/or higher torsional excitations of dihydrogen-dichalocogenides fig. 5where the relative

G — 83
"7 (47e,)(3h0C)

(v = Lplv; =0)\?
Debye ) (prre

(v = Lulv; = 0)|?

~ 4]_624( (13)
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Table 9

Torsional tunneling splittings\iy = H(A~) — b(A™) for pure torsional levelguv;) (with the torsional quantum numbeg in the high barrier notation)

and the correspondin§(A*) (with respect to the corresponding zero point level, whose wavenumber is given in the column “0%)Tef With

X = H, D or T calculated within our quasi-harmonic quasi-adiabatic channel RPH approximation (MP2/sdb-aug-cc-pVTZ/aug-cc-pVTZ (Te/H) and
MP2/LAN2DZDP/aug-cc-pVDZ (Te/H))

Ay
v 0 1 2 3 4 5
MP2/sdb-aug-cc-pVTZ
HoTey 2.75x 108 3.79x 10°% 2.24x 10°* 7.56 x 1073 0.16 2.31
D,Te 1.17x 10712 2.20x 10710 191x 1078 1.02x 1076 3.75x 1073 1.00x 1073
T,Te, 2.52x 10716 1.32x 10713 142x 10711 9.54 x 10710 453x 1078 1.61x 1076
D(AT)
H,Te, 3074.37 306.54 591.58 856.25 1100.60 1322.29
D,Te 2214.59 221.90 434.47 637.69 831.44 1015.44
ToTer 1836.21 183.44 360.97 532.51 697.95 857.12
LAN2DZDP
H,Te, 6.21x 1078 8.65x 107 5.01x 104 1.64x 1072 0.33 4.39
D,Te 3.69 x 10712 7.04x 10710 6.12x 1078 3.22x10°® 115x 104 2.97x 1073
T,Te 2.35x 10715 542 x 10713 5.85x 10711 3.93x 1079 1.84x 107 6.39x 1076
D(AT)
H,Te, 3056.18 297.85 572.45 826.06 1058.81 1267.02
D,Te 2200.47 216.01 421.91 617.97 804.19 980.30
ToTer 1823.86 178.70 350.99 516.92 676.46 829.48

All values are given in cmt,

200k T T T T ] deviationsAA7D; / Abg (with AAD; = AD; — ATg) from the
' ground state torsional tunneling splitting$o due to excita-
I IS i:g z:g A ] tion of non-torsional fundamentals fopX dichalcogenide
A X=H; Y=s é [ ] | rrLoIecuIes with X=H,D, Tand Y= 0, S, Se and Te are
| A x=p- V= i shown.
190 | a i:?{\\((:ss g ] For all molecules investigated an excitation of a XY
125 o X=H;Y=Se i stretching fundamental leads to an inhibition of the stereo-
|| @ X=D;Y=Se | mutation tunneling dynamics, corresponding to a decrease
100 ® X=T Y=Se ] of the tunneling splittings by about 20%. This behavior is
|| © X=H;Y=Te O ] similar to that for XSOX and XCIOX (seeFig. 4) with the
0.75 L : §f$ :_:11:: J exception for Y= O, where for the two latter molecules the
L ’ ] XO stretching mode is rather ineffective. The YY stretching
0.50 | 4 fundamental appears on the average as inactive mode for the
L 1 process of stereomutation. The XYY bending vibrational
0.25 . modes are either strongly promoting (about 100-200%)
AAV; 3 1 or inhibiting (about 60%). The corresponding values for
AV 0.00 XSOX and XCIOX" (Fig. 3) are in accordance with these
0 1 Q & 1 observations but the effects are smaller by a factor of more
-0.25 |- . than 2.
I ® 1 Overall it is of interest that the relative effects are so sim-
-0.50 - ﬁ x . ilar, while the absolute values for the corresponding tunnel-
r 1 ing splittings differ over 17 orders of magnitude.
075 . . ; . — Finally, we compare the tunneling splittings with the
sym.  asym. sym.  asym. gyy) parity-viglating energy difference&ES{,. In Table 1lwe
S(XY)  s(XY)  b(XY) b(XY) summarize results for the current best estlmatemdi’g{,

. . - . - - . and AE4 (rounded values for the vibrational ground state)
Fig. 5. Relative deviation& AD;/Avg (with AAD; = AD; — Aig) from f i f dichal id XYZX. B fthe |
the ground state torsional tunneling splittingsiy due to excitation of Oor a series of dichalcogeniaes ' gcause of t e_ ow
non-torsional fundamentals for 2X» dichalcogenides molecules with ~ €lectroweak charges of the hydrogen isotope nuclei the

X =H,D,Tand Y=0, S, Se, Te. The data for ¥ O are from ref[43], parity-violating energy differences for the isotopomers can
the one for Y= S from ref.[25], and the data for ¥= Se from ref.[33]. be assumed to be similar.
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Mode specific stereomutation tunneling of 7€, (X = H, D, or T): torsional tunneling splittinga; = (A~) —b(A™) for the excitation of a fundamental

v; (RPH with MP2/sdb-aug-cc-pVTZ/aug-cc-pVTZ (Te/H) data)

Vo V1 V2 V3 V4 Vs V6
HoTe AD;/(10-8 cm™1) 2.74 2.32 7.21 379 2.76 2.22 1.42
D2Te A/(10722em by 1.17 0.99 3.11 220 1.17 0.95 0.57
ToTe AD;/(107 8 cmY) 5.80 4.90 15.72 1320 6.03 4.70 2.76
Table 11 portant questions should be insensitive to such future refine-

Theoretically calculatecuAESU and AE. for various molecules

Molecule |AEg| (cm™?) AE: (cm™ D) Reference
H20; 4x 10714 11 [24,43,75]
D20 4x 10714 2 [24,43]
T,0, 4x 10714 0.5 [27]
HSOH 4x 10713 2x 1073 [27]
DSOD 4% 10713 1x10°° [27]
TSOT 4x 10713 3x1077 [27]
HCIOH* 8x 10713 2 x 1072 This work
DCloD* - 2x 104 This work
TClOT+ ¢ 7x10°8 This work
HoSz 1x 10712 2x10°6 [25]

D2S: 1x 10712 5x 10710 [25]

TS, 1x 10712 1x 10712 [25]

ClLS, 1x 10712 ~ 107762 [26]
H.Se 2 x 10710 [49]¢ 1x 106 [33]
D2Se ¢ 3x 10710 [33]
T.Se - 4x 10718 [33]
HoTe 3% 1079 [49]° 3x10°8 This work
D,Te; ¢ 1x 10712 This work
ToTe - 3x 10716 This work

Values for AES{, are calculated at the equilibrium structures without
vibrational corrections if not otherwise indicated.

2 Extrapolated value.

bCalculated for theP-structure frete = 284pm, ryre = 164pm,
aHTeTe = 92° and tyreTen = 90°) and the corresponding/-structure.
An earlier, very approximate result by Wiesenf@d®] may be quoted as
well, giving AEpy = 8 x 1019cm™2 for the following structurerrete =
2712 pm, ryte = 1658 pPM, dHTeTe = 90° and THTeTeH = 900).

CExpected to be very similar to the corresponding hydrogen iso-
topomers.

d Calculated for theP-structure fHse = 145pm, apsese = 92° and
THsesen= 90°) and the corresponding/-structure.

4. Conclusions and outlook

ments.

We demonstrate that by mode selective excitation of the
various fundamentals it is possible to selectively promote or
inhibit the stereomutation tunneling rate, compared to the
one in the vibrational ground state.

Hydrogen ditelluride as well as HOCtHare interesting
cases for such investigations and for a systematic compari-
son with the other members of the above mentioned series.
For example, thérans torsional electronic potential barrier
height for B Tey (Ve rans(H2Te2)) = 1780 cntt is compa-
rable to the one of bBe (Veltrans(H2S&) = 1672 cnt?),
however, the corresponding tunneling splittings are much
smaller than those of #$&. In a simple picture this has
two reasons: (i) the broader and somewhat higher torsional
barriers in HTey, and (ii) the higher effective reduced tor-
sional moments of inertia, which is caused by the longer
H-Te bond length compared to the H-Se bond length.
A corresponding comparison for HOCtHion with the
isoelectronic HSOH shows that the value for the vibra-
tional ground state tunneling splitting of HSOH is one
order of magnitude smaller than that of the HOCIkbn,
which can be explained by the largeans torsional barrier
height of Vel trans(HSOH) = 1473cnt! compared with
Veltrans(HCIOHT) = 1180c¢nT?. (In this case the H—CI
bond length (130.5 pm) in the HOCtHion is very similar
to the H-S bond length (134.5 pm) in HSOH and therefore
the effective torsional moments are more or less the same.)

Our predictions may provide a motivation for a first syn-
thesis of the HCIOF ion under mass spectroscopic condi-
tions and for its spectroscopic observation. Because of the
high isomerization barrier of more than 1 eV towards reac-
tion to the more stable isomerBCIt, we predict sufficient
kinetic stability for HOCIH" for a spectroscopic detection.

The combination of appropriate ab initio calculations and The deprotonation energy of HOCtHs high as well, about
the quasi-adiabatic channel quasi-harmonic reaction path6.6eV[36].

Hamiltonian approacf3] is suitable to make quantitative,
ab initio predictions for the stereomutation tunneling split-
tings.

Our predictions should also be useful for the first study of
H>Tey by rotational-vibrational spectroscopy. An important
motivation for the latter is our prediction of the present work

We have previously demonstrated excellent agreementthat the ground state tunneling splittings are much smaller

with the available experimental data fromp®, HSOH,
H»>S, and CHOH. Here we present for e, and HCIOH"

than the large values of the parity-violating potential of the
order of 10%cm™1 [48,49] By comparing the values of

and their hydrogen isotopomers the theoretical predictions AE+ and AEyy it is obvious that HTe; and especially its

for the torsional tunneling splittings in the levels with=
0-5. While refined calculations, including relativistic effects
in more detail, are desirable particularly fog Fé, the main

isotopomers are potentially useful candidates for the spec-
troscopic investigation of parity violation. ForHe; the
values forA Epy are predicted to be smaller thanZ. and

conclusions that we can draw here concerning several im-thus weak parity mixing might be observable by techniques
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