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Steps towards molecular parity violation in axially chiral molecules.
I. Theory for allene and 1,3-difluoroallene

Michael Gottselig and Martin Quack?
Physical Chemistry, Eidgendssische Technische Hochschule (ETH) Zurich, CH-8093 Zurich, Switzerland

(Received 22 September 2004; accepted 9 February 2005; published online 29 August 2005)

In view of exploring possibilities for an experimental investigation of molecular parity violation we
report quantum-chemical calculations of the parity-conserving and parity-violating potentials in the
framework of electroweak quantum chemistry in allene C3H, and 1,3-difluoroallene C3H,F,, which
is nonplanar and axially chiral in the electronic ground state but expected to be nearly planar and
achiral in several electronically excited states. The parity-violating potentials E,, for allene and
1,3-difluoroallene calculated with the multiconfiguration linear-response (MC-LR) approach of
Berger and Quack [J. Chem. Phys. 112, 3148 (2000)] show qualitatively similar behavior as a
function of torsional angle 7 with maximum values of about 0.5 pJ mol~! for C;H, and 2 pJ mol™!
for C;H,F,. However, in the latter case they are asymmetrically shifted around 7=90°, with a
nonzero value at the chiral equilibrium geometry resulting in a parity-violating energy difference
between enantiomers A, E=E,(P)-E,,(M)=1.2 pJ mol™' (equivalent to about 10~"* cm™"). The
calculated barrier heights corresponding to the nonrigid (multiple, and in part chiral) transition states
in 1,3-difluoroallene fall in the range of 180-200 kJ mol~!. These high barriers result in
hypothetical tunneling splittings much smaller than A, E and thus parity violation dominates over
tunneling for the stereomutation dynamics in 1,3-difluoroallene. Therefore, Ava is predicted to be
a spectroscopically measurable energy difference. Two of the lower excited electronic states of
C;H,F, (A and 3A) are calculated to be planar or quasiplanar, allowing, in principle, for
spectroscopic state selection of states of well-defined parity. The results are discussed in relation to
possible schemes of measuring parity violation in chiral molecules. © 2005 American Institute of

Physics. [DOI: 10.1063/1.1884114]

I. INTRODUCTION

Rather soon after the discovery of parity violation in
nuclear physicsl_3 speculations about the role of molecular
parity violation appeared, particularly in relation to the origin
of biomolecular homochiraxlity.‘l_6 The first quantitative the-
oretical calculations of the very small effects of molecular
parity violation appeared more than 20 years ago,7 but the
more recent finding that effective parity-violating potentials
calculated by new theoretical approaches are typically one to
two orders of magnitude larger than previously anticipated
has provided new impetus to the field®"? (see also the recent
review®). However, experimental approaches towards mo-
lecular parity violation are rather limited and so far
unsuccessful.>'*%

Apart from possible macroscopic phenomena in con-
densed phases, which we shall not discuss here, as they are
unlikely to yield quantitative proof and measurements com-
parable to theoretical predictions,6’26 one can distinguish ba-
sically three conceptually different experimental approaches
to molecular parity violation that are based on gas phase
molecular spectroscopy. In the first approach, proposed by
Letokhov and co-workers in 1975—1976,15 one tries to mea-
sure frequency shifts Av=vz—vg between corresponding
pairs of high-resolution spectral lines in the two enantiomers
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(R and S) of a chiral molecule. Several experimental tests
related to such shifts have been made in the infrared and
microwave ranges,m’zzf24 but in agreement with the calcu-
lated relative frequency shift Av/v being very small (about
107! for not too heavy elementsM’Zng), none of them was
successful. The same is true for the more difficult to interpret
shifts in condensed phase NMR and Mossbauer
spectra.lg_ﬁ’29

A second proposal relies on the measurement of time-
dependent optical activity in chiral molecules, which have
the special property that tunneling splittings are of the same
order of magnitude as the parity-violating potentials.17
Meanwhile, quantitative calculations on tunneling and parity
violation have identified a few examples of such
molecules,”*>* but to our knowledge there is currently no
serious experimental effort under way along these lines.

A third proposed scheme for experiments on parity vio-
lation has the particular advantage that it provides in prin-
ciple a measurement of the parity-violating energy difference
A, E between enantiomers in their ground states, related to
the enthalpy APVH(? of enantiomerization

R=S, A, HS=N,ALE. (1)

This scheme uses resolved spectroscopic intermediate states
that are achiral, and thus needs high rovibrational line
resolution.'®* As outlined in Fig. 1, this approach can pro-
vide A, E by combination difference of two allowed spectral

© 2005 American Institute of Physics
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FIG. 1. Energy-level diagram for “left” (L) and “right” (R) enantiomers of
a chiral molecule modified from Ref. 28. Microscopic experimental (spec-
troscopic) schemes aim to measure a parity-violating frequency shift, that is,
a difference in spectral transitions hv; and hvg in the separate enantiomers
(the spectral transitions can principally be in the NMR, microwave, IR,
UV/Vis, or y-ray range). The measurement of such a parity-violating fre-
quency shift would correspond to the determination of differences |A, E*
—ALE | of parity-violating differences and would not allow the determina-
tion of the very interesting parity-violating energy difference A E itself.
Experimental approaches that would allow the measurement of the latter
quantity make use of spectral transitions to an achiral excited (vibrational or
electronic) state with well-defined parity (here positive +; see spectral tran-
sitions in the middle). This approach can be realized with time-independent
and time-dependent spectroscopic approaches (see Refs. 6 and 25). The
long-dashed lines indicate the electronic potential-energy minima including
parity-violating potentials, whereas the solid lines indicate vibrational
(ground and excited state) levels including zero-point energy (E,) and
parity-violating corrections (not to scale). The transitions (vertical lines) to
the dashed lines are forbidden, whereas transitions between full lines are
observable spectroscopically.

lines or else it can be carried out in a time-dependent fashion
using nonclassical®* superposition states of the two different
R and S enantiomers, with initially well-defined parity, show-
ing time evolution of parity due to parity violation."® An
interesting class of molecules that are useful in such a
scheme may be molecules that are nonplanar and chiral in
their ground electronic states, but achiral, planar, or quasipla-
nar in some of their excited states. Allenes were suggested
among other candidates for such molecules.'® The basic mo-
lecular scheme of (Ref. 18) outlined in Fig. 1 can also be
used to address other questions such as the superselection
rule hypothesis,34 testing the collision hypothesis of chirality
and related ques.tions,zs’35 designing ultrafast optical
switches,”® or separating enantiomers of chiral molecules
with coherent control.*”*® For more comprehensive reviews
with a more complete survey of the literature, see Refs. 6,
25, and 27.

Numerous spectroscopic difficulties have to be over-
come in realizing molecular experiments relating to the
scheme of Fig. 1. The goal of the present work is to provide
a theoretical and spectroscopic proof of principle that in-
cludes some of the high-resolution spectroscopic ground
work and quantitative theoretical calculations on a real mol-
ecule, difluoroallene, which is a first example for which such
detailed results are now becoming available. Difluoroallene
(Fig. 2) was synthesized39 in 1974 (see also Ref. 40) and
there have been a few spectroscopic and theoretical investi-
gations on this molecule within a “classical” (i.e., non-parity
violating) context since that time.*"™* In particular, the °C
NMR spectrum was rneasured,39 the microwave rotational
spectrum was analyzed successfully,41 and the infrared and
Raman spectra recorded at modest resolution,*? leading to a
tentative normal-mode assignment.
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FIG. 2. The two enantiomers (left: P form; right: M form) of chiral 1,3-
difluoroallene in a collinear C,-symmetric geometry are shown, including
the internal coordinates along which the ground-state potential-energy sur-
face of 1,3-difluoroallene was calculated: 7is the torsional coordinate, « the
in-plane and «’ the out-of plane CCC-angle bending coordinates, whereby
“in-plane” and “out-of-plane” refer to the planar structures at 7=0° and 7
=180°.

The present work is divided into two parts. In a first
paper we present theoretical calculations on parity-
conserving and parity-violating potentials in allene and dif-
luoroallene, providing also quantitative evidence for the ex-
istence of the achiral excited state necessary for the
realization of the experimental scheme outlined above. In a
second paper we present a first high-resolution rovibrational
analysis of a part of the infrared spectrum, which is a neces-
sary first step for the rovibrational state and parity selection
in such experiments (see Ref. 46).

The calculations presented here for the unsubstituted al-
lene should be seen mostly as a starting point for 1,3-
difluoroallene. Although 1,3-dideuteroallene has been dis-
cussed in relation to parity violation as well,” the expected
effects are smaller than with fluorine substitution. There has
been a substantial amount of work on ground- and excited-
state potentials for allene, which provides a background for
our calculations.*”™’

Il. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS

A. Electronic ground states

Geometry optimizations in the electronic ground state
along the torsional coordinate 7 for allene and along the tor-
sional, in-plane « and out-of-plane a’ CCC-angle bending
coordinates for 1,3-difluoroallene were performed with
GAUSSIAN 98 (Ref. 58) using the complete active space self-
consistent-field (CASSCF) method (note that “in-plane” and
“out-of-plane” refer to the planar structures at 7=0° and 7
=180°, see Fig. 2). All geometry optimizations used Gauss-
ian’s “tight” optimization criterion. The torsional potential-
energy surface of allene is symmetric with respect to the
equilibrium structure (7=90°). Thus, it is sufficient to per-
form all parity-conserving calculations within the range of
7=0°-90°. The torsional potential-energy surface of 1,3-
difluoroallene is symmetric with respect to the planar geom-
etry at 7=180°. Thus, we calculated the torsional potential
within the range of 7=0°-180°. For both molecules the cal-
culations were performed in 10° steps along the torsional
coordinate. The selection of the active space as well as the
calculation of appropriate starting orbitals used Pulay and
Hamilton’s method.” Firstly, unrestricted Hartree—Fock
(UHF) calculations were performed for rigidly twisted allene
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and 1,3-difluoroallene using the correlation consistent polar-
ized valence double zeta (cc-pVDZ) basis set. Starting struc-
tures for allene were derived from a previously reported
equilibrium geometry,5 ® and starting structures for 1,3-
difluoroallene were derived from the minimum structure that
was obtained in a preceding second-order Mgller—Plesset/
correlation consistent polarized valence triple zeta (MP2/cc-
pVTZ) geometry optimization within the constraints of C,
symmetry and C—C—C collinearity. Secondly, for each geom-
etry, natural orbitals of the UHF wave function were selected
as starting orbitals for subsequent CASSCF -calculations,
whereby the inclusion of natural orbitals into the active space
was guided by the natural orbital occupation numbers.
Thirdly, geometry optimizations with fixed internal coordi-
nate (either 7, a, or a’) were performed using the unre-
stricted natural orbital-complete active space (UNO-CAS)
method® and the cc-pVDZ basis set. The valence active
space for the calculation of the torsional potential of allene
consisted of two sets of degenerate /7 valence orbitals (0
0 2 2)in terms of D,(a by b, bs). For 1,3-difluoroallene
analogous molecular orbitals were included in the active
space: (2 2) in terms of Cy(a b), (1 1 2 0) in terms of
Cy(ay ay by by), (012 1) in terms of Cyyla, b, a, b,), and
(1 3) in terms of C,(a’ a”). For both molecules four electrons
were set active. Fourthly, the geometries obtained with
UNO-CAS(4,4)/cc-pVDZ  were further optimized using
CASSCF(4,4)/cc-pVTZ calculations. The final geometries
along the torsional coordinate for allene that were obtained
within the constraints of D, symmetry for structures with
0°<7<90° and within D,, (D,,) for the structure with
7=0°(90°) as well as the final geometries along the tor-
sional coordinate for 1,3-difluoroallene that were obtained
within the constraints of C, symmetry for structures with
0° <7<180° and within C,, (C,,) for the structure with
7=0°(180°) were used in subsequent calculations of parity
violation and electronic excited states. Moreover, employing
the same general procedure without imposing symmetry con-
straints, we searched for transition states on the ground-state
potential-energy surface and calculated the equilibrium ge-
ometry of 1,3-difluoroallene.

Lee and Taylor’s61 T, diagnostic was calculated for the
collinear orthogonal [minimum structure (MS)] and equilib-
rium geometry [equilibrium structure (ES)] of 1,3-
difluoroallene employing the coupled cluster method with
both single and double substitutions from the Hartree—Fock
determinant as well as noniterative inclusion of triple excita-
tions [i.e., CCSD(T)].

B. Excited electronic states

All calculations of electronically excited states were per-
formed with the MOLCAS 5.2 quantum-chemical program
pa(:kage.()2 The first two valence-excited singlet states of al-
lene and the lowest triplet and singlet excited states of
1,3-difluoroallene  were determined for the collinear
optimized geometries (see previous section) along the tor-
sional coordinate using the CASSCF method and a small
atomic natural orbital ANO-S(4s3pld/2s) basis set.
In the MOLCAS program the D,;, point group and its sub-
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groups are supported. Thus, all geometries along the
torsional coordinate of allene were treated in D,. The
basic valence active space as introduced in the previous sec-
tion was used. Electronic ground-state energies for the opti-
mized geometries along the torsional coordinate were calcu-
lated for allene and 1,3-difluoroallene also using
CASSCF(4,4)/ ANO-S(4s3p1d/2s), such that relative ener-
gies could be determined for the excited-state potential-
energy surfaces.

In general a quantitative calculation of the vertical spec-
trum of a molecule necessitates the inclusion of dynamic
electron correlation and a balanced treatment of valence and
Rydberg excited states. Here, the complete active space
second-order perturbation-theory (CASPT2) method, which
is known to account reasonably for a part of the dynamic
electron correlation,63_65 was used. For allene, it has been
reported that even the lowest excited states that are of
m— 7 character have partially Rydberg-type character and
that Rydberg states may appear as low as some of the lowest
valence states.®*? As Rydberg orbitals are not localized to
atoms in the same sense as valence orbitals are, but can
rather be considered to be spread out over the entire mol-
ecule, for a quantitative calculation of the vertical excitation
energies the proper inclusion of diffuse basis functions in the
basis set is a prerequisite, such that the 3s, 3p, and 3d Ryd-
berg states obtained by excitations out of the highest-
occupied molecular orbital (HOMO) can be treated in an
adequate way. Here, generally contracted basis functions
based on atomic natural orbitals®® (ANOs) were used to con-
struct the molecular orbitals. The contraction scheme used in
the calculations was C[4s3p1d]/H[2s], which has been
shown to represent an optimal compromise between the
quality and size of the corresponding calculation.® Single-
center diffuse functions were generated using a recently de-
veloped procedure to obtain optimal Rydberg basis functions
for a given system.69 The procedure is based on the universal
Gaussian basis sets developed by Kaufmann et al.™ for rep-
resenting Rydberg and continuum wave functions and has
led to augmented ANO basis sets that have been used with
success in the calculation of vertical spectra for molecules
such as benzene, phenol, and formalldehyde.69’71 The contrac-
tion coefficients for the new Rydberg basis functions are ob-
tained using the procedure of Roos et al.® the original
ANO-S(4s3p1d/2s) was supplemented with a 1s1pld set of
Rydberg functions (contracted from a set of 8s8p8d primi-
tives) which were placed at the position of the central C atom
of allene. The universal exponents were calculated using the
equation

1
4n*(ap + b)*’

with the parameters a;,=0.584 342 (I=1), 0.452 615 (I=2),
and 0.382 362 (/=3) and b;=0.424 483 (I=1), 0.309 805 (I
=2), and 0.251 333 (1=3).”°

The lowest Rydberg state corresponds to the excitation
HOMO — 3s. Further Rydberg states are due to excitations to
3p. 3py, and 3p,, and the five components of 3d. The Ryd-
berg orbitals follow the point-group species arising from
their corresponding atomic orbitals. Therefore, in D, the 3s,

a(n,l) = (2)
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3d2, and 3d,2_» Rydberg orbitals belong to the symmetry
species a, 3p,, and 3d,, to by, 3p, and 3d,, to b,, and 3p, and
3d,, to bs. These nine lowest Rydberg orbltals classify to (3
2 2 2) in terms of D,. The final active space employed in our
calculations of the vertical excitation energies consists of 13
orbitals, that is (002 2)+(3222)=(3244). For each sym-
metry label of D,, a state-averaged CASSCF(4,13) calcula-
tion was performed and the resulting CASSCEF state function
was used as a root function of subsequent CASPT?2 calcula-
tions of the vertical excitation energies for the lowest singlet
excited electronic states.

C. Calculations on parity violation

Parity-violating energies were calculated using the mul-
ticonfiguration linear-response (MC-LR) approachm to elec-
troweak quantum chemistry as implemented in our local
version'’ of the DALTON program.72 Here we just give a brief
overview of the general theoretical basis underlying these
parity-violation calculations. A more detailed description
with further references is provided in Refs. 8—10 and 73. In
the absence of external fields and within semirelativistic
theory, the leading term of the molecular parity-violating
Hamiltonian, representing electron-nucleus interactions and
neglecting the nuclear spin-dependent terms, is given in
Refs. 7,9, 10, and 7476 by an expression that sums over all
electrons n and nuclei N of the molecule [here in Systéme
International d’Unités (SI) units

n

=~ WGF/_E E QW(A){pz 1’5 (r - rA)}+’ (3)

m.ch\2 =1 a=1

A

pv

where Fermi’s coupling constant’’  is Gp=2.222527
X 1074E,(a)?, E, the Hartree energy, a, the Bohr radius, m,
the mass of the electron, c the velocity of light, 7 Planck’s
constant, P; the linear momentum operator of electron i and
§; its spin operator, &’(r;—r,) the three-dimensional Dirac
delta distribution, r; the position vector of particle j, {...},
the anticommutator, and Q,,(A) the electroweak charge of
nucleus A given by

QW(A) = ZA(I -4 Sinz 0w) - NA’ (4)

with Z, the number of protons and N, the number of neu-
trons of nucleus A, and 6,, the Weinberg angle with sin® 6,
~(0.2319. A more recent value for the weak-mixing angle
parameter that is now recommended by the Particle Data
Group is sin? §,,~0.231 20(15) (see Refs. 77 and 78). The

prefactor of ﬁpv in Eq. (3), which includes the very small
Fermi coupling constant G, renders the parity-violating po-
tentials small. Each term in the sum is proportional to the
electroweak charge of nucleus A, the value of the elec-
troweak charge in turn being primarily dependent on the
number of neutrons of nucleus A, evidencing the predomi-

nant role of the neutron-electron interaction. ﬁpv transforms
odd under space inversion (parity), as it contains the inner
product of the linear momentum and spin vector operators. It
also contains the three-dimensional Dirac delta distribution
because the short-range neutral weak force mediated by the
Z° boson is essentially a contactlike interaction.”
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Since I:IIDV is a one-electron triplet operator, the expecta-
tion value for a nondegenerate singlet eigenstate of a purely
electrostatic Hamiltonian would be zero in the nonrelativistic
limit.”'*” Thus, spin-orbit coupling corrections to the mo-
lecular wave function play an essential role in obtaining non-
vanishing parity-violating energies,80 with the spin-orbit
(SO) operator in Breit—Pauli form®' (here in SI units)

o= 1 EEA 33 luldr28)

8mm:| =1 Aot |A | -1 -

(s +2§))
3 b

(5)

where i,-,k is the orbital angular momentum of electron i with
respect to the position of particle k and u is the permeability
of the vacuum.”’

In second-order perturbation theory this spin-orbit cou-
pling gives rise to a nonvanishing parity-violating potential
according to’!

Wo|H W)W | Hyo| P
EPV=2R6<2< ol [ W)V | o 0>>’
i#0 EO_Ei

(6)

where | W) denotes the reference state of interest with energy
E, (usually the singlet ground state) and |W¥;) the ith excited
(triplet) state with energy E;. This sum-over-states expression
has previously been employed in the single determinant ex-
citation restricted Hartree—Fock’ (SDE-RHF) and configura-
tion interaction singles excitation restricted Hartree—Fock™’
(CIS-RHF) methods. While the latter approach improved the
description of the excited states and led to the important
theoretical finding of parity-violating energies that were typi-
cally one to two orders of magnitude larger than the ones
obtained with SDE-RHEF, it suffers from the inherent conver-
gence problem associated with the sum-over-states approach.
The recent multiconfiguration linear-response (MC-LR)
axpproach10 that was used in the present work circumvents the
convergence problems and improves significantly the de-
scription of the reference state. Within the framework of re-
sponse theory, the parity-violating potential is given by the

response of (‘I’O|ﬁpv|\1’0> to the static (i.e., w=0) perturbation
Hso [or equivalently by the response of (Wo|Hgo| W) to the
static (i.e., w=0) perturbation I:Ipv]

Epy = (Hyys Hso) wmo = ((Hso3 Hpy Y oo (7)

It is well known in the framework of propagator methods®**

that the expression in Eq. (7) is equivalent to the sum-over-
states expression (6) but it can be calculated in a more direct
fashion."”

The twisting of allenic species similar to ethylene poses
particularly for large twisting (i.e., dihedral) angles a multi-
reference problem that requires the use of an appropriate
multireference method.'® The MC-LR approach allows the
treatment of such problems by using the CASSCF-LR
method.'” We calculated the parity-violating energies of al-
lene and 1,3-difluoroallene for the aforementioned optimized
geometries from 7=0°-180° in 10° steps using CASSCF-
LR(4,4)/cc-pVTZ. Additionally, we calculated for the (C-
C-C) collinear orthogonal and the equilibrium structure of
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1,3-difluoroallene, both of which are dominated by a single
configuration and exhibit small 7, values, the parity-
violating energy differences using the random-phase ap-
proximation (RPA) and the Slater-type orbitals with a linear
combination of three Gaussian (STO-3G), cc-pVDZ, aug-
mented correlation consistent polarized valence double zeta
(aug-cc-pVDZ), and cc-pVTZ basis sets.

lll. THEORETICAL RESULTS AND DISCUSSION

A. Ground and electronically excited states of allene
and 1,3-difluoroallene

Allene has been the subject of numerous experimental
and theoretical investigations. We are particularly interested
in its potential-energy surfaces of the ground and excited
states along the torsional coordinate, including its barrier
heights to internal rotation and its electronic absorption spec-
trum. The electronic spectrum of allene was measured by
Sutcliffe and Walsh® and later again in the range from
4.78 t0 10.7 eV.%*® These studies demonstrated that the ab-
sorption spectrum of allene is complex. Below 6.45 eV one
finds only a weak structureless absorption. Computationally,
the excited states of allene were previously investigated up to
about 11 eV using various levels of theory, including the
configuration interaction (CI),66’89’9O equations of motion,56’5 7
multireference configuration interaction (MRCI),56 complete
active space self-consistent field (CASSCF),”® multiconfigu-
ration half-projected Hartree—Fock (MCHPHF),”' and im-
proved virtual orbital complete active space configuration
interaction (IVO-CASCI) method.”? Computational studies
have also dealt with the electronic ground state of allene,
particularly the internal (i.e., torsional) rotation of this simple
cumulene, including the determination of transition states
and corresponding barrier heights to internal rotation.”’ 7 At
various levels of theory the calculated barrier to internal ro-
tation is predicted to be in the 180—210 kJ mol™! range.
High-level ab initio studies predict the corresponding transi-
tion structure to be a planar bent C,, symmetric species cor-
responding to a singlet biradical.>>~°

The primary aim of our study of the internal rotation of
allene was to establish whether the CASSCF method with a
small (4,4) CAS would be adequate to reproduce the known
essential characteristics of the potential-energy surfaces of
the ground and two lowest excited electronic states upon
torsional rotation. The motivation for this was threefold: (1)
to ensure that CASSCF-LR(4,4) calculations would provide
an adequate basis for the calculation of parity-violating en-
ergies in allene, using the MC-LR approach as implemented
in the DALTON program with CASSCF calculations, (2) to
provide a test for our computational investigations of 1,3-
difluoroallene, and (3) to provide a basis for the first
CASPT?2 calculations of allene’s vertical excitation spectrum
using our newly developed single-center ANO-S Rydberg
basis.

Figure 3 shows one-dimensional cuts through the
potential-energy surfaces of the electronic ground and two
lowest valence-excited singlet states of allene upon CH,
twisting, while the linearity of the CCC chain is maintained.
The electronic ground state 'A, (D,,) correlates with
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FIG. 3. Potential-energy surfaces V of the electronic ground state (solid
squares) and the two lowest-lying valence-excited singlet states (open
squares and circles) of allene as function of the torsional coordinate 7. The
former was calculated using CASSCF(4,4)/ANO-S(4s3p1d/2s), whereas
the latter two were calculated using state-averaged CASSCF(4,4)/ANO
-S(4s3p1d/2s) with both states weighted equally.

A (D,) and 1AM (D). Upon internal rotation the wave func-
tion changes its character from a closed-shell singlet to an
open-shell singlet. The first excited electronic state 1A2 (Dyy)
that correlates with 'B (D) and 'B, ¢ (D7) exhibits energies
that remain at about 650 kJ/mol. The second excited state
'B, (D,,) that correlates with 2'A (D,) and lAg (D) gets
stabilized along the torsional coordinate towards the planar
D,;, symmetric geometry according to Walsh’s rules.” At the
planar D,, symmetric geometry, the closed-shell 'A o state of
the second excited electronic state lies 144.5 kJ/mol above
the open-shell 'A, state. These results indicate that the
CASSCF method with a small (4,4) CAS is adequate for our
exploratory study and accordingly was used as a basis for our
calculations. Our CASPT?2 results for the excitation energies
are (in eV) 5.96 ('A,), 6.48 ('B,), 7.07 ('E), and 7.69 ('B,).
This compares well with the literature values cited in Table I.

While allene in its equilibrium geometry is D,,; symmet-
ric and thus achiral, 1,3-difluoroallene in its equilibrium ge-
ometry is predicted to be C, symmetric and thus chiral. 1,3-
difluoroallene is anticipated to exist in the form of two
enantiomers P and M (see Fig. 2). Ogata and Ando’* calcu-
lated a molecular structure for 1,3-difluoroallene using the
rotational constants that were obtained using microwave
spectroscopy.41 However, although the experimental data are
insufficient for a complete structure determination, they did
not report which of the structural parameters were taken as
fixed. They probably assumed that the C,-symmetric 1,3-
difluoroallene exhibits a collinear C=C=C moiety. Thus,
its geometry is experimentally not precisely known.

Table II summarizes the structural parameters of the
equilibrium structure that we obtained in comparison to pre-
viously reported experimental as well as theoretical data (see
also the structure ES shown in Fig.5). All calculations predict
that 1,3-difluoroallene deviates from CCC collinearity. The
occurrence and extent of such nonclassical distortions at
multiple bonds is, in a simple valence bond modeling, related
to the singlet-triplet separation of the interacting fragments
forming the multiple bond, and have previously been sug-
gested for substituted allenes.” In fact, a 1.8° +0.6° devia-
tion from collinearity was found experimentally for the re-
lated molecule fluoroallene (CH2=C=CHF).96 Because
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TABLE I. Overview of experimental and theoretical excitation energies of
allene. All energies are given in (eV).

State 1'A, 1'B, 1'E 1'B,
Experimental data® <6.45° 6.5-6.9 6.95-7.85
(6.70 max)®  (7.23 max)®
6.5-6.9 7.1-75
(6.71 max)® (7.27 max)*
CASPT2 (this work) 596 648 7.07 7.69
IVO-CASCI¢ 6.60  7.16 7.38 8.03
CASSCF(8,10)/ANO(2+)¢ 589  6.55 6.84 7.13
MRCI(4,8)/ANO(2+)° 6.19  6.70 6.85 7.55
MRCI+D/ANO(2+)° 6.10  6.55 6.94 7.56
EOM-CCSD/6-311++G"™ 623  6.65 7.02 7.62
cr 692 745 7.56
CI¢ 6.566  6.921 6.872 7.445
EOM/6-31G™" 776  71.32 e 9.70
EOM/6-31G™ +Rydberg"  6.86  7.23 7.73 8.03
cr 649  6.84 7.21 7.88

“Assignment of Diamond and Segal (see Ref. 90).

bOptical-absorption (obsd) data from Rabalais et al. (see Ref. 86).
“Magnetic circular dichroism data (obsd) from Fukc and Schnepp (see Ref.
88).

dReference 92.

“Reference 56.

"Reference 89.

£Reference 90.

?Reference 67.

'Reference 66.

the experimental geometry was not determined precisely, a
comparison with theoretically calculated geometries is lim-
ited. Moreover, even for fluoroallene and 1,1-difluoroallene
(CH,=C=CF,) where five isotopic species were studied
using microwave spectroscopy,%’97 the experimental uncer-
tainties in some of the structural parameters are comparably
large. This limits conclusions that can be drawn about 1,3-
difluoroallene by comparison with those molecules.

Our CASSCEF results agree well with the experimentally
reported structure, albeit they highlight that theory predicts
1,3-difluoroallene to deviate from CCC collinearity in its
C,-symmetric equilibrium geometry. The structural param-
eters of 1,3-difluoroallene’s equilibrium geometry (see struc-
ture ES in Fig. 5) and those of its collinear and orthogonal
(7=90°) geometry (see structure MS in Fig. 5) are very
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TABLE III. Energies E of the transition structures (TS1-3) of 1,3-
difluoroallene, the C,-symmetric minimum structure (MS), the
C,-symmetric equilibrium structure (ES), and their relative energies with
respect to ES, calculated using CASSCF(4,4)/cc-pVTZ. ZPC: with zero-
point energy correction.

Structure E/E, Epcl E), E o/ (kI/mol)  Ezpc o/ (kJ/mol)
ES -313.7220794 -313.679 350 0 0
MS -313.7219697 -313.679417 0.288 017 35 —0.175908 5
TS1 -313.6494227 -313.609440 190.760 165 8 183.548 705

184.530 116 9
198.127 843 9

184.606 781 5
198.800 234 5

TS2  -313.6517956 -313.609 037
TS3  -313.6466165 -313.603 631

similar. Thus, a deviation from collinearity and a correspond-
ing change in dihedral angle have a negligible effect on the
size of the remaining structural parameters. The CCC collin-
ear structure is only about 0.3 kJ mol~! (25 cm™') higher in
energy than the equilibrium geometry (see Table III). This is
much less than the zero-point energy, indicating a dynami-
cally quasicollinear structure of the CCC frame. Anyway,
25 cm™! is presumably not physically relevant within the nu-
merical precision of these calculations. This is also supported
by a formal zero-point energy correction, which renders the
collinear structure lowest in energy. The two enantiomers of
1,3-difluoroallene can be interconverted by internal rotation
along the torsional coordinate. A single transition state is
found for the internal rotation of allene, which is a planar
bent C,,-symmetric species corresponding to a lA2 singlet
biradical. However, one finds three transition states in the
case of 1,3-difluoroallene, which is of lower symmetry.
Along the torsional coordinate the potential energy in-
creases (middle part of Fig. 4) and reaches a maximum at the
planar C,, and C,, symmetric geometries. Starting from
these planar geometries, the barriers to stereomutation de-
crease initially with in-plane CCC bending (upper left and
right) and increase with out-of-plane CCC bending (lower
left and right). This behavior is analogous to what has been
reported in the literature for allene (see, for example, Refs.
55-57), but leads in the case of 1,3-difluoroallene to three
transition structures with different symmetries and energies.
The nature of each structure as belonging to a transition state
was confirmed by harmonic frequency calculations, where

TABLE II. Structural parameters of the experimental and ab initio calculated equilibrium geometry of 1,3-

difluoroallene. Uncorrected values are given.

DFT(B3PW91)/ CASSCF(4,4)/cc-
Parameter Expt.* SCF/DZ+D,. (Ref. 43) aug-cc-pVTZ (Ref. 45) pVTZ, this work
HC=C)/A 1.306 1.296 1.298 1.306
rHC-F)/A 1.330 1.334 1.343 1.322
r(C=H)/A 1.086 1.074 1.084 1.070
a (FCC)/° 124.2 122.6 122.72 122.0
a (FCH)/° 114.7 112.4 112.16 113.2
a (CCO)/° 180 (fixed?)* 178.9 175.75 170.7
7/° 92 90 (fixed?) 91.7 93.1

“Determined from 1,3-difluoroallene’s rotational constants (Ref. 39) using unreported assumptions for some of

the structural parameters (see Ref. 94).

"The dihedral angle is neither given nor derivable from the data given by Dixon and Smart (see Ref. 43).
However, it appears likely that they had fixed it to 90° during the geometry optimization.
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FIG. 4. Ground-state potential-energy surface of 1,3-difluoroallene, calcu-
lated along the torsional 7, the in-plane « and out-of-plane o’ CCC-bending
coordinates using CASSCF(4,4)/cc-pVTZ.

one imaginary frequency was obtained for each structure.
Absolute energies for these transition structures as well as
their energies with respect to the C,-symmetric equilibrium
structure are given in Table III. Accordingly, the barrier
heights to stereomutation between the two enantiomers of
1,3-difluoroallene lie between 184 and 198 kJ mol™! (similar
to barriers predicted for allene, 180—210 kJ mol~!, and ex-
perimental barrier heights of 1,3-dimethylallene and 1,3-di-
tert-butylallene as determined to date by Roth et al.®
193.3 kI mol™! for the former allene derivative and
196.2 kJ mol™" for the latter). Future calculations that would
take more dynamic electron correlation into account might
yield somewhat smaller barrier heights.

It is particularly noteworthy that the chiral C; asymmet-
ric transition state TS2 (see Fig. 5) is lowest in electronic
energy, while with zero-point corrections the C,, symmetric
TS1 becomes lowest. However, the differences are too small
to be significant and the transition states should be consid-
ered as part of a set of “nonrigid transition states.””

Figure 6 shows our results for the potential-energy sur-
faces (PES) of the electronic ground state and the lowest
valence-excited  singlet  states, calculated  using
CASSCF(4,4)/ ANO-S(4s3p1d/2s). As has also been re-
ported for allene, the ground-state PES of 1,3-difluoroallene
is dominated by a closed-shell configuration in the orthogo-
nal geometries and by an open-shell configuration in the pla-
nar geometries. The lowest electronically excited state is pre-
dicted to be the A state. The first singlet excited state is the
valence-excited state 'A. The corresponding vertical excita-
tion energies are predicted at 4.59 and 6.95 eV, respectively.
The potential-energy surfaces of excited states along the tor-
sional coordinate were calculated at the geometries that were
optimized in the electronic ground state and exhibit minima
at the planar geometries suggesting that 1,3-difluoroallene
may be a chiral molecule with achiral excited states. Such a
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FIG. 5. Characteristic structures on the electronic ground-state potential-
energy surface. All bond lengths are given in angstroms. Upper left:
C,-symmetric minimum structure (MS); upper right: C,-bent symmetric
equilibrium structure (ES), left center: C,,-symmetric transition structure
(TS1); lower left: C;-symmetric transition structure (TS2); lower right:
C,-symmetric transition structure (TS3). All structures were obtained in
CASSCF(4,4)/cc-pVTZ geometry optimizations.

characteristic is of great interest for proposed experiments
that aim to measure directly the parity-violating energy dif-
ference or to achieve coherently controlled asymmetric syn-
thesis using linearly polarized light.loo Even if the minimum
geometries in the excited states were slightly distorted and
even chiral, they are expected to exhibit low barriers to a
coplanar achiral structure and thus rovibrational states of
well-defined parity at moderate excitations. From a formal
point of view, it is conceivable that 1,3-difluoroallene enan-
tiomerizes along a completely chiral path, similar to other
cases that have been discussed following the early sugges-
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FIG. 6. Potential-energy surfaces V of the electronic ground state (lower
curve) and the two lowest valence-excited states (open triangles and circles)
of 1,3-difluoroallene as function of the torsional coordinate 7. All energies
were calculated using CASSCF(4,4)/ANO-S(4s3p1d/2s).



084305-8 M. Gottselig and M. Quack

T T T T T

20 —e—allene
—a— 1 3-difluoroailene

151 —v— ethylene

10

13
E J(N, 107 Jimol) ——

a
(=)
T

1 I L

0 30 60 80 120 150 180

] —

FIG. 7. Parity-violating potentials for allene (circles) and 1,3-difluoroallene
(squares; the range of the dihedral angle from 0° to 180° corresponds to the
P enantiomer of 1,3-difluoroallene) along the torsional coordinate 7 that
were calculated using CASSCF-LR(4,4)/cc-pVTZ. The parity-violating po-
tentials are compared to those of ethylene (triangles) that were calculated
using a full-valence CASSCF-LR/TZ" calculation (see Ref. 10).

tion of Mislow,'"" and rather special compounds investigated
by Mauksch and Schleyer102 or even chirally substituted
methane CHDTMu. %1% However, this statement has little
physical significance in view of the highly nonrigid transi-
tion structures, which may interconvert easily and thus we
have not pursued these geometrical details any further.

B. Parity violation in allene, 1,3-dideuteroallene and
1,3-difluoroallene

Figure 7 shows the parity-violating potentials E,(7) for
allene and 1,3-difluoroallene in comparison to the one of
ethylene:10 as calculated at the CASSCF-LR level of theory.
All potentials show the typical dependence on the dihedral
angle with large excursions from negative to positive values
and zero crossing at a chiral geometry for 1,3-difluoroallene,
as was also found for other torsional parity-violating poten-
tials (see Refs. 8—10, 30, 32, and 33 and references cited
therein). Allene and ethylene are achiral in their equilibrium
geometries and exhibit achiral transition structures. Thus, the
parity-violating energies vanish also by symmetry for the
corresponding structures. All other structures are chiral and
accordingly can exhibit parity-violating energies. E(7) has
a similar form for allene and ethylene and is antisymmetric
with respect to the point at 7=90°. However, the parity-
violating potential of allene is shifted along the torsional
coordinate by 90°, because allene has its equilibrium geom-
etry at 7=90°, whereas for ethylene it is at 7=0°. The maxi-
mum value of E,(7) in allene is slightly (about 1.5 times)
larger than for ethylene. E,(7) for 1,3-difluoroallene shows
in comparison to allene three essential differences. Firstly,
the maximum value of E,(7) is about four times larger than
the one for allene. Secondly, the parity-violating potential of
1,3-difluoroallene is not antisymmetric with respect to the
point at 7=90°, because 1,3-difluoroallene is chiral in its
equilibrium geometry and thus E,(7) does not vanish at 7
=90°. The M enantiomer (see Fig. 2) is calculated to be
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TABLE IV. Parity-violating energy difference A, E=E,,(P)-E, (M) for the
collinear orthogonal (MS) and the equilibrium structure (ES) of 1,3-
difluoroallene calculated with different basis sets and the MC-LR approach
to electroweak quantum chemistry.

Method Structure AL E/ (107 cm™)
RPA/STO-3G MS 0.36
ES 0.31
RPA/cc-pVDZ MS 1.05
ES 0.92
RPA/aug-cc-pVDZ MS 1.02
ES 0.89
RPA/cc-pVTZ MS 1.29
ES 1.12
CASSCF-LR(4,4)/cc-pVTZ MS 1.02

stabilized compared with the P enantiomer. As mentioned in
the previous section, 1,3-difluoroallene is dominated by a
closed-shell configuration in the collinear orthogonal geom-
etry (MS). To obtain additional insight into the question of
the quality of the HF single determinant as reference for
possible single-reference calculations, we calculated Lee and
Taylor’s T diagnostic, usually a byproduct when employing
CCSD(T)/cc-pVTZ.61 We obtained a 7; value of about
0.0136. For T, <<0.02 the wave function may be assumed to
have significant single-determinant character, and accord-
ingly the HF single determinant should be well suited as
reference in a single-reference calculation. Thus, parity-
violating calculations using the MC-LR approach to elec-
troweak quantum chemistry in the random-phase approxima-
tion should lead to good results for 1,3-difluoroallene in its
collinear orthogonal (MS) as well as in its equilibrium struc-
ture (ES). Table IV summarizes our results for the parity-
violating energy differences of 1,3-difluoroallene. Calculated
parity-violating energy differences for the collinear structure
are about 15% larger than the ones for the equilibrium ge-
ometry. The results obtained at our lowest level of theory,
that is RPA with the minimum basis set STO-3G, are only
about a factor of 3 smaller than the one obtained at our
highest level of theory, that is, CASSCF-LR(4,4) with a cor-
relation consistent cc-pVTZ basis set. For the cc-pVTZ basis
set, RPA yields parity-violating energy differences that com-
pare well with the ones that were obtained with the
CASSCF-LR  multiconfiguration method, the small
(~20%) differences being indicative of the size of correla-
tion effects. Overall, we predict at all levels of theory that the
M enantiomer of 1,3-difluoroallene is stabilized compared
with the P enantiomer by about N, AAPVE"‘IZ 1.2
X 10712 I mol~!. Given the nonrigidity of the vibrational
ground state of difluoroallene, there may be sizable correc-
tions due to zero-point averaging, which would have to be
added to these purely electronic values.”® However, these
will not change the order of magnitude and are not expected
to be larger than the remaining uncertainties resulting from
the limited convergence of the electronic structure calcula-
tions at this stage. The relativistic corrections are certainly
small for this molecule. Thus, while for very high accuracy
of the calculations in a possible future analysis of experi-
ments, in particular, electron correlation and vibrational ef-
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fects must be taken into account, these will not change the
conclusions of the present paper aiming at an exploratory
study preparing for such experiments.

Allene can also be rendered chiral by 1,3-deuteration.
However, in the framework of the Born—Oppenheimer ap-
proximation, all nuclei for which the electronic wave func-
tion remains invariant under improper rotations S, do not
contribute to the parity-violating energy.lo5 Thus, for symme-
try reasons, 1,3-deuteration of D,4-symmetric allene leading
to C, symmetric and chiral 1,3-dideuteroallene is not ex-
pected to lead to appreciable electronic parity-violating en-
ergy differences. In fact, for any isotopically substituted
D,4-symmetric allene the purely electronic parity-violating
energy differences should be zero. Nonzero parity-violating
energy differences are likely to arise due to zero-point aver-
aging. However, one may safely assume that the final A, E
for dideuteroallene will be smaller than for difluoroallene
(see also Refs. 25 and 107).

IV. CONCLUSIONS AND OUTLOOK

The present paper reports the first calculations of parity-
violating potentials as a function of torsional angle in allene
and 1,3-difluoroallene, the latter being chiral in its equilib-
rium geometry. From these calculations as well as from the
ordinary, parity-conserving quantum-chemical energies we
can draw the following main conclusions:

(1) Allene shows maximum parity-violating potentials at
chiral geometries of rather similar magnitude as
ethylene,lo on the order of 0.5 pJmol™! (=4
X 107" ¢cm™), with a zero value at the achiral equi-
librium geometry with torsional angle 7=90° (see Fig.
7).

(i)  In 1,3-difluoroallene the structure is chiral at 7=90°
and thus the parity-violating potential at the equilib-
rium geometry is nonzero giving rise to a parity-
violating energy difference between enantiomers
AW E=E,(P)=E,(M)=1.2 pJ mol™' (1 X 107" cm™)
at the highest levels of theory employed here. Re-
maining uncertainties arise mainly from the limited
basis set size, the omission of vibrational averaging,
and smaller relativistic effects and can be estimated to
be within less than a factor of 2 altogether. The cor-
responding period for parity change is 333 s (the
“parity-violating time” 7,,).

(ili)  The qualitative behavior of the parity-violating poten-
tial in 1,3-difluoroallene as a function of the torsional
angle 7 is interestingly similar to the one in allene, but
asymmetrically shifted from 7=90° with a larger
maximum value of 2 pJ mol™! near 7=150° and a
minimum of —1 pJ mol~! near 7=15° (see Fig. 7).

(iv)  Calculations on the barrier heights for internal rota-
tion provide a first result of 184—198 kJ mol~! for the
stereomutation barrier in 1,3-difluoroallene, fairly
similar  to an  experimental  result  for
1,3-dimethylallene®® (193 kJ mol™"). Independent of
the precise accuracy of these barrier heights, one can
therefore estimate the stereomutation tunneling split-
tings for the hypothetical symmetrical case to be sev-
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FIG. 8. Schematic diagram for rovibrational state and parity selection using
an achiral planar or quasiplanar intermediate excited state of a molecule
which is chiral in the ground state (see also Refs. 6 and 25) and paper II
(Ref. 46). The real-potential surface is multidimensional and the preexcita-
tion may occur in a mode different but coupled to the torsional mode.

eral ten orders of magnitude smaller than A, E [from
very rough WKB estimates and by comparison with
S,Cl, (Ref. 106) and “**H,X,, X=0, S, Se, Te,*****
which all have much lower barriers to stereomuta-
tion]. Thus, 1,3-difluoroallene is a chiral molecule
where parity violation dominates over tunneling and
AL E corresponds to a measurable ground-state en-
ergy difference of the enantiomers. The transition
states for stereomutation in 1,3-difluoroallene are
highly nonrigid,99 with several identified transition
structures of fairly similar energy, two of which being
chiral (enantiomeric) structures (TS2 in Table III) thus
allowing in principle for a completely chiral stereo-
mutation pathway.m'*l

(v)  Calculations on the low-lying A and 'A excited states
of 1,3-difluroallene show them to be planar or quasi-
planar (nonrigid) structures, fairly similar to the al-
ready established situation in allene. This quasiplanar
structure allows for the possibility of isolated rovibra-
tional levels of well-defined parity, which is a require-
ment for realizing the scheme proposed some time
ago18 to directly measure A, E using an intermediate
spectroscopic level of well-defined parity. In the time-
dependent variant of this experiment an initial time
evolution of a superposition state of well-defined par-
ity in the ground electronic state on the millisecond
time scale should be observable spectroscopically,
even though A, E is relatively small for
1,3-difluoroallene.

The necessary rovibrational state selection in such a fu-
ture experiment will be greatly aided by a two-step (or even
three, four, or more step) experiment with infrared preexci-
tation in the electronic ground state following the scheme in
Fig. 8. In this context we report in paper46 II the first high-
resolution rovibrational analysis of the infrared spectrum of
1,3-difluoroallene. In principle, our results are also of rel-
evance for measuring parity violation in 1,3-difluoroallene
by rotational'*** or vibrational'>'%** frequency shifts, but
because of the small size of the these effects, experimental
technology would currently seem to be insufficient and the
superposition approach18 more promising for this molecule.
In any case, the results reported here and in Ref. 46 consti-
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tute major steps forward towards experiments on the parity-
violating energy differences Ay E in enantiomers of chiral
molecules.
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