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We study the effect of parity violation on the vibrational and rotational frequencies of CHBrCIF. We
report the parity violating potentials as a function of reduced normal coordinatesfor all nineinternal vibra-
tional modes w, to wy, Using our new, accurate multiconfigurational-linear response (RPA and complete-
active-space self-consistent field) approach. All modes w; show a strongly mode dependent relative shift
Apyw;/w; (between 0.08 X 10716 and 13.3 X 107'6, much smaller than all previous experimental tests
could detect, including the most recent ones). The results are discussed in relation to other tests of parity

violation.

PACS numbers. 33.15.Mt

1. Introduction.—Relatively quickly after the discovery
of parity violation in atomic and nuclear physics [1,2]
it was recognized that this phenomenon can lead to an
energy difference A, E between left-handed and right-
handed enantiomers of chiral molecules ([3—8]; for are-
view, see [9]). While direct measurements of A,, E have
been proposed, using spectroscopic methods involving in-
termediate levels of well-defined parity [9,10], until to-
day no successful experiment of this or a related kind has
been reported. There have, however, been substantial ef-
forts to calculate A, E quantitatively, following the pio-
neering work of Hegstrom, Rein, and Sandars about two
decades ago [11-14]. Such calculations are possible be-
cause of electroweak theory [15—17] providing a genera
theoretical framework for parity violating effects not only
in high energy and nuclear physics, but aso in atomic
[18,19] and molecular physics, where we have termed the
systematic approach to parity violation “ electroweak quan-
tum chemistry” [20—23]. The recent theoretical discovery
[20,21], reconfirmed by independent computational tech-
niques [22—25], that A, E for several molecular examples
is calculated by configuration interaction singles and other
more advanced theoretical methods to be larger by 1 to
2 orders of magnitude than anticipated by the earlier re-
stricted Hartree-Fock (RHF) methods has led to a renewed
interest in parity violating effects in molecules.

Among the proposals to establish parity violation in
molecules, one may mention also the possibility of mea
suring frequency shifts A, » in spectra of enantiomers,
ranging from the radio frequency (NMR) [26,27] to thein-
frared [5,28—36]. Indeed some early theoretical estimates
of these effects are available [13]. In this context [5,28],
as well as in the context of direct measurements of A, E
[9], CHBrCIF has been selected as atest compound and re-
cently been investigated in more detail [31—36]. Together
with fluorooxirane [30], CHBrCIF has been the first ex-
ample of a chiral molecule, for which an infrared funda-
mental wasfully rotationally analyzed using acombination
of advanced Fourier transform infrared (FTIR) and diode
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laser supersonic jet techniques along with microwave ex-
periments. This provides a prerequisite of experimental
tests of parity violation in the optical domain [34]. Such
experiments provide bounds on A, »/v, since splittings
from the different enantiomers are not resolved with an ac-
curacy limited by jet Doppler widths in microwave and IR
spectra (in the range of 107 to 1077). This upper limit
has already been discussed earlier [5,28,29], including ex-
periments with sub-Doppler resolution. Recently, Daussy
et al. have provided a much more stringent result in thein-
frared spectrum of CHBICIF, i.e, A, v/v < 4 X 1071
[35,36]. While bounds on the shift do not provide a direct
measurement of the actual parity violating energy differ-
ence A, E between the enantiomers, they are nevertheless
of interest in comparison with theory. So far, accurate theo-
retical calculations on A, » in CHBrCIF (nor any other
chiral molecule, to our knowledge) have not yet been re-
ported. It isthe aim of this paper to provide such results
on the basis of our systematic approaches towards elec-
troweak quantum chemistry [20—23].

2. Theory.— One can distinguish two fundamentally dif-
ferent approaches towards calculating A,,» in rovibra-
tional spectra of chiral molecules. The first one might
be called “adiabatic,” because it makes proper use of the
large difference in frequency and time scales resulting
from rovibronic and parity violating energies. One cal-
culates the rovibronic wave functions and energy levels
E; (in 3N — 3 dimensional space, 3N — 6 with separa-
tion of rotation and vibration) and then the shifts &, E;
and 6,y E; for the energy levels of left- and right-handed
enantiomers by perturbation theory, using the parity vio-
lating Hamiltonian. By calculating (prEf - BPVEJI-) -
(6pvE; — 8pvE}) = hApyv;; one obtains the desired re-
sults for measurable shifts of transition frequencies. While
this approach would be theoretically most satisfactory, it
demands coping with the formidabl e task of calculating the
full dimensional rovibronic wave function for a molecule
like CHBrCIF. Even if a separation of electronic, vibra
tional, and rotational degrees of freedom is accepted as an
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approximation, just the solution of the nonseparable an-
harmonic nine-dimensional vibrational problem is a task,
which has only recently been accomplished for systems
of related complexity in exact discussions of rovibrational
constants and dipole moments of methane isotopomers, us-
ing quantum Monte Carlo techniques [37]. This approach
does not seem attractive for afirst study of A, », athough
it should be kept in mind for the future. If one introduced
further separability approximations, one expects errors of
the size estimated for the other approach selected here.

The second approach might be called “quasiharmonic
reverse adiabatic.” In order to estimate the influence of
the parity violating potential on the vibrational and ro-
tational frequencies, we calculate the function V,,(¢) in
reduced dimensionless normal coordinates g; (j from 1
to 3N — 6). g corresponds to a set of 3N Cartesian co-
ordinates for a N-atomic molecule. Following our earlier
work on multidimensional potential energy surfacesfor the
CH chromophore [31,38—40], we obtain reduced normal
coordinates ¢; from the diagonalization of the Cartesian
mass-weighted force constant matrix F*), We determine
Vpv(g) along the reduced normal coordinates viathe Carte-
sian displacements [41]

Axi) = my Ly P Ag; D

where y; = \Jw} /I and {!} are related to the eigenval-
ues, and {/,;} are the eigenvectors obtained by diagonal-
izing F*); m, are the atomic masses and x, the atomic
Cartesian coordinates. This provides new Cartesian ge-
ometries used to calculate Vpy(g;).

To afirst approximation we assume that V., (¢) is diago-
nal, without coupling between different vibrational modes.
An estimate for the anharmonic vibrational fundamental
wave number shift between enantiomers, A, 7; can be
obtained by assuming that it is approximately equa to
the shift of the harmonic wave numbers (the factor of
2 arises since we consider the difference between both
enantiomers):

_ NP 2 .
MpBy = A @;(5;/@)) = [ Fplolyy(7,/@)). (D)

1 diagonalizes F*) and the perturbing force constant
matrix due to the parity violating potential, F,,, is evau-
ated as the second derivative of V() with respect to the
3N — 6 reduced normal coordinates. The diagonal force
constants are given by
Fo(j) 1 (azvpv(c?)> B .
e he\ ag o, T 2p2(j). (9
Vpv(g) has been calculated ab initio on a grid and fitted
by a least-squares procedure to a polynomia expansion
[Eq. (4)] up to athird order, with coefficients p;( j):
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Thus, we have for both (R) and (S) enantiomers @; =
@] +2pa()):

@f — @] =~ 4p3(j) = Apay;, (5)
where pX =~ —p5, which has been checked numeri-
caly. CHBrCIF has been investigated theoretically
and spectroscopically by high-resolution diode laser
and FTIR vibrational overtone spectroscopy of the CH
chromophore [31-33]. The vibrationa force field has
been obtained at the level of second order Maller-Plesset
perturbation theory (MP2) with basis 1 (double-zeta
quality) from our previous investigations [32]. We evalu-
ated Vjy(g;) for wave functions from RHF theory in the
sum-over-states approach [20,21], and with our most recent
multiconfigurational-linear response (MC-LR) approach
[23] using the RPA and complete-active-space self-
consistent field (CASSCF), the latter only for some
selected vibrational modes. The relevant quadratic pa
rameters p,(j) from the least-squares fit have been used
to calculate Apy@;/@;, listed in Tablel, for the nine
vibrational modes as obtained from RHF and RPA.

Vpv also gives rise to a shift of the global potential
minimum. Thischangein equilibrium geometry parallelsa
change of the effective rotational constants and thus can be
used to estimate the frequency shifts in the pure rotational
spectrum in the microwave region: For each vibrationa
mode (uncoupled, but due to V,, no longer harmonic),
we have a coordinate dependence (expressed in reduced
normal coordinates of the molecular system without V,,,
present) according to Eg. (4), and the coordinate for the
new minimum is approximately given by the expression
(assuming g min = 0 without V)

qdjmin = _pl(])/d);) (6)
The corresponding change in geometry (AX) is given by
Eg. (). This change in Cartesian geometry givesrise to a
slightly modified inertia tensor 1I° + I,,, compared to I°
without V,, present. The eigenvalues of ZT(I° + I,,)Z
(Z is the matrix of eigenvectors) provide an estimate for

TABLE |. Harmonic vibrational wave numbers @ (in cm™!)
and shifts A@;/@; for (R)-CH”Br*CIF. The second col-
umn gives experimental, anharmonic fundamental wave num-
bers. The third column provides harmonic wave numbers from
Refs. [31,32] obtained with a basis set of essentially double-zeta
quality. RPA and RHF relative shifts have been obtained with a
valence double-zeta basis set [42].

7" fom! A‘;}—'/‘”’/10‘19

j [32] @;/cm”! RHF RPA

1 3025.5 3245.000 —-13.9 —83.2
2 1306.2 1375.227 +1134.0 +3341.4
3 1202.8 1315.363 —1173.3 —3003.1
4 1077.2 1097.851 +348.9 +611.8
5 787.0 838.309 —1613.6 —2999.2
6 663.6 680.406 +3854 +1186.8
7 425.2 437.436 —498.5 +721.4
8 313.0 327.435 +490.9 —587.7
9 223.6 240.356 —150.5 —385.2
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the change in the principal moments of inertia PP due
to the parity violating potential. The magnitude of the
difference between the enantiomers A, A = AR — AS is
twicethe magnitude of thischange. Again, amore accurate
calculation of Ap,A would use the expectation value taken
over rotational levels of the vibrationa ground state [37].

3. Results and discussion.—The dependence of the
parity violating potential V,y(g;) of (R)-CHBrCIF on
reduced normal coordinates is presented in Fig. 1 for two
selected vibrational degrees of freedom, the CF-stretching
mode v, a 1077 cm™! and the higher CH-bending
mode v, a 1306 cm~!. We show the one-dimensional
functions V,,(¢g;) in the reduced normal coordinate
range —2 = ¢; = +2 [this can be converted to a nor-
mal coordinate range for Q; with Q;/(AJu) = q; X
\/33.715 27/(@;/cm=1)].

The variation of V,,, with g; is qualitatively similar for
the RHF and the RPA calculations, however, there are
quantitative differences (up to a factor of 6; see Table |
and Fig. 1). There are aso great differences between the
vibrational modes. The parity violating potential energy
is amost constant over the whole ¢ range for the CH-
stretching vibration »;. The bending modes »,, v; (CH
bend), v; (CICF bend), and vg (BrCF bend) have com-
parably large V,,, values for large ¢; (see Fig. 1 for the
examples v, and v4). We have explicitly calculated V,,,
for the (S)-CHBrCIF enantiomer. Thefit gives, within nu-
merical accuracy, the same magnitude but different signs,
as expected. The largest relative shift in the harmonic
vibrational frequencies due to the parity violating poten-
tial is obtained for the CH-bending (-, v3) and the CCI-
stretching (vs) vibrations (with both RHF and RPA).

The relative difference A, X/X of the A, B, C rota-
tional constants between both enantiomers caused by V,,
is on the order of 107'¢ (between 0.1 and 0.3), whereas
the current relative experimental accuracy of the A con-
stant is about 1078, Given that rotational transition wave
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FIG. 1. V,, asafunction of the dimensionless reduced normal
coordinate for the (R)-CHBIrCIF enantiomer: », (open squares),
v, (open circles) as obtained from RPA, and v, (filled squares)
from RHF.

numbers are on the order of 2BJ with the angular momen-
tum quantum number J, detection of shifts due to parity
violation might be easier in the microwave rather than in
the IR spectra.

Finally, Table Il shows the parameters from the fit
of V,, for the CF-stretching mode (v4) to the third
order polynomial Eqg. (4) for RHF, RPA, and three high
quality MC-LR (CASSCF) wave functions by steadily
increasing the active space from 8 electrons distributed
over 10 orbitals ([8,10] CAS) to finally 12 electronsin 12
orhitals (already a fairly large active space). The energy
difference between (S)- and (R)-CHBrCIF, A, E =
ER — ES can be caculated from the averaged vaue
(2hc/9)3.; po(j) = 2hepo(j)®, and the wave number
shiftis Apy@; = 4pa(j).

4. Conclusions.—The present work provides the first
reasonably accurate theoretical calculations on frequency
shifts in the infrared and microwave spectra of the enan-
tiomers of chiral molecules due to the effects of the par-
ity violating weak nuclear interaction. The application to
CHBICIF indicates that currently available experimental
tests in the v, infrared spectrum (with uncertainty 4 X
10~13) miss the predicted effect (Apyw/w =~ 6 X 10717)
by about 4 orders of magnitude. The predicted shifts de-
pend strongly on the vibrationa mode. The predicted
relative effect in the microwave spectrum (2 X 10~ for
ApyC/C) is dso far from the current experimental un-
certainty (AC/C = 2 X 1077). The S configuration of
CHBIrCIF is calculated here to be more stable than R by
about 1072 ecm™! or about 10~!! IJmol~! (for the abso-
lute configuration, see [43]).

In assessing the significance of our results three con-
siderations are in order. First, larger experimental effects
are expected for chiral molecules with at least two heavy
centers [21], such as CHBrFI, where the shift might be
detectable in the near future. While relativistic effects
[25] will be of some importance for al of these molecules,
they are not expected to change the order of magnitude
for CHBICIF (a relativistic result reported for A, E in
CHBIrCIF is obviously grossly incorrect [44]). Second,
theoretical improvements are desirable as discussed at the
beginning of section 2. A first such step has been carried
out by calculating expectation values (v|V,y|v) for one-
dimensiona harmonic and anharmonic vibrational levels

TABLE Il. Most important polynomia fit coefficients p; in
1075 em™! for v4 of (R)-CHBrCIF obtained with different
ab initio methods, namely, RHF, RPA, and MC-LR (CASSCF).
The standard deviation of the least-squares fit is given in paren-
theses in units of the last significant digit.

Method Po P1 P2
RHF 38.87(1) —135.76(1) 9.57(0)
RPA 958.80(3) —294.06(6) 16.79(2)
[8,10] CAS 799.21(3) —258.52(6) 18.66(2)
[8,12] CAS 783.63(8) —265.08(2) 19.47(4)
[12,12] CAS 962.70(5) —246.65(9) 14.71(3)
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(in reduced normal coordinates), giving results lower by
a factor of 2 than those presented here in the harmonic
case and variable changes in absolute magnitude of this
order for the anharmonic case. The difference is under-
standable and gives an indication of the uncertainties due
to the approximations in the theory [45]. Third, a direct
measurement of the much larger predicted A, E using an
intermediate spectroscopic level connecting both enan-
tiomers as proposed in [9,10] would, because of its higher
significance, be more useful in theoretically analyzing
the experimenta result with the aim of improving our
knowledge of the fundamental constants of the standard
model [20—22] (see also the discussion in atomic parity
violation [18,19,46]) and other aspects of fundamental
symmetries [40,47].
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