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mous 1929 statement, expressing the belief 
that the theoretical basis for all of chemis-
try was available but that the computations 
were too complex to be carried out [5].

In the second half of the 20th century the 
advent of computational quantum chemis-
try removed many of the limitations men-
tioned by Dirac. Computational (quantum) 
chemistry started around 1950 following the 
enormous progress which was achieved in 
computer hardware and software develop-
ment. The systematic progress in electronic 
structure calculations was honored by the 
1998 Nobel Prize in chemistry to John D. 
Pople and Walter Kohn for their contribu-
tions to computational chemistry and phys-
ics [12][13]. 

Computational chemistry has proven to 
be useful to many branches of chemistry, 
ranging from applications to high-resolu-
tion molecular spectroscopy [14][15] in 
metal organic chemistry [16] and complex 
compounds [17] to condensed phase chem-
ical dynamics [18], as well as biomolecular 
dynamics [19][20]. Indeed, a recent review 
issue in CHIMIA covers several of these 
now more standard aspects of computa-
tional chemistry [21]. It is probably fair to 
say that in spite of the enormous progress in 
useful applications to chemistry, all of the 
advances made essentially rely still on the 
foundations in quantum physics laid down 
by 1930 [1–10]. 

The present short review deals with 
progress concerning the second much more 
fundamental conceptual limitation of early 
quantum physics as applied to chemistry. 
This limitation is related to a lack of under-

standing and the corresponding omission in 
theory of certain fundamental interactions 
and symmetry violations, which are sum-
marized now in the so-called electroweak 
theory of the Standard Model of Particle 
Physics (SMPP). Indeed, progress in com-
putational chemistry over the last 40 years 
is somehow paralleled by the achievements 
in particle physics, culminating in the SMPP 
which has been developed in a similar time 
frame. In 1956 the parity non-conservation 
in particle decay was predicted theoretically 
[22] and experimentally discovered with 
only a short delay [23–25]. The left-handed 
helicity of neutrinos was measured in 1958 
[26]. Zel’dovich [27] considered weak neu-
tral currents and their influence on electron–
nucleon interactions in atoms. About ten 
years later, Glashow, Salam and Weinberg 
presented their ‘electroweak model’, unify-
ing the electromagnetic and the weak force. 
Weak neutral currents were discovered at 
CERN in 1970, and after the discovery of 
the quark structure of hadrons, experimental 
results supported the SMPP with three quark 
and lepton families. Two charged (W+, W–) 
and a neutral (Z0) heavy boson which medi-
ate the electroweak interaction are predicted 
within the SMPP. These bosons were discov-
ered in 1983 and precise measurements of 
their masses and lifetimes were carried out 
at CERN (LEP) and Stanford (LCP); the 
results supported the SMPP and allowed 
also the determination of the number of par-
ticle families (three) within this framework 
[28][29]. Renormalization has rendered 
electroweak theory a quantitatively useful 
tool for many areas of physics [30][31]. 
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1. Introduction 

Quantum theory has been serving our mi-
croscopic understanding of chemistry since 
the very beginning of quantum mechanics 
[1–10]. While the early work provided the 
conceptual background extending from mo-
lecular orbital theory [6–8][11] and valence 
bond theory [9] to the quantum mechanical 
foundations of stereochemistry, chirality, 
and tunneling [7][10], all of the early work 
had two major limitations. The first was of 
a technical nature as the necessary compu-
tations for the quantum mechanical many 
body problem arising in chemistry were too 
complex for the computational techniques 
available in the first half of the 20th century. 
This was already noted by Dirac in his fa-
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Not very long after the discovery of 
parity violation in nuclear physics, it was 
realized that it might introduce a tiny en-
ergy difference between enantiomers, 
left- vs right-handed molecules of a chi-
ral compound [32][33]. This has possible 
consequences for homochirality in nature, 
i.e. nature’s almost exclusive preference 
of L-amino-acids over D-amino-acids and 
D-sugars over L-sugars in the biopolymers 
of the chemistry of life [32–43]. The spe-
cific role of parity violation in this context 
is, however, still subject to debate (see [40] 
and references therein).

Quantitative computations of parity 
violation in chiral molecules go back to the 
early work of Hegström, Rein and Sandars 
[44][45] and Mason and Tranter [46][47]. It 
was particularly the conclusions from these 
early calculations showing supposedly that 
parity violation induces a larger systematic 
stability of the natural L-amino acids and 
D-sugars, which received considerable at-
tention and publicity in the 1980s and early 
1990s. A dramatic change occurred, how-
ever, when we showed about a decade ago 
with improved theoretical methods that for 
the benchmark molecules H2O2 and H2S2 
parity violating energy differences between 
enantiomers are increased by about two or-
ders of magnitude (see Table 2 in Section 
4.1. [35–38]). One often finds similarly 
large increases for other chiral molecules. 
Furthermore, we could show by general 
arguments and specific calculations that 
the earlier conclusions on the relative sta-
bility of L- and D-amino acids could not 
be maintained [35–38] (see Section 4.2.). 
These findings have obvious consequences 
for doing experiments on parity violation, 
which look much more promising today 
than 20 years ago with the now much in-
creased predicted effects. They also change 
our outlook on their potential importance in 
biochemical selection of chirality in early 
evolution.

Fig. 1 shows that with a slight time lag 
after this discovery, there was a consider-
able increase in publication activity on 
molecular parity violation. In order to ap-
preciate the causal relationship one must, 
of course, look into the publications in more 
detail. It is not the place here to go into the 
finer historical details. It should suffice to 
state that presumably all groups active in 
the field at the time of the discovery and 
most of those entering later might have been 
aware of the striking results of the 1995/96 
work [35] and were probably influenced by 
it [48]. In any case, the sequence of events 
is unquestioned.

After these remarks on new develop-
ments in the field of molecular parity viola-
tion, we will, in Section 2, provide a brief 
review of current experimental concepts 
and efforts, and in Section 3 some of the 
current theoretical background as well as 

es as far as they are relevant to the under-
standing of current theoretical efforts con-
cerning the prediction of the experimental 
effects.

Fig. 2 outlines the basic features of 
spectroscopic schemes on molecular par-
ity violation in the gas phase as currently 
pursued in a few laboratories. The first pro-
posal historically concerned the measure-

Fig. 1. Number  of publications between 1974 and 2004 that deal with parity violation in molecules. 
Prior to 1974 the number of such papers is very small, indeed. Starting from 1975, there appears the 
average number of papers that deal with parity violation shown in intervals of three years (dark, red 
bars; the 1975 value displayed is obtained from the years 1974, 1975, and 1976, etc.). The lighter 
(blue) bar shows the total non-averaged number of papers that calculate parity violating effects 
(energy difference, frequency shift, etc., these are also included in the averaged data). Not shown are 
those papers which just try to relate parity violation to some macroscopic (mostly thermodynamic) 
quantity in some general discussions or experiments (see text for details). The data for 2004 are 
presumably not yet complete.

Fig. 2. Energy level scheme to illustrate observable spectroscopic transitions 
in enantiomers of chiral molecules, see text for details

the current status of computations on mo-
lecular parity violation in chiral molecules 
and beyond.

2. Experimental Approaches

We shall review briefly only the main 
concepts of current experimental approach-
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ment of shifts of spectroscopic transition 
frequencies in an (S)-enantiomer compared 
to those in an (R)-enantiomer, thus the mea-
surement of hνS and hνR in Fig. 2. Without 
parity violation one would have hνS = hνR 
by symmetry. With parity violation, one can 
define a relative parity violating frequency 
shift 

The proposal to search for such shifts in 
infrared spectroscopy goes back 30 years 
[49] and since that time a number of pro-
posals were made and some experiments 
were carried out in the infrared [49–53], 
microwave [53] and γ-ray (Mössbauer) 
spectral ranges [54]. Experiments reached 
accuracies Δν/ν from 10–6 in 1976 to 10–14 
recently [51][52], but in no case molecu-
lar parity violation could be demonstrated, 
so far. The prediction for CHBrClF, which 
was investigated repeatedly, is about Δν/ν = 
10–16 in the infrared [55–62] and the nega-
tive experimental results thus are consistent 
with theory. It may be noted that this experi-
mental concept does not allow one to deter-
mine the energy difference ΔpvE between 
enantiomers (see Fig. 2) rather one would 
obtain the difference of such differences, 
namely ΔpvE* – ΔpvE.

Another type of experiment allows one 
to directly determine the energy difference 

ΔpvE, which corresponds also to the heat of 
reaction of the stereomutation process 

The idea behind this second scheme is 
to use transitions to an achiral intermedi-
ate excited state with rovibronic levels of 
well-defined parity (e.g. the plus sign for 
positive parity in Fig. 2). This then pro-
vides by combination difference from the 
R↔+ and S↔+ the difference ΔpvE. As 
discussed in some detail elsewhere, the ex-
periment can be carried out in the frequency 
or time domain [34][63], and this type of 
approach is currently pursued in the Zürich 
group. A necessary condition for ΔpvE be-
ing an experimentally measurable quantity 
as referred to in Eqn. (2) is, however, that it 
is much larger than the tunneling splitting 
Δ±E for the hypothetical symmetrical po-
tential without parity violation, thus 

This condition is generally met for chi-
ral molecules that are stable for days or lon-
ger as discussed in [40]. 

To conclude the discussion of the exper-
imental concepts we might note here that it 
has also been proposed to measure time-de-
pendent optical activity in chiral molecules 

with the special property ΔpvE ≈ Δ±E, where 
the amplitude of the oscillation depends 
upon the relative magnitude of ΔpvE  and 
Δ±E [64][65]. To our knowledge no ongo-
ing experimental efforts exist to date along 
these lines, although in our calculations we 
have identified some molecules where the 
conditions for such experiments might be 
met in principle [66–68], in contrast to high 
barrier cases [40][55–62][69]. 

3. Theory

3.1. The Standard Model of Particle 
Physics (SMPP)

Quite generally, a standard model can 
be understood as a theoretical framework 
which is based on experimental observa-
tions and which allows new data to be 
predicted [70]. In this respect, the periodic 
system of elements can also be viewed as a 
standard model which is common to every 
chemist. The use of the notion ‘model’ arises 
from the fact that the theoretical framework 
leaves open a number of parameters, which 
have to be determined experimentally (such 
as the charge and the mass of the electron 
in the SMPP). The main achievement of 
the SMPP was the unification of the weak 
and the electromagnetic forces and to some 
extent the strong force in a quantum gauge-
field theoretical language.

Table 1 summarizes our current knowl-
edge of interactions and elementary par-
ticles of quarks and leptons as they appear 

(1)

(2)

(3)

Table 1. Summary of currently known elementary (point-like) particles with their approximate masses (top) and their interactions [28][71]. The essence of 
experimental data from high energy physics can be accounted for by these entries. To each particle one has an antiparticle of opposite charge (not listed 
here [29]).

STANDARD MODEL OF PARTICLE PHYSICS: PARTICLES

LEPTONS (S = h–/2, Fermions)

ve vμ vτ Q = 0 e

Mass m/(GeVc–2) < 2.2 · 10–9 < 2 · 10–4 < 2 · 10–2

e– μ− τ− Q = –1 e

Mass m/(GeVc–2) 5 · 10–4 0.1 1.8

QUARKS (S = h–/2, Fermions)

u1, u2, u3 c1, c2, c3 t1, t2, t3 Q = (2/3) e

Mass m/(GeVc–2) 5 · 10–3 1.3 174

d1, d2, d3 s1, s2, s3 b1, b2, b3 Q = –(1/3) e

Mass m/(GeVc–2) 10–2 0.2 4.3

INTERACTIONS AND FIELD PARTICLES

Force: Strong Electromagnetic Weak Gravitation

SU(3) SU(2) ⊗ U(1)

Relative Strength 1 1/137 ≈10-5 ≈ 10–38

Range 0.1 to 1 fm (∞) < 0.1 fm (∞)

Gauge Bosons (S = 1h–) Gluons g1 … g8 Photon γ W±, Z0 (still hypothetical), (Graviton G, S = 2h–)

Mass m/(GeVc–2) < 10–2 < 10–24 ≈ 80, ≈ 91

Particles Hadrons charged Hadrons, Leptons all
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cal equations allowing one to calculate for 
each configuration of nuclei in a molecule 
a parity violating potential (in addition to 
the usual electrostatic or electromagnetic 
potentials) and for this type of quantum 
chemistry we coined the name ‘elec-
troweak quantum chemistry’ [35][36]. In a 
semi-relativistic approximation and in the 
absence of external electromagnetic fields, 
two contributions for each electron i may 
be considered relevant in order to compute 
the parity violating interaction      , namely 
[36][74][78][79]: 

with me: electron mass; c: speed of light; GF 
≈ 1.43586 × 10–62 Jm3: Fermi weak cou-
pling constant which is derived from the 
muon lifetime τµ [80]. The individual terms 
are as follows: 

with : reduced dimensionless electron  
spin,  : electron linear momentum, 
e: elementary charge,            : three di- 
mensional Dirac delta distribution con-
fining the interaction locally to the 
(point) nuclear position,   : position  
vector of the nucleus. λa is a nuclear param-
eter close to 1 [36][74–76][79].         depends 
 on the reduced dimensionless nuclear spin 
   . In atomic and molecular physics, 
 however, this nuclear spin dependent part 
is considered relatively small and there-
fore usually neglected which then leads to 
                                     . Nuclear spin depen- 
dent effects have therefore been neglected 
in calculations of molecular parity violation 
except in cases where one is specifically in-
terested in observables that depend on nu-
clear spin, as for example the NMR chemi-
cal shift [74][78][81][82]. The nuclear spin 
dependent term in    is weighted by a 
factor (1 – 4 sin2θW) ≈ 0.07 which is 
rather small compared to the weighting 
with Qa in Eqn. (9) which grows roughly 
proportional to the number of neutrons N 
[36][45]. Thus, we might neglect in a first 
approximation the nuclear spin depen-
dent term in the molecular parity violat-
ing Hamiltonian which itself is obtained 
from the atomic Hamiltonian by a simple 
sum over all nuclei a and electrons i, as 

in the SMPP [28][71]. As every chemical 
compound can be decomposed in its ele-
ments, every chemical element is ultimately 
made-up of quarks and leptons. They have 
spin of (1/2) h– = (1/2)h/(2π) (h is Planck’s 
constant) and are therefore fermions. The 
electron, muon, and tauon (e–, µ–, τ) carry 
charge of –1e (e is the elementary charge) 
and a mass which is listed as GeVc–2 (c 
is the velocity of light in vacuo) follow-
ing Einstein’s mass/energy relationship m 
= E/c2. The corresponding neutrinos νi (i 
= e, µ, τ) are electrically neutral and have 
much lower masses. The quarks also carry 
spin (1/2) h– and are fermions. The up (u), 
charm (c), and top (t) quark carry a charge 
of (2/3)e whereas the down (d), strange 
(s), and bottom (b) quark carry a charge 
of –(1/3)e. All quarks come in three colors 
distinguished by the indices 1, 2, and 3. To 
every elementary particle, there exists a 
corresponding anti-particle which has the 
same spin and mass (within CPT symme-
try) but opposite electric charge. It is com-
mon to collect the elementary particles in 
families: the first family (second column 
in Table 1) contains the electron, the elec-
tron neutrino, the up- and the down-quarks. 
They constitute the nucleons, the pions, 
and other mesons which are responsible for 
nuclear binding; the electron (positron) and 
the electron (anti)neutrino belong to this 
family and they appear in nuclear β-decay. 
The other families consist of much heavier 
and rather short-lived particles. The strong 
force (quantum chromo-dynamics, QCD) 
between colored quarks is mediated by 
spin-1 bosons (gluons, g) which themselves 
carry color charge. The interaction between 
quarks and gluons increase with distance 
and therefore, free quarks and gluons can-
not exist. Nucleons consist of three colored 
quarks with ‘white’ net-color (color neu-
tral). The short range of the strong force is 
characterized by the Compton wavelength 
of the lightest π meson. The electromag-
netic force is mediated by the photon (spin-
1 boson), which is massless and therefore 
accounts for the long range of the electro-
magnetic interaction between charged par-
ticles. The very short range weak force is 
mediated by the neutral Z and the charged 
W bosons. Within the SMPP as developed 
by Weinberg, Salam and Glashow in the 
late 60s and renormalized by t’Hooft and 
Veltman (for a review, see [70] and refer-
ences cited therein), the interaction energy 
between leptons and quarks can be written 
as [71] 

Jµ is the weak iso-spin current,       the 
 weak hyper-charge current (Y = Q –I3, Q 
is the electric charge and I3 the third com-

ponent of the weak iso-spin), and Wµ, Bµ 
are the 4-potentials associated with the bo-
son fields. g and g" are coupling constants 
which are related to the Weinberg angle θW 
as g/g" = tanθW. Inserting the tensor com-
ponents of the weak currents (with the bo-
son fields of the charged particles W± the 
neutral Z, and the photon A) leads to the 
Lagrange density L

where the indices denote weak charged 
current (CC), weak neutral current (NC) 
and electromagnetic neutral current (EM). 
The latter neutral current gives the elemen-
tary electric charge e = gsinθW. The Fermi 
constant is               where MW  
denotes the mass of W± (MW ≈ (37.4/
sinθW)GeV ≈ MzcosθW). Starting out from 
these general expressions for the relativistic 
currents the path, which leads from the rela-
tivistic approach to a set of practical expres-
sions, involves in essence the following ap-
proximations or neglects: (i) taking the low 
energy semi-relativistic limit; (ii) neglect-
ing the electron–electron parity violating 
interaction; (iii) using the Breit-Pauli form 
for the semi-relativistic magnetic (one- and 
two-electron spin-orbit) interactions and 
(iv) representing the nucleus a by a point-
like object with the electric charge Zae and 
electroweak charge (neglecting radiative 
corrections) 

where Na is the neutron number of nucleus 
a; Za the nuclear charge number, and the 
Weinberg angle with sin2θW ≈ 0.2319 [72]. 
We note that details of these approximations 
have been discussed in a number of places 
[36][37][45][46][73–76][79] and an alter-
native approach has been formulated that 
leads to the Dirac-Fock theory of molecu-
lar parity violation [61][77]]. In addition  
to the critical discussion in [36] we draw  
attention to an extensive review of the theo-
ry presented in [75]. We note that all of the 
approximations might be removed or can be 
checked when this appears necessary.

3.2. Electroweak Quantum 
Chemistry: Parity Violating Potential

The approximations discussed above 
lead to a practical set of quantum chemi-

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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discussed by [36][45][46] and reads (see 
[36][45][46][74][78][79][81] and refer-
ences therein) 

Eqn. (11) has been used in the non-
relativistic (or rather semi-relativistic) limit 
to calculate parity violation in molecules 
in absence of an external magnetic field 
and upon neglecting nuclear spin effects 
[36][44–47][79]. The corresponding ex-
pression derived from the relativistic Dirac 
equation would be [77][83][84] 

or similarly from a relativistically param-
eterized extended Hückel method [74]. 
In Eqn. (12),         represents the (non- 
point-like) normalized nucleon density. The 
pseudo scalar is given by 

with the 2x2 unit matrices I. 
An estimate of the parity violating po-

tential Vpv(q) resulting from an interaction 
between an electron i and a nucleus a has 
first been obtained from a perturbation the-
oretical sum-over-states (SOS) evaluation 
of the electronic ground state expectation 
value of the parity-violating Hamilton op-
erator, Eqn. (11) [35][36][45][46][73][74] 
[85][86] from 

The real part of the sum-over-states ex-
pression gives Vpv at each geometry char-
acterized by a set of suitable coordinates. 
The evaluation of the sum in Eqn. (14) is 
numerically demanding due to convergence 
problems with respect to the number of basis 
functions and the number of electronically 
excited triplet states n with energy En en-
tering the SOS expression. The expectation 
value of the parity violation operator for 
ground state singlet wave-functions is ex-
actly zero since Ĥ pv is a triplet operator. In 
the non-relativistic approach, some excited 
state triplet character must be present. This 
is achieved by the contribution of the spin-
orbit interaction Ĥ SO, Eqn. (14). Various 
degrees of approximation have been used 
for Ĥ SO, namely representing Ĥ SO by the 
one-electron operator part using empirical 

spin-orbit parameters or from exact (Breit-
Pauli) expressions [35][36][45][46][73][74] 
[79][85] and combined with the two-elec-
tron part [73][79]. The matrix elements of 
the operators Ô (Ĥ SO and Ĥ pv) evaluated  
in a Gaussian-type orbital atomic basis set 
χ have been transformed to the molecular 
orbital basis set φ with a transformation 
matrix C from a separate ab initio calcula-
tion according to [35][36][86] 

When the large increase of parity vio-
lating potentials within a CIS (configura-
tion interaction with singles excitation) 
framework was found [35][36], compared 
to previously accepted results [44–47], we 
pursued the following strategy to secure 
these results. We developed a completely 
independent computer program based on 
the sum-over-states expression but allow-
ing for a more efficient incorporation of 
various quantum chemical electronic wave 
function types [86]. Secondly, as the sum-
over-states expression showed very slow 
convergence particularly for larger mol-
ecules, we circumvented its use altogether 
in a multi-configuration linear response 
(MCLR) approach. In the framework of 
propagator techniques, the parity violating 
potential in Eqn. (14) in particular can be 
represented by an expression from response 
theory [79] 

General information on the propaga-
tor technique can be found in [79][87][88] 
(and refs. therein). One can say that the 
parity violating potential is the response 
of 〈Ψ0|Ĥ pv|Ψ0〉 to the static (ω =  0) per-
turbation Ĥ SO or vice versa. This approach 
shows good convergence and frequently 
the random phase approximation (RPA) is 
found a sufficiently good (but not neces-
sary) approximation for the ground state 
wavefunction Ψ0.

4. Short Review of Some Results 
and Main Conclusions Drawn from 
Current Work

4.1. Increase of Parity Violating 
Potentials by Order of Magnitude

The first recent findings to be discussed 
concerns the large increase of parity violat-
ing potentials found in our 1995/6 work. As 
pointed out in considerable detail in [36], 

the previously used and accepted single 
determinant excitation restricted Hartree-
Fock (SDE-RHF) is particularly deficient 
with respect to the description of the ex-
cited state wavefunctions and energies 
appearing in Eqn. (14). The simplest im-
provement by using a configuration inter-
actions with singles excitation (CIS-RHF) 
approach led to very large increases of par-
ity violating potentials for the benchmark 
molecules H2S2 and H2O2. As discussed 
in Section 3 these results were confirmed 
by further developments in our own group 
and later independently by other groups 
as summarized in an exemplary fashion in 
Table 2. From the results summarized here, 
it would appear that this large increase can 
be considered to be well established. Epv 
without nuclear spin [35][36][94] and with 
nuclear spin [74] can be formulated as a 
trace of a tensor. As discussed in [35] be-
cause of the possible numerical analysis of 
Epv in the early calculations as a trace of 
a tensor, which is thus the sum of three 
partly compensating terms with possibly 
different signs, all results prior to 1995 
on the basis of SDE-RHF and related ap-
proaches must be considered not only re-
futed with respect to magnitude but also 
cannot be relied on for sign even though 
the sign sometimes may agree, but some-
times not. The latter especially concerns 
the calculation of parity violating effects 
in biomolecules.

4.2. Biomolecular Homochirality and 
Molecular Parity Violation

Parity violating energies have been cal-
culated for zwitter ionic forms of amino 
acids in the past [35][36][46][73][85][95]
[96] (and refs. cited therein). As discussed 
in Section 4.1 because of the large errors 
of the early calculations all the results and 
conclusions drawn on the apparent stabi-
lization of the natural L-amino acids and 
D-sugars obtained and published prior to 
1995/6 (see [97][98] and refs. cited there-
in) had to be questioned [35–38]. In two 
independent careful investigations of par-
ity violation in alanine published back to 
back in 2000 it was demonstrated that the 
earlier results on this molecule could not be 
maintained, neither in the gas phase nor in 
solution [38][99]. It was also pointed out 
that biochemical precursor molecules and 
transition states should be calculated [39]. 
The calculation of parity-violating effects 
on alanine by explicitly considering the 
water environment on the basis of a Monte 
Carlo simulation [100] came to the same 
conclusions as obtained by representing 
the solute by a continuum model [38][99]. 
Two critical reviews of the current situation 
come to the conclusion that the question of 
relevance of parity violation for the selec-
tion of biomolecular homochirality must be 
considered completely open [40][101].

(11)

(12)

(13)

(14)

(15)

(16)

(17)



COMPUTATIONAL CHEMISTRY IN SWITZERLAND 535
CHIMIA 2005, 59, No. 7/8

4.3. Calculation of Properties
Table 3 summarizes some calculations of 

properties (heat of reaction or stereomutation  
       , relative frequency shifts Δpvν/ν, rela- 
tive changes in rotational constants  ΔpvX/
X, specific heat at constant volume, Cv, or 
the equilibrium constant Kp) related to par-
ity violation in chiral molecules. We give 
these current results which might turn out to 
be important in the infrared and microwave 
spectral ranges here only as examples of the 
many possible calculated properties which 
are influenced by parity violation.

4.4. Use of Density Functional 
Theory

An extension of calculations of parity 
violation to larger molecules suggests the 
use of density functional theory. During an 
academic visit of one of us (JS) at the Uni-
versité de Montréal in the group of Denis 
Salahub in 2000, we calculated the parity 
violating potential as a function of the CF-
stretching normal coordinate for CHBrClF 
[109] using the deMon program package 

Table 2. Benchmark calculations on parity violating energy differences in H2O2 and H2S2 with vari-
ous ab initio methods: TDA (Tamm-Damcoff approximation), MC-LR (Multi-configurational linear-re-
sponse), DHF (Dirac-Hartree-Fock), Rel-MBPT2 (relativistic many-body perturbation theory second 
order), Rel-CCSD(T) (relativistic coupled cluster singles, doubles and perturbative triples excitation), 
DFT (density functional theory), ZORA (zeroth order regular approximation). The values Epv/10–20 Eh 
are for a dihedral angle of 45 degrees (or arithmetic mean for 30 and 60 degrees when no value avail-
able). |ΔpvE| is taken at the equilibrium structure.

Molecule Method Ref(s)
NA ⋅ |ΔpvE|
/10–12 J mol–1 Epv/10–20 Eh

H2O2

SDE-RHF(6-31G)

CIS-RHF (6-31G)

TDA (6-31G)

CASSCF-LR (cc-pVTZ)

DHF

Rel-MBPT2; Rel-CCSD(T)

Rel-ZORA

Rel-DFT ZORA

Dirac-Coulomb MP2

[40], [46]

[35–37], [40], [94]

[89]

[79]

[77]

[90]

[91]

[92]

[93]

0.0036

0.60

0.84

0.41

0.45

0.47

0.99

0.88

–1.2

–39.7

–55.9

–33.4

–71.6

–58.6 ; –62.0

–79.3

–69.3

–57.9

H2S2

SDE-RHF(4-4-31G)

CIS-RHF (6-31G)

TDA (4-4-31G)

MC-LR RPA  
(aug-cc-pVTZ)

DHF

Rel-MBPT2; Rel-CCSD(T)

Rel-ZORA

Rel-DFT ZORA

Dirac-Coulomb MP2

[40], [46]

[35–37], [40], [94]

[89]

[66], [94] 

[77]

[90]

[91]

[92]

[93]

0.24

22.5

19.2

22.4

33.5

35.2

34.7

26.8

–135.0

–1654.2

–1487.7

–2263.6

–2146.0; –2140.8

–2346.0

–2692.0

–2112.0

Fig. 3. DFT calculation (LSD approximation and VWN parametrization 
of the correlation functional) as a function of the CF-stretching reduced 
normal coordinate for CHBrClF [109] as compared to restricted HF and 
RPA calculations

[110]. The results of our first calculation 
are reproduced in Fig. 3 together with HF 
and RPA data. 

At that time, spin-orbit interaction was 
not part of deMon and we had to evaluate 
Vpv based on Eqn. (14) using the Kohn-
Sham orbitals to perform the transforma-
tion according to Eqns. (15) and (16). De-
pending on the functionals used, there is 
a change of sign in Vpv between HF and 
DFT or RPA and DFT (using standard 
local spin density (LSD) exchange func-
tional combined with the Vosko, Wilk, 
Nusair (VWN) parametrization of the 
correlation functional) as far as the equi-
librium value at q = 0 is concerned. This is 
a major drawback because the sign of Vpv 
at equilibrium is relevant for the relative 
stability of the enantiomers. This problem 
is still unsolved even today as can be seen 
in a recent DFT calculation [93] (Fig. 1). 
It seems that DFT is currently much more 
volatile than ab initio calculations, as sign 
changes in Vpv (e.g. caused by different 
ab initio methods or basis sets employed) 
have not been observed for molecules at 
higher levels of theory. This, however, 
has little effect on the determination of 
frequency shifts as they depend on the 
derivative with respect to q. Vpv as a func-
tion of q as obtained from DFT is only 
shifted which results in minor changes 
in the slope. Results for H2O2 turn out to 
be rather acceptable [111]. Density func-
tional theory should become useful for the 
calculation of parity violation in larger 
molecules, however, it is presumably less 
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accurate than high quality ab initio meth-
ods and thus probably less useful for the 
analysis of accurate spectroscopic results 
in the future.

4.5. Relative Importance of 
Corrections Due to Relativistic and 
Vibrational Effects

There is no doubt that for highly charged 
nuclei in the lowest rows of the periodic sys-
tem only relativistic calculations can be ac-
curate, while for the first rows the semi-rel-
ativistic approximation should be adequate. 
Relativistic corrections should be consid-
ered in the intermediate range and might be 
compared to other corrections, for instance 
from multidimensional vibrational ground 
state wavefunctions. This question has been 
investigated for the ‘intermediate’ molecule 
CDBrClF and we provide a brief summary 

of the results in Table 4. The conclusion 
from this work was that even for molecules 
involving heavy nuclei such as bromine, 
relativistic and vibrationally anharmonic 
corrections are of similar magnitude and 
must both be considered with equal care. 
Neither changes the order of magnitude of 
observable energies, however.

We may note that in [93] it was incor-
rectly stated that our investigation of vibra-
tional frequency shifts in CDBrClF [60] 
used a third order Taylor expansion of the 
parity-violating potential. We used also a 
fourth order fully coupled Taylor expan-
sion after carefully checking with respect 
to convergence (or even numerical spline 
with no immediate deviation) and deter-
mined the eigenvalues of a 4-dimensional 
vibrational Hamiltonian numerically on a 
grid (with about 30 points per degree of 

freedom) which is also much more eco-
nomic than the numerical integration of the 
Schrödinger equation (using 5000 points 
for one dimension) as employed in [93]. 
However, as has been discussed in great 
detail [60], Taylor expansions are of rather 
limited use in variational (ro)vibrational 
calculations due to difficulties with respect 
to convergence and the frequent occurrence 
of resonances. Accurate approaches for 
such calculations have been discussed and 
carried out in [60].

A possible extension of the calculations 
of vibrational effects in the future might 
be the use of density functional techniques 
(Section 4.4) combined with Car-Parrinello 
simulations, which would render very large 
molecular systems accessible for such vibra-
tional effects, although at lower accuracy.

4.6. A New Isotope Effect
The weak nuclear interaction leads to 

a fundamentally new isotope effect, which 
normally is negligibly small, but becomes 
important for molecules that are chiral just 
by isotopic substitution such as PF35Cl37Cl. 
This new isotope effect was investigated re-
cently with this and related examples [112]. 
Molecular isotope effects are due to the fol-
lowing basic origins:
i)  Mass differences of the isotopes, quite 

commonly [14]. 
ii)  Different spins of the isotopes [113]. 
iii)  Different symmetry properties of the 

molecular wavefunction for different 
isotopomers, which arise irrespective of 
differences of mass and spin, for instance 
nuclear isomers of almost the same mass 
and sometimes the same spin [114]. 

iv)  The different electroweak charge Qa of 
different isotopes following Eqn. (7). 
While the first three of these have 

been known for some time, the last has 
been considered only recently by quanti-
tative calculations [112]. It turns out that 
the effect leads to parity violating energy 
differences of enantiomers in isotopically 
chiral molecules. With moderately heavy 
isotopes such as 35Cl/37Cl pairs, these are 
not very much smaller than for usual chiral 
molecules. This renders such molecules 
also useful for experiments and may have 
consequences for spectroscopy and chem-
istry of such isotopically chiral molecules 
[112].

5. Conclusions

From the short review of the theory and 
a few examples of results it should be clear 
that the theoretical work starting about 
a decade ago has provided the essential 
breakthrough that was necessary towards a 
formulation and realization of an accurate 
theory of molecular parity violation [35]. 
Independent confirmation of our results by 
several other research groups renders it 

Table 3. Molecules for which the influence of parity violation on molecular properties relevant for the 
infrared and microwave spectral ranges has been examined computationally: standard heat of reac-
tion for stereomutation at T = 0 K,         ; relative (vibrational) frequency shift, Δpvνi/νi (i = 1, … 3N – 6), 
where N is the number of atoms); relative change of the rotational constants A, B, C, ΔpvX/X, (X = A, 
B, C); equilibrium constant, Kp; heat capacity at constant volume, CV. 

Molecule Year Reference(s) Properties

CHBrClF

1999a / 2000

2000

2000

[57]

[61]

[102]

        , ΔpvX/X, (X = A, B, C)

Δpvνi/νi, (i = 1, …, 9)

Δpvν/ν (three stretching modes)

Δpvνi/νi, (i = 1, …, 9)

CDBrClF

2000

2001

2003

[58]

[59]

[60]

ΔpvX/X, (X = A, B, C)

Δpvν/ν, (i = 1, …, 9) (and overtones)

        , Kp, CV

Δpvνi/νi (4-dimensional, coupled)

CFXYZ (X, Y, Z = H, Br, 
Cl, I)

2002 [103] Δpvν/ν (CF-stretch)

F-oxirane 2001 [104]
         , Kp

Δpvν/ν (i = 1, …, 9)

BiHFBr, BiHFI 2003 [105] Δpvνi/νi (four modes)

PH3AuCHFCl,
ClHgCHFCl

2003 [106] Δpvν/ν (CF-stretch)

Camphor 2004 [107] Δpvν/ν (one mode)

CBrClF+, CBrClF– 2004 [69]          , Δpvνi/νi, (i = 1, …, 6)

PHBrF, AsHBrF 2004 [108] Δpvνi/νi, (i = 1, …, 6)

aPresented at the 37th IUPAC Meeting, Berlin (August 1999)
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Table 4. Selection of relative harmonic (har.) and anharmonic (anh.) frequency shifts           (in 10–19) [60] obtained with different ab initio methods (RPA: 
MCLR Random Phase Approximation, CASSCF: Complete Active Space Self Consistent Field approach (we used 12 electrons distributed in 12 orbitals 
[12,12], see [58]), DHF: (relativistic) Dirac-Hartree-Fock approach) for some selected stretching and bending modes. The various calculations consider 
anharmonicity effects without coupling (1D) and with coupling (4D, Model C) for (R)-CHBrClF and its isotopomer (R)-CDBrClF as indicated in the fourth 
top line. 

Mode Mode

CHBrClF CDBrClF

MCLR-RPA [55-58] CASSCF [58] DHF [61] RPA [59] RPA [60]

1D har. 1D anh. 1D anh. 1D anh. 1D har. 1D anh. 4D anh.

v4, CF stretch 305.9 –805.9 –663.8 –623.0 371. –1351.3 –2144.4 v2, CF stretch

v5, CCl stretch –1499.6 –2499.5 –3028.5 –1445.1 –3134.0 v5, CCl stretch

v6, CBr stretch 593.4 952.9 552.0 723.5 1167.3 v6, CBr stretch

v8, BrCF bend –293.8 –3360.7 –289.3 –2814.9 v8, BrCF bend

ΔpvE/(hc10–12cm–1) 1.92a 1.90b 1.89b 2.33 1.92a 1.90b 1.96a, 1.76b

aThe values for ΔpvE in this row have been obtained from the coordinate independent term      of the 1D polynomial fit [58] or 4D        [60]. 
bThe values for ΔpvE in this row have been obtained from the ground state expectation value (1D or 4D) as                                                 . In  
contrast to the harmonic values for ΔpvE, the anharmonic values depend strongly on the mode considered and the numbers presented here are 
arithmetic mean values (except for 4D).
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