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We present a new approach towards electroweak quantum chemistry including the parity violating
weak nuclear force. After introducing the ground work of electroweak quantum chemical
perturbation theory to calculate parity violating potentids,, we present specifically a CIS-RHF
method(configuration interaction singles—restricted Hartree—Fo¢ke method is compared to

the previously established and widely used SDE-RHF method for calculatiori, ofsingle
determinant excitations—restricted Hartree—Fock, R. A. Hegstrom, D. W. Rein, and P. G. H.
Sandars, J. Chem. Phy&3, 2329(1980]. It is demonstrated that the new CIS-RHF method can lead

to values ofE,, which are more than an order of magnitude larger than those obtained with
SDE-RHF (for example in HO, where the new maximum value iEp,=3.7X10 *Ey).
Furthermore, the importance of the tensor characteEgf is outlined by showing that the
components of the trace of this tenﬁJr EFVJ\H Ef)\f: E,v evolve essentially independently from
each other in magnitude and sign as functions of molecular structure and computational method.
The totalE,, results thus as a remainder after substantial mutual cancellation of these components.
This finding explains the phenomenon of zero t&g) at chiral geometries, whereas the individual
tensor components remain nonzero. We present systematic investigations of parity violating
potentials as a function of structure fop®), H,S,, N,O,, CH,, CH, CHg CH,, and alanine.

The effect of nuclear chargé is investigated for the pair J@, and HS, and a power lawz3+°
(6~1.5) for the enhancement E’F;V can be established with significance for the individual tensor
componentsi(=x,y, or z), whereas just considering the toEgj, would be misleading in analyzing

the Z dependence. Contributions of hydrogen atomg jpare estimated and found to be orders of
magnitude lower than those of the heavier atoms mentioned. The results are discussed in relation to
a possible spectroscopic experiment to meadug, = 2E,,, in enantiomers of chiral molecules and

in relation to various hypotheses for the origin of nature of homochirality in chemical evolution.
© 1998 American Institute of Physids$0021-960808)30332-3

I. INTRODUCTION it turns out that the corresponding parity violating molecular
N _ potentials are so smalbf the order of 10253 3 mol* for
The traditional quantum chemical treatment of molecularne |ighter elemenisthat they can usually be safely ne-
energies, including chiral molecules, uses a Hamiltoniaryacted. Chiral molecules form an obvious exception, due to
which is invariant under inversion of all particle coordinatesihea cjose degeneracy of states of different parity. It has thus

in the center of mass and thus conserves the quantum NUPaan noted more than two decades ago that a correct
ber parity. An immediate consequence for chiral mOIecules’physical—chemical treatment of chiral molecules should in-

would be that eigenstates of the molecular Hamiltoniany o o parity violating effective potentidist! Particularly
would possess a well-defined parity, and time-depende

Lo o . r}Enllowing the work of Hegstronet al. in 198012 there have
states would conserve parity in time, if it is well defined o . .
been several quantitative calculations, largely on the basis of

define chiral molecular states with time dependence due %ﬁ;j;ig?{;& c:lr:zlsst?:tcf;]??;lt Tﬁglg’czolgl‘g'? SSF ’alf;; ]E)Oell_r_

tunneling processes, which are so slow that they can be ne? . . : . R
glected on ordinary times scales of chemistry. This idea waso"'"Y slightly different lines, “33';‘59 a relativistically param-
indeed, at the origin of the first quantum-mechanical theorfmzeOI extended I-hk?]!spnggthqa (se_e also the relat|V|§t_|c

of chiral molecule. The situation changed drastically with theory of Abdus Salam;*"which considers phase transition
the discovery of parity violation in weak nuclear to chiral states It has furthermore been shown that in spite
interaction$® With the subsequent formulation of elec- of the small size of the effects involved, a realistic experi-
troweak theory® it would seem natural to include parity ment can be designed to measure the consequences arising

S ; . . it violati 12 [38-40 ; ;
violating forces in quantum chemical calculations, howeverfrom the parity violating potentiaf¥}~* including tests of
fundamental symmetriéd:*?> Nevertheless, the measurement

) of such small effects in molecules remains difficult and did

@Author to whom correspondence should be addressed. Phomg:1- . . .

6324421; Fax: +41-1-6321021; electronic mail: Quack@ir.phys. not eXIS_t until today. It would be_ most |mp9rtaqt tO_ have

chem.ethz.ch calculations as accurate as possible for parity violating po-
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Vig) (3)"B” pass through a direct calculation of the total potential includ-
kJ mol~ ing parity violation, but rather add the parity violating term
400 \v/ @)ya» as a separate term to the molecular Hamiltonian. Because all
other (usually much largerparts in the molecular Hamil-
300 (1)yx» tonian, which are neglected or roughly approximated, are

inversion symmetric, one is nevertheless able to calculate
meaningful observables arising froky,(q) if one concen-
trates on those measurable quantities which vanish exactly
for an inversion symmetric Hamiltonian. For such observ-
ables one needs a good, direct calculation Ef(q),
q whereas the absolute, parity conserving potential can be ap-
proximated in the normal way at much lower accuracy. Fig-
ure 1 illustrated/(q) and such parity violating potentials for
a molecule with at least four atonisay C H F ClI By, which
occurs in left-handedspace L. and right-handedspace R
forms, connected by mirror symmetry/(q) is rigorously
symmetric(to all orders excluding parity violatignaround
=0 in the one-dimensional representation, wherégsis
antisymmetric. The weak nuclear interaction can also con-
tribute a parity conserving potential, which is, however,
small compared to the uncertainties in other parity conserv-
ing molecular potentials and does not contribute to parity
violating observables of interest here. =0 we have an
FIG. 1. General illustration for parity conserving and parity violating mo- achiral geometry(for instance planar whereE, vanishes.
lecular potgntials. The upper part _of the figure shqws Bc‘>rn—0ppenh§ime’:or each mirror symmetrical pair of Ieft-handeqL][ and
type (possibly more generglpotentials, which are inversion symmetric, . 7 . h .
separating space along an inversion coordiggtgo a “left-handed” and a _”ght'handed_q'?) structureé‘, we can define a parity violat-
“right-handed” part. The ground-state potentialX* shown has chiral  ing energy differenc@ E,= E(dr) —Ep/(q.). If the tran-
equilibrium geometries, the excited-state potentials have achiral equilibriunsjtion states separating the left-handed and right-handed

geometries. The lower part of the figure shows the small parity vioI.sltingen‘,:)_miomerS are chiral. there exist also enantiomeric transi-
potentials for the two lower statéschematiz. These should not be naively !

interpreted as additions to a Born—Oppenheimer potential but are effectivON Structures with a corresponding parity violating energy
potentials of different symmetry. difference. Figure 1 illustrates furthermore the nature of elec-

tronic states with minima at the achiral geometryat0. In

the example, these are excited electronic states, but they
{night of course be also the ground states as in planar poly-
atomic molecules such as benzene. Even in such achiral elec-
crimination in molecular evolutioh2%43~45For a review of tronic states, the parity violating potentials do not vanish for

various alternative theories of molecular chirality, includingthe iy ge_ometne“s, al_wd ,',n this sense molgcules that are
effects from environmental perturbations, we refer to Ref.usually considered “achiral” are not really different from

‘chiral” molecules with respect to the calculation of
39. :
Ep(d). We shall present calculations for both types of mol-
ecules below. The difference between chiral and achiral mol-
ecules becomes important when we consider quantization of

the multidimensional space of\B-6 internal coordinates nurovibronic molecular states and of the resulting observ-

for an N atomic molecule, say a substituted amine OI;;1b|es. The usual ordering of electroriitel” ), vibrational

methané® or a torsional coordinate such as in the example(“Vib” ), rotational (“rot” ), and hyperfine(*hfs” ) energy

H,O,, which we treat quantitatively below. The natural spacings is, in particular, for “achiral molecules:
quantum chemical approach is to start out from the Born—  AE¢>AE,jp>AE > AE> AE,. 1)
Oppenheimer potential ov(q), leading to typical energy

differences between different structures and also ground anlaowever, for chiral molecules a special s'|tuaF|on arises pe-
excited electronic states of the order of a few hundred@Y>® of the close degeneracy of the vibrational-tunneling

. . . . . 1
kJ mol L. The parity violating potential,(q) to be de- energy levels in the double minimum potential of Fig. 1.

rived below are about 18 orders of magnitude smaller, say ghere the situation may arise that

few hundred fJ mol® as also illustrated in the figure. Even AE ipun<AEpy 2

the very best quantum chemical .calculauons for simple mOIand thus the spectroscopically observable effects from parity

ecules today are able to obtain an accuracy of perhaps | . ; . o
1 . violation become maximal. Quite generally, parity violating

1Jmol*, at which level the breakdown of the Born— . ) .

. o effects in molecular physics will become strongly observ-
Oppenheimer approximation and other small effects becomé
. . . . able, when for two levels for whatever reason,
important. It is thus obvious that a calculation of observable

molecular quantities arising from parity violation will not AEgvib,rotnisSAEpy - 3)

200

100

Epy
ny (9)

mol—

100

-100

tentials, both for planning such experiments and for curren
discussions of the influence of parity violation on chiral dis-

The nature of the problem in quantitative calculations of
effects from parity violation is schematically illustrated in
Fig. 1. One may think here of an inversion coordingtan
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Situations where this can arise for both chiral and achirall. THEORY OF PARITY VIOLATING ENERGIES IN
molecules have been discus$€d' In particular, in such MOLECULES
situations, one may find time-dependent nonconservation of Eftective form of the parity violating interaction
the observable “parity,” i.e., “violation” of parity conser- ) )
vation in molecules due to the parity violating potentials, ~ T0 derive the effective form of the electron—neutron par-
through which such potentials could be quantitativelyty violating interaction in molecules, let us first consider the
measured? This provides at the same time the basis of thePairwise electron—neutron weak interactfBi¥° According
nomenclature “parity violating molecular potentis, .” to the standard model of the electroweak interactfofishis
It has turned out in the course of our investigations thainteraction is mediated by the electrically neu@dlbosons.
the current method&-32of predicting E,, are quantitatively However, at the %nergles WhICh are appreciably less than the
inadequate. It is thus the goal of our paper to develop route&st mass of th& bg)son, i.e., less than 91.19 Ge:‘@"/ the
to improved techniques for the quantum chemical calculacontribution of theZ” bosons becomes virtud. The inter-
tions of molecular parity violating potentials. action acquires the form of the(vector current
Anticipating here some of our main results, we have X (axial curren} product(see also Refs. 52 and 53, as well

found that the parity violating interaction in molecules has@S Refs. 54—57, where the effect of parity violation on opti-
essentially tensor character: cal rotation in atoms and diatomic molecules has been re-

viewed. The first quantity entering such an interaction is the
4-vector current® Here we use the relativistic system of
EL) => C{n}yﬂ'{n}v,g{n}, (4 units:i=c=1. Let j*[¢{V(x)] andj"[¢*)(x)] be the 4-
{n} vector currents formed from the wave functions of neutron
‘ #M(x) and electrony®)(x), respectively. Since these wave
where 7' is a component of a polar vector quantity like a functions are the four-components operator bispinors, taken
momentum operator and” is a component of an axial vec- in the representation of second quantizafidthe 4-vector
tor quantity like a spin or an angular momentum operatorrelativistic current is defined by means of the use of the
The real coefficientsC,, carry a multi-index{n}, which  familiar ¥ matrices>®
includes summations inherent to the method of the evalua- o
tion of theE,,. Such a multi-index could contain indices of . . 0 i
molecular opr)bitals, of atomic centers, of atomic basis func- PLH001=4T00 Y2y g0, ©)
tions, and of CIS-excited states as it is in the present papeavhere the colon represents the normal ordering of the opera-
or, in the more complicated case of using unrestricted motors entering this expression, i.e., all annihilation operators
lecular orbitals, it could include spin-orbital indices. Using appear to the right from the creation operaf@rsliminating
such a representation, one writes the tdig| as a trace of therefore nonphysical nonzero expectation values at the

this tensor: vacuum state. Furthermorg/(x) is a 4-component operator
bispinor, which is conjugate tg(x).
Epy=Tr Eip,\j/: EECWL E,y;\¥+ E,Z)\Z,. (5) The other quantities of importance are the relativistic

axial current$® of neutrons and electronffy, [ #("(x)] and

| ol #1%)(X)], respectively. The axial currents obey the fol-

Thus such a tensor transforms under the Cartesian coordinqﬁvmg definition, which differs from(6) by the presence of
transformations as a polar vector in its first index and as athe additionaly® ’matrix58

axial vector in its second index. It is seen that Eig tensor

has as its trace a pseudoscalar which is required for detection def

of parity asymmetry. Jlanl () ]=: P )Y YRy (x):. @)
To obtain more reliable numerical valuesgf, we de-

. . . The presence of the® matrix is important, it converts the
velop a new formalism for the evaluation Bf,,, rejecting P 9 P

i - . ) "
the restriction tosingle-determinanéxcited states produced 4-vector] .["b(x)] mtolthe.axml yecto_u (axl l//(x.)]' Thus at .
low energies the relativistic Hamiltonian density of the parity

from RHF wave function by means of substitution of one . | . . i
violating part of the weak electron—neutron interaction be-

molecular orbital. Instead, we study the effect of using flex- S
: ; L ) comes a product of these two currents multiplied by the
ible linear combinations of such determinants, CIS wave

-51
functions, on the value ok, and on its dependence upon proper constants:

the geometry of molecules. Since the overall wave function R Ge

obtained is now a perturbation-theory admixture of the ¢ V(x)=—— ga(1—4sirf Oy)j [ (X)]
ground RHF state with the CIS excited states, we shall call it 2v2

CIS-RHF formalism. Such an approach has two advantages: G
it uses improved quality wave functions and improved en- xj(‘ax)[l,b(“)(x)]Jr — i LV (x)]
ergy denominators for the perturbation theory with spin-orbit 2v2

interaction. As we shall see, this new approach in some in- Xt [ (x)] ®)
stances leads to a change of the order of magnitudi,ohs G '

compared to previous SDE-RHF calculations. A preliminaryHere the relativistic summation over repeated indices
account of our results with the new CIS-RHF method hass assumed! with the relativistic scalar product of two
been given in Ref. 48. 4-vectorsa=(ap,a) andb=(by,b) defined asa,b*=agby
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—ab. Gg is the Fermi constarit:®%>%%%which can be scaled ces,x is the set of spatial coordinates,is the reduced elec-
by the mass of the protoll,, aSGFMgml_OZb( 10°°. The tron mass, and is the speed of lighin vacua The last term
form-factor g, originates from the strong interaction of in this expression is believet® to be small compared to
the neutron and could be taken as equal to 1°?8.The the first one for two reasondi) it has as a factor (1
current experimental value of the Weinberg parameter4 sirf ©,)~0.08 and(ii) it depends on the neutron spin
sir ® is 0.23195).59%9 At this value of ®,, the factor ~ While, in their low-energy states, the atomic nuclei have a
(1—4 sirf ©,) is small(=~0.08. tendency to possess mutually compensated spins of hadrons.
In the (currenix(axial current representation the Thus the second termin E(L1) is usually dropped. Further-

electron—proton parity violating interaction has a form simi-more, on an atomic scale of distances {¥bm) one can
lar to (8): replace the neutron density, to a very good approximation,

by the & function (really about 10%° m):

TAEP(x)
P00 M ()= 3(x—x"), (12)
=- j ga(1—4 it Oy)j L 0l [¢P ()] wherex(™ is the neutron spatial position. The Hamiltonian
density (11) and (12) corresponds to the following one-
Gy electron Hamiltonian operatf:®®
— = (1=45si Ow)j L¢P ) ]j [ 4 (X)].
22 9 Hem= Ce (Por8®(x—xM) + 8%(x—x)Pa).
The relativistic electron—electron parity violating inter- W2 uc
action has the form: 13
Q}gefe)(x) Repeating the same transformations with respect to the

electron—proton parity violating interactid8) one finds the

Ge _ el Tis [ oe) corresponding form of it which is effective for atoms and
= E (1_4 sz 0W)J,u.[‘// (X)]J(ax)[l;b (X)] (10) molecules:

Ge

v2uc

Note that the expressiofll0) possesses no factor of 1/2
which is compensated for due to the exchange
interaction?®®! The technique of calculatioffFierz reshuffle

is explained, for instance, in Ref. 58. Thus this correct ex- X (Po83(x—xP) + 83(x—xP)Pao). (14)

pression and its nonrelativistic form differ by a factor of 2 L
Apparently, the electron—neutron parity violating inter-

from the expressions presented in some previous Wdtk. e : 6265, hi ;
Atomic and molecular energies are many orders of magg’mt'on is the leading off&*while the electron—proton in-

nitude less than the rest energy of the electre.5 MeV) teraction is about one order of magnitude smaller. It is con-
thus the nonrelativistic approximation must be good at leasyenient to combine the operato(3) and (14) together,

for Z<50. as has been discussed in detail in Refs. 49 62denoting the radius-vector to the nucleusc#$' and noticing

. : N_ yPb_— ynucl ; i ; intli
and 63. Furthermore, the averaged velocity of neutrons jghat x"=xP=x"" in the approximation of the pointlike
ucleus. Thus one obtains the effective electron—nucleus

nuclei is much less than the velocity of electrons: so, thd'Ucleus. Thus. X .
approximation of small neutron velocitié€s is applied parity violating interaction by means of summation over all

when all quantities, which are proportional to the ratio of thethe hadrons in the nucleus:
neutron momentum to neutron mags/M,,, are neglected.

H(eP =

(1—4 sirt O)

Performing the nonrelativistic approximation, i.e., omit- [ (e—nuch — Cr Q4(A)
ting two “small” components of bispinorsy™(x) and 4v2puc
(el) . .
P'®(x) and therefore converting the formulation of the X (Pord3(x— XM + §3(x— X" pg). (15

theory from four-component bispinors to two-component

spinors, changing correspondingly from the relativistic sysHere Q{,(A) is the electroweak charge of the nuclefs
tem of units to atomic units, and performing small neutronexpressed through the number of prot@siumber of neu-
velocity approximation, one arrives at the HamiltoniantronsN, and the Weinberg angl@, :

density52:63

S0 Q4(A)=Z(1—4sir? ©,,)—N. (16)
8% X
Thus the electroweak charge results from the summation of
Gr the one-electron operatoks®™ and H(®?) in (13) and (14)
= AL (n) t(el) (eD

AV2uc (=709 {2 () a(PY (X)) over theN neutrons and protons present in the nucleus.
The existing estimaté3$ for the contribution of the

+(P* () o ()} +iga(1—4 sirf Oy) electron—electron parity violating interactidd0) indicate

that it should not exceed 1% of the sum of contributions of
el (el) t(n) (n)

XPTE0) o= () g () o g ()], (11 the electron—hadron parity violating interactions. In the non-
P is the momentum operatow; is the doubled spin operator relativistic approximation, the electron—electron parity vio-
which has as its components the familiax 2 Pauli matri-  lating interaction acquires the forfA:
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- Gr _ fore the fundamental Hamiltoniad™®, used by the MO
=~ 2auc (1—4sirf 6y) theory, beyond the simplistic Coulomb interactidia:

X (XD - X2 (g1~ gi2)). (PO P2} | HMO'=H ;= HMP =Hcout Hmagn: (23

. The theoretical ground work, accounting for leading mag-
(1) _ y(2) (1) (2)y.(pL_p(2)
H[PXT =), (6D %) (PD=P2)]). netic terms, is sufficiently develop&t;”*and ab initio cal-
17 culations for spin-orbit interaction and accompanying effects
72 ;

Here{...,..}. denotes an anticommutator whil.,..] is a have also been dorf&’>We plan work along these lines fqr
commutator. AE,,. However, at present, we have chosen another obvious

way for the calculation of the magnetic effects by the use of

perturbation theory. To get nonzero values of the operators
B. Perturbation by the Spin-Orbit interaction H(E-I’l) andH(e'p) one can consider a perturbation of the RHF

Given a molecular wave functiofi¥ ), the mean Mmolecular wave function by an interaction which affects its

spin properties and mixes the RHF ground state with the
nearest excitations. The strongest interaction of this kind is,
. normally, the spin-orbit interactio?f:”>"#In the approxima-
Epv={"Y mol Hov ¥ mol)» (18 tion of the spherical Coulomb field of the nucleus, the ex-
pression for the spin—orbit interaction of electrons and
nucleus is written a&®

value E, of the parity violating interaction is naturally de-
fined as

where one assumes in placettf, one of the operatord 3),
(14), or (17), or in practice the sum in Eq15). Elementary
molecular orbital theo®’ includes for the evaluation of . a?

the molecular wave functiop¥',)) only the Coulomb inter- H(SO):Z EI f(r)aiL;, (24)
action between the constituents of molecules, nuclei and

electrons, while the parity violating interactiof3), (14), or ~ whereL; is the angular momentum operator of ttik elec-
(17) are entangled mostly with the magnetic properties oftron in the atom,f(r;) is the effective, distance-dependent
molecules due to their essential dependence on spin. Thgpin-orbit coupling for the same electron. The operators of
the wave function which has no full account for the magneticelectron—hadron parity violating interactiofs3)—(15) and
properties of a molecule is likely to be insensitive to theof the spin-orbit interactioi24) are all additive one-electron
parity violating properties. In order to illustrate this, one canquantities.

partition the molecular wave functid¥ . into a part due The perturbation of the ground stgt#,) of a molecule

to Coulomb interactio¥ c.,) and a part due to magnetic due to the spin-orbit interaction can be written as follows:
interactions) ¥ nagn

¥ \‘I'r =y 2 <\I’n||:|(so)|q’0> ¥ 2
W o =¥ coud + ¥ magn) (19 Wo)—[Wo)=I¥o)+ 2 —F =g — [¥n) (29
Epv=<‘1’cOu|||:|pv|‘I’cOu|>+2 RS(‘I’COU||I:|pV|‘I’magr) where| ¥, ) is assumed to be theth excited state anH,, its
- energy, whileE, is the energy of the ground std®¥ ). The
(¥ magd Hpul ¥ magn - (20 leading contribution to the mean valis,, of the electron—

Regardless of the method of the evaluation .., the  nucleus parity violating weak interacti¢h® ") over such a
elementary techniques do not take into account magnetiwave function is

properties and thus the resulting molecular wave function is P |fy(e-nuc
just the Coulombic part of the desired full wave function of E =2 Re[ E (Yol

the molecule: - n

W) (W o HEO W)
EO_ En .
(26)
e =1 coud- (21
In the framework of the RHF evaluation, wheN o/ C. Parity violating interaction in the SDE-RHF
=|W gy, the spin components of the spin-orbitals are idenframework
tical. This leads to zero expectation value of the operators  QOne can take advantage of knowing the structure of the
HEM and HEP in (13) and (14) with respect to such a RHF molecular wave function, restricting attention to single-
molecular wave function: determinant excitations onlySDE). Since the RHF wave
" function is a single determinafftformed from spin-orbitals
E,=(¥ H, |V =0. 22 oy . . ' .
pv= (¥ Rl Houl ¥ i) (22 with identical « and B spin component® and since only
This can be easily verified by a straightforward analyticalthose single excitations are contributing(&6) which create
calculation of matrix elements of the operat¢t8) and(14) triplet excitations'?> one can easily factorize out the spin op-
for the RHF molecular wave functioh. erator dependendd perform the summation over the identi-
There are at least two possible ways for generating theal electrons, and rewrite the mean vali@) in terms of
indispensible magnetic wave functi¢W 4. One way of  only one-electron operators and spatial molecular orbitals of
doing this is obviously to include the magnetic interactionthe ground single-determinant state and singly excited
terms H 54, both into the initial self-consistent fieltSCH  determinants>*®*° In addition, approximating the energy
calculation and into post-SCF calculations, expanding theredenominators by the difference between corresponding mo-
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lecular orbital energie§for an attempt to improve upon this If one employes the conventional LCAO mettfS¢’ and
approximation, see Ref. 19one obtains the expression writes the molecular orbitalsV,) and|¥ ;) as linear combi-
which has been used for the evaluation of the parity violatingnhation of the real atomic orbitals centered on nuéleindB:
energies in molecules in practically all contemporary(We represent the index of the atomic orbital as a set of two

work'?~3for E,: indices: index of the atomic centérand index of the atomic
orbital centered at this particular centgr(A). One will see
e aGe 1 (W |?|WJ><‘IIJ|/A\|‘I’|) tha_lt this rgpresentation aIIows_ us !ater tq ea_sier state an ad-
V2 I&occ. Jevit. € €] ditional, single-center, approximation which is used on top
(27 of approximations stated befoye.
HereGg is, as before, the Fermi constantijs the fine struc- |\I">:; M(EA) CLA LA B(A, w(A)), (34)

ture constant|¥,) and|¥,) are thelth occupied molecular
orbital and thelth virtual molecular orbital of the molecule
under consideration, ang and e; are corresponding mo- |\IfJ)=Z 2 C(J,B,v(B))|#(B,v(B))), (35
lecular orbital energies. B (B
Further, the” operator is proportional to the anticom-

mutator of the operator of the momentum of an electron in  IM|@(A, u(A)))=0,V{A u(A)}, (36)
molecule with a three-dimensional function centered on _ o
nucleusA: then one discovers that the expressi88) is, in fact, even

more cumbersome than it looks, for the matrix elements en-
tering into it are still other sums:

3
.:9/’):; QWA 2 (P83 (r—rp)} 8
<‘PI|{|sk:53(r_rA)}+|‘PJ>

with Pk——| ai (29
X« =2 2 X 2 COLAW(A))
whereA is the index of an atomic centes, is the unit vector AT u'(AT) B V(BT
in the directionk so thatr=2,x.g,, and the coefficient X C(J,B",v'(B"))
QS,(A) is the effective electroweak chareof an atomA ~
defined in(16). X(A(A" u' (AP, 8°(ra)} | (B, v"(B))),
The A operator is the orbital angular momentum part of (37
the operator of spin-orbit coupling of electrofsee previous
section): (W3l Ag W)
. S . a? 1 gUg -
AZE 2 Ag m€m, AB,m:_Z__ Lm, (30 —2 E 2 E C(J,B",v"(B"))
B m=1 roor A" u"(A") B" »'(B")
whereUyg is electrostatic potential energy of an electron in X C(1,A", " (A"))
the spherical self-consistent field of tB¢h atomic centery R
is the modulus of the radius-vector for the electron hpds X{((B",v"(B"))| Al (A", u"(A"))). (38
the mth component of the orbital angular momentum opera-
tor of the electron. The coefficient®/4 is twice less than the As the atomic orbitals are taken to be F&&f one can

customarily used forfif and corresponds to the direct use of rewrite Egs.(37) and (38), with the explicit factori:***°

Pauli matrices as in the work by Hegstranal? In Refs.

13-30 spin 1/2 operators were used instead. (W [{Py, 3(r—r )} | W)
Following Ref. 48, we substitut€29) and(30) into (27)
and get both the tensor componefifg and the totaEy, , as =i> 2 > 2 C(I,A", 1/ (A")
it was defined in(4) and (5): A u'(A) B (B
1 xXC(J,B",v'(B"))
B E Qu(A )|E20cc Jgrt % €—€; XP(AKIA 1 (A),B",v'(B")), (39

X (WP, 83(r—rp)}s |\I,J><\I}J|/A\B,j|qll>’ (3D
(32

(W3 Ag W)

3 _IE E E 2 C(J BH H(BN))
A" u (A" B” V'(B")
IR E X3 - e

I e occ. J e virt. €€ XC(LA”,,U« (A"))
XU {P, 83T =)} [ W55 Ag W), (39) X A(B,K[B",»"(B"),A", u"(A")), (40)

Epv=Tr Ejl=EX+EN+EZ,
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where the quantitie®(A,k|A’,u’'(A"),B’,v'(B’)) andA(B,k|B",»"(B"),A”,u”(A")) are now strictly real and correspond
to the matrix elements on the right-hand side$33) and(38). One gets their explicit forms comparig9) and(40) with (37)
and(38) and the definition$29) and(30).

Combining(33), (39), and(40), one obtains:
3

; > > C(I,A",u'(A"))C(J,B",v'(B"))

k=1 A’ M/(A/) B/ V/(B/)

__ oGk c 1
Ep=— > %Qw(A)IZ

eocc.Jevirt. €] €]

XY > > X C(LA"u'(A")C(I,B",»"(B")P(AKIA 1 (A"),B",v'(B"))

A M/I(A/I) B” V”(B”)

XA(B,k|B,,,V"(B”),A”,M”(A”)). (41)
|
Apart from MO coefficients and MO energies, the main aGr 1
quantiies of interest are the matrix elementsE,=—— > Q{(A) X , —
P(A,k|A/,,LL,(A,),B/,V'(B,)) and A(B,k|B”,V”(B"), \/2 A leocc.Jevirt. €] €]

A",M”(AH)). 3
The distinctive feature of these matrix elements is that x> > > > (AL (A)CILA Y (A)

they are, in general, rather unusual three-center quantities. B k=1 ,7A) v(A)

Indeed, the matrix element (B,k|B",»"(B"),A”,u"(A"))

has two, generally different centers at which the atomic or- X > > C(I,B,u"(B))C(J,B,»"(B))

bitals are defined and, in addition, the third center at which w"(B) v"(B)

the electrostatic potential defining the spin-orbit coupling is XP(A K| (A), v (A)A(BK v (B),u"(B)). (44

centered. Similarly, the matrix elemeRi(A,k|A",u’(A"),

B',v'(B’")) has two centers for atomic orbitals and the third ~ Since the matrix elements are now confined to single

center at which the three-dimensior&function is centered. centers, we can present them in somewhat more concise

An attempt to evaluate these matrix elements, as they af@rm. Let the atomic orbitalss (A, w(A))) in (34) and(35)

standing in(41), especially the one for spin-orbit coupling, be factorized into their radia]R(A,x(A))) and angular

would lead to appreciable technical complications even ifY(A,u(A))) parts:

the framework of the Gaussian representation of atomic or-

bitals. | (A 1(A))=IR(A,u(A))B|Y(Au(A)). (49
However, both matrix elements seem to'baeavily

weighted towards regions containing the center of the elec-  Then the matrix elemer®(A,k| ' (A), ' (A)) will be

trostatic potential or the center for ti&function. It is there-  ifferent from zero only between’s andn”p atomic orbit-

fore likely that the overlap, defined by vanishingly small 55 \whichever orbitals are used in the atomic basis@ae
values at the tails of atomic orbitals, can be neglected and theys 1o differentiate  the Sfunction  too,  using:

matrix elements can be restricted to the single center. So, thes (x)F(x)dx=—F'(0).):
single-center approximation may be formulated by the rela-

tions P(A.kIn"s,n"pg)=—P(Ak|n"pq,n’s)
P(AKIA" ' (A"),B",v'(B")) __v , _dR(n"pg)
A7 Okq| R(N'S) dr o
A
~P(AK|u'(A),v'(A))San Sap s (42 (46)
A(B,K|B",v"(B"),A”, " (A")) It is assumed that thp functions are Cartesian, i.e., vector

indicesk and g refer to Cartesian axes. The imaginary unit
has been already factorized out(BB) and(40) and does not
enter here.

o _ The matrix elementA (B, k|»"(B),u"(B)) is equal to
The explicit form of the matrix element®(A,k|u’(A), the following product:

v'(A)) and A(B,k|v"(B),u"(B)) will be specified below,
together with the specification of tleeandp basis functions,

~A(B.K[V(B),1"(B)) 8p pr 5.5 43

which are the only basis functions giving nonzero values forA(B’k v(B),u(B))
these matrix elements. a? 1 dUg
With the single-center approximation for matrix ele- -T2 <R(B’V(B))‘ T o R(B’M(B))>
ments(neglect for overlap effectsthe E,, expression41) R
simplifies finally into: X{Y(B,v(B))|Ly|Y(B,u(B))). (47)
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The angular momentum matrix elementY (B, z
v(B))|L|Y(B,«(B))) shows that47) is different from zero

o
for states with nonzero angular momentumnd, and so on.
When the matrix elemenid7) is diagonal with respect to H O %\\\\%@
subshells, i.e., when it is taken between tvstates or twal - S o

states or twd states, it can be expresgéthrough the con- X m Y
ventional single-electron spin-orbit coupling paraméters

which helps to introduce into the calculations experimentaF'G- 2. The standard orientation, employed in our CIS-RHF calculations of

- . E,v . is shown for an HO, molecule. At this orientation, the selection rules
pv s '
quantities known from atomic SpeCtrOSCdﬁy' for the perturbation theory contributions B, with respect toA-symmetric

D. CIS-RHF approach to evaluations of Epv ground. state are as.follovyﬁ(—symmetric exF:ited states contribute on]y to
Epv while B-symmetric excited states contribute to b&fj andE})Y. This
The SDE-RHF formalism needs appreciable improve-selection rule is determined by the fact that the only symmetry eler@gnt,
ment, which might be possible with more Sophisticated Cap_’otation b_y ahglen aboutZ axis, leaves th& axis unchanged while revers-
culations of the molecular wave function using, for instance."? the direction o and axes.
the Mdler—Plesse{MP) perturbation theory and configura-
tion interaction(Cl) theory. The main deficiency of the SDE-
RHF wave function is connected, generally, with the unsat-
isfactory quality of SDE states. _So, one must first attempt a <DL|ﬁ(so)|DO>E<@“||Q(SO)|WI’(>_ (52)
better representation of the excited states.
To develop the formalism which allows one to evaluate o o
the E,, values taking into account the CIS method for the ~ Substituting this intd50), we have

excited stateS one has to again start with the relati26):

Epv= 2
n

X (T H [T ) (T | H 0| Ty

In contrast to the stiff single determinant excitations, the +complex conjugate (53
excited stategW¥,) are now defined as the flexible linear
combinations of independent Slater determinants. These lin-  After performing the summation over the spin
ear combinations are obtained by means of the single substjariables'®!” one rewrites this expression in terms of the
tution of the new spin orbital with indejinto the reference  molecular orbital§¥,) instead of spin orbital§¥;), and in
RHF determinanfD,) instead of the spin orbital with index terms of the operatorgand A which are defined if29) and

i. We denote such a new determinantlﬁ#} and write down (30), respectively, instead of the operatd;fée‘”) and H (o)
the linear combinations of them which are entering the CIS

as

1 )
2;;2wmm

EO_ En i

WolHE | 5 (W | HEO| @
Epv=2R9[2 < O| | n>< n| | 0> . (48)
n

EO_ En

G 1
- Ep= 2 Eg 2 3 2 3 alnaym)
[¥n)=2 2 al(m|D)). (49

><<\I’||¢;P|‘I’J><‘I’L|/A\|‘I’K>- (54)

The basis determinan{$D!)} for all excited states are the
same, their relative contribution into excited stp¥g,) being
determined through the set of coefficiefigd(n)}.

The expressioni48) is now to be rewritten as

Employing the explicit expressiorf29) and(30) for the
operators”’ and A, one obtains:

aG,: 1
A Ep=—r 2 DA 2 XD
Epv= 2 EOfE 222 X aman v F B ER TR
n |1 5
X{(DolH'*™|D])(DLH D) xajmag(m > 3, (Wi[{Pe,o%r=ra)}
+complex conjugate (50)

XQ<|“’J><‘PL|AB,kQ<|‘I’K>- (55

Denoting now the spin orbitals d¥7;) we recall the
well-known relations for the matrix elements of one-electron ~ The matrix elements entering this expression have al-
operators with respect to determinantal wave function obfeady been evaluated in the framework of the LCAO ap-
tained by means of single substitutions. For the case undé@roximation(34) and (35). Substituting the resulting forms

consideration they are (39 and (40) into (55), one obtains the final expression
~ e ~ e which completes the evaluation of tig,, and its tensor
(Do|H'®™M[D})=(Ti[H ™ [T), (31 componentEy! in the framework of CIS for excited states:
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Ep=Tr Ejj=Ex+ EX+ExL, (50
L aG 1
Eid=m— > — =2 QWA X > Jalmakn> > > > X CU,A,u/(A))
\/2 n EO En A | J K L B A/ ;L’(A’) B’ V’(B’)

XC(J,B',v'(B))P(AIA 1 (A),B v/ (B)D X > > C(LB" V' (B")C(KA"u"(A")
AH ;LL"(A") BH VH(BH)

XA(B,J'|BH,VH(BH),AH,MH(AH)). (57)

tensor components and its relation to the geometry of the

A detailed description of the computer codes developed angolecule and properties &, in detail in the next section.
used in our work can be found in Appendix A, appearing in N spite of the competition of tensor componefs,,

PAPS76 even for hydrogen peroxide the maximum values of t&ig|
are well above 10'%E;,. We have found that the competi-
lIl. RESULTS AND DISCUSSION tion between d_ifferent tensor componerﬁg\, is hidden in
o the representation of the tothl,, and seems to be a compe-
QH ’I:;pv for hydrogen peroxide in the framework of CIS- tition between contributions from different excited states.

The contributions from the different excited CIS states come
We started our calculations from hydrogen peroxidewith different signs as already established in Ref. 12 at the
which has been studied previously by Mason and Trafiter. SDE-RHF level when analyzing contributions from different
We have employed the same geomeffig. 2), but smaller molecular orbitals. A similar result applies for the CIS-RHF
steps in variation of the dihedral angle between tveO—-O  formalism as well. For illustration we have represented in
planes to see the changes &, in more detail. Hydrogen Fig. 3 the contributions from different excited CIS states as
peroxide is a continuing subject of spectroscopic and theobars with the full line representing the to}, as the num-
retical studies/ 8 for it exhibits a well-separated large am- ber of the excited states increases. The dihedral angle of 120°
plitude motion: O—H torsion around O-0O bond. has been chosen for this illustration, for other angles the
We discuss first the effect of the application of the CIS-picture is very similar. Large contributions of different sign
RHF method on the magnitude of energy shifts due to paritcome at low numben of excited states and they are much
violating weak interaction. From Table | one sees that botHarger (10 *®E,) than the net result which is one order of
for 6-31G and for D95* basis sets the values of the diago- magnitude less (I0:%E;,) due to cancellation. It seems that
nal tensor components;; andE; are well above 10'8E,,  the contributions of differents sign come without any obvi-
though they are of different sign and thus cancelling eactous ordering. However, as the analysis presented in the next
other, decreasing the overall value Bf, by one order of chapter will show, the competition of the contribution from
magnitude. We will discuss the effect of the cancellation ofthe different excited states is nothing else but the competition

TABLE I. CIS-RHF for H,0,: tensor componemE'p'V and totalE,, as functions of dihedral angle in units of
10 2°E,. Label | corresponds to the 6-31G basis set while label Il corresponds to tHe D@is set.

Angle  EX-I ES-1l EY-1  EY-1I EZ-1  EZ-lI Ep—| Ep—II
0° 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10°  -28587 —37.333 0.8430 0.9898  18.768  23.895 —8.9761 —12.449
20°  -56.089 —70.369 2.7958  2.8606  36.938  46.146-16.355  —21.362
30°  -80.816 -100.14  3.8768 45950  55.448  67.759-21.491  —27.790
40°  -99.992 -122.96 47017 62507  72.238  88.240—23.053  —28.471

50° —114.64 —141.96 5.9140 7.3007 86.938 108.16 —21.785 —26.499
60° —124.55 —154.00 6.3833 8.4482 99.950 124.25 -—-18.215 —21.297
70° —128.77 —161.91 6.9562 8.9483 111.15 138.20 —10.660 —14.767
80° —128.94 —162.54 7.5612 9.2629 118.66 148.98 —2.7138 —4.2907

90° —125.73 —157.58 6.9199 10.494 124.56 155.70 5.7461 8.6147
100° —118.71 —150.27 6.5778 9.7795 127.14 159.95 15.000 19.456
110°  —109.32 —138.02 5.7693 9.8489  125.25 157.20 21.702 29.031
120° —98.463 —123.57 4.9507 8.7243 11941 149.85 25.894 34.998
130° —83.765 —106.38 4.1651 6.9171  109.19 136.07 29.588 36.610
140° —68.782 —87.418 3.1285 5.3136 93.997 117.27 28.344 35.167
150° —52.145 —66.708  2.3109 5.8440 74.331 94.095 24.497 33.231
160° —35.502 —44.783  1.9380 3.4827 51.528 66.259 17.964 24.958
170° —18.139 —22.131 1.3239 1.7224 27.322 33.000 10.507 12.591
180° 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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CIS-RHF: contributions from excited states to E, Epv approaches a steady horizontal line, indicating numerical
for H,0, (6-31G basis, dihedral angle 120 degrees) convergence. The effect is even more pronounced for* 95
basis set. The maximum number of excited stafds) was
not used, because 150 excited states were sufficient for con-
100 Legend: vergence. The convergence of separate tensor components
B oot rom st states E, is similar and will be presented in the section devoted to
zero lovel the analysis of those tensor components. The same picture is
found for the other dihedral angles in Table I. The conver-
gence analysis along with the continuous behavior of the
total E,, and of its tensor componenﬁj'v let us conclude
that the CIS-RHF calculations afE,, are consistent. The

results presented here fAiE,, are much larger than reported
el 0 o o o 100 before, using SDE-RHF, about equal to #8E,,, a figure
number of excited states which has customarily been cité¥®*#*Going just one step
beyond the SDE-RHF formalism, to its natural generaliza-
FIG. 3. HO,. Contributions from the CIS excited statémar9 to the total  tion, CIS-RHF, one immediately gains an order of magnitude
Epv (sol_id line) are shown as functions of the number of the e>.<cite.d CISinh AE , value. This raises a question about the magnitude of
states_, included into pertu:batlon theory. The_CIS—RHF calculation is don-:-'E cglculated in . K d in the f K of
at a dihedral angle of 120° for the 6-31G basis set. pv prévious work done In theé framework o
the SDE-RHF approach.

The principal step in the improvement is to give up the
of the different tensor componentﬁ!v. The latter compo- Single-determinant representation of the excitations. The
nents contribute always with a certain sign but only for stateglualitative difference between the SDE representation and
of certain symmetry. the CIS representation is that the latter allows the excited

Figure 4 represents the results of a convergence ana|ys$§ates to be superpositions of the various single—electron ex-
with respect to a change of the number of the CIS excitation§itations. This gives to the wave function of the excited state
included, with the dihedral angle being 120°. Forthe necessary flexibility also with respect to the geometry
GAUSSIANG2/94 CIS calculations using the frozen core changes. Since the parity violating electroweak interaction is
approximatiorf? the maximum number of excited states for determined by geometrical concepts, such as the absence of
the 6-31G basis set is 91. Because the excitation energi¢dvariance under the reflection in space, it reacts sharply to
from the core to the unoccupied valence orbitals are at leaghe changes in the shape of the wave function. This sensitiv-
an order of magnitude larger than the intravalence excitatiofty of Ey, has no analogues in other quantities of interest in
energies, the frozen core approximation is well justified. Oneéuantum molecular physics, perhaps with the exception of
sees that for sufficiently large CIS excitation energies ~ Circular dichroism.
sufficiently large denominators in perturbation theotlye

contributions of highly excited states die out and the total
B. Epy for hydrogen peroxide in the framework of

150

50—

E./(10"E,)

-50—

SDE-RHF
CIS-RHF: convergence of E., values The main resource for improvement in the SDE-RHF
for different basis sets (120 degrees) approach is the change of size and quality of the basis set.
200— CIS excitation energies: _ 430 We shall present here a systematic investigatkig. 5 and
P ... for6-31G basis set e Table I). It has been shown befdfethat the 6-31G basis set
150 | = = for DS5™ basis set 7 725 uf provides stable results fdg,, in the sense that an extended
- zo e o0 8 basis set does not give values very different from those of the
g 100, e 2 6-31G basis set. The sequence of basis sets studied in Ref.
E, m15 & 16, apart from minimal basis sets, was the sequence of split-
o > \ 1_0.% valence bases: 4-31G5-31G—6-31G—extended basis of
o i 76 basis functions. Apparently, the main feature varied in
& E,for6:-31G basis 05 © Ref. 16 was the number of GTOs representing the single
s | | Ol E"V’°’|D95" balsis | oo inner-shell function, except for the extended basis set.
0 20 40 60 80 100 120 140 The description of the derivation of the electrostatic po-
number of excited states tential used in Ref. 16 is lacking, which prevented us from

FIG. 4. KO, C i ies of perturbation theoryggrwith exactly reproducing the conditions of calculations in Ref. 16.
4. ,. Convergence of the series of perturbation theoryHgrwi . . )

the number of the excited CIS states, included into the CIS-RHF calculatioryve atmbUte_ the _mOdeSt dlfferenc_es between the SDE RHF
for two different basis sets: 6-31(91 triangles and D9%* (150 circles. r?SUItS Obta!ned In our W_OH( and In Ref. 16 to the possible
The corresponding energy denominators are also shown: dotted line for thdifferences in electrostatic potentials used. Overall, the re-
6-31G basis set and dashed line for the B9basis. It is seen that numeri- sults of Mason and Tranter for hydrogen peroxide, calculated
cal convergencéplateay is achieved when the number of excited states . _ . . . .
becomes about 80 for the 6-31G basis set and about 90 for the* D8&sis in the 6-31G basis, are in satisfactory agreement with .Our
set. In both cases the excitation energy, at which the convergence i§DE'RHF results. In the second column of Table Il we list

achieved, is about 2 eV. only those conformations, where results are available from
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SDE-RHF: E;, and electronic energy
vs. torsional angle for H,0,

. + parity cons. tors. potential
., | —— andits fit to experiment

M M&T, 6-31G basis
O MA&T, extended basis

== = present results, 6-31G basis
= present results, atomic basis

V(a)/E,

E../(10°E,)

120
o/degrees

FIG. 5. HO,. Comparison of the SDE-RHF results for toB), (left-hand
scalg, as a function of dihedral angle, obtained in this weikes), with the
results from the previous wortscattered markerdy Mason and Tranter
Ref. 16. Results are compared for the 6-31G basigdaethed line versus
squares and for the extended (%@®p;1d) basis set(solid line versus
circles. The electronic energydotted line, right-hand scaldas been ob-
tained for rigid geometries, specified in the text, at the 6-31G level. Th
experimental potential is frortRef. 88.
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drogen peroxide. The relative difference in the valuek gf
in our work and in Ref. 16 for extended basis sets reaches
37% for 60°. Our calculations show that polarization func-
tions affectE,, values for torsional angles near maxima of
torsional barriers for all basis sets considered. Near the maxi-
mum of the larger rotational barrier at 0° the polarization
functions decrease tHg,,, while near the maximum of the
lower rotational barrier at 180° polarization functions in-
creasekE,,. Around the equilibrium torsional angle of 117°
the polarization functions have no visible affect®g,. An-
other observation is that minimally uncontracting inner-shell
functions, i.e., passing from split-valence bases to double
zeta bases, changgs, up to 40%(6-31G and D95 bases at
torsional angles above 100°The 6-31G basis set employs
just one contracted inner shell, while the D95 basis employs
two contracted inner shellésplit inner shell. This is the
reason for the relatively poor performance of 6-31G calcula-
tions. Our results show that the 6-31G basis set should be
rejected whenever size of the molecule and cost of evalua-
tion allow it. At least, an attempt should be always made to
uncontract inner-shell functions and to add polarization func-
%ions.

In the last column, together witk,, values for the ex-
tended basis set, we list RHF energies of ground states for

Mason and Tranter. The first value corresponds to the 6-31&Visted geometries relative to the ground state energy for the

basis and the second to the extended basis set used in Ref

_qptimized geometry. Note that for the sake of comparison

(76 atomic orbitals for hydrogen peroxide: 11GTO-7GTOWith the previous work? we have used the geometries ex-

11s-7p basis for oxygen atom and 3GTO-6GT@-2p ba-
sis for hydrogeih A complete set of our data is available in
Table C2 of Appendix C in the PAPS suppleméht.

actly as used there. However, one has to remember that this
geometry is different from the geometry obtained by means
of the full optimization. The equilibrium RHF energy ob-

For larger basis sets our results show larger differencet®ined by means of the full optimization is equal to

compared to the results of Mason and Tranter for their ex-—150.837%,

tended basis set. We studied the dependendg,pbn the

while correction to MP2 provides
—151.257%,, after full optimization. The relative energies

quality of the basis sets in more detail, varying not only basigire given with respect to the RHF equilibrium energy. The

size but also augmenting bases with polarization function
Apart from the D95 and D93 basis sef§ which are stan-
dard for GAUSSIAN92/94 we used the triple zeta ba¥isug-

schanges in the torsional angleare carried out with the rigid
geometry which corresponds to the geometry used in Ref.
16. No partial optimization at different torsional angles has

mented withd-polarization function with exponents 0.85 for been carried out and thus the RHF energies reported cannot
oxygen, and as an extended basis set the atomic basis bg regarded as the values corresponding to the proper
Huzinagd’ with all GTOs uncontracted and again aug- minima of the potential. Figure 5 shows that our SDE-RHF
mented withd-polarization function with exponents 0.85 for results for hydrogen peroxide and the earlier results by Ma-
oxygen. The latter basis contains 84 basis functions for hyson and Tranter are quite close for comparable basis sets

TABLE II. Hydrogen peroxide: SDE-RHF values &,/10~%° E;, for various basis sets and various torsion
angles. In the second column the values from Ref. 16 are given when available. The first value corresponds to
the 6-31 G basis and the second to the extended basis set from Ref. 16. The relative erteggid&,, are

given with respect to the RHF equilibrium energy.

Angle Mand T 6-31G  6-31& D95 D95 * TZ TZ** (10s,6p;1d)

30° -—-140~1.46 -1.813 -2.077 -—2.235 -2.666 —2.588 —2.295 —2.205
AEgue=0.0187

60° -0.98~1.12 -1.281 -—-1548 -1601 -1.703 -1.855 -1.717 —1.781
AEgus=0.0127

90° 0.68/070 0.868 0.940 1.041 1.083 1.093 1.109 0.923
AEgu==0.0082

120° 1.92/2.08 2.513 2.928 3.151 3.357 3.435 3.377 3.147
AEgu==0.0068

150° 1.64/1.78 2.155 2.551 2.720 2.933 2.968 2.921 2.820

AEgye=0.0074
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though our results are in average about 20% higher. The CIS-RHF: tensor components of E,, for H,0,
electronic potential energy is also given as a function of the and their sum, 6-31G basis.
torsional angle. It is interesting that the dependence of the
total Ep,, on the dihedral angle exhibits additional crossing of
zero, apart from achiral limits defined by the geometry of the 100 n2 A
molecule itself. However, it must be stressed that there are A -
no physical reasons determining zeros of Hyg values at 50
chiral geometries. It is therefore instructive to study the s
structure of the totak,, in more detail in the following
section.

150+

"E)
14
14

0 @OOO0,000 00000000

E./(10
a

-50 o a .., B-states.

0O E.
. . 0 ul O E.",B-states.
C. Effect of mutual cancellation of diagonal -100— o m @ A E, Astates.

m
components of the E,, tensor for H ,0, fppo? - tal &,
-150 T 1 T 1

We discuss here an effect, which can be found in both 0 45 90 135 180
the CIS-RHF and in the SDE-RHF frameworks, but has been (a) o/degrees
previously overlooked: the effect of mutual cancellation of
the diagonal tensor componentskf,. The totalE,, enter- _ _
ing both(33) and (55) is a composite quantity which carries and their sum, D95™ basis.
only one spatial index: it is the index of the vector compo- 200
nents of the momentum operators and of the angular momen LA
tum operators of the electrons in the molecules. We now “
show that the reason for the existence of the “strange chiral
zeros” of the totalE, lies in the mutual cancellation of the
diagonal tensor components &, , the effect which is
clearly seen in both CIS-RHF and in SDE-RHF formalisms,
though these different formalisms give order-of-magnitude -
different values for both the tensor components and the total
values ofE,, . ) "mppoD"

The diagonal tensor componerlisv for hydrogen per- -200 ‘ | ‘
oxide are well above 10'E,, which is two orders of mag- 0 45 90 135 180
nitude greater than the typical figure accepted before, (b) a/degrees
10" *E,. However, the total value oE,, is only about _
10719Eh: which is one order of magnitude lower than the E.IG. 6. H,O,. The dependences on the dihedral gngle are sh(z);/vn .for the

. iagonal tensor component valugy, (squarey E} (circles, andEgy (tri-

values of the d'agonal tensor components, because of COQﬁgIe& as well as for the total values @&, (solid ling). Only states of
siderable mutual cancellation of the diagonal tensor compoeertain symmetry contribute to separate tensor componBrtates: teE
nents of theEpv_ and E?Y and A-states: toEg. (a) The method is CIS-RHF at the 6-31G

As we see from Figs.(ﬁ) (CIS-RHF at 6-31G leveland level. (b) The method is CIS-RHF at the D95 level.
6(b) (CIS-RHF at D9%* ) and Table I, the tensor compo-
nentsE'p'v are always different from zero at chiral geometries.
They vanish at achiral geometries. The components may Since the ground state is & symmetry, the excited
have different signs. states ofA symmetry contribute only t&Z; and the excited

At the standard orientation of the coordinate system usedtates ofB symmetry contribute only tcE;;é and E‘,;},’ . The
by GAussIAN92/94 (see Fig. 2, the main competing compo- numerical results are in perfect agreement with this selection
nents areey; andEgy while theEJy component is almost two  rule (this is illustrated in Table C1 of the PAPS
orders smaller than these large components. lages of  supplemerif). )
the coordinate system is directed along the O—O bond and Figure 7 illustrates the convergence of IEE-V with the
the dihedral angle between two molecular plafesO—O increase of the number of the excited CIS states included
and O—O—H idisected by thegg Oz plane. The only symme- into calculation by showing the dependence of the tensor
try element for a nonplanar geometry of hydrogen peroxidecomponents on the number of excited states included for
is the rotation by angler about theC, symmetry axis(z ~ 6-31G and D95* basis sets at dihedral angle 120°. One sees
axis). The CIS excited states, which must be triplets to makehat the convergence is good in the case of 6-31G basis and
a nonzero contribution t&,,, are either oA or B symmetry  excellent in the case of D95 basis.
in the C, point group. The calculations which have been carried out with the

It is, however, clear that this symmetry operation doesD95** basis set allowed us to trace the hydrogen contribu-
not alter the sign of the component of the momentum op- tions. We found that both in CIS-RHF and, of course, in
erator and changes the signs obitandy components. Simi- SDE-RHF formalisms the hydrogen contributions are at least
larly, there is no effect oC, transformation on the com-  four orders of magnitude smaller than those from oxygen.
ponent of the angular momentum operator whilexisndy  Figure 8 illustrates this fact. The typical order of magnitude
components change their signs. of the tensor components is 1#E,, while for oxygen it is

CIS-RHF: tensor components of E,, for H,0,

A

#/(107E,)

0 E.” B-states.
O E,,", B-states.
A E, 7, A-states.
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CIS-RHF: convergence of tensor components of E,, CIS-RHF: contributions of tensor components of E,,
for H,0, (6-31G basis, 120 degrees) for hydrogen in H,0, (D95**, 120 degrees)

O XX-component of E,, (B-states)
O YY-component of E,, (B-states)

O XX-component of E,, (B-states)

44 A O YY-component of E,, (B-states)
A ZZ-component of E,, (A-states) a

e sum of components

ZZ-component of E,, (A-states)
= sum of components

E./(10°E,)

E./(10°E,)

-200—

80— —— 1 ——————

0 20 40 60 80 100 120 140
number of excited states

(a) number of excited states

CIS-RHF: convergence of tensor components of E,, ) ) ) ]
FIG. 8. lllustration to the oscillatory character of the series of perturbation

for H,O, (D95**, 120 degrees) theory for hydrogen contributions to tensor component,gfas functions
200 M XX-component of E;, (B-states) of the number of the excited CIS state, included into the CIS-RHF calcula-
©  YY-component of E;, (B-states) tion for the D93* basis set150 point3. Note the scale chosen for hydro-
R @ ZZ-component of By, (A-states) gen contributions which is three orders of magnitude smaller than the one
2001, —— sumof components for oxygen contributions in the previous figures.

of the first and the second rows of the periodic table the
relativistic correction can be neglected. The cubic overall
dependence o results from thez®? dependence of the
Coulombic wave function at the nucleus and #1& depen-
dence of the derivative of this wave function at the nucleus
0 20 40 60 8 100 120 140 together with a factor oZ which enters the expressiqt6)
(b) number of excited states for the electroweak charge, derived on the basis of the stan-
dard modef~® For molecules it has been argued in Ref. 12
FIG. 7. HZO2j lllustration to the very smogth character of the convergencey o+ the matrix element of the leading parity violating term
of perturbation theory for separate diagonal tensor componé&ffs . .
(15), taken now between molecular wave functions, acquires

(squarey EyY (circles, and Efy (triangles. The method of calculation is

CIS-RHF, dihedral angle is fixed at 1208 The basis set is 6-31@b) The  an additional factoe?Z?. The latter is the ratio of the matrix
basis set is D95 . element of the spin-orbit coupling to the excitation energy.
Such a ratio is exact only for a hydrogen atom and is subject

_ S . to be influenced by the screening of the electrostatic potential
18
10 Eh- The oscillations are negllglble on the scale of the, lectron at m%ﬁ.’73'74WI ile this iti | factor

in many-e
E,, for oxygen atoms. . L
pv . . decreases the matrix element of the parity violating weak
The effect of the mutual cancellation of the diagonal party g

. . interaction(15) by at leastz? in the case of molecules com-
tensor components d,, is also clearly seen in the frame-

work of the SDE-RHF formalism. Figure 9 shows the behav—pared with atoms at the sang it is believed” that with
ior of the tensor components as the dihedral angle varies. For
illustration we have chosen the 6-31G basis set, which makes
the picture directly comparable with previous work. The ten-

sor components are very well separated even within SDE-
RHF calculations, respecting the chiral geometry of twisted 150 : 3
conformations of hydrogen peroxide. They become zero only | —— total E,, (enlarged)
at achiral geometries. 100

E-/(10E,)

SDE-RHF: tensor components of E, for H,0,
and their sum, 6-31G basis.

50—

AAAAA
A

D. Study of H ,S,

o
Epv(cm) /(1 O-zth)

wi
. . o s .
1. Introductory discussion of the Z dependence of = H\%g ©-6-0-0-0 £ 0.0-0-00 00 0 &
=3 uj o
Epv wr .50 Bo Ul momm o - L4
An important property of the matrix element of the par- - .
. . . . . . . -component of £,
ity violating interaction(15) is its dependence on the charge ~100 ® YY_ComZonem oE. 2
Z of the atomic nucleus. & ZZ-component of Ey,
: : -150 | T | 3
As has been shown in Ref. 62, the matrix element of the o 45 % 135 18

parity violating weak interactiofil5), taken between atomic
wave functions, has 22 or slightly stronger dependence on
Z, if one takes into account relativistic correction. For atomsriG. 9. Tensor componenk,, within SDE-RHF for HO,. 6-31G basis set.

o/degrees
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TABLE IIl. Hydrogen disulphide: SDE-RHF values tﬁpv/(lo’20 E,) for various basis sets and various
torsion angles. In the second column g, values, obtained from Ref. 16 at the 4-31 G level are given when
available. The relative energiésEg,-/E, are given with respect to the RHF equilibrium energy.

Angle Mand T4-31G  4-31G 6-31G 6-316F D95 D95*
30° ~134.0 ~145.140 -195.136 —187.806  —160.391 —171.606
AEgye=0.010 07
60° ~136.0 —147.880 —196.446 —188.254 —161.876 —171.873
AEgye=0.003 12
90° —44.9 -49.158  —65.389  —63.498  —52.715 —56.568
AEgye=0.000 00
120° 49.7 53.185 67.896 62.4458 58.756 59.699
AEgye=0.001 93
150° 67.2 72.375 92.725 86.358 79.000 81.154

AEgue=0.005 72

increasingZ this additional factor brings an approxima&@  from the intervals defined as 1.48®.061 and 1.445
dependence on top of the known atordit dependence. +0.048, respectively.
We study here the effect of increasi@gn the value of The two values for thé&;; component and for the&
Epv by comparing hydrogen peroxide,8, and hydrogen component are the same within the standard error. The ratio
disulphide BS, over the whole range of the dihedral angle. and the exponent for tHéyp\% component, which is two orders
Our study differs from an earlier otfeby the method of of magnitude smaller than the other components, are subject
calculation(both SDE-RHF and CIS-RHFand by consider- to large fluctuations and the value obtaineds2.233
ing the tensor character of titg,,. Indeed, there are ranges *0.395, cannot be considered to be a reliable result. One has
of the values of the dihedral angle at which the values of thaalso to note that the detailed comparison of the ratios of
total E,, for hydrogen peroxide O, and for hydrogen dis- tensor components values and of their logarithms over the
ulphide HS, cannot be compared meaningfully becausewhole conformational range practically excludes from con-
within these ranges the tot8l,,’s for these molecules have sideration the molecular asymmetry factgt®!**®and at-
different signs. In Ref. 16 the comparison was done by plottributes allZ-depending enhancement properties to the single
ting the totalE,, for hydrogen peroxide 0O, and for hydro-  quantity, to the exponent of the moleculaiE,, .
gen disulphide KS, on the same graph but at scales differing
by factor 2=32. This generated the impression that for the o
total E,,, there is even greater thari-fold increase. Thus the 2- Total E, and its diagonal tensor components for
authors of Ref. 16 concluded that the ratio of these values i§/252 i SDE-RHF and in CIS-RHF formalisms
“... above the expected® ratio, which remains exceeded... We have employed the same geometry of th&;Hs in
over the major part of the dihedral-angle range.” This wasRef. 16. The S—S and S—H bond lengths were taken equal
perhaps the reason which lead some authors to state that055 A and 1.352 A, respectively, agd-S—Hbond angle
there is everz® amplification opr\,.89 These assumptions equal to 92.09see also Ref. 90 for a detailed spectroscopic
are erroneous. investigation. The dihedral angle has been varied over the
As we have discussed, the tof}, should not be used same range with the same step as for hydrogen perckige.
for deriving the dependence ah What must be compared values, along with those obtained in Ref.)16re summa-
are the tensor components. These components give verized in Table Il (more complete data can be found in
stable ratios over the whole conformational range for theTables C3 and C4 in the PAPS supplem@rhe latter con-
dihedral angle, from 0.0° to 180.0°. As more accurate ClStaining tensor componentsThe corresponding changes in
RHF calculations show, th2 exponents of ratios are always the electronic potential over the conformational range con-
less than 5.0, but larger than 3.0. sidered are taken from calculations with D95basis sefthe
We shall refer to this as th&**° law. Hence our task is last column in Table Ili. As is seen from the second and the
to establish the value of, which carries all the molecular third columns in Table Ill, our SDE-RHF results for hydro-
amplification effects in absence of an external field, whilegen disulphide at the 4-31G level are in agreement with the
the exponent 3.0 is an atomic effect as was shown in Ref. 62esults obtained by Mason and Tranttnwhere these are
We will show below that at the standard orientation of available. The remaining difference of about 10% is to be
the Cartesian coordinate axésg. 2) the values of the ex- attributed, as in the case of hydrogen peroxide, to the pos-
ponents are 4.4080.061 for theE; component and 4.445 sible difference in the methods of evaluation of the electro-
+0.048 for theEé\Z, component. The latter two components static potential for spin-orbit coupling. All the high-quality
are the largest components, they essentially determine thgasis sets used, 6-31G, 6-3TG D95, D95*, give the
value of the totaE,, and the extent of their mutual cancel- maximum SDE-RHF values d&,, for hydrogen disulphide
lation is very high. Therefore for thE}; component and for at 40° (217.43% 10 *%E;,, 6-31G basis while the 4-31G
the Efy component the molecular exponettiakes the values  basis gives the largest value at 50° (162808 *°Ey). The
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H,S,: total E,, and tensor components in CIS-RHF and
total E,, in SDE-RHF vs. torsional angle; 6-31G basis.

E~/(107E,)

FIG. 10. Hydrogen disulphide, 6-31G basis set. For CIS-RHF, the Egjal
(full line) and the tensor componerE%v, i=x,y,z, are shown as functions
of dihedral angle. For SDE-RHF, only the dependence of the Egtadn the
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dihedral angle is showfdotted ling.

gain inEg, due to the improvement in the quality of the basis

set within the SDE-RHF formalism is about 34%.

The application of the CIS-RHF method to hydrogen
disulphide brings a substantial increase in the té&igl of
about a factor 4 at 40° for the 6-31G basis set, 8.271
X 10718, for CIS-RHF versus 2.17410 €, for SDE-
RHF. The results are visualized in Fig. 10, when CIS-RHF
results are compared to SDE-RHF resifable C5 in Ap-
pendix C of the PAPS suppleméhtontains a complete set
of numerical data The CIS-RHF perturbation series for the
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CIS-RHF: ratios E, [H,S,J/E;,H,O.]
and their logarithms, i=1,2,3; 6-31G basis.
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Epy for hydrogen disulphide reveals smooth convergence atiG. 12. The ratiosEy[H,S,1/Ep[H,0,], i=x,y,z, and their logarithms
the CISfrozen corg/6-31G level of theory. As is seen from calculated with the 6-31G basis sé) by the CIS-RHF methodb) by the

Fig. 11, the series converges at about 50-60 excited stat®

E-RHF method.

included in the calculation. The excitation energy is there

just half of its maximum. Therefore the CIS-RHF results on
hydrogen disulphide are considered as relia@lthin the
method useld TheEg; value of —2.710< 10 ''Ey, at 100° is

E./(10”E,)

FIG. 11. The CIS-RHFKfrozen core, 6-31G basis $gterturbation series for
the E, for hydrogen disulphide reveales smooth convergence at abou
50-60 excited states included in the calculation, where the excitation ener

H,S, in CIS-RHF: convergence of E,, values
and energies of excitations; 6-31G; 60 degrees.

M E” —2.0
o E."
4000 & s £ /
—_— /
“‘mm ot . / 15
_| atoen posssyereraggosasont
2000 i Wi

number of excited states

reaches about a half of its maximum value.

excitation energies in E,

so far the largest known figure obtained within a reliably
tested procedure. The tota},, value of 8.27X 10" 18E, ex-
ceeds by more than a factor of 2 thg, obtained in Ref. 28
when scaled to a single sulphur atom.

3. Epy for H;S, versus E , for H,0O,

We are now set to undertake a quantitative check of the
739 amplification law within the CIS-RHF procedure. As
already stated, the quantitative comparison of the tBal
through the logarithms of their ratios is not possible, because
there are ranges of the torsional angle whereifeof H,S,
and thek,, of H,O, have different signs. For the tothl,’s
obtained within the CIS-RHF method this range is approxi-
mately from 85° to 95° while for the SDE-RHF method such
a range is much larger, between 75° and 105°.

In contrast to this, the tensor componert,,, i
=X,Y,z, have definite signs in given conformational ranges.
The ratios of theE'p'\,, i=x,y,z, for H,S, and for HO,
within the CIS-RHF method and the corresponding loga-
rithms are shown in Fig. 18). The stability for the leading
FSC andE; components is outstanding. The ratio & is

the very narrow interval 21.1680.915 (logarithm
=4.403+0.061). For theE[] the ratios are within 21.794
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+0.734 (logarithre 4.445+0.048). The results on tHE%\’,' SDE-RHF: tensor components of E,, for N,O,
component should be disregarded, since they are ratios of and their sum, 6-31G basis.

small numbers which are two orders of magnitude smaller 150 L,
than for the leading=y; and Efy components. Indeed, the — total E, (enlargec)
deviation of the results foE}} is large: the ratios are within 100 Le st °o L2
the interval 39.056 11.910(logarithms are within the inter- s

GO o R

val 5.233+0.395. Table C6 of the PAPS suppleméhton- s
tains a complete set of numerical data. 0 grm,m SN A\ Y
For purposes of comparison we present in Fig(bl2 N - -
(numerical data in Table C7 of the PAPS supplerfférihe -50] 5 = -1
ratios and the corresponding logarithms, obtained within the \@—./ SN
SDE-RHF formalism. The general trend in comparison with -100 ® %
the CIS-RHF results is that the values are much less stable | o | 3
and they are scattered over wider intervals. For the leading 0 45 0 135 180

Epv and Egy components one gets, respectively, the ratios (5 o/degrees

within the intervals 31.2591.699 and 33.0961.780, and

the logarithms within the intervals 4.964.077 and 5.047 CIS-RHF: tensor components of E;, for N,O,
+0.077. For the smalled} the ratio and its logarithm are and their sum, 6-31G basis.

most scattered: the intervals are 33.964.223 and 5.028
+0.414.

We find, by means of the direct quantitative analysis of
the mean values of the tensor components of the parity vio-
lating interaction, that the exponeidtin the molecularz
dependence oE,, never reaches the value 3.0, and most
probably is well below 2.0. Our most reliable results ob-
tained on the basis of the analysis of the leading tensor com-!
ponents provide the following values éfwithin the reliable
CIS-RHF procedure: 1.4330.061 (from the data orEgy;
and 1.445 0.048(from the data orEy), which is the same
within the confidence interval¢Table C6 of the PAPS 90 120
supplemertf). (b) a/degrees

The SDE-RHF method gives the somewhat hlgher Val_FIG. 13. NO,. (a) Diagonal tensor components Bf, in the framework of

ues of 6 on the basis of the analysis of the leading ensoly,e spE-RHF approach for the 6-31G basis set. On the scale of variation of
components: 1.9640.077 and 2.04%0.077. These values the tensor componentmarkers the totalEy, (solid ling) is negligible. This
are very close to 2.0. However, the dependence of the makustrates the highest degree of the mutual cancellation of diagonal tensor

lecularE... on Z comes from the ratio of the matrix element components oE,, in zero external field(b) The same as irfa) but for
pv CIS-RHF formalism. The axes definitions are as follows:axis goes

of the spin-orbit (_:OUp“ng to the excnqnon eneféy]’ht_a through nitrogen atoms whilé andZ axes bisect dihedral angles for each of
dependence of this matrix element @nis determined, in  the oxygen atoms belonging to different N@roups. It is clear that eithef

particular, by theZ dependence of the electrostatic potential.axis orZ axes can be chosen as the main symmetry axis.
While such a potential behaves Z@#r at the nucleus, it is
just Z%r=1/r outside the core. Therefore the mean value of
the electrostatic potential exhibits son® dependence, of the mutual cancellation of the diagonal tensor component
whereo is a number between 0 and 1. That means that the ), for N,O, is astounding. This is illustrated by the SDE-
pure Z? dependence of the spin-orbit matrix element holdsRHF evaluation of the tensor components at the 6-31G level.
only for hydrogen, while for the many-electron atoms it is As is shown in Fig. 13 the componenEp'V easily reach
somewhat weaker: onlg!*?, 0.0<¢<1.0. Our CIS-RHF 107 !8€, while after summing them up one ends up just with
calculations indicate that~1.5 and hence a plausible value 10 2°E,,. The higher extent of the mutual cancellation is
of 0~0.5. The maximum valuer=1.0, which would be connected with the higher symmetry of this molecule, the
consistent with the SDE-RHF results, is not considered to béull point group isD, in comparison withC, in the case of
plausible. hydrogen peroxide. The higher symmetry is also reflected by
the fact that the tensor components change abruptly near 90°
_ i while their sum, the totak,,, behaves quite smoothly, Fig.
E. Tot_al Ep, and dlggonal tensor components  Ej,, for 13@ (numerical data in Table C8 of the PAPS
N2, in both formalisms supplemerff). The coordinate axes for this molecule are de-
In order to try to utilize th&3"?, 5~1.5, dependence of fined so that thé axis goes through nitrogen atoms whife
theE,, one might look at BO,, which consists of “heavy” andZ axes bisect dihedral angles for each of oxygen atoms
atoms only. One can expect an increase of the ov&gll belonging to different N@ groups. It is clear that eitheY
value which will be proportional to the increase in chargeaxis orZ axis can be chosen as the main symmetry axis.
and to the number of the heavy atoms. However, the extent Employing the CIS-RHF formalism for the evaluation of

E.//(107E,)
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CIS-RHF: convergence of the perturbation theory teratomic distance factor which is to compensate the advan-
for E., of N,O, at 50 degrees, 6-31G basis. tageousz3*?, §~1.5, dependence of totd,,. Since all
100 _ atoms contribute to the tot&,,, the table lists all separate
=== The excitation energy " s atomic contributions and the overall contribution for the
0] uf given geometry and for the given basis. The overall value of
> the totalEp, is expressed through the atomic values of two
g S nitrogen atom&y, and of four oxygen atomgg,, according
S 2004 2 to the simple additive formul& =26y +4E,. Further-
= 5 more, even in the framework of SDE-RHF the toig), for
Wosol Y Contribution from N, 0.5 § the N;O, molecule vanishes only at achiral geometries, i.e.,
400 A ::t’;"éb“m"'mm O g only when the dihedral angle is equal to zero or it is an
,/ -~ integer multiple of 90°. Since both théaxis andZ axis are
500 | , | | 0.0 symmetrically equivalenteither of them can be chosen as
0 50 100 150 200 250 the main symmetry axjsthe component&}y and Ep; be-
number of excited states have practically symmetrically and cancel each other very

FIG. 14. NO,. lllustration to the convergence of perturbation theory for the Precisely as it is seen from Fig. 13 and Table C8 of the PAPS
total molecularEp, as well as for separate atomic contributions from N supplemenf.6 So, only theE;\)j component survives to pro-
(dotted ling and Q (dashed ling The method of calculation is CIS-RHF, \/ide the totalE.... For symmetry reasons, the parity violating
the dihedral angle is fixed at 50°, the basis set is 6-31G. ) pv o '
potentials at (90% «) and at (90% «) have the same mag-
nitude but the opposite signs.
the tensor components does not alter the qualitative behavior We found no dependence of the sign Bf, on the
of E,,. The same stepwise change at 90° takes place thougthoice of the basis set in the SDE-RHF framework. Again,
the maximum of theE,, increases and reaches 8.448the inclusion of the polarization functions seems to be im-
X 10" '°E, at 80° as is shown in Fig. 18). One reason why portant since for all the basis sets under consideration the
the totalE,, value is not smooth as a function of the dihedralinclusion of the polarization functions leads to better agree-
angle in the CIS-RHF framework could be that the perturbament ofE,,, values with the value obtained for the extended
tion theory shows weak convergence. This is illustrated inyasis set. While the simplest modification of the core func-
Fig. 14.Where it is seen that the number of CIS states iNgions for the D9%* basis decreases,, (compared to the
cluded into the current calculatid@50) is not sufficient for one for the 6-31&* basi3 the further uncontraction to

complete convergence. The reason for the 'relatively IOWI'Z** leads to a sufficient increase, close to the value for the
value of the totalEy, for N,O; may be that this molecule extended basis set. The heavier the atoms contributing to

possesses an unusually long N-N bond lendfv7 - _
+2 pn?Y). The resulting decrease of the intensity of the spin-EpV’ the more flexibility should be allowed for the core func

N . . tions when uncontracting them.
orbit interaction leads, in turn, to a decreaseEgy.

We have employed for our calculations Bf, the ab The example 0f3t+h§ b0, molecule shows that one can-
initio (MP2) geometry which gives the value of the N—N not just rely on theZ*™"“ dependence dE,, . Structural fac-
bond length as 178.6 piRef. 91, Table). The rigid geom- tors such as_ bond lengths can decrease or ev?(insfully com-
etries for the different torsional angles were otherwise fixed?€nsate the increase of teg, expected from th&™" " law.
at this geometry when systematically increasing the basidlevertheless, for the CIS-RHF method, for instarieg, for
size and varying the exponents of the GTO basis functions. R20s reaches 8.44 10" %, at 80°. Because of the mutual
would be desirable to go beyond the single-determinant agcancellation of the diagonal tensor componEfg for N,O,
proach for NO,.9%93 the total E,, for N,O, has its maximum value at 30° and

The values of totaE,, for N,O, in the framework of ~150°, reaching 5.57410 °E,, in absolute valu¢Table C10
SDE-RHF(Table 1V) are even somewhat less than those forof the PAPS supplemefij. In contrast to SDE-RHF results,
the H,0O, molecule. So one can speak of the competing inthis maximum totaE,,, obtained within CIS-RHF, is larger

TABLE IV. N,0,: SDE-RHF values oE,/10" 20 E, for various basis sets and various torsion angles. The total
parity violating energyE'p‘if of the N,O, molecule is expressed through atomic contributi&ﬁ$ and Epov as
follows: EL‘G=2E§V+ 4E§V. At 0° and 90° all atomic contributions vanish identically because of symmetry

reasons. More complete data are in Table C9 of the PAPS suppléReint76.

Angle at.and mol. 6-31G  6-3IG D95 D95 TZ TZ* (10s, 6p;1d)

30° N 0.130 0.261 0.490 0.414 0.271 0.163 0.136
(0] —0.407 -0.531 -0.539 -0.519 -0.518 —0.563 —0.551
N,O, —-1.367 —-1.603 -—-1.177 -—-1.248 -—1530 —1.926 —1.932

60° N 0.089 0.233 0.374 0.382 0.230 0.137 0.110
(0] —0.387 -0.494 -0.538 -0487 -0.492 -0.545 —0.535
N,O, -1.369 —-1.511 -—-1407 -1.185 —1.508 —1.904 -1.921
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than the corresponding maximum toEy, for hydrogen per- state structure is simple at all torsional angles and thus
oxide. should be amenable to CIS-RHF calculationsEgy. How-

ever, the conformational range of chiral geometries between

sets of achiral geometries covers only 60° in this case for
F. Analysis of the limitations of both formalisms symmetry reasongisregarding other distortiopslt seems

Both the CIS-RHF and SDE-RHE formalisms are Sub_that this introduces an aIm.ost cylindrica[, effectively .achiral,

ject to limitations for certain molecules due to their complexSyrnmEtry for the electronic wave function, as \_NZ% find that
electronic structure or because of geometrical effects. que values OTEP" are very sma_ll(apout O.]z<10_ Ep a_t
shall discuss here briefly some of the limitations with theM©S? depending erraticallyeven in sigh upon basis set size
sequence of molecules,8,, C,H,, C,Hs. For a full account e}nd compu_tatlonal method although the behawor as a func-
of numerical results and the relevant detailed discussion ifio" of torsional angle is smooth for any given theoretical
connection with these we refer to Appendix B in the PAPSmethOd' It seems that the appr_oaches are noF adequate to
supplement® The equilibrium geometries of all three mol- calculate such small values &, in a stable fashion.
ecules are achiral, however, vibrational excitation and distor-
tion from equilibrium generate chiral geometrigszor eth-
ylene we have carried out calculations Bp, as a function o ) )
of torsional angleq, which are comparable to those of Refs. G. Numerical illustration to the single-center theorem:
12 and 16. While we have reproduced the earlier results anla’lethane
extended them to larger torsional angles and to CIS-RHF, the Due to the specific structure of E1) and due to the
improvement achieved over previous results are only modvector properties of the angular momentum, only those ma-
est, because both types of formalisms are inadequate, cerix elements of the electroweak effective interaction and of
tainly at large torsional angles close to 90°. One finds genthe spin-orbit interaction survive which arise from different
erally a smooth rise ok, and a sudden jump to similar atomic center$? The matrix element® (A k|u’ (A),v' (A))
values of opposite sign when crossing the transition state andA (B,k|»"(B),u"(B)) in Egs.(46) and(47) confined to
90°. While the behavior in CIS-RHF is somewhat smootherthe same centerA=B) give contributions tds,, which are
and more realistic, we still consider it inadequate. At 90° themutually canceling each other during the summation over the
7 and 7* orbitals become degenerate and the two determivector indexk in Eq. (44). The statement is exact if one uses
nants for the ground statbAg and for the doubly excited a minimal basis set, as the only contributionig, in the
state 1A;‘ , (m)%2—(7*)?, have to be combined into the case of a minimal basis set comes from matrix elements with
wave function ofD,4 symmetry, thus requiring a multicon- A#B in Eqg. (44). This was called the ‘single-center
figurational wave functiod*® Ethylene is clearly a case theorem”!? Animmediate consequence of this is that a mol-
where one must go beyond both the CIS-RHF and SDE-RHIEcule, possessing a single heavy atomic center, will have
approaches in order to obtain relialiig, at large torsional  zeroE,, in the minimal basis set or perhaps a sntgj| for
angles close to 90°. An interesting finding from the CIS-RHFan extended basis set. Larggy, arise in molecules with
calculations for small angles is that all tensor componentsnore than one heavy atomic center. This consideration is
have the same signs in this case and there is no cancellatigrrticularly valid for SDE-RHF wave functions.

of their contributions. At a torsional angle of 30° tkg, for It is instructive to provide a numerical example for the
SDE-RHF is 2.&<10 2°E,, and for CIS-RHF it is 3.1 case of extended basis sets in order to illustrate the single-
x 10" 2°E,, (both for D95* basis set center theorem and to trace the actual reduction ofEhe

For acetylene we have carried out calculations at struceue to the absence of another heavy atomic center. From the
tures similar to those for ethylene, but with two hydrogensphysical point of view, the single-center theorem reflects the
removed. These structures are far away from the equilibriunmature of the perturbation of the otherwise highly symmetric
geometry of acetylene but also qualitatively comparable ta€Coulomb MO wave function by the spin-orbit interaction.
H,0O, and thus useful for various comparisons. In SDE-RHFWe have chosen methane for the numerical illustration. Two
calculations with various basis sets we find a smooth behawiighly distorted geometries were chosen which might be re-
ior of E, as a function of torsional angle over the full con- garded as arising in highly excited vibrational states of the
formational range for one enantiomer. The value at 30° isnolecule. None of the angles were changed in comparison
3.0x 10 2°E,, and reaching a maximum in absolute value atwith the symmetric geometry of methane but the bond
60° (—3.6x10 2%, both with D95* basis sét These lengths were varied by 0.1 A for the first geometry chosen
values are comparable to those fosQd4 and ethylene at and by 0.2 A for the second one.
similar distortions and level of calculations. There are zero  The SDE-RHF results for these two geometries are col-
values forE,, in acetylene at torsional angles correspondinglected in Table V. One sees that even for the most distorted
to chiral geometries(see Table C14 in the PAPS second geometry the reduction of the tog), against the
supplemerif). Although there are no particularly artificial “normal” SDE-RHF value of about 10%°E,, is between 2
features observed iBp, , because of the electronic structure and 4 orders of magnitude. A similar statement is valid for
of acetylene being even more complex than that of ethylenghe CIS-RHF results, Table VI. However, while the relative
neither CIS-RHF nor SDE-RHF results are expected to beeduction of the totakE, is again large and the values ob-
close to definitive values. tained must again be considered as negligible compared to

Ethane shows a different problem. Its electronic groundthe scale of typical values for the CIS-RHF, the absolute
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TABLE V. Methane: SDE-RHF values d&,,/10 % E,, (note the order of
magnitudé for two geometries. Bond lengths for geometry I: CHL.1 A,
CH,—1.2A, CH—1.3A, CH—1.4A. Bond lengths for geometry II:
CH,—0.7A, CH—09A, CH—1.1A, CH,—1.3A.

Geometry Atom 6-316"  D95** TZ** (10s,6p;1d)

[ C —-0.066  0.002 0.248  —0.001
H, -0.004 0011 -0.048  —0.067 H
H, 0.018  0.010 0.136 0.164 A
Hay -0.034 -0054 -0.117  —0.130 H <
H, 0017  0.017 0.032 0.033 E ~ H
total -0.069 -0.014 0.251  —0.001 H - C 1n.C i
I C -15.262 58.720 1157.144  837.415 ~N—"] / |
H, 5.016  6.689 3.883 —0.033 |
H, -6.190 -7.111 —2.259 1.994 H H
Has 3.133  3.525 3952 -1.036 H
H, -0.667 -1.365 —1.548 0.708
total —13.97  60.458 1161.17 839.048

FIG. 15. The geometry df-alanine used in our work is the same as in Refs.
16-19, 31, and 32 and corresponds to the neutron scatteringRifta06.
The torsional angle¢ is formed by the carboxylate plane and the
C,—CQ, —H plane.

CIS-RHF value of theE,, for the single carbon atom in
methane reaches the scale of typical SDE-RHF values.

We present these results for methane here, as thetgolecule for which the magnitude &f,, might perhaps play
seems to be no previous numerical analysis of the singles yole in evolutionary homochiral selectin*®although this
center theorem and also because of the fundamental nature §{ou1d not be viewed too naively. Alanine also possesses
this hydrocarbon molgcule. However, it should be madekinetically stable enantiomers o, point symmetry. Be-
clear that the results in Tables V and VI cannot be underzayse of its much greater structural complexity, the chiral
stood as definitive numerical values for the correspondmgbropertieS forL-alanine are not expected to be as simple as
parity violating potentials in methane. This is clear from thefor the molecules considered before and three qualitatively
lack of convergence with basis set size as well as withyifferent areas of,, behavior around each of functional
method. It is also clear that the single-center “theorem” forgroups are foreseen. The geometryLedlanine used in our
SDE-RHF in the case of CIS-RHF is reflected as a relativelyyork is the same as in Refs. 16—19, 31, and 32 and corre-
weak rule by still rather small values &, although much sponds the neutron scattering data, obtained in Ref. 96. The
larger than with SDE-RHF. These might still increase withg|ectronic potential folL-alanine is plotted in Fig. 16 as a

further improved calculations, thus opening the possibility tofynction of the angle formed by the carboxylate plane and
look for the corresponding effects from parity violation by a

spectroscopic experime’r‘ﬁ.
L-alanine (6-31G basis set): E,, in CIS-RHF

and electronic potential from various methods

H. Alanine
L-alanine(in the zwitterionic structure shown in Fig. 15 0013
is an example of a relatively large, biologically important 1. )
~ —0.01
TABLE VI. Methane: CIS-RHF values df,/10” % E,, (note the order of W R uf
magnitud¢ for two geometries. Bond lengths for geometry I: GHL.1 A, ":o_ 2] _é_
CH,~1.2A, CH—-13A, CH-14A. Bond lengths for geometry II: 5 T
CH,—0.7A, CH,—0.9A, CH—-1.1A, CH,—-1.3A. W | 0.005
—— SCF-potential
Geometry Atom  6-316&F D95** TZ** (10s,6p;1d) MP2-potential
-------- MP3-potential
2+ —-- - CISD-potential
[ c 1737.174 —312.765 —2298.618 —123.412 | 00
H, 2.435 3.158 7.372 3.581 ' ! ! ' ' :
0 30
H, 0689 —9.041  —0.011 0.538 %0 10 10 1%
Hs 0.501 0.763 0.007 4.286 ¢/degrees
H, 0.414  —3.500 —5.896 0.236
total 1741.21 —321.385 —2297.15 —-114.771 FIG. 16. L-alanine. Total values d&, within the CIS-RHF formalism are

shown as functions of dihedral angle, as defined in Fig. 15, for the 6-31G
I c 10629.506 6173.423 —7515.298 —3613.838 basis set. The electronic potenti(¢) is calculated for SCHfull line),

H, —3.490 19.329 —2.799 0.627 MP2 (dotted ling, MP3 (dashed ling and CISD(dashed/dotted linemeth-

H> —49.423 —59.077 8.216 —4.517 ods. The qualitative behavior of the tofg), reflects the complicated struc-

Hs 25.842 20.257 5.222 10.200  ture of L-alanine better than the SDE-RHF results and has no pseudo-
H, —-21.675 —17.919 —3.343 —9.491 sinusoidal character. The changes in g dependence on the dihedral
total 10580.800 6136.010—7508.000 —3617.02 angle occur almost through steps of 30°, as it is expected from the relative

position of the functional groups ib-alanine.
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SDE-RHF: comparison of E,, for L-alanine SDE-RHF: comparison of tensor components of E,,
calculated in various work for 6-31G basis. of L-alanine for different basis sets.
37 — EPV,
ror — XX(6-31G)
X Mason&Tranter -
O Kikuchi et al. om—XX(D95™")
2 1o & e s YY(6-31G)
S & .o YYDOS™
—_ - - 7Z(6-31G)
8‘-'-': 1 - ZZ(D95™)
[
= o4
o ° 24 e
A X
X
2 — T Y | | | ‘ | |
0 60 120 180 240 300 360 0 60 120 180 240 300 360
¢/degrees pidegrees

FIG. 175 L—alakr)line.l DeandencedoLthel IOE’!LfV on the dihedral angle be- 1 15 | _ajanine. Dependences of the diagonal tensor comporigfjts
tween the carboxylate plane and the plane formed by theHCgroup and (solid lines, E}Y (dotted line, andEy; (dashed lingson the dihedral angle

C,—CG, bond, is compared for the SDE-RHF results at the 6-31G Ie"el'between the carboxylate plane and the plane, formed by theHQ@roup

obtained in this work(thick solid ling in the work by Mason and Tranter - . ! .
. . . and G,—CG, bond, are compared for the SDE-RHF results, obtained in this
Esqeljarlez (crosses and in the work by Kikuchiet al. (Refs. 31 and 3p work from two different basis sets: 6-31G and D95

the G,—CO, —H plane. The data for these potential functionsE,, at its maximum is a factor of 4 larger with CIS-RHF than
are obtained with the 6-31G basis set at SCF, MP2, MP3with SDE-RHF. The qualitative behavior of the tof], for
and CISD levels of theory. All four functions are in qualita- L-alanine calculated by CIS-RHF is also distinctly different
tive agreement with each other. We shall investidggjgas a  from the SDE-RHF resultsE,, no longer exhibits the
function of the torsional angle within the SDE-RHF and thepseudo-sinusoidalrotamerlikg dependence on the rotation
CIS-RHF approaches. angle. At the same time the character of the changes of the
We have systematically investigated the dependence ofalues of the totaE,, calculated in CIS-RHF corresponds
the totalE,, for L-alanine on the basis set within the SDE- more to the intuitive view of the effects of the presence of
RHF approach and reproduced earlier restfits®3132 the different functional groups in the-alanine molecule as
As far as the previous work is concerned, we found thaillustrated in Fig. 16. On the other hand, the smaller oscilla-
our results for the 6-31G basis set are essentially the same tigns inE(¢) cannot yet be considered definitive, because
the results of the earlier work with the same basis'®8f these first results show a relatively slow, not quite satisfac-
Figure 17 illustrates this statement. Minor differences up tdory convergence for the 250 CIS excited states, used for the
about 20% can be attributed to the possible differences in thperturbation theory. The latter number of CIS excited states
evaluations of the electrostatic potentials for spin-orbit couds the technical limitation o6AUSSIAN92/94 The character of
pling as discussed above. the weak convergence of the CIS-RHF perturbation theory is
While the totalE,,, obtained in previous work and in shown in Fig. 19, which illustrates that even at 250 CIS
our work for different basis sets, shows little deviations fromexcited states some of the highly excited states give still
pseudo-sinusoidal behavior and never shows differences iappreciable contribution to the overall value of thg,.
sign, the diagonal tensor componeﬁ‘g, i =X,Y,X, calcu-
lated for 6-31G and DZ basis sets show opposite signs,
keeping though the zeros of tHg,, approximately at the IV. DISCUSSION AND CONCLUSIONS
same angles. This is shown in Fig. 18. (i) The new CIS-RHF approach to electroweak quantum
The next step is to verify whether enlarging and improv-chemistry has been implemented both analytically and nu-
ing the basis set affects the overdd), behavior forL-  merically and leads to a change of the order of magnitude of
alanine in the SDE-RHF approach. We have taken the sant@e total parity violating potentidt,,. The question whether
sequence of the basis sets as for small molecules arriving ifhie old SDE-RHF formalism is adequately quantifying the
the end to atomic basis sets which are the most extendedolecularE,, has been raised already by Hegstrenhal. ...
bases at our disposal. Table VII shows thg, values ob- but what is very surprising is that the calculated values are
tained within the SDE-RHF approach fbralanine. Our re- much smaller than expected on the basis of scaling argu-
sults are close to those obtained by Mason and Trdreed ~ ments alone, which predict ... T8E,, for twisted ethylene
we rule out the contradictory results by Kikuatial3 fora  and 10 g, for dialkyl sulphide” (p. 2339, Ref. 12 The
family of special basis sets. But the latter conclusion is valicthew CIS-RHF formalism provides 18°E,, for the totalEp,
only within the SDE-RHF approach and must be carefullyand 10 g, for the diagonal tensor componerlﬁg‘JV for hy-
reconsidered at the CIS-RHF level. drogen peroxide, which is certainly nearer to the truth but the
The CIS-RHF calculations made dralanine utilized — scaling arguments witlE,,~GrZ*a® (from Ref. 12 with
the same geometry as SDE-RHF evaluations. The results areodification toZ dependence obtained in our workill sug-
shown in the last column of Table VII. The absolute value ofgest further improvement.
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TABLE VII. L-Alanine: SDE-RHF values oEp\/lo’ZO Ey, for various basis sets and various torsion angles,
compared to CIS-RHF resulfiast column, 6-31 G, not fully converged, for further CIS-RHF results see Table
C17 in the PAPS suppleme(Ref. 76].

Angle  6-31G  6-31G* D95  D95* TZ TZ**  (10s,6p;1d) CIS-RHF
0° -1.403 -1.067 -1.660 —1.346 —1431 -1.405  -1.321 5.701
10° —1462 —1.072 -1827 -1533 -1656 —1.670  —1.636 4.118
20° -1.392 1023 -1.843 -1584 -1.737 -1773  -1.781 ~0.695
30° -1.175 -0.881 —1.655 -1458  -1.610 -1645  —1.670 ~2.664
40° 0794 —0601 -1256 —1.129 -1230 -1.245  —1.260 1.602
50° -0.266 —0.177 -0.671 -0.614 -0.610 -0.601  —0.593 4.685
60° 0.335 0.334 0.021 0002 0156  0.180 0.207 3.824
70° 0.892 0.825 0708 0675 0920  0.944 0.974 3.800
80° 1.292 1.188 1.283  1.249 1532  1.550 1.560 6.616
90° 1.467 1.343 1663  1.650  1.886  1.896 1.871 5.839
100° 1.406 1.265 1792 1.811  1.934  1.937 1.874 5.864
110° 1.144 0.975 1.647 1695  1.690  1.690 1.606 3.885
120° 0.740 0.547 1252  1.323 1230  1.239 1.165 3.120
130° 0.264 0.076 0.686 0784  0.659  0.694 0.664 4.473
140° —-0.218  —0.347 0.005  0.196  0.007  0.143 0.173 3.942
150° —0.660 —0.674 —0.548 —0.347 -0.462 -0.365  —0.282 1.467
160° —1.032 -0.900 -1.068 -1.170 -0.911 -0.811  —0.698 1.519
170° 1312 -1.043 -1.478 -1.447 -1272 -1.197  -1.085 6.264
180° 1485 —1.130 -1765 —1.622 -1551 —1.524  —1.443 4373

(i) The converged numerical results obtained here foenantiomeric energy difference corresponding to perhaps a
hydrogen peroxide show the unexpectedly great difference dew Hz due to thez3®* ¢ law of amplification ofEpy.
Epv values calculated in the CIS-RHF framework and in the (i) As known previously and reproduced here the total
SDE-RHF framework, about 20 times larger in the CIS-RHFE,, shows “strange” zeros at chiral geometries. We have
formalism. The maximum value obtained for hydrogen per-provided here an understanding of this phenomenon by the
oxide is in the CIS-RHF framework 3.66110"*°E, (DZ**  analysis of the diagonal tensor componentsEgf. The
basis set which amounts to an energy differendeE,,  analysis revealed that each of the diagonal tensor compo-
=7.322¢10" **E;, between the ground states of enantiomersnentsE!, strictly follows the symmetry of a molecule and is
of this light molecule in zero external field. Molecules, con- generally different from zero at chiral conformations both in
taining atoms with greater nuclear chargemay have an the CIS-RHF and in the SDE-RHF formalisms. We have
presented results on the systematic dependence of parity vio-
lating potentials on the molecular geometry foy33, H,S,,
alanine, and further examples. The tensor contributE)';;,s
have always definite sign within the given conformational
10 range and they are fully characterized by the symmetry prop-
. erties of the excited states used for perturbation of the ground
state. Each of the tensor components is described by a self-
conjugate operator and is therefore an independent observ-
able. The contributions of these tensor components are some-
times another order of magnitude higher than the t&tg|
and are of the order of 1%, even for hydrogen peroxide.

(iv) The packages OfFORTRAN routines ENWEAK/

CIS-RHF: separate atomic and total molecular E.,
for L-alanine, 6-31G basis.

S 'y o8 e Nitrogen
1 . C-alpha
4 C-beta
o3

10 o RHFSDE-93and ENWEAK/RHF-CIS-94 (see Appendix A in the
o PAPS supplemeff), which have been developed for this
-15 | | | T | work, allow easy change of the basis set and include by
0 50 100 150 200 250

default the data for the basis sets used in this work. They run
in combination with commoaab initio MO programs, in cur-
FIG. 19. L-alanine. For CIS-RHF formalism, the total moleculgy, (solid  rent implementation witleAUSSIAN94/92 Both packages use
line) is plotted together with separate atomic contributions ifp (see the electron—nucleon weak interaction but SDE-RHF and
figure legend for specification pfgrath’he figure |I!ustrates the relatively CIS-RHF wave functions, respectively. The SDE-RHF code
slow convergence of the series of the perturbation theoryEgrof L- . .
alanine in the framework of the CIS-RHF theory for the maximal numberfor Epv takes no more than a few minutes of CPU time for a
(250 of the excited CIS states, used for the calculation. The high density o/DEC Alpha or an IBM/RS to get one value &f,, even for
electronic states, which is about 88" for L-alanine at the 6-31G level in large basis sets. Due to the much more complicated structure

this energy range, 5.3 times larger than that for hydrogen peroxide, suggest¥ the CIS wave functions for excited states. the current ver-
that the strong convergence of the perturbation theor.falanine might be !

formally reached somewhere at 1200 or 1300 CIS-excited states included iﬁion of Our_CIS'R_HF code is prere_SSively more expensive
calculation. and slow with an increase of the basis set and of the number

number of excited states
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of the excited states included in perturbation thefloy  ally realized in a practical biochemical system. At present we
about a factor of 30 for D#* basis set and frozen core GIS consider the question of thde factd® (i.e., by chancever-

(v) For all SDE-RHF evaluations we used 6-31 G andsusde legé® (i.e., deterministig selection of a specific ho-
6-31G™*, DZ and DZ*, TZ and TZ2*, and (18,6p;1d) mochiral biochemical system to be completely open. Abdus
basis sets. The detailed SDE-RHF evaluations with these b&alam has even proposed abiotic de legeselection of
sis sets were carried out for small molecules in distortechomochirality>¢-3’
structures: GH,, CH,, CHg, N,O, and CH. Including Further theoretical and experimental insights into parity
polarization functions allowed us to systematically recoverviolating potentials in polyatomic molecules may help to re-
hydrogen contributions. They have been found to be a fewgolve this question in the future. We have argued that, in
orders of magnitude smaller than those from heavy atoms faprinciple, in the presence of a proven bias, theelegehy-
both the CIS-RHF and the SDE-RHF formalisms. pothesis would be the “better guess,” but a very weak guess,

(vi) Our systematic investigation of the effects of nuclearindeed, with very little certainty at presefitThe trend to-
chargeZ on parity violating potentiaE,, in molecules leads Wwards largerAE, in the present calculations might also be
to a quantitativez®* ? amplification law in the CIS-RHF for- favorable to possible laboratory tests of the effecA&,, on
malism with 5~ 1.5. However, in addition we found that this the evolution of biochemical homochiralffyif ever labora-
amplification is to some extent counteracted by larger bondory experiments on the evolution of life become available.
distances in heavy molecules, for which the comparison of In a completely different context the present effort to-
C,H, and NO, provides an excellent illustration. Of course, wards quantitative calculations d&,, in molecules may
further details of electronic structure can play an importanprove useful as well. If quantitative measurementsEgj
role as well. become available to be compared with truly accurate calcu-

At the present stage, we cannot claim that the results dgtions of the same quantity from electroweak quantum
our extended CIS-RHF calculation provide definitive nu-chemistry, then some fundamental tests of the electroweak
merical results forE,,, not even for the relatively simple theory and the standard model in particle physics might be-
molecules considered here. However, a firm summarizingome feasible in the realm of molecular physics. While such
conclusion from the present investigati(xee also Ref. 48 a result is Surely still far ahead, our work is intended to
is clearly that the parity violating potentials are frequentlyOPening routes towards such investigations.
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