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Understanding parity violation in molecular systems
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Parity-violation energy Ep,) due to weak nuclear interactions between nucleons and electrons in chiral
molecular systems provides a fundamental tool to verify our understanding of electronic behavior in complex
systems. We used both a relativistic and a nonrelativistic approach to study a number of simple molecules and
analyze the correspondingp, in terms of intuitive electrodynamic concepts. We developed a qualitative
model to predict the sign d&py and its behavior against selected geometric distortions. Our model provides a
valuable tool to screen large sets of molecules and select interesting candidates for more expensive investiga-
tions.
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. INTRODUCTION offers the possibility of decomposirfge,, into terms due to
pairs of atoms and is generally easier to interpret. We hence
Parity violation energy Epy) induced by weak nuclear used the relativistic approach to provide reliable estimates of
coupling in a number of molecular systems have been stud=,, and the nonrelativistic approach to guide our interpreta-
ied in recent yeargRef.[1] and references therein and Refs. tion of the computed values.
[2—19) and references therein due to the possible influence In Sec. Il we summarize the methods used for the com-
on biochirality [1-7] and to the desire of detecting experi- putations and we focus on the interpretation of various terms.
mental evidence of parity violation in a chemical environ-In Sec. Il we study a class of molecules for which the com-
ment[8-12. In all the molecules examined, however, the putedEp, is particularly easy to interpret and we introduce
estimatedEp, is several orders of magnitude smaller thanour model. Finally, in Sec. IV we generalize our model to
current experimental resolutiqd1,13. The estimates avail- describe contributions t&p, from individual chiral centers
able for bioorganic molecules are too small to induce signifi-and hence to generic chiral molecules.
cant values of enantiomeric excess under plausible condi-
tions for naturally occurring prebiotic material.
Due mainly to the computational cost, most of the studies
focused on restricted sets of small molecules near equilib- A. Relativistic approach

rium geometry. To our knowledge, there have been no re- The parity-violation energy is, to first order, the expecta-

ports of Epy computations for typical catalytic centers in- tion value of the parity-violation operatét, [17,20
volving transition metals and only one report regarding P =

transition state geometrig44]. This is partly because it is Epv=(T[H,| V). (1)
not practical to screen many large compounds or reaction
pathways. It is thus important to develop an intuitive under'Operatoer describes the weak neutral interaction of the

standing of which systems might exhibit high value<€af, . electrons with the nucleons and has the form
To this end, we studied a few simple molecules and devel-

oped a qualitative model to predict and understand the be- G
havior of Epy against geometric distortions and group sub- H.o=—" 5 (1 2
stitutions. P22 % Quayion(r). @
There have been two main approache€tq computa-
tions in molecular systems. The first and more rigorous apwhere the sum is over all electrohand nucleiN. G is the
proach is based on relativistifour componentswave func-  Fermi  electroweak  coupling  constant  (2.22255
tions [17,20,2] whereas the second and more approximatex 10-24 a.u.), 1° is the Diracy® matrix which is propor-
approach uses nonrelativistione-componeftwave func-  tional to the chirality operatorpy(r;) is the normalized
mates were published for molecules containing atoms aghich is positive for all nuclei except hydrogen and is
heavy as bromine and pairs of atoms as heavy as sulfur. lihyghly proportional to the number of neutrorts, is the
these cases, the two approaches typically yield results of thg,clear-spin free operator. Although there are additional
same sign and magnitude, indicating that even the nonrelgsarity-odd terms, their contribution is less important and they
tivistic treatment contains the essential physical terms reyre ysually neglected in molecular computations.
sponsible folEp,. While we expect the relativistic treatment
to be numerically more accurate, the nonrelativistic approach

Il. GENERAL METHOD

B. Nonrelativistic approach

From a nonrelativistic wave functiofp, is estimated as
*Corresponding author. the second-order perturbative energy due to the coupling of
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spin-orbit(SO) and parity-violation(PV) Hamiltonians[24].  orthogonal and it is possible to couple the SO induced mo-
These are given by the expressibns tion with the PV Hamiltonian.
g2 The nonrelativistic PV Hamiltonian gives a negative con-
Hso:7 2 Zulri— Ryl 20y (ri—Ry)Xpi 3) tribution to the energy Wh'en t.he canqnlcal momem;m.mf '
iN an electron on a nucleus is aligned with the electronic spin.
By estimating the direction of the SO induced momentum
Gr for each possible spin orientation it is possible to predict,
Hpy=— E Qw,nipi- o7, o(ri =Ry}, (4) often without any computation, the sign Bpy for a given
4\/§mec i,N o .
molecule. Considering how the induced momentum changes
with the geometry we can estimate which configurations or

where 8 indicates Bohr magneto nuclear charge . . .
B 9 T gemme which molecules are likely to have higher valuesky, .

electron massg; the speed of lightr andp electronic posi-
tion and momentumg the vector of Pauli spin matrices, and

Ry is a nuclear coordinate. The explicit form fBpy, is 2. Computational details
We report the computational details necessary to repro-

2 > Re(<a|HPv|J'><J'|Hsda>)’ (5)  duce our results.

h {Fa Wja Geometriesvere optimized UsinGAUSSIAN 94[26] at the
) . MP2 level with Dunning’s cc-pVDZ correlation consistent
wherea and] refer to ground and excited state wave func-pasis sef27,28 on the lighter atoméaug-cc-pVDZ on halo-

Epv=

tion, respectively, and wj, is an energy difference. gens and O). For atoms heavier than Ar we used Stuttgard
_ [28,29 or Los Alamos[28,3( effective core potentials and
1. Interpretation corresponding doublé-quality basis set. In order to simplify

Both the relativistic and nonrelativistic parity-violation the treatment, geometries for the molecules in class A de-
hamiltonians change sign under an improper rotation. In parscribed in Sec. Ill were optimized imposing local symmetry
ticular, they change sign undéthree-dimensionalspatial ~ on each fragment. For instance, in the fragment @HC-H
inversion and under reflection in a mirror plari&,, is thus ~ bonds were constrained to be equivalent. Unless otherwise
nonzero only for chiral systems and it has opposite sign fogpecified, the bond distances and angles were then assumed
corresponding enantiomers. to be independent of the dihedral angle and equal to the

Epy depends on the weak char@gy, y of the nuclei and optimal values. For instance the O-O-H angle g4 was
hence on the atomic numbgg,. This dependence has been held constant at 98.832° even though this value is optimal
estimated theoretically for atoms & [24] and for mol- ~ only for a dihedral angle of 118.382°.
ecules aZy [23]. The computed scaling appears to be be- Relativistic B, were computed using the program
tween these two extremes, depending on the system exarRIRAC [31] with Dirac-Coulomb Hamiltonian and Gaussian
ined. See Ref[1] and references therein for a more detailednuclear-charge distribution. We verified on the molecules
discussion of scaling. For our discussion it is sufficient toH202 and BiHFBr that neglecting two-electron integrals be-
note that heavy nuclei contribute morefig, than light ones tween small component functions alters the compued
and that hydrogen gives negligible direct contribution. by less than 0.3%. We thus chose not to include these inte-

For each electron and each nucleus, the SO term lowei@als for the results reported in this paper. The large compo-
the total energy when the angular momentum of the electroR€Nt basis set was uncontracted cc-pV(@#g-cc-pVDZ on
about the nucleus is antiparallel to the electronic spin. Givemalogens and O) [27,28 for the lighter elements and the
a spin orientatior, the electron tends to rotate around eachcorresponding uncontracted Dyall basis $82] for the
nucleus with angular momentumaligned opposite terand ~ Neavier ones. To this basis we added one set of pghnc-
hence to have canonical momentynsuch that (—R)xp  tions obtained as follows. For hydrogen, mofunctions
has direction antiparallel te-. Notice that SO stabilization is added. For elements in the carbon rdworon to fluoring,
maximum when it is possible for the angular momentum tothré€p functions with exponents 8, 64, and 512 times the
align antiparallel to the spin. When the electron is con-ighterp exponent in the original cc-pVDZ. For elements in

strained to move on a fixed path, however, the direction of the silicon, germanium, and tin rogodium to xenop two p

may form an angle with. In this casep and o may be not functi_ons With_ exponents 8, and 64 times_the tightexxpo- _
nent in the original cc-pVDZ or Dyall basis set. For heavier

elements, n@ functions added. The small component basis
!Operator 3 does not include the two-electron part of the spin-set was obtained erm the_'afge component basis by the pro-

orbit operator. Based on the results in §&b] and on unpublished gram D'RAC_b_y restrlcted kinetic balance. . .
work by our group we expect this contribution to reduce the mag- Nonrelativistic . were computed using the internally
nitude of nonrelativisti€p, by approximately 30% without chang- devgloped prograraysmo[33] at the random phase approxi-
ing our qualitative interpretation. In the interest of clarity we de- mation (RPA) level based on Hartree FockiF) wavefunc-
cided to neglect such terms in the qualitative analysis. Two-electrofion. For the molecules in clags (Sec. Ill) we used uncon-
spin-orbit interactions are included in full in the relativistic treat- tracted cc-pVDZ (aug-cc-pVDZ on halogens and ~®
ment used to obtain quantitative results. Operator 4 was derivef27,28 augmented with tighp functions as described for the
from a Foldy-Wouthuysen transformation of operator 2. large component of the relativistic computations. For the
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TABLE I. Percentage contribution to tot&ls,, due to spin-orbit of ator\ coupled with parity-violation
on atomB for moleculesAH,,BH,,. In parentheses we report the percentage of each value due to the spin
component perpendicular to tfeB bond. The values reported refer to dihedral angles near the maximum
value of Epy. The actual angles used are 45° for @,, BH,NH,, BH,OH, and NHOH; 30° for
CH3;CH;, CH3;NH,, and CHOH; 135° for NH,NH, and OHOH; 15° for BHCH;.

SO BH, CH, NI OH
PV
BH, 48.39(99.5) 0.03(—% 49.61(98.9) 46.61(99.8)
CH, 0.84( 9 48.85(99.7) 55.56(97.7) 51.59(94.6)
NI, 45.17(99.8) 32.74(95.5) 48.65(85.1) 37.97(88.7)
OH 40.37(99.1) 24.21(86.4) 59.20(95.1) 48.17(96.3)

"Data not relevant since not referring to the main contribution to Epy . See the text for details.

molecules in clas8 (Sec. IV) the basis used was cc-pVDZ  We conclude thaEpy, for this class of molecules can be
(aug-cc-pVDZ on halogens and ®[27,28. studied focusing only on the coupling between the two heavy
atoms.

Ill. CLASS A: TWO HEAVY ATOMS AND HYDROGENS
A. BH,-BH,

ingW?V\?(;)nzligglrym g:)'ij:gt'ohne?\;d:tsjn?; m;)rl]%cu:]eysdfggéi'g' The simplest molecule we consider is BBH, with ge-
AH,-BH,,. Examples of molecules in this class are ometry reported schematically in FigstA) and 1B). The
BH,-CH;, CH3-OH, and OH-OH. The symmetry of these
molecules depends on the dihedral anglebout theA-B z 4 Hiltti,.., , B y A
bond. For certain special values ¢fthe molecules contain 1
symmetry planes and hence th&pg, must be zero. Upon
rotation of the dihedral past one of the special values, the
molecules transform from one enantiomeric form to the =By ¢
other, and hence thélitp, must change sign. We can thus use
symmetry to predict a minimal nodal pattern Bfy, as a -
function of the dihedral angle. y
Furthermore, since the hydrogen atoms have very small >
values of Q,, they contribute very little toEp, and the X A ® x
observed behavior will be particularly easy to interpret in
terms of the two heavy atoms and the directions of the
bonds. y
We report in Table | the contributions to the toEsl,, due
to the spin-orbit of one of the heavy atoms coupled with the
parity-violation term on the other one, as computed via RPA.
For example, the contribution arising from parity-violation
on N coupled with spin-orbit on O in NJDH is responsible
for 37.97% of the totalEp,. The parity-violation on O
coupled with spin-orbit on N in the same molecule accounts
for another 59.20%. These two terms combined account for »-
over 97% of the totalEp,. Similarly, in the molecule (&) x
BHZBHZOthe coupling betwe.en the tw(? B atoms accounts for o~ 4 - geometric description of BHBH,. (A) Orientation in
over 96/0. of the FOtaEPV (twice 48'3.9 7 Itis a_pparent tha_t three dimensiong3D). (B) Newman projection along the axis.
this contribution is by far the most important in determ_lnlng The dihedral anglep is positive for the configuration showtC)
the total value ofEpy for all cases except BZLQZHS' This Directions of the relevant vectors f@p, evaluation.(D) Angles
molecule, however, ha&py orders of magnitude smaller sed to estimatgpy. The vectors, andn, are eclipsed to the B-H
than the other molecules in this series. We will discuss lateponds and define the preferential directions for electronic momen-
why the fragment Ckl has special behavior towarpy.  tum p on nuclei B and B, respectively. Vectors, andl, are the
These findings are in good agreement with the single-centefirections of angular momentum relative tg Bnd B, correspond-
theorem by Hegstrom, Rein, and Sand&3], which states ing to motion alongn, and n;, respectively. They are given by
that for basis sets containing ontyand p atomic-centered |,=(Rg,—Rg,)*xn, and l,=(Rg,—Rg,)*xn;. The direction o
functions theEpy, contribution from SO and PV terms on the of the spin component in they plane is identified by the arbitrary
same center is zero. angled.

*y

(D)
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molecule has symmetry planes fg¢=0°, 90°, 180°, and i.e., to the terms arising from the coupling of PV on one

270°. SinceEp, must change sign at each of these speciahtom with SO on the other one.

values, we expect it to have periodicity similar to sig{2 The perpendicular component of the spin is treated as
Consider the effect of PV and SO on one electron at dollows. Spin-orbit coupling induces canonical momentum

time. Given an orientation for the electron spin, the PV ancdthat minimize the produdt - o at each nucleus. A given ori-

SO interactions induce it to move in certain preferential di-entation of the spin is identified by angkin Fig. 1(D).

rections. Namely, the PV term pushes the electron on th&ince the induced angular momentum with respect to each

nuclei in the direction of the spin whereas the SO termnucleus can only have directiohsandl,, it is expected to

moves it in such a way that its angular momentum withbe proportional to

respect to each nucleus opposes the spin. Since for a closed- _ _

shell molecule all the electrons are singlet paired, for each Lix—(l1- o)l1= —cogm/2+ p/2+ )1,

electron pushed in one direction there must be another elec-

tron with opposite spin pushed on the average in the opposite =sin($/2+ 0)ly,
direction, i.e., despite the motion of individual electrons, T L= / / |
there is no netobservablg current. Lo —(l- o)l —cog 7/2+ ¢l2— 6)1,
Based on the numerical multiplicative factors in the two —sin($/2— )1, ©)

Hamiltonians, we expect the SO term to induce most of the

motion and the PV term to have a much smaller contributionyhere  the symbol o« indicates sign-conserving-
The induced canonical momentywis expected to be larger proportionality, i.e., with positive proportionality constant.
when the electron is pushed toward regions with high-These correspond to canonical momenta on the opposite nu-

electron density and high polarizability and smaller when the;|ej with magnitude proportional to the magnitudelof
electron is pushed toward low-electron density regions.

Since for this molecule all valence electrons are in bonding P1<(Ly- )N ocsin( p/2— 6)ny
orbitals, we assume, in the first approximation, that they can B B
preferentially move in the directions along the bonds of the P2 (Ly- 1) nyecsin( p/2+ O)ny,, (7)

molecule. The net electronic momentynsontributing to the ) ) )
angular momenturh will thus be mainly along directions, ~ Tom which one obtaingsee Figs. (C) and 1D) for the
andn, in Fig. 1(C). The corresponding angular momerta orientations ofn, |, and o and for the angles used to de-
must be directed alon andl;. scribe then

For any given spin orientation, we can provide qualitative il
estimates of the motion induced by spin-orbit coupling and Lo SirP($/2+0),
of the quantitiesp- o and L- o. Based on the form of the o«

; . . L,- oo — sirP(pl2—

perturbative expression fdfp,, we estimate that the value 2 0% = SIN($/2= ),
of Epy for this particular spin orientation will be proportional

®

to the product of these two quantities. Since the PV Hamil- p;- o-gsin( ¢I12— 0)coq pl2— 6),
tonian includes a nuclear contact term, we only consider the B
motion of electrons going through the heavy nuclei. The ef- P2 oSN p/2+ 0)cog p/2+ 6).

fect of the hydrogens is that of orienting the bonds, and , o
hence the possible directions of electronic motion. According to Egs(3), (4), and(5), the average contribution

The final value ofEp, (independent from spin orienta- tq the energy is then estimated as the integral over all pos-
tion) will be proportional to the average over all possible SiPle values off of the product—(L- o)(—p- 0):
spin orientations of the producp{o)(L- o). _ (2=

We consider separately the effects of the components of Epy>*— [(Li+Ly)-o][—(p1+py)-o]do
the spin parallel to the B-B bond and perpendicular to it. 0

The parallel component of the spin cannot result in any

_ (27
net contribution tdEpy becauséA) the spin-orbit term leads o f [SirP( pl2-+ 0) + sirf(pl2— 6) ][ sin( pI2— 6)
to no electronic motion since all the bonds are perpendicular - 70
to any direction that would produce angular momentum par- « 12— 0)+ sin( b/2+ 6 12+ 6)1d o
allel to o, and(B) conversely, the PV term leads to motion cosé )+sin(é Jeosd ¢ )]
along thez direction which in turn cannot have any net an- *—sin(2¢) )

gular momentum with respect to the two heavy atoms. To

support this claim, we computed the RPA contributiofEtg  indicating that Epy, should have the functional form of

of the components of the spin parallel and perpendicular te-sin(2¢) and that, in particular, it should be negative for
the B-B bond. The parallel component accounts for 0.5% 0D°< ¢$<90° and positive for 90% ¢<180°. This is consis-

the contribution from the direct coupling of the two boron tent with the computed values as reported in Fig. 6. We stress
atoms when the dihedral angle is 45°. Thus, we only need tthe fact that our model predicts only the sign and the general
consider the spin components perpendicular to the B-B bondehavior ofEpy, . It does not predict its amplitude. The val-
We report in parentheses in Table | the percentage contributes plotted in Fig. 6 are scaled in order to ease the compari-
tion of the perpendicular component to the m&ig, terms,  son with the computed values.
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Although we expect the PV term to give extremely small  TABLE Il. Maximum values ofEpy (in 10 % a.u.) for the class
contribution to the momentum, the same kind of treatmenpf moleculesAH,-BH,.
can be applied after reversing the roles of the two Hamilto
nians. Fragment BH CH; NH, OH

The canonical momentum at each nucleus induced by the

PV t . i [t BH, 1.86 0.00 4,19 7.04
erm IS proportional to CH, 0.00 0.54 0.66 0.52
— — _ NH, 4.16 0.66 8.95 25.3
P12(Ny- )Ny COS B2 O)Ny, OH 7.04 0.52 25.3 66.4
ng(nz- o-)nzgcos{ 2+ 6)n,. (10
It follows that tion in the plane perpendicular t#&-C without preferential
o orientations. This being the case, we expect the; @Hg-
py- O coS(pI2— ), ment to behave like a fragment which is totally symmetric
B under rotation abouA-C, e.g., hydrogen, fluorine, or bro-
P, 0 COZ( pI2+ 6). (11)  mine. For molecules of the formH,-CHz, Epy must be

independent from the dihedral angle and hence must be iden-
The motion on each nucleus has angular momentum wittically zero, much like for nonchiral molecules.
respect to the other nucleus given by In practice, most of the times the C-H bonds are not iden-
. . tical. As long as they are roughly equivalent, howe\Ess,
Lyoc(py-ny)lyccog pl2+ 0)14, should be extremely small. As reported in Table Il, the com-
o o puted values ofEpy for these molecules are not zero, but
|_2;(p1. n1)|2§m5{ d12— 0)1,, (12) they are at least one order of magnitude smaller than for the
o o corresponding dimers. The maximum valueky, for mol-
hence ecules containing the fragment gldrovides an estimate for
_ the quality of our predictions.
L;- o —cog ¢/2+ )sin( ¢p/2+ 6),
C. NH,-NH,

Lo o = cod 2= O)sin( $/2—0). (13 The fragment NH has one lone pair of electrons, so we

The contribution to the energy is thus estimated as can no longer assume that the electrons can only move along
the chemical bonds. In fact, the motion in the direction of the
_(2m lone pair is likely to be important foEp, purposes because
Epvec . (p-o)(L-0)do lone pairs are generally more polarizable than bonds, so the
induced momenta are likely to be larger in the regions of
o lone pairs than in bonding orbitals. This claim is consistent
o — [coS(pl2+ 6) + coS(pl2— 6) ][ cod p/2+ ) with the trend reported in Table Il, although the same trend
- Jo could also be caused by the change in atomic number and in
: e _ equilibrium bond distance.
X sin(¢/2:+ 6) + cos $/2= O)sin($/2- 6)]d6 To estimate the sign dfpy, we take advantage of the fact
o« —sin2¢), (14) that groups with pseud€; symmetry do not contribute to
- Epy and that lone pair electrons are more polarizable near the
which shows that the two approaches are equivalent. nucleus than electrons involved in N-H bonds. As sketched
In conclusion, we find thatEp, is proportional to in Fig. 2, we regard the system with electrons allowed to
—sin(2¢) as predicted based on symmetry requirements. Unmove in the three directions of the N-H bonds and the lone
like the symmetry analysis, however, our treatment enablepair as equivalent, foEp, estimation purposes, to a system
us to make predictions on the sign Bf, .

-g+3-3-&
To a first approximation the fragment GHas three iden-
A) (B) (©) (D) (©)

tical C-H bonds with locaC5; symmetry. We are interested in

the component of the canonical momentum at the C nucleus

which is perpendicular to th&-C axis, i.e., in the component g 2. Geometric description of the NHragment. The system
yielding an angular momentum with respect to nucld@d it electrons moving in the three directions of the lone pair and
a PV interaction with the perpendicular component of theihe two N-H bonds(A) is regarded as a system with three bonds
spin. We call this component the perpendicular component afg), which does not contribute &y, plus a system with one lone
p, at nucleus C. According to our model, the canonical mo-pair (C), minus a system with one bor(®). The net sum is thus
mentum can have components along all three C-H bondsquivalent to the difference betweé®) and (D), which is qualita-
Hence, its perpendicular component can assume any diretvely equivalent to(C).
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Z “ HI/IIIIIIIMm....---N y “ VA “ HIIIIIIIIIIm. ,,,,,,, N , “
| o
Hy,,
H N H H e B~y |
v iy

H . ) | H |

| (A) ) X X (A) (B) X

yA :

= - © X ™  *
FIG. 3. Geometric description of NFNH,. (A) Orientation in FIG. 4. Geometric description of BHNH,. (A) Orientation in
3D. (B) Newman projection along theaxis. (C) Direction of rel-  3D- (B) Newman projection along theaxis. (C) Direction of rel-
evant vectors foEpy evaluation(D) Angles used to estimatgpy . evant vectors foEpy evaluation(D) Angles used to estimatgpy, .

Vectorsn, andn, are eclipsed to the nitrogen lone pairs. The vec-Note that the vectors ifC) and(D) are identical to the ones in Figs.

torsl; andl, are the directions of angular momentum correspondingl(c) and iD).

to motion alongn, and n,, respectively. Vectoro indicates the

direction of the spin. Note that the vectors(iD) and(D) are iden-  angle ¢ this case can be reduced to the BBH, already

tical to the ones in Figs.(C) and 1D). examined. As depicted in Fig. 4, choosirigas the dihedral

_ _ _ o angle between the nitrogen lone pair and one of the B-H

in which the electrons can only move in the direction of thehonds provides the same axis framework used in the previ-

lone pair. . _ ~ous examples and leads to a functional form proportional to
The system can be examined with the geometry deplcted S|n(2¢) In this case, symmetry requires ﬂ‘EﬂV Changes

in Flg 3 from which it is apparent that it must behave like Sign at 90°. The Comparison of calculated and es“mﬁm
the BH,-BH, system already examined. Choositgas the s given in Fig. 6.

dihedral angle between the two lone palts,, is expected to

behave like—sin(2¢). The plot with both computed and ex- E. AH,-OH

pected values OEpy, is reported in Fig. 6. Our model cap- _ )
tures the correct sign and shape of the curve. Notice that in 1h€ fragment OH can be regarded as having two equiva-
this case there is no symmetry requirementdpy to change '€t lone pairs and one O-H bond. Once again, we can ex-
sign around 90°, so the shape of the curve is not trivial. ploit the fact that these are interchanged u@rotation so

D. BH,-NH,

The ground state of this molecule is planar with a double  (A) — —
bond between B and N and formal charges+of on the
nitrogen and—1 on the boron. The electronic configuration
is similar to CH=CH,. To obtain a suitable structure to
investigateEp,, we used the singly bonded structure with one
lone pair on the nitrogen and one empiyorbital on the (B) = S
boron. To bias the system toward this state, the geometry was
optimized with the constraint that one of the B-H bonds be £ 5 Geometric description of the OH fragmeti) The
eclipsed to the nitrogen lone pair. The resulting bond disfragment with one O-H bond and two equivalent lone pairs is re-
tances and angles were then used for all dihedral angles. garded as the difference between a system with three bonds and
Similar to the case of NHNH,, using the fact that the three lone pairs and one with two bonds and one lone pair resem-

fragment NH behaves as if the only possible direction of bling NH,. (B) The same fragment is regarded as having stike
motion was along the lone pair, with a suitable choice of thgnot shown and onep-like lone pairs.
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that we only need to consider the difference between thith one lone pairle.g., NH,), except that the sign dEpy
behavior of lone pairs and bonds. must be reversed.

We formally decompose each OH group into a fragment  Alternatively, one can regard the OH fragment as having
with three lone pairs and three bonds relateddayrotation  ones-like and onep-like lone pairs with thep-like pair per-
minus a fragment with only one lone pair in the direction of pendicular to the O-H bonfsee Fig. 8)]. In this case the
the OH bond see Fig. $A)] and two bonds. In other words, motion should be preferentially in the direction of thdike
the spin-orbit induced motion in the two lone pair regionslone pair andEp, should behave as-sin(2¢) when the
has the same effect towak},, as the motion that would be angle ¢ is measured with respect to tipdike lone pair. In
induced in a lone pair in the O-H bond region with its signagreement with the first approach, this amounts to
reversed. Each OH is hence expected to behave as a groupsin 2(w/2+ ¢)]=sin(2¢) when the dihedral angle is mea-

2.0 10.0 T T T T T T T T
15k 8.0
6.0
1.0
4.0
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FIG. 6. Computedsolid lineg and estimateddashed linesEp,, for molecules of the series AFBH,,, as a function of the dihedral angle
¢. The estimates were scaled to ease the comparison with the computed values.
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2 A equilibrium B-B-H value of 122° confirm this behavior.
r Likewise, for the case of B-B stretching, we expEgt, to be
proportional to the electronic momentum induced by spin-
orbit coupling due to one nucleus measured on the other
nucleus. This momentum should decrease with the distance
between the nuclekp, should then decrease with the B-B
stretching and eventually vanish at infinite distance. This be-
havior is also consistent with the computed values.
Similar arguments, however, do not hold for systems con-
x taining lone pairs. For molecules like OH-OH the stretching
(S)-AsHFBr of the O-O bond is invariably associated with a change in the
direction and polarizability of the lone pairs. In fact, unlike
y A H vy A H BH,-BH,, OH-OH must have nulEp, by symmetry for both
Ro.0=0 and forRq.o=0°. Therefore Epy, cannot be mono-
tonic and we cannot predict its behavior near equilibrium
distance.
— Similarly, our model does not help in predicting the be-
havior against stretching of th&-H bonds.

FE AS g

<y

2n/3
F(8-) uH IV. CLASS B: SINGLE CHIRAL CENTERS

e -
L L
X

X

We are now in a position to extend the same reasoning
(S)-AsHFBr T~ NH,OH with ¢=-2m/3 used in the previous section to molecules containing a single
chiral center. Examples of molecules in this class are CHF-
FIG. 7. Schematic view ofS)-AsHFBr. The partial negative CIBr, ASHFBr, and PbFCIBrl. In this case the chirality of the
charge on fluorine polarizes the electron density on bromine. Oufolecule is defined by a rather stiff bonding configuration so
model predicts this molecule to be qualitatively equivalent toinstead of predicting the behavior B, against some geo-

NH,OH with a dihedral angle of 2/3. metric parameter we can only predict its sign and occasion-
ally determine which of two similar molecules should have
sured with respect to the O-H bond. larger values. _ _ _

In the case of OH-OH, each one of the OH fragments Consider the molecules in the serigddFBr, with X
reverses the sign, so the sign does not changeEagcbe- —N» P, As, Sb, and Bi. We expect most of ti&y to
haves like—sin(24) when ¢ is taken as the dihedral angle ¢0me from the coupling of Br witlX. In fact, except forx
between the O-H bonds. =N, X and Br are the two heaviest elements in the mol-

In conclusion, our model predicts a behaviorE, like ecule. The BrX RPA contributions t(fpv. for PHFBr and
sin(2¢) for BH,-OH and NH-OH and like —sin(24) for AsHFBr are 84.3% and 91.1%, respectively. In the case of
OH-OH. For this to hold, the dihedral angle must be meaNHFBr, Br is much heavier than any other element in the
sured with respect to the B-H and O-H bonds and the, NH molecule and is bound directly to N. Although the coupling

lone pair. of Br with itself accounts for 43.5% of thgp,,, the coupling
The comparison of prediction and computation is reportedVith N is the second largest term with 36.8%. It is notewor-
in Fig. 6. thy to observe that in this case the single-center the¢23h

does not hold due to the presencedo&nd higher angular
momentum basis functions on the bromine. It is straightfor-
ward to generalize our reasoning to the coupling of PV and
In order to validate our model, we investigated the behavSO on the same center. We find, however, that this term
ior of Epy against simple geometric changes. depends strongly on the polarization of the basis set. For
Each stretching and bending of chemical bonds is assocexample, the parity violation of Ne in an asymmetric point-
ated with larger changes in electronic configuration than argharge field was computed to be positive with cc-pvVDZ,
generally expected for the case of rotation abeubonds. negative with cc-pVTZ, positive with cc-pVQZ, and nega-
Nevertheless, our model should indicate the general behavigive with cc-pV5Z and cc-pV6Z. We hence focus, for the
of Epy at least for the simplest systems. In particular, in thetime being, on the coupling between adjacent nuclei.
case of BH-BH, we can control the direction of motion of The electron density around the bromine atom is roughly
the electrons by changing the hydrogen’s positions. symmetric with respect to the-Br axis. The first-order dis-
According to the model, for instancEpy, depends on the tortion from the symmetric configuration is due to electro-
product ofn with the component of the spin perpendicular to static and overlap repulsion interactions with the ligands of
the B-B bond. Therefore, everything else being constagg, X, namely, H and F. Of course, one expects F to have a
is expected to increases when the direction of motion of thartial negative charge, so the bromine electrons will polar-
electrons(vector n) moves away from the direction of the ize to reduce the density eclipsed with the fluorine. As a
B-B bond. The computed values in a neighborhood of theconsequence, the bromine atom should behave like an O-H

F. Stretching and bending
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TABLE Ill. Comparison of computed and estimated results.

Molecule ComputedEpy, Prediction
(1078 a.u.)
(R)-NHFBr 11.3 Epy>0; |Epy|>|Epy(CHFCIBY)|
(R)-PHFBr 21.2 Epv>0; |Epy|<|Epy(SHOBI)[;
|Epv|<|Ep(PHFSeH)|
(R)-AsHFBr 139.4 Epy>0
(R)-SbHFBr 301.5 Epy>0
(R)-BiHFBr 7099.3 Epy>0
(R)-SHOBr 91.7 Epy>0; |Epy|>|Epy(PHFBY)
(R)-PHFSeH 49.9 Epy>0; |Epy|>|Epy(PHFBY)
(S)-NHCIBr -17.9 Epy<0; |Epy|>|Epy(CHFCIBY)|
(S)-CHFCIBr —4.9 |Epyl <|Ep(NHFBY)|; |Epy|<|Epy(NHCIBI)|
(S)-PCH;FBr -35 Epy<0; |Epy|<|Epy(PNH;FBr)|
(S)-PNH;FBK™) -73 Epy<0; |Epy|>|Ep(PCHFBI)|

aSe-H eclipsed to P-F.

fragment with the hydrogen eclipsed to the fluorine, as demolecules (S)-PCEFBr and (S)-PNHFBr*. Since NH in-
picted in Fig. 7 for the case of=As. duces stronger polarization on the bromine than;Chle

So, (S)-AsHFBr is expected to havépy, of the same sign  expect|Ep(PNH;FBr*)| > |Epy(PCHFBT))|.
as NH,OH with a dihedral angle between the nitrogen lone  As a further test, we compared NHFBr and CHFCIBr. In
pair and the O-H bond of 2/3. Hence, the model predicts this case, H is partially positive whereas both F and Cl tend
Epy<0. By contrast, (R)-AsHFBr should haveEp,>0.  to be partially negative. In the case of CHFCIBr, the effects
These predictions are consistent with the computed valuesof Cl and F tend to cancel each other, one giving a positive

Alternatively, one could consider the distortion due to thecontribution toEp, and the other giving a negative contribu-
possibly positive charge on the H. This pulls the electrontion. The final sign oEp, is determined by which of the two
density on bromine to be eclipsed with the X-H bond. Hencedominates and requires quantitative estimates. It is extremely
Br can be regarded as an hfragment with the lone pair jikely, however, that the cancellation will result in absolute
eclipsed to the X-H bond. According to this modé®)-  values forEp, smaller than for either NHFBr or NHCIBY.
AsHFBr would then haveEp, with the same sign as  We report a summary of the predictions made and the
NH,-NH, with a dihedral angle between the lone pairs of computed values for a number of molecules in Table Ill. Our

—2m/3, so we predicEp,<0. Since in this particular case model works for all the systems considered.
electrostatic interactions with both F and H yield the same

sign of Epy it is irrelevant which of the two dominates. V. CONCLUSIONS

According to our interpretation, the bromine atom in
PHFBr is qualitatively equivalent to an OH group with the By analyzing the parity violation energyEgy) in chiral
O-H bond eclipsed to the P-F bond. For a more guantitativénolecules in terms of an approximate Hamiltonian, we de-
comparison, consider the isoelectronic molecules PHFBr andved a qualitative model to predict its behavior. Our model
PHFSeH, with the Se-H bond eclipsed with the P-F. Thes shown to be successful for all the molecules we consid-
distortion of the electronic distribution should be qualita- ered, lending credibility to our interpretation &p,,. Our
tively equivalent, resulting irEpy of the same sign. It is conclusions are the following.
reasonable to expect that the presence of the Se-H bond dis- By and large it is qualitatively correct to assume tBa{,
torts the electronic distribution more than electrostatic effectés due to the coupling of spin-orbit and parity-violation
around the Br. Except for the extra hydrogen, the bond disterms, as implicitly assumed by the nonrelativistic approach
tances and angles in the two molecules are fairly similar, sbEq. (5)].
we expect PHFSeH to have largép, than PHFBr. For most molecules, the leading terms contributing Qg

To further verify our reasoning, we compared the mol-are due to spin-orbit and parity-violation interactions with
ecules PHFBr and SHOBr. The two molecules have the samgeighboring nuclei, respectively. Exceptions to this rule may
electronic configuration. The S-O bond, however, is formallybe found for systems containing one atom which is much
polarized as $-O~, so the oxygen should carry more nega- heavier than its neighbors, like NHFBr, and systems with
tive charge than the fluorine. We expect the oxygen atom textremely smalEpy, like BH,-CHs.
induce stronger polarization on the bromine, resulting in a Systems containing lone pairs tend to have larggy
larger magnitude oEp,. In fact, the two molecules have than systems with only bonding orbitals.
Epy Of the same signpositive for (R) form] with Ep,, for Epy is determined by the local environment about each
SHOBr larger that for PHFBr. nucleus. This includes bonding configuration and electro-

A similar effect is observed between the isoelectronicstatic interactions with the rest of the molecule.
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The approach we propose requires no computations and @irrently in progress and will be the subject of future

based on intuitively simple concepts such as canonical mgpublications.

mentum of an electron and charge density. Since it is derived

from qualitative considerations, it is intended only to
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