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Parity-violating contributions to nuclear magnetic shielding
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A gauge-invariant formalism is developed to describe the effect of parity-violating weak-nuclear interactions
on nuclear magnetic chemical shift in molecules. Such effect is computed for two moleculeabwifiio
techniques and it is found to be orders of magnitude smaller than experimental resolution for the molecules

considered.
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[. INTRODUCTION choice, their sum is gauge independent for sufficiently large

basis sets. This formalism was implemented within the

Electroweak theory predicts two enantiomers, i.e., twoframework ofab initio response theory and numerical esti-
molecules which are the nonsuperimposable mirror imagegates are reported for two molecules.
of each other to have different energy and response proper- Recently, we became aware of work reported previously
ties due to parity-violatingPV) weak-nuclear interactions by Laubender and Bergét5] which is partly reproduced by
between the molecular electrons and nuclephs3]. Al- our present work on hydrogen sulfide. The results obtained
though this has been known for some time, the differenceere are in good agreement with those of the autfitis
between a molecule and its specular image are so small that In the following section we present the formalism, in Sec.

no clear experimental observation of PV for such systemdl/l we show that the sum of diamagnetic and paramagnetic
has been reported to date. terms is independent of the coordinates origin, in Sec. IV we

Formally, parity violation is due to a few terms in the provide technical details needed to reproduce our computa-

nonrelativistic reduction of the PV weak-nuclear Hamil- tions, and in Sec. V we report and discuss the results.
tonian for the molecule. These terms contain dot products

between a spin vector and a momentum vector, hence, they Il. FORMALISM

are pseudoscalars and reverse sign upon inversion of the co- ) o
ordinates, i.e., they violate parity. The leading PV contribu- Ve focus our attention on the PV Hamiltonian term con-

tion to the total energy arises from a term containing thd®ning the nuclear spirior magnetic momeitbut not the

electronic spin. This term alone was used extensively in re€l€Ctronic spin. In fact, this term can be used directly to

cent years to predict PV effects on vibrational speptra7]. d(_ascribe the coupling qf nucl_ear spins vx_/ith each other and
In fact, most of the experimental effort towards molecularWVith external magnetic fields, i.e., to predl_ct the PV effect on
PV detection was focused on the spectroscopic observatidfMR parameters, most notably the chemical shifand the
of PV induced vibrational frequency shifts for a few chiral COUPIiNg constants, [13]. For the interaction between
molecules8—10. mplepular electrons ar_ld a nucIeUgt p05|t|an, with in-
Although the remaining PV terms, which contain the trinsic nuclear magnetic dipolg, , this term is[13]
nuclear spin, can usually be neglected in energy computa- "
tions[11,12, they influence directly nuclear magnetic reso- MR )= — GeCs N S g8 —R)]
nance(NMR) parameterd13,14. It is thus interesting to pVAT 2\2hmee 7 Fr gy LT
estimate the magnitude of such effect and to assess whether (1)
experimental PV observation might be possible through
NMR spectroscopy. In this regard, we note that groundvhere Gg is the Fermi constant Gg=2.22254
breaking work was published by Barra and Robi8]. x10 '*a.u.),C.=1—4 sirfé, is a constant containing the
Among other things, they derived the expression for theweinberg angled,, (Cs= —0.0724), y, is the magnetogyric
paramagnetic PV contribution to the nuclear shielding tenratio, \, is a nuclear factor of the order of ofi&3], andr;
sors. Although this may not be the most efficient approachandp; are the position and canonical momentum of electron
for ab initio calculations, these contributions are sufficient toi, respectively. Since the electron probability current-density
provide quantitative estimates of the PV effect on shieldingoperator at positiom is defined as
tensors and hence on the observable chemical shift.
In this paper, we report expressions for both diamagnetic . 1 O
and paramagnetic contributions to the nuclear shielding ten- Jp(N=5— > [ dri—nl., ()
sor. Even though both contributions depend on the gauge el=t

Hamiltonian(1) may be cast in the form
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In the presence of an external magnetic fiBldwvhich for 2) B 1
the sake of simplicity is assumed spatially uniform and time W ,B)=(alHE(R)[ay— = > —
. . . . h j#a Wja
independent, the corresponding vector potential in the Cou-
. _ l B - H H - . .
lomb gauge isA=;BXr. According to Gell-Mann minimal X Re((alH% (R)[j)(j[HBla)).  (1D)
coupling prescription, the canonical momentpris replaced
by the mechanical momentum so that PV contributions to nuclear shielding constants are obtained
as the derivative of this energy with respect to the external
p— m=p+ EA, (4  field B and the nuclear magnetic momepat.
c

The diamagnetic contributions to PV shielding are the ex-
pectation values of operat(®):

ip—”?:ip'l']?da (4b) ~di
=(a U'a5|a>- (12
M Mo GrCs Ay R . . . . . A .
Hoyv—=Hpy=— T2he Pl J(Ry), (40  Since this tensor is antisymmetric in the indieesnd 3, it

does not contribute to the trace of the total shielding tensor.
where the diamagnetic contribution to the probability currentThe off-diagonal diamagnetic PV contributions could only be
density is observed in anisotropic phases. o
The paramagnetic contribution to the shielding can be ex-
pressed in the form

2 [A,8(r—1)], = BxE ro(r —

Tq(r
Ja(r)= 2mec GeCee
(5) oPl=

Oop= W " {Jpa(Rl) Lgb—1, (13

By virtue of Egs.(4b) and (4c), the minimal-coupling PV

Hamiltonian splits naturally into two terms: where we introduced the propagator
HE =HE +HME 6 . 12 VIS
PV” O b=y 3, o Relalin 0l L)),
a
The diamagnetic term is expressed as : (14)
GeCq )\| - These equations were implemented in thesmo code

Hpy'= " 2hc — - Ja(R)=1,054(R)Bg, () [17,19 at the coupled Hartree FodlCHF) level using an
iterative density matrix approadi9]. Details on the CHF
which defines the electronic operator perturbation theory can be found in the diagrammatic analy-
sis by Caves and Karplyg0].

GeCee )\,

2 2hm.c V) aﬁyz riyo(ri=r). (8 IIl. ORIGIN DEPENDENCE OF PV NUCLEAR
e

MAGNETIC SHIELDING

Allowing for usual tensor notation, the Einstein summation Upon a translation of the coordinate origin—r"=r’

convention for repeated Greek indices is in force, aggl, is 4 g the angular momentum operator transforms as
the Levi-Civita pseudotensor. Far=R,;, the position of

nucleusl, Lg(r")=Lg(r')—€g,5d,P5. (15

ols(r)=—

oSs=094R), (99 Accordingly, the paramagnetic and diamagnetic contribu-
tions to PV nuclear magnetic shielding transform as
is the diamagnetic contribution to the PV shielding operator
at nucleud. GeCse A

Within Rayleigh-Schirdinger perturbation theory, the oh(r")=ab(r')— —€5y50, {1 palR).P 51,

2
paramagnetic term in E@6), H5\,, couples with Van Vleck 2\2hmec? 1 (16)
Hamiltonian HB describing the interaction of the orbital
magnetic dipole momenmh of the electrons with the external G.C.e \
field [16]. Van Vleck Hamiltonian is (r") o4 (r y _IEaB d
2\2hmec2 v Y
e
HB=—m-B, m=-— L, (10 n
2meC ><<a215(ri—R) a>. 17
=

wherelL is the electronic angular momentum. The second-
order PV interaction energy of the molecule in {la¢ elec-  In the case of optimal electronic wave functions, one can use
tron state with the external field is thus the off-diagonal hypervirial relation
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TABLE |. Computed parity-violating contributions to nuclear

2
z S—s§ S—'S,,’ magnetic shielding tensors in,8, for various dihedral angleg.
1 B 6 = 3 Units are in parentheses next to atomic labels.
H H \ /
H (10™** ppm)
y 5 4 1) XX yy zz 1/3(xx+yy+2z2)
X Hydrogen disulfide m-1,2 Dithiin 30° 1.37 —1.28 —3.02 —0.98
60° 3.10 —1.65 —-5.21 —-1.25
FIG. 1. Molecules studied with orientation and position number-gge 4.80 0.03 —552 —-0.23
ing for 1,2 dithiin. 120° 5.14 195  —4.21 0.96
. . . 150° 3.37 2.14 —-1.99 1.17
(ilPsa)y=img wja(] IRsa) (18) S (10°8 ppm)
to transform Eq.(16) and show that the sum of the right- ¢ XX yy zz L3(xx+yy+z2)
hand side in Eqs(16) and(17) is independent of the trans- 3o 3554 —231 20.35 583
lation vectord, i.e., the corrections to the paramagnetic andggo 5123 —1.78 36.28 557
diamagnetic contributions due to a shift in the coordinate900 — 4821 171 48.14 — 059
system cancel each other. In other words, the total nuclealrzoo 3571 —361 51.42 4.03
magnetic shielding 150° ~18.88 —3.84  34.82 4.03
ULBZ oglﬁ-i- o"ilg (19
is origin independent. For the computation of PV contributions to nuclear mag-
The constraint for translational invariance obtained fromnetic shielding, uncontracted Gaussian basis sets were used.
Egs.(16) and(17) is These had the form (5®8p 3d 1f/8s 3p 1d) [22] for hydro-

gen disulfide and (19p 6d/11s7p 4d/7 1p) [23] for 1,2
dithiin. Due to the small size of the molecules investigated,

a>. (20 only the paramagnetic term was computed with the gauge
origin set on each atom unique by symmetry.

n

;1 8(ri—R)

{ipa(R|)a Pst-1= 5a§< a

The degree to which relationshig0) is satisfied in compu-
tations relying on the algebraic approximation provides an V. RESULTS AND DISCUSSION

intrinsic measure of accuracy for the computed PV shifts The computed PV contributions to the nuclear shielding
(19. _ _ tensors for HS, andm-1,2 dithiin are reported in Tables |
We recall that the change in coordinate system-r"” and 11

=r'+damounts to a gauge transformation of the vector po- - According to current estimates for optimal nuclear mag-
tem'«’lil A—A'=A+Vf with generating functionf(r)  netic resonancéNMR) resolution[24], the values we report
=—3BXd-r. In the special case when the origin of the are several orders of magnitude below detection limit. For
gauge is on nucleus, the corresponding diamagnetic PV instance, the predicted PV effect on sulfur’s chemical shift is
contribution(17) vanishes. Therefore, PV contributions can approximately 510 8 ppm for 1,2 dithiin. As this effect
be evaluated for this choice of origin by considering only thehas opposite signs for two enantiomers, the observable dif-
paramagnetic contribution. In practice, since one should reference is predicted at twice this amount, ie. 1
peat the calculation moving the origin on each nucleusx10~7 ppm. This value corresponds to a difference in reso-
whose shielding is required, this choice is inconvenient fomance frequencied v for 23S, which can be expressed as
ab initio computations on large molecules. It would gener-follows. If the intensity of the applied magnetic fiell is
aIIy be preferab!e to perform Only one lIterative CalCUlatlonexpressed in units of Tesla, one ppm Corresponds to approxi-
with a given origin, e.g., the molecular center of mass, and t@nately Bx 3 Hz, henceAv~Bx3x10 7 Hz. In order to
evaluate both diamagnetic and paramagnetic contributions.reach the maximal theoretical resolution of 60~ 3 Hz [24]

a magnetic field of the order of>210* Tesla would be re-

IV. COMPUTATIONAL DETAILS

: . o TABLE Il. Computed parity-violating contributions to nuclear
Two molecules were investigated, namaty1,2 dithiin magnetic shielding tensors im-1,2 dithiin. All values are in

at equilibrium geometry and hydrogen disulfide with variouslo,lo -
dihedral angles. Schematic geometries for these molecules ppm.

are reported in Fig. 1 with atomic numbering and CartesiarbomIoonent s ) c(4) H(3) H(4)
axes orientation. The geometry for

rs-1,2 dithiin was optimized at the DFT levg21] with  xx —2201.8 82.2 —482 -0.226 -—0.188
6-31G* basis set. The geometry for hydrogen disulfide wasy —5558.9 —128.7 438.7 0.415 —0.067
optimized at the density functional theof®FT) level [21] 2z 6365.8 495 —-27.4 -—0.028 0.067
with 6-31G** basis set for each preset value of the dihedralaverage —465.0 1.0 121.0 0.054 —0.063
angle.
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quired, which is approximately three orders of magnitudecontributions to chemical shifts for two molecules were then

larger than presently used in high-resolution NMR spectromestimated withab initio techniques.

eters. It is found that for the molecules considered PV effects
As pointed out by Schwerdtfeg¢25], based on the re- are several orders of magnitude below current experimental

sults from Ref.[15] one can expect the frequency shift to accuracy. Although this does not rule out nuclear magnetic

scale with the atomic numbeZ as approximatelyz2?.  resonanceNMR) spectroscopy as a tool for potential PV

Hence, systems containing atoms as heavy as polonim (detection in molecules containing heavy atoms, our results

=84), with predicted frequency shifts two orders of magni_suggest that such detection will prove impossible for atoms

tude larger than those reported in this article, would still be?S 119ht as sulfur and even in the presence of heavy atoms it

below experimental resolution may require substantially different molecular systems.
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