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The effects of parity violation (PV) on the vibrational transitions of chiral uranium compounds of the type N=UXYZ and
N=UHXY (X, Y, Z =F, Cl, Br, I) are analysed by means of exact two-component relativistic (X2C) Hartree-Fock and density
functional calculations using NUFCII and NUHFI as representative examples. The PV contributions to the vibrational transitions
were found to be in the Hz range, larger than for any of the earlier proposed chiral molecules. Thus, these systems are very
promising candidates for future experimental PV measurements. A detailed comparison of the N=UHFI and the N=WHFI
homologues reveals that subtle electronic structure effects, rather than exclusively a simple Z° scaling law, are the cause of the
strong enhancement in PV contributions of the chiral uranium molecules.

1 Introduction

The breakdown of left-right symmetry at the macroscopic and
microscopic level, the latter due to parity violation (PV), is
fundamental to chemistry and physics. For example, the dis-
tinct symmetry breaking in nature leading to single handed-
ness of chiral biomolecules in living species (biomolecular ho-
mochirality), i.e. to left-handed amino-acids and right-handed
sugars, is believed to be one of the necessary conditions for
the existence of life.! While the emergence of biomolecular
homochirality is not yet well understood, the role of PV ef-
fects as the cause of this distinct symmetry breaking is cur-
rently being discussed. The ground state of a chiral molec-
ular system with a double-minimum potential connecting the
two enantiomers along the inversion path can be considered as
a symmetry broken entangled state mixing both positive and
negative parity states, the latter states being pure states for a
quantum system with a parity conserving Hamiltonian. The
existence of such symmetry-broken states for chiral molecules
has also been debated intensively in the past.” Moreover, ex-
perimental confirmation of PV effects in the spectra of chi-
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ral molecules is of fundamental importance to test the valid-
ity of the Standard Model and to gain understanding into the
biomolecular homochirality phenomenon. >’

High-resolution spectroscopy experiments to measure
the tiny energy difference between enantiomers in chiral
molecules gave so far zero results (within statistical uncer-
tainty).®° However, molecular beam spectroscopy using a
two-photon Ramsey-fringes experiment is expected to reach
the sub-Hertz accuracy regime where PV effects are expected
to be found.>!° The task of quantum chemists is to guide ex-
periments in the search for suitable chiral candidates for such
measurements. Nuclear spin-independent PV energy contri-
butions are predicted to scale as Z°> (Z being the nuclear
charge),!'=15 therefore, the search for chiral molecules fo-
cuses on heavy element containing compounds. It is, however,
by no way trivial to find suitable molecules containing heavy
elements that are chiral, thermodynamically stable, and ac-
cessible to high-resolution experiments in a certain frequency
range.>*16 A number of chiral molecules have been sug-
gested, most recently chiral tungsten compounds containing
a W=N triple bond'7!® and chiral oxorhenium species, *!%20
both with stretching frequencies conveniently lying in the op-
erating range of the CO, laser (900 - 1100 cm™!) used for
these high precision spectroscopic measurements.

Recently, Andrews and co-workers reported uranium-
atom reactions with NF; and PF3 to prepare terminal ura-
nium nitride and phosphide functional groups.?! The (achi-
ral) N=UF; product has a N=U stretching frequency of
938 cm~!, which is in the lower frequency range of the
CO, laser. Chiral compounds of the form N=UXYZ and
N=UHXY (X, Y, Z =F, Cl, Br, I) could thus be suitable can-
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didates for future PV measurements. We have therefore inves-
tigated PV effects in these molecules using Hartree-Fock and
density functional theory based on the exact two-component
relativistic (X2C) Hamiltonian. >? In addition to estimating the
magnitude for the PV shift in the vibration frequency in these
systems, we have also attempted to gain a better understanding
of the electronic nature of these PV effects. To this end, we
have performed an in-depth analysis of the orbital contribu-
tions to the PV shifts in the N=UHFI molecule in comparison
with its lighter homologue, N=WHFI.

2 Theory

The PV energy contribution Epy at a given molecular geome-
try is obtained as an expectation value, which at the relativistic
4-component SCF level reads

NOCC
Epy =Y Epy;  Epy =Y (WilHpy lyi), (D
K i

where y; are the occupied Hartree-Fock (HF) or Kohn-Sham
(KS) orbital spinors, and the index K labels the individual
atoms. The total PV energy is a sum over atomic contributions
EE, with the corresponding nuclear spin-independent P-odd
Hamiltonian expressed as

K

HPV 2\[ QW

Here, Gr = 2.22249 x 1014 Ehag is the Fermi coupling con-
stant, pK is the normalized nuclear charge density of atom K,
in the present work represented by a Gaussian distribution, >3
and 7° is the pseudochirality Dirac matrix connecting the large
and the small Dirac components,

02 1o
Y= ( Lo ) : (3)
with 1, and 0, being the 2 x 2 identity and zero matrix, re-
spectively. The weak charge of nucleus K is given by Q% =
—NX 4 ZK(1 — 4sin® By ), where NX and ZX are the number
of neutrons and protons of nucleus K, respectively. The Wein-
berg mixing angle, 8y, is given by sin’ 6y = 0.2319.2*
The PV vibrational shift, corresponding to the tiny displace-
ment of vibrational lines between two enantiomers of a chiral
molecule due to parity violation, is given by

2
AVnI;Zn = E

rp¥ )

(Pm_Pn) ) (4)

where P, = (n|Epy(Q)|n) is the value of Epy in the vibra-
tional state n of the selected mode with normal coordinate Q.
The above expression is approximate in that it neglects the
coupling between the vibrational modes.

The vibrational expectation values P, can be obtained by di-
rectly solving the vibrational problem for the selected normal
mode, for instance by the numerical Numerov-Cooley proce-
dure. 27 However, for the purpose of an analysis a pertur-
bative approach provides a more detailed insight. The vibra-
tional expectation value can be approximated as

1 h 1
~ plol . _ pl2] Z
P, ~ P +2P (/Jwe) <n+2)

AN UES))
2 U, ho,

3 9 1
_LPme( h ) mAnts (s

16 L, ho,

where V" and P! are the MacLaurin expansion coefficients
of the potential energy curve and of the property (Epy) curve
along the normal coordinate Q, truncated to fourth and sec-
ond order, respectively. u refers to the reduced mass of the
selected normal mode, while @, is the angular harmonic fre-
quency of the mode. Setting the quartic force constant v 1o
zero we obtain 22

n n
_n 2l _ plily
A0S =g (uwe) <P v uw2> ©

which is the perturbative expression for the PV vibrational
shift that will be employed in the present work. This ex-
pression shows that when higher-order contributions are ig-
nored, the PV vibrational shift Av{;ln is proportional to the
vibrational quantum number 7, in line with previous obser-
vations. 183031 Moreover, experience shows that A (‘)DXIK <
EE, /h for fundamental vibrational transitions. 30,32

To obtain a deeper insight into the nature of the PV vibra-
tional shift we also carry out projection analysis, as introduced
in a previous study. !> The molecular orbitals of Eq. (1) are de-

composed into precomputed atomic orbitals,

wi) ZZH’P Cl’l+‘ p01>' N

A peA

Typically only the occupied atomic orbitals will be employed;
the part of the molecular orbital which is not spanned by the
selected set of atomic orbitals is denoted the polarization con-
tribution l//lp °l which by construction is orthogonal to the se-
lected atomic orbitals.

The PV energy associated with center M can then be ex-

pressed as

Epp=23 LY (v

A pcA B ¢eB

Hpy [w )y Do + (pol)

with DBA

ZCB I/?l*’
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allowing a distinction between intraatomic (A = B) and inter-
atomic (A # B) contributions and even identifying individual
contributions from orbital pairs.

3 Computational Methods

The geometries of the N=UXYZ and N=UHXY molecules
(X, Y, Z=F, Cl, Br, I) were optimized at the B3LYP hybrid
functional level of theory3>3* using the GAUSSIANO9 pro-
gram package.® For the lighter elements (H, N, F, and CI)
uncontracted augmented correlation-consistent valence triple-
€ (AVTZ) Gaussian basis sets were used. 337 For Br, 1, and
U we employed the AVTZ basis sets in conjunction with
the Stuttgart small-core energy consistent scalar relativistic
pseudopotentials (SRPPs)3%% in order to account for scalar-
relativistic effects. The normal modes and the harmonic fre-
quencies of the U=N stretching mode were obtained by the
same computational protocol. The anharmonic frequency
analysis was performed using perturbation theory as described
in Refs. 40,41 and as implemented in Gaussian09.3>

The calculations of Epy at optimized geometries were car-
ried out using the DIRAC10 computational package.** In or-
der to reduce the computational effort, the four-component
Dirac-Coulomb Hamiltonian was replaced by the exact
two-component relativistic Hamiltonian (X2C).?? Using this
scheme, the contribution of the two-electron spin-same-orbit
coupling is introduced in a mean field fashion using the AMFI
code® as implemented in the DIRAC10 program package.
It was shown'® that the X2C PV energies reproduce the
four-component results within ~ 3% for the NWHXY and
NWXYZ compounds, which validates our use of this approxi-
mation here. For comparison, the calculations were performed
both at the Hartree-Fock (HF) and the density functional the-
ory (DFT) level. For the latter calculations we employed the
LDA, PBE, and B3LYP functionals, as well as the Coulomb-
attenuated B3LYP functional,** the parameters of which were
adjusted by Thierfelder et al.* to reproduce the PV energy
shifts obtained at the coupled cluster level. The parameters of
the adjusted functional, denoted CAM-B3LYP*, are @ = 0.20,
B =0.12,and gt = 0.90. Dunning’s AVTZ basis sets were em-
ployed in their uncontracted form for the lighter elements (H,
N, F, and CIl). For the heavier atoms we used the Faegri’s dual
family basis sets,*® augmented with higher orbital momen-
tum and diffuse functions to obtain the sets 21s17p15d4f2g,
22519p15d4f3g, and 26s23p17d4f3g for bromine, iodine,
and uranium, respectively. In all calculations the most abun-
dant isotopes of those elements 79Br, 1271, and 238U were
adopted.

We selected two systems, NUHFI and NUFCII, for which
we calculated the PV vibrational shifts. The PV energy
Epy(Q) was calculated pointwise along the normal coordi-
nate Q of the U=N stretching mode and fitted to a polyno-

mial. The potential energy curves were obtained, using the
B3LYP functional, in the same range, corresponding to a dis-
placement of +-0.5 A along the normal coordinate. Vibrational
expectation values P, were then calculated using single mode
vibrational wave functions obtained by the Numerov-Cooley
procedure, 27 and using Eq. (6).

The comparative study of the PV vibrational shifts of the
homologous uranium and tungsten chiral molecules NUHFI
and NWHFI'® was performed using projection analysis. '3
These calculations were carried out at the 4-component rel-
ativistic DFT level using the B3LYP functional and the un-
contracted VTZ-type basis sets (Dunning’s cc-pVTZ*’ basis
sets for H, F and N atoms and Dyall’s VTZ basis for 48 w4
and U atoms).

4 Results and discussion

The harmonic (®,) and the fundamental (V) vibrational
wavenumbers of the stretching of the triple N=U bond, to-
gether with the bond length, Ryny, for the molecules un-
der study are shown in Table 1. To assess the accuracy of
our predictions of the molecular properties of these com-
pounds, we also calculated the vibrational wavenumbers of
the NUF3 molecule, which has been experimentally investi-
gated by Andrews ef al.>' The fundamental wavenumber of
the N=U stretching mode, measured using matrix infrared
spectroscopy, is 938 cm ™!, compared to our calculated value
¥ =994 cm~! for the free molecule. Thus, our result is in rea-
sonably good agreement with the experiment, exceeding the
measured value by about 5%. The N=U stretching wavenum-
bers of the compounds studied here are very close in values
and are all in the operating range of the CO, laser.®3! Fur-
thermore, our calculations suggest that no other modes pos-
sess wavenumbers close to those of the N=U stretching mode.
The closest normal modes are the U—F stretching and bend-
ing modes at about 600 cm~! and the U—H stretching mode
at about 1500 cm™! for the fluorine- and hydrogen-containing
systems (Figure 1).

Table 2 contains the parity violation energies, Epy, at equi-
librium geometries, obtained at the HF and DFT (LDA, PBE,
B3LYP, and CAM-B3LYP*) level. Here we choose the R-
enantiomer for the hydrogen-containing systems, and the S-
enantiomer for the remaining molecules. The substitution of
the hydrogen by a halogen leads to a change in the priority of
the ligands, according to the Cahn-Ingold-Prelog rules.>> For
consistency in our Epy results we therefore chose the chiral
configuration where all HF values are negative in sign. Table 2
shows that for the hydrogen-containing compounds the PV en-
ergies obtained with HF are generally the lowest while those
obtained with LDA are the highest, and the spread of these
values is quite large. The exact value can be expected to be in
between these two limiting cases.>*>3 For the compounds not
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Fig. 1 Vibrational spectrum of NUHFI (top) and NUFCII (bottom).
The vibrational frequencies are displayed in harmonic
approximation (light), as well as including anharmonic contributions
(dark).

containing hydrogen this variation is far less pronounced. Sur-
prisingly, here B3LYP yields the highest PV energies while the
lowest PV energies are obtained with both HF and LDA. We
also mention that the PV contributions E},JV associated with
the heaviest atom uranium dominate the total PV energy for
all systems and all methods applied, and in most cases this
contribution is more than 95% of the total PV energy (only
for NUHCII and NUHBTrI, when calculated using the LDA or
PBE functionals, the contribution can be as low as 68% of the
total PV energy).

Table 3 reports the PV vibrational shifts AvS,’! (Eq. (4))
associated with the N=U stretching mode of the NUHFI and
NUECII molecules, with respect to the R- and S-enantiomers,
respectively, obtained by the Numerov-Cooley procedure. For
the 0 — 1 fundamental transition we find shifts in the range
from 13.0 to 38.6 Hz for NUHFI and from -6.9 to 2.7 Hz

Table 1 Calculated bond lengths Ryy and harmonic (&,) and
fundamental (V) vibrational wavenumbers of the N=U bond
resulting from anharmonic frequency analysis.

Page 4 of 10

Ry [A] @ [cm™ ] Viem ']
NUHEFCI 1.699 1028.1 1016.9
NUHFBr 1.698 1031.4 1021.8
NUHFI 1.697 1035.0 1026.8
NUHCIBr 1.698 1040.3 1032.9
NUHCII 1.697 1043.3 1034.5
NUHBT1I 1.696 1046.2 1039.1
NUCIBrI 1.695 1035.6 1029.0
NUFCIBr 1.691 1042.2 1033.4
NUFCII 1.690 1045.1 1037.7
NUFBrI 1.689 1047.6 1039.8

Table 2 Parity violating energies Epy (Hz) at equilibrium geometry
obtained using LDA, PBE, B3LYP, and CAM-B3LYP* functionals
as well as HF in combination with the X2C Hamiltonian.

CAM-
Molecule LDA PBE B3LYP B3LYP* HF
R—NUHFCI 245.9 209.2 59.0 —458 —1204
R—NUHFBr 250.6 210.6 —-19.7 —-157.3  =207.5
R—NUHFI 188.5 168.2  —230.1 —424.4  —403.1
R—NUHCIBr 18.9 19.5 —62.4 =979 —1123
R—NUHCII —7.6 7.0 —248.0 —3399 -356.8
R—NUHBII —245 —11.7 —184.2 —240.8  —2463
S—NUCIBrlI —333 258 —21.6 —21.8 —26.4
S—NUFCIBr -25.0 =209 —13.0 —-19.7 —35.6
S—NUFCII -913 =770 —45.2 —58.0 —106.2
S—NUFBrlI —68.1 —56.8 —343 —42.2 —71.6

for NUFCII, more than an order of magnitude higher than
for earlier candidates of similar structure, the NWXYZ set of
molecules. '

In order to understand the underlying mechanism for the
very large PV vibrational shifts observed for the uranium com-
pounds we have undertaken a detailed comparison of PV con-
tributions in the NUHFI molecule and in its tungsten homo-
logue NWHFI. The PV shifts Avg‘? ! with respect to the R-
enantiomers, calculated at the 4-component relativistic DFT
level (B3LYP) are reported in Table 4. The shifts have been
calculated using the perturbative formula of Eq. (6) and the
parameters appearing in this formula (vBl, Pl and PRl are
also reported in Table 4. The values for the two systems are
indeed very different, with the PV shift of the uranium com-
pound being more than forty times larger than that of its tung-
sten homologue. It should be noted that the reduced mass,
U, the harmonic wavenumber, @,, and the cubic force con-
stant, VB], are quite similar for the M=N stretch mode of the
two molecules, meaning that the large difference in the PV
vibrational shifts stems almost entirely from the first and the

4| Journal Name, 2010, [voll1-10
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Table 3 Vibrational transition wavenumbers Av, [cm 1] of the
N=U stretching mode of R-NUHFI and S-NUFCII and the PV
vibrational shifts Avg;’” [mHz] of these modes. The wavenumbers

Table 5 Decomposition of AV}Y{, (M =W, U) by projection analysis.
All quantities are in mHz.

have been calculated from the B3LYP potential energy surface along M=W M=U
the stretching mode using the Numerov-Cooley procedure. Intra-atomic 89.0 21826.6
Inter-atomic -2.0 35.9
Method 0—1 0—2 0—3 0—4  Polarization 280.7 308.2
R—NUHFI Total 367.7 22170.7
AV, B3LYP 1028.8 2050.2 3064.2 4070.7
Avpy LDA 38591.5 80146.1  124745.5 172392.4
Avpy PBE 36328.6 749833 115949.5 159147.4  estingly, although the contribution from iodine is of the same
Avpy B3LYP 22101.8  46280.1 726089 101141.9  order of magnitude in the two molecules, it opposes the to-
Avpy CAM-B3LYP*  12962.7  27430.8 434459  61031.1  (a] shift in NUHFI and amplifies it in the tungsten homo-
S—NUFCI logue. Clearly the large difference in vibrational shift be-
AV, B3LYP 1037.8 2068.3 3091.4 4107.1 tween NUHFI and NWHFI arises from the contribution from
Avpy LDA -6905.5 -14101.1 -21562.8 -29257.0 the central metal atom M, which we will focus on in the fol-
Avpy PBE -6585.1  -13343.3  -20256.8 -27303.5 lowing.
Avpy B3LYP -375.3 -600.1 -646.1 -482.9 In Table 5 we have decomposed the contribution AV}, into
Avpy CAM-B3LYP* 2748.6 5714.1 8932.4 12444.6

second property derivatives P!l and PI2. The cubic force con-
stant VB is negative for both molecules, as one could expect,
for instance, by considering a Morse potential. Looking at
Eq. (6) it is seen that for negative VB! the anharmonic contri-
bution, proportional to Pm, will reinforce the harmonic con-
tribution, proportional to Pl Indeed, for both molecules the
anharmonic contribution constitutes about half of the total PV
vibrational shift.

Table 4 PV vibrational shifts Avg\71 of the N=U stretching mode of
R-NMHFI (M = W, U) molecules, calculated at the 4-component
relativistic DFT level (B3LYP). In addition, the harmonic

contribution Av;l‘f,’ " reduced mass , harmonic wavenumber @,

cubic force constant VI3, property derivatives Pl and individual
contributions Av},‘v of each atom (X =F, H, I, N, U, W) are shown.

NMHFI M=W M=U
AV (mHz) 529.9 22070.6
Avharm (mHz) 245.8 12016.5
m (Da) 14.94 14.53
@, (em™1) 1145.8 1065.42
vl (Enay?) 2.02 -1.81
pll] (Enay ") 2.28-10715 6.93-10~ 14
Pl (Enay?) 531-10713 235-10713
AV, (mHz) -0.1 0.4
AvE, (mHz) 0.0 0.0
AVhy, (mHz) 162.4 -100.9
AvY, (mHz) 0.0 0.3
AvM, (mHz) 367.7 22170.7

In Table 4 we also list the contribution Av}ﬁv of each atom
(X =F H, I, N, U, W) to the total vibrational shift. Inter-

intra- and interatomic as well as polarization contributions
(Eq. (8)) using our projection analysis. The inter-atomic con-
tribution is negligible for both molecules, as can be expected
from the atomic nature of the operator, Eq. (2). For NUHFI
AV};JV is completely dominated by the intraatomic contribu-
tion. Unfortunately, for NWHFI Av}f", is dominated by the
polarization contribution, which complicates the analysis by
blurring the distinction between the intra- and the inter-atomic
contributions. In fact, the original projection analysis for both
species used the occupied atomic orbitals of the ground state
configurations of the neutral atoms. For NWHFI Av,‘,"\’, then
decomposes into a polarization contribution of 1372.4 mHz
and an intra-atomic contribution of the opposite sign (-1002.7
mHz), rendering the analysis essentially meaningless. To al-
leviate this problem we explored various strategies for polar-
izing the atomic orbitals within the molecule, including the
Intrinsic Atomic Orbitals (IAO) of Knizia,>* but no approach
was successful. The IAOs approach, for instance, eliminates
completely the polarization contribution, but at the price of
introducing artificially large inter-atomic contributions to the
PV shifts. The results for NWHFI shown in Table 5 and in
the following have been obtained by careful tuning of the gen-
eration and selection of tungsten atomic orbitals for analysis,
more precisely by generating the AOs from the configuration
[Xe]4 14544065936 and including all occupied orbitals in
the analysis. This result is not perfect, but sufficient for more
detailed analysis.

The general expression for the PV energy associated with
the metal center M, in the framework of projection analysis,
is given by Eq. (8), but Table 5 shows that if polarization con-
tributions are excluded, the energy is very well approximated
by

Epv~ Y, (' [Hpy wg') Dgy" ©)
P,qEM
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In a previous analysis !° it was shown that for a single center
M atomic orbitals ‘I/;IX,Imj couple through the PV operator H,IY‘I,
in a chiral molecular field, only if they have the same m; value
as well as the same absolute value of k, but of opposite sign.
When in addition the normalized charge density pM is repre-
sented by a Dirac delta function, only the 51/, and the p;/,
orbitals form non-zero matrix elements,>® which are also
the dominant contributions when an extended nuclear model
is chosen. Previous studies'!~!3 suggest that the PV energy
EM, scale as Zy;. It has also been estimated®’™? that atomic
matrix elements <1VII;A’H}Y‘I, }l//évl> scale as ZS,[. This suggests
that the density matrix DMM of Eq. (9), describing the mix-
ing of atomic sy /; and the p; orbitals in the molecule, scales
as Z2,, which was indeed explicitly shown for the Hy X, se-
ries of molecules (X = O, S, Se, Te, Po). 15 However, there is
no simple way of deducing the magnitude of PV vibrational
shifts from Eq. (9). In fact, Eq. (6) clearly shows that the PV
energy at the equilibrium geometry does not contribute to the
PV shift at all. Thus, in order to understand the large differ-
ence between PV shifts of NWHFI and NUHFI we shall an-
alyze the perturbation expression Eq. (6) for which no simple
scaling rules are known. Based on the projection analysis we
may express the PV shift associated with the metal center M

of NMHFI as
h 2 1
w) y (DEJ] Dl wz)
¢/ pgeM H

(wp'[Hpv ") (10)

hAV}Y{, ~ <

where D% are the elements of the nth derivative of the den-
sity matrix in the basis of pre-calculated atomic orbitals (see
Eq. (8)) with respect to the normal coordinate Q of the M=N
stretching mode.

It is important to realize that the atomic matrix elements
(WD HN, [w") are strictly geometry independent and can in
pr1n01ple be precalculated; all the effects of molecular vibra-
tions and electronic structure are encoded in D, In Tables 6
and 7 we give the reduced PV property elements

ML = (nsy )5 |v5pM [0 Py j) (11)

for tungsten and uranium, respectively. With a proper choice
of phase they are all real and positive. ' In their seminal work
Bouchiat and Bouchiat>® concluded using quantum defect the-
ory % that the non-relativistic reduced PV property elements
scale as Z%, which when multiplied with the weak charge Q4
gives the predicted Z> scaling of the atomic matrix elements.
In addition they introduced a relativistic scaling factor which
can be expanded in orders of the nuclear charge, the zeroth-
order term being, as expected, close to unity (0.96). In the
present case, the Z> scaling law suggests that the reduced ma-
trix elements of uranium should be a factor (92/74)%=1.55

larger than those of tungsten. The relativistic scaling fac-
tor is 6.04 and 15.42 for tungsten and uranium, respectively,
which suggests that the atomic matrix elements M*Y oy Of ura-
nium should overall be almost a factor four (3.93) larger than
those of tungsten. A comparison of Tables 6 and 7 shows
that this scaling law does not hold; for instance we find that

PV U/MPV‘W ~ 16. On the other hand such a comparison is
somewhat misleading since one should rather compare chem-
ically equivalent orbital pairs, thus we find MP viu /MP VWL
2.2 which is more in line with the suggested scalmg law, al-
though far from perfect. An interesting observaton is that a
power fit

—)7
My, o =X (8”31/2 8”’171/2)
(8,”1/2 and Enp, ), Are the energies of the ns;; and the n’pl/z
orbitals) yields the fit parameters (x,y) = (54.4,0.49) and
(473.3,0.44) for tungsten and uranium, respectively, suggest-
ing that the reduced matrix elements scale linearly with the

geometric mean of the orbital eigenvalues. In fact, if we carry
out a relative least squares fit of

MPV c 1/2
nn ns1/2 & P12 ’

that is, minimizing relative rather than absolute deviations, a
striking linear relationship is obtained, as illustrated in Fig-
ure 2. This is different from the scaling y = 3/4 suggested by
Bouchiat and Bouchiat® and therefore merits further inves-
tigation. The relative least squares fits give slopes (x) of 51.6
and 289.6 a.u. for W and U, respectively. The ratio of slopes is
accordingly 5.61, which suggests that the estimate of Bouch-
iat and Bouchiat is reasonable when atomic matrix elements
with identical geometric mean of orbital energies, rather than
same principal quantum numbers, are compared.

Table 6 Reduced matrix elements M,f_ X, of tungsten. Orbital
energies € are given in italics. All quantities are in atomic units.

Page 6 of 10

W 2p1)2 3p12 4p1 )2 5p1/2 6p1/2
-422.678 -93.850 -18.034 -2.247 -0.270
12 [ 515433 258329 126795 48839 13431
-2555.075
2512 | 19496.0 9771.2 47959 18473 508.0
-442.056
381/ 9244.0 4633.0 2274.0 875.9 240.9
-102.500
4s1/2 4588.2 2299.6 1128.7 434.8 119.6
-21.633
351/2 1919.2 961.9 472.1 181.8 50.0
-3.336
6s1/2 631.3 3164 155.3 59.8 16.4
-0.452

This amplification is however not sufficient to explain the
order-of-magnitude difference of the PV vibrational shifts in
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Table 7 Reduced matrix elements Mi ‘,f, of uranium. Orbital energies
€ are given in italics. All quantities are in atomic units.

U 2p12 3p12 4p1 )2 5p12 6p1/2
-769.116 -188.969 -45.935 -9.337 -1.167
12 | 3056205 1582712 824442 403127 167206
-4259.622
212 | 1261540  65330.8 340311 166402  6901.9
-797.009
3s1/2 61537.9  31868.3 16600.3  8117.1 3366.7
-201.824
4s1/2 32085.1 16615.8  8655.2  4232.1 1755.4
-51.767
312 | 161535 8365.3 43575  2130.7 883.8
-11.625
6s1/2 7244.7 3751.8  1954.3 955.6 396.4
-1.847
7s1/2 2351.8 1217.9 634.4 310.2 128.7
-0.171
Table 8 Individual orbital contributions (in mHz) to the PV
vibrational shift of NWHFI
W 2py )2 3pi2 4p1 )2 5pi,2 6p 2
Isy ) -0.1 0.4 -1.3 14.4 14.8
251/ 0.2 -1.1 3.2 -34.5 -35.6
351/ 0.4 1.8 5.3 57.9 61.5
4s1) 0.6 2.7 7.7 -89.5 -109.2
551/ -0.9 3.7 -10.2 134.9 242 .4
651/ 7.7 -41.0 174.4 -657.8 352.8

NWHFI and NUHFI. This becomes even more clear, if we
turn to Tables 8 and 9, which show the contributions of the
individual orbital pairs of tungsten and uranium, respectively,
to the vibrational PV shift. One immediately notices that al-
though the core orbitals yield the largest property matrix el-
ements, the resulting contributions to the PV shift are quite
small, since there is very little mixing of the s;/, and the
P12 core orbitals, due to the fact that the spherical atomic
symmetry is largely maintained in the core region. It should
also be noted that the PV shift critically depends on how
this mixing changes with molecular geometry. The single
largest contribution to the NUHFI PV shift comes from the
uranium subvalence (6s1 /2:6P1 /2) orbital pair, followed by
the (7s1 /2:6p1 /2) pair. The atomic reduced PV matrix ele-
ment of the latter orbital pair is multiplied by a factor of 107.0
to give a contribution of 13778.3 mHz to the PV vibrational
shift. In contrast, the reduced PV matrix element of the equiv-
alent tungsten orbital pair (65 /2,5p1>) is multiplied by a fac-
tor -11.0 to give -657.8 mHz, which is the largest contribution
to the NWHFI PV shift.

These observations suggest that the large difference in the
PV shifts of NWHFI and NUHFI has to be attributed to sub-

Table 9 Individual orbital contributions (in mHz) to the PV
vibrational shift of NUHFI

U 2pi )2 3pi,2 4p1 2 5pi,2 6pi 2
1S1/2 -4.3 22.7 -76.9 215.6 -880.5
2S1/2 11.1 -58.8 199.5 -559.1 2282.6
3S1/2 -19.1 100.9 -342.3 960.4 -3915.6
4S1/2 29.8 -157.3 534.2 -1503.0 6100.5
5S1/2 -47.3 249.8 -851.0 2420.6 -9685.6
6S1/2 101.0 -533.1 1842.2 -5510.3 20871.5
7S1/2 79.0 -414.9 1469.8 -4883.5 13778.3

tle electronic structure effects which are not easily captured
by simple scaling laws as perfectly illustrated by the above

shifts. The uranium D[7OS]’6 » and tungsten Dg,s » density matrix

elements are 2.1-10"% and —1.2-107%, respectively. Their
ratio corresponds to a scaling Z>® which is reasonable and
identical to what was found previously for the H, X, series of
molecules. !> However, as already stressed, the value of the
density matrix at the equilibrium molecular structure does not
contribute to the PV shift, only its derivatives do (cf. Eq. (10)).
The anharmonic contribution to the PV shift, proportional to
DI is 3403.8 mHz and -970.7 mHz for Uz, and W s),
respectively. The ratio of these anharmonic contributions cor-
responds to a Z>8 scaling which is also reasonable. The cor-
responding harmonic contributions, however, proportional to
DU, are 10374.5 mHz and 312.9 mHz for Uy, and Wey s,
respectively, exploding any reasonable scaling relation. It
should also be noted that for U7, ¢, the harmonic and anhar-
monic contributions have the same sign, amplifying each other
to give a total contribution of 13778.3 mHz to the PV vibra-
tional shift, whereas the harmonic and anharmonic contribu-
tions to the We, 5, shift oppose each other. It is hard to see
how scaling laws can take into account such subtle effects, but
on the positive side we note that the amplification of the PV
vibrational shift when going from NWHFI to NUHFI is far
beyond what could be expected from simple scaling laws.

Another electronic structure effect coming into play is that
the uranium subvalence shell is more polarizable than the
tungsten one. This can already be apprehended by look-
ing at the electronic configuration of the metal atoms in
the molecules. From projection analysis we find that tung-
sten has configuration [Cd]5p> %7543 2365%446p"4? and charge
OV = +1.2 in NWHFI, whereas uranium has configura-
tion [Hg]5£>06p>3164"! 8075031 and charge QU = +1.3 in
NUHFI. The electronic configurations are given with respect
to group 12 closed shell configurations in order to highlight a
small, but significant difference in population of the (n—1)p
orbitals of the two metal atoms: Whereas in NWHFI the W 5p
orbitals are complete, NUHFI displays a small U *6p hole’ due
to overlap with ligand orbitals, as first observed in uranyl.®!

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Reduced PV matrix elements of uranium (circles) and
tungsten (diamonds) as function of geometric mean of the orbital
eigenvalues (see text for more details). All quantities are in atomic
units. The straight lines have been obtained by a linear least square
fit minimizing relative error.

More importantly, the occupation of the subvalence p orbital
of uranium shows a stronger geometry dependence than that of
its tungsten homologue. This is illustrated in Figure 3 where
we show relative gross populations (from projection analy-
sis) of the U 6p; ), and 75y, orbitals, as well as the homol-
ogous tungsten orbitals, along the the N=M stretching mode
of NMHFI. The variation of the U 6py /, population along the
normal mode is less than for U 7sy 5, but on par with that of
W 652, whereas the W 5p; /> population is almost constant.
This suggests that geometric derivatives of density matrix el-
ements containing the subvalence p orbital will be larger for
uranium than for tungsten. Indeed, when comparing Tables 8
and 9 we see more significant subvalence contributions to the
shift for uranium than for tungsten.

5 Conclusions

A new class of chiral compounds of the form N=UXYZ and
N=UHXY was investigated with the aim of assessing their
suitability for experimental measurements of the PV effects
using high resolution spectroscopy. Relativistic DFT calcula-
tions of the PV contribution to the vibrational transitions show
that these are very promising candidates for future PV mea-
surements, with PV effects in the Hz range for the fundamen-
tal N=U stretching mode, more than an order of magnitude
higher than for the earlier candidates. In addition, the stretch-
ing frequency of interest is conveniently located in the range of
the CO, laser used for these high precision measurements. Al-
though it might be difficult to isolate such compounds experi-
mentally, as in the case of NUF3,?! they might still be trapped
at ultra-cold temperatures to perform PV precision measure-

0.02 T T T T T T T

0.01

001

0027 0.5 0 0.5 1
Fig. 3 Occupation of the W 5p /5/6s1 /, and the U 6py /75y s
orbitals, relative to the populations in the equilibrium structure,
along the normal coordinate (in A) associated with the M = N
stretch.

ments, or more stable chiral uranium molecules could be de-
signed and synthesized for further investigations.

In order to understand the nature of the large PV shifts in
these systems, a detailed comparison of the homologous com-
pounds NUHFI and NWHFI was performed. This analysis
reveals that the difference in PV shifts by more than an order-
of-magnitude in favor of the uranium compound can not be ex-
plained by a simple Z° scaling rule alone. Rather, the more ex-
tensive polarization of the uranium subvalence shell, as man-
ifested by the 6p hole, and the strong geometry dependence
of its occupation, due to overlap with ligands, seems to be the
dominant factor. This finding puts an emphasis on the impor-
tance of consideration of the electronic structure effects in the
design of candidate chiral molecules for the future PV detec-
tion experiments.
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