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The dependence of the nuclear quadrupole coupling constants (NQCC) on the interaction between
electrons and a nucleus of finite size is theoretically analyzed. A deviation of the ratio of the NQCCs
obtained from two different isotopomers of a molecule from the ratio of the corresponding bare
nuclear electric quadrupole moments, known as quadrupole anomaly, is interpreted in terms of the
logarithmic derivatives of the electric field gradient at the nuclear site with respect to the nuclear
charge radius. Quantum chemical calculations based on a Dirac-exact relativistic methodology sug-
gest that the effect of the changing size of the Au nucleus in different isotopomers can be observed
for Au-containing molecules, for which the predicted quadrupole anomaly reaches values of the or-
der of 0.1%. This is experimentally detectable and provides an insight into the charge distribution of
non-spherical nuclei. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4757568]

. INTRODUCTION

The nuclear quadrupole moment (NQM) @ is an intrinsic
nuclear property that arises due to the non-spherical distribu-
tion of the nuclear charge.! Although NQM plays an impor-
tant role in nuclear physics as well as atomic, molecular, and
solid state spectroscopy, its direct experimental measurement
is difficult and, currently, the most reliable way of its determi-
nation is based on the use of the nuclear quadrupole coupling
constant (NQCC) vy,

eqQ

vo == (1)
which can be accurately measured by a number of spectro-
scopic techniques, in connection with the electric field gra-
dient (EFG) g = V,, obtained from accurate quantum chem-
ical calculations.” The accuracy of the determination of the
NQM Q for a given isotope can be substantially improved
by the use of an indirect measuring technique that utilizes
the differences Avo(X) of NQCCs and the differences Ag(X)
of EFGs in a series of molecules X.> NQMs for different
isotopes of the same element can be obtained from the iso-
topic ratios of NQCCs, which can be directly measured (with
the accuracy on the order of 10~°)* by various spectroscopic
techniques.’

The molecular NQCC includes a number of contribu-
tions, which were analyzed in detail by Pyykko.> Thus it
was predicted that, in molecules with closed electronic shells,
the variation of the nuclear volume in isotopes (e.g., I; and
1) of a given element Z should lead to the emergence of a
quadrupole anomaly " AIZZ, which, by analogy with the hy-
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perfine anomaly, can be defined according to Eq. (2),’

vl _ @
vo(h) Qp

The effect results from the interaction of electrons with the
finite size nucleus, which makes the nuclear quadrupole in-
teraction (NQI) dependent on the size of the nucleus and on
the electron density inside the nucleus and in its vicinity.®’
If there were no such a dependence, the ratio of NQCCs for
different isotopes would remain the same for different com-
pounds of the given element. As NQCCs can be measured
with sufficiently high precision,* the dependence of the ratio
(2) on the chemical environment should be detectable experi-
mentally.

Although the first theoretical evaluation of A in
molecules yielded an extremely small effect,’ the interest in
the quadrupole anomaly and in the impact of nuclear volume
on NQI was recently revived in the works of Cottenier and
co-workers®” who surmised that experimental observation of
quadrupole anomaly can be within reach.

As has been analyzed in Ref. 5, the NQCC isotopic ratio
in Eq. (2) may depend on a number of factors nearly all of
which vanish in closed-shell molecules in the absence of an
external magnetic field and only the variation of the nuclear
volume of isotopes can make a sizable contribution to AIZZ.
Another important contribution to the nuclear quadrupole in-
teraction originates in the second order magnetic hyperfine
interaction,®° the so-called pseudo-quadrupole interaction.
The latter is, however, important in metals or molecules with
a very narrow electron excitation gap'® and becomes unde-
tectably small in closed-shell molecules.>!!

In this Communication, we investigate theoretically
whether the quadrupole anomaly can be observed by exper-
imental measurement of molecular NQCCs, where we base

(1+ "A%). )
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our study on the recently developed formalism for the calcu-
lation of the relativistically corrected electric field gradient at
the nuclear site.'” For the following reasons, the theoretical
investigation is carried out for gold isotopes: (i) Gold (stable

isotope 1o’ Au (I = 3/2)) has a number of long living neu-

tron deficient isotopes, e.g., Jo°Au (I = 3/2, 1, = 183 d),
as well as neutron rich isotopes, e.g., 30°Au (I = 3/2, t1p
= 3.14d), with non-zero nuclear electric quadrupole
moments.'? (ii) Gold forms diatomic and triatomic molecules
with halogens and rare gas atoms, for which NQCCs can
be conveniently measured in the gas phase.'*'® A number
of gas phase gold molecules have been theoretically studied
in the past utilizing state-of-the-art quantum chemical meth-
ods to obtain EFG values at the gold nucleus.®'”'® In this
way, the value of gold electric quadrupole moment, Q(%37Au)
= 510+15 mb, has been refined by Belpassi et al.?

Il. THEORY

Within the formalism presented in Ref. 12, the EFG
at the nuclear site is obtained using the EFG operator
Vi = (%% - %SijVZ)VeN, where V,y is the potential en-
ergy operator of the electron interaction with the finite size
nucleus. Considering only the spherically symmetric (or rota-
tionally averaged) part of the nuclear charge distribution, the
EFG at the position of the isotopic nucleus /; can be expanded
in terms of the root-mean-square (RMS) nuclear charge
radius a,

VQ(II) _ Qh sz(aZ) + (0 sz/aa)|a:a2 (ag—a)+---
vo(l) QO V.(a2)

Oy, Lave
O

V., da
In Eq. (3), a; and a, are the RMS charge radii of the isotopes
I and I, respectively, and the expansion is truncated at first
order in a due to the smallness of its variation Aa;, between
the isotopes. Indeed, the RMS nuclear charge radius a can
be described with sufficient accuracy by using an empirical
formula,!®

Aayp, + O(Aafz)) . 3

a=ap

a=09071A"% + 1.105A7"% —0.548A4" (fm), (4)

which is based on a large number of experimental data. As
the atomic mass number A (in amu) differs by a small amount
for the isotopes of the same element, the variation of the RMS
charge radius between the isotopes I; and I is on the order of
a few percent or less. Hence, one can evaluate the magnitude
of the quadrupole anomaly A122 as the second term of the
expansion given in parentheses in Eq. (3) and neglect further
terms.

Cottenier and co-workers®’ utilized a series expansion
of the electron-nuclear interaction to show that, for a num-
ber of molecules of relatively light elements (e.g., Rb), the
quadrupole anomaly attains fairly small values, ~10"*% or
less.® Therefore, to facilitate its experimental detection, it was
proposed’ to use a relative quadrupole anomaly 5? defined
as a difference between the ""A%2 values for two different

molecules, mol; and mol,. Using the definition of 'A% in
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Eq. (3), the relative quadrupole anomaly ’ ‘8? can be calcu-
lated as in Eq. (5),

b b

11822 = 11AZ|moll - 11AZ|molz (53)
_ 95 (voU| _ vol) (5b)
On \vo2) |yor,  V0U2) |yor,

~ L2V LAV
V., da a=a2) o, V., da

lll. DETAILS OF CALCULATIONS

) ) Aau.
a=az/ mol,

(50)

In the present work, high level theoretical calculations of
the electric field gradient V., and its logarithmic derivative
szl(a V../0a) are carried out for Au-containing molecules
such as AuF, AuCl, AuBr, Aul, XeAuF, KrAuF, ArAuF,
and (CO)AUF to obtain estimates of the quadrupole anomaly
95 APT and %3517, Using the theoretically obtained esti-
mates, the feasibility of an experimental observation of the
quadrupole anomaly will be evaluated.

The electric field gradients at the gold nucleus are cal-
culated utilizing a recently developed Dirac-exact relativis-
tic methodology,'> which is based on the normalized elimi-
nation of the small component (NESC) method®*?! and on
the analytic derivatives formalism for NESC.?>?} The EFG
is calculated as a derivative of the total electronic energy
with respect to the NQM, where the NQI Hamiltonian is ex-
plicitly included when calculating the energy.'> When cal-
culating the electronic energy and the NQI operator, the fi-
nite size nuclear model with the charge distribution described
by a Gaussian function is employed. In the calculations car-
ried out for AuF, AuCl, AuBr, Aul, XeAuF, KrAuF, ArAuF,
and (CO)AuF molecules, the segmented all-electron relativis-
tically contracted (SARC) basis set>* modified as in Ref. 12
by adding a number of tight basis functions has been used
for gold. For other elements the def2-TZVPP basis set> was
employed. The calculations have been carried out using the
Hartree-Fock (HF) method and electron correlation methods
such as second order many-body Mgller-Plesset (MP2) per-
turbation theory and the coupled cluster with single and dou-
ble excitations (CCSD). All electrons were correlated in the
NESC/MP2 and NESC/CCSD calculations. The molecular
geometries were taken from Ref. 3.

The derivatives V 1(dV.,/da) were obtained by numeric
differentiation of the calculated EFGs with respect to the nu-
clear charge radius. It is noteworthy that the EFG V. (Au)
displays nearly perfect linear dependence on the nuclear
charge radius for a(Au) in the range from 1.0 fm to 8.0 fm
(the experimental value of a(}y'Au) is 5.43439 fm?). As
the second derivative 32V../da® is ~3 orders of magnitude
smaller than the first derivative, the use of the linear term in
Egs. (3) and (5c¢) is justified. When using Egs. (3) and (5¢) for
obtaining "> ALY’ and '%°51°7, the variation of the nuclear
charge radius Aay, between the isotopes 53’ Au and 19 Au was
evaluated using Eq. (4).
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TABLE I. Electric field gradients V., (in a.u.) and logarithmic derivatives VZ;] (3V,,/da) (in fm~) for gold containing molecules.

NESC/HF NESC/MP2 NESC/CCSD
Molecule V.. V' (0V../da) V.. V' (0V,./da) V.. V' (0V,./da) Lit. V.,*
AuF —4.5313 0.003447 —0.2321 0.082505 —0.4382 0.041717 ~0.394
AuCl —3.3360 0.003614 0.3897 —0.038260 0.1618 —0.087118 (0.083)°
AuBr —2.8681 0.003711 0.5626 —0.023753 0.3648 —0.034497 (0.314)
Aul —2.2670 0.004000 0.9215 —0.012305 0.6617 —0.015960 (0.653)
AuH —1.8343 0.005921 24118 —0.004612 1.7680 —0.005907 1.610
XeAuF —7.5574 0.001839 —4.0269 0.003678 —4.4825 0.003258 —4.396
KrAuF —6.6450 0.002281 —2.9286 0.005505 —3.3802 0.004704 —3.374
ArAuF —6.0621 0.002614 —2.2293 0.007577 —2.6696 0.006244 —2.655
(CO)AUF —11.9187 0.001090 —7.6682 0.001653 —8.3977 0.001534 —8.242

ADC-CCSD-T values from Ref. 3.

"Values in parentheses are obtained from experimental NQCCs reported in Ref. 14 using the NQM value of Au (510 mb) from Ref. 3.

The results for rubidium halides calculated with
the formalism described have been compared with the
corresponding data reported by Cottenier and co-workers.%’
For example, in the case of RbF, using the un-contracted
quadruple-zeta (QZ) basis set of Dyall”’ for Rb and
the un-contracted aug-cc-pVQZ basis®® for F in con-
nection with the NESC/MP2 method, V_'(0V../da)
= —8.415x 107° fm™' and ®A¥ =2.46x 1077 are ob-
tained, which are consistent with the estimates reported by
Cottenier and co-workers®” (¥ A% ~ 1077). Similar values,
ie, V '(0V./da)=-7.903x10"° fm~' and ®Af]
=2.31x 1077, are calculated for RbI, using the Dyall’s
un-contracted QZ basis set?’ for both atoms. The close
agreement of these values with the estimates reported in
Refs. 6 and 7 suggests that the formalism developed is
capable of accurately describing the quadrupole anomaly.

IV. RESULTS AND DISCUSSION

The calculated EFG values and the logarithmic deriva-
tives VZ;' (0V,;/0a) for Au-containing molecules are re-
ported in Table I. The V,, principal values obtained in the
NESC/CCSD calculations are in a very good agreement
with the quantum chemically® and experimentally'# obtained
EFG values. This gives us confidence that the logarithmic
derivatives VZ;' (0V,;/0a) from the NESC/CCSD calculations
are sufficiently accurate to provide reliable estimates of the
quadrupole anomaly '% A}fj.

In the molecules reported in Table I, the EFG at the site
of the Au nucleus is affected by the charge withdrawal ability
of the halogen atom. This is large for F, however decreases
with increasing atomic number of halogen X (see second col-
umn in Table I). The HF method is known to exaggerate the
polarity of the AuX bond and thereby also the decrease of the
electron density at Au. Electron correlation methods provide
a more realistic electron density distribution and polarity of
the AuX bond. The electron correlation contribution to EFG
varies only moderately with the electronegativity of X as is re-
flected by a gradual decrease from ~4 a.u. in the case of AuF
to ~3 a.u. for Aul. This trend is however sufficiently strong
to revert the sign of the EFG for AuCl, AuBr, Aul, and AuH.
Hence, the switch of the sign of the EFG is a direct reflec-

tion of the decreasing electronegativity of X from F to CI, Br,
and L.

As the resulting V_, values are sufficiently small, the log-
arithmic derivatives vLaaLa for the gold halides attain suffi-
ciently large values, which are of the order of 1072 fm~!,
Moreover, as a consequence of the positive sign of V. for
AuCl, AuBr, and Aul, the sign of the derivative changes from
AuF to AuCl and the heavier halides. Hence, the quadrupole
anomaly values '3 AIAQJ given in Table II, change sign when
going from gold fluorides to chloride and the heavier halides.

The quadrupole anomaly data '*° A}fj reported in
Table II can reach values as large as 1.507 x 1073, which
is considerably larger than the values estimated by Rose and
Cottenier,” who predicted Ay in the range of ~107°. As the
relative accuracy of the experimentally measured NQCC val-
ues for gold diatomic molecules (as given by the standard de-
viation) varies between 10~* and 3 x 1074,!4 the effect of the
quadrupole anomaly should be visible when comparing the
isotopic NQCC ratios for different molecules.

The relative quadrupole anomaly !*° 3}3]7 for pairs
of gold molecules reaches even larger values, for exam-
ple, 2.228 x 1073 for the AuF-AuCl pair. Figure 1 shows
the positive branch of the '*>§7 values calculated from
the data in Table II. Thus, comparing the NQCC ratio
vQ(%gs Au)/ vQ(%g7Au) for AuCl with the ratios for other gold
molecules leads to a sufficiently large magnitude of the
quadrupole anomaly. Therefore, we suggest to carry out com-

parative experimental measurements of the NQCC in a series

TABLE II. Quadrupole anomaly 195 AX?] (in %) evaluated for 1% Au and
197 Au isotopes using the data in Table I.

Molecule HF MP2 CCSD

AuF —0.0059 —0.1427 —0.0721
AuCl —0.0062 0.0662 0.1507
AuBr —0.0064 0.0411 0.0596
Aul —0.0069 0.0212 0.0276
AuH —0.0102 0.0079 0.0102
XeAuF —0.0031 —0.0063 —0.0056
KrAuF —0.0039 —0.0095 —0.0081
ArAuF —0.0045 —0.0131 —0.0108
(CO)AUF —0.0019 —0.0028 —0.0026
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FIG. 1. Relative
_ 195 197

anomaly 193517 = 195 A1 (moly)

quadrupole
Au (moly) (in %) evaluated using the data in Table II.

of gold halides containing the isotopes ;35 Au and %87Au. Simi-
lar results should be obtained for the %ggAu/%?Au isotope pair.

V. CONCLUSIONS

In this Communication, we propose to investigate the iso-
topically substituted gold diatomic and triatomic molecules
utilizing microwave spectroscopic techniques in order to ob-
tain experimental evidence for the nuclear volume effect on
the nuclear quadrupole interaction. For gold halide molecules,
the theoretically predicted quadrupole anomaly, that is, a de-
viation of the ratio of NQCCs for two isotopically substituted
molecules from the ratio of the corresponding bare nuclear
electric quadrupole moments, Eq. (2), can reach values in
the range of 1073, which significantly exceeds the accuracy
of the spectroscopic measurement of NQCC values (~10~*
to 1079). It is likely that the nuclear volume effect and the
quadrupole anomaly play a significant role for high preci-
sion measurements of the parameters of the nuclear charge

J. Chem. Phys. 137, 131102 (2012)

distribution of isotopic nuclei. The high level theoretical cal-
culations of the type reported in this Communication can pro-
vide crucial information for the interpretation of experimental
measurements.
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