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Nuclear magnetic dipole moment of 209Bi from NMR experiments
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We report the 209Bi magnetic moment derived from NMR experiments and first-principles calculated
shielding constants of Bi3+ ions in aqueous solutions of Bi(NO3)3 and Bi(ClO4)3 salts. Our values represent
an independent confirmation of the 209Bi magnetic moment recently determined by Skripnikov et al. [L. V.
Skripnikov et al., Phys. Rev. Lett. 120, 093001 (2018)], which is of utmost importance for the interpretation of
Bi82+ ion hyperfine splitting experiments. The accuracy limit of the 209Bi magnetic moment set by the present
computational chemistry methods is discussed.
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I. INTRODUCTION

The nuclear magnetic dipole moment of 209Bi, μI (209Bi),
belongs to the largest magnetic moments of the stable and
long-lived nuclei [1]. This fact together with the high electric
charge of the bismuth nucleus implies that an electron in a
hydrogenlike Bi82+ ion experiences the strongest magnetic
field achievable in the laboratory. The hyperfine splitting
(HFS) as a sensitive probe of electron-nucleus interactions
became for more than two decades a test of quantum elec-
trodynamics (QED) effects in Bi82+ [2–5]. The discrepancy
between measurements and the theoretical prediction of Bi82+

HFS raised the question of strong-field modifications of QED.
However, because the HFS is proportional to the nuclear
magnetic moment, the error in the 209Bi nuclear magnetic
moment measurement was identified as a possible origin of
HFS discrepancy and a remeasurement of the nuclear mag-
netic dipole moment of 209Bi was requested [6].

Numerous tabulated values of nuclear magnetic moments
are derived from nuclear magnetic resonance (NMR) exper-
iments [1]. These values, mostly measured in the 1960s and
1970s, are influenced by a systematic error due to the inaccu-
rate description of the NMR shielding needed for their deriva-
tion [7]. The development of accurate quantum chemistry
methods for the calculation of the shielding constants [8–15]
brought the possibility to correct these moments [7]; the cor-
rected nuclear magnetic dipole moments based on gas-phase
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NMR experiments and state-of-the-art calculations were re-
ported in several reviews and book chapters [16–18]. Another
set of corrected nuclear magnetic moments is based on re-
cent calculations of NMR shielding of aqueous cations [19–
22]. Both approaches—gas-phase NMR and aqueous cation
NMR—were recently applied to 207Pb, providing consistent
values for its nuclear magnetic moment [23].

A recent measurement of 209Bi nuclear magnetic mo-
ment [5] and a recent hyperfine splitting experiment on bis-
muth [3] (see also Ref. [4]) brought the experimental and
theoretical data for the Bi82+ hyperfine splitting into agree-
ment, resolving the longstanding bismuth hyperfine puzzle.
This value of μI (209Bi) determined by Skripnikov et al. [5]
is based on a recent NMR experiment for the BiF−

6 anion in
acetonitrile solvent and first-principles calculations of NMR
shielding of bismuth in the isolated BiF−

6 anion.
In this work, we present the magnetic moment of 209Bi

derived from our experimental data for two different aqueous
solutions of Bi3+ cations and corresponding first-principles
calculations. We demonstrate the robustness of the calcu-
lations of NMR shielding for solvated heavy cations and
show that standard computational chemistry methods for the
shielding and nuclear magnetic dipole moments yield results
consistent with Ref. [5]. Our present results provide an inde-
pendent confirmation of the magnetic moment value of 209Bi
given by Skripnikov et al. [5].

II. NMR EXPERIMENT

The NMR resonance frequency of 209Bi was measured
in aqueous solutions of bismuth(III) nitrate [Bi(NO3)3] and
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FIG. 1. Concentration dependence of ν(209Bi)/ν(1H in TMS)
resonance frequency ratio for Bi(NO3)3 and Bi(ClO4)3 in aqueous
solutions, respectively. 1H NMR frequency was measured for pure
liquid TMS.

bismuth(III) perchlorate [Bi(ClO4)3]. The preparation of so-
lutions is hindered by the low solubility of bismuth salts
in water and various effects such as hydrolysis [24] and
the creation of oxyclusters of bismuth [25]. These adverse
effects are suppressed in acidic solutions giving, at the same
time, an increase in Bi3+ solubility. The bismuth salt solution
preparation is described in Appendix A.

209Bi NMR experiments were conducted at 300 K on a Var-
ian INOVA-500 spectrometer equipped with a two-channel
Varian sw5 probe operating at 80.4 MHz for the bismuth
frequency. The 209Bi spectra were recorded with 25 600
scans, pulse width 80 μs (90° pulse), 100 kHz spectral width,
acquisition time of 0.05 s, and a relaxation delay of 0.1 s.
An exponential function with line broadening of 100 Hz
was applied prior to Fourier transformation. The sample of
Bi(NO3)3 in concentrated nitric acid (HNO3) was used as the
external reference standard. Bulk susceptibility effects were
not considered.

NMR resonance frequencies of 209Bi were measured in
a wide range of bismuth cation concentrations in nitrate
and perchlorate acid aqueous solutions. The concentration
dependence of the frequency ratio with respect to the 1H NMR
frequency in liquid tetramethylsilane (TMS), ν(1H in TMS) =
500 606 120 Hz, is shown in Fig. 1. The 209Bi NMR frequency
extrapolated to the infinitely dilute solution is 80 445 750.7 Hz
and 80 448 374.6 Hz for perchlorate and nitrate, respectively.
The chemical shift of Bi3+ in aqueous Bi(ClO4)3 with respect
to Bi3+ in aqueous Bi(NO3)3 is −32 ppm [Bi3+ in aqueous
Bi(ClO4)3 solution is more shielded than Bi3+ in aqueous
Bi(NO3)3].

III. NMR SHIELDING CALCULATIONS

The structure of the Bi3+ solvation shell for Bi(ClO4)3

in aqueous solution is known from extended x-ray absorp-
tion fine-structure (EXAFS) and large-angle x-ray scattering
(LAXS) experiments [26]. The actual structure depends on the
concentration; for higher concentrations, two perchlorate an-
ions take part in the first solvation shell of Bi3+, and for lower

FIG. 2. Stick representation of the structure of aqueous com-
plexes with nitrate and perchlorate anions (symmetry point group in
brackets): (a) (Bi(H2O)6NO3)2+ [C1], (b) (Bi(H2O)7ClO4)2+ [C1],
(c) (Bi(H2O)5NO3)2+ [C2v], (d) (Bi(H2O)5ClO4)2+ [C2v]. Color
code: hydrogen white, nitrogen blue, oxygen red, chlorine green,
bismuth yellow.

concentrations, the number of perchlorate anions in the first
solvation shell of Bi3+ is reduced to one. The bismuth-oxygen
coordination number remains to be eight for a wide range
of concentrations [26]. We did not find analogous structural
experimental data for aqueous solutions of Bi(NO3)3 but, in
accordance with perchlorate experiments, we assume that for
low concentrations, one nitrate anion coordinates with Bi3+

together with water molecules in the first solvation shell.
The structures of the aqueous complexes (Bi(H2O)6NO3)2+
and (Bi(H2O)7ClO4)2+, which correspond to experimental
conditions in nitrate and perchlorate environments, were opti-
mized using theoretical methods. In addition, the complexes
(Bi(H2O)5NO3)2+ and (Bi(H2O)5ClO4)2+ with C2v space-
group symmetry were optimized for benchmark coupled-
cluster calculations. The structure of the complexes is de-
picted in Fig. 2. See, also, Appendix B for methods and
optimization procedure details.

The shielding constants σ (209Bi) in the aqueous complexes
were calculated applying both nonrelativistic and relativis-
tic approaches. For nonrelativistic NMR shielding calcula-
tions, we applied the Hartree-Fock (HF) method, a sequence
of correlation methods including second-order perturbation
theory (MP2) [8], coupled cluster with single and double
excitations (CCSD) [10], and coupled-cluster method with
noniterative incorporation of triple excitations [CCSD(T)] [9],
as well as density functional theory (DFT) method with
the Perdew-Burke-Ernzerhof (PBE0) functional [27,28]. We
used the uncontracted ANO-RCC [29] basis set for bismuth
combined with the cc-pVDZ [30] basis set for hydrogen,
nitrogen, oxygen, fluorine, and chlorine atoms (this basis-
set combination is called uANO.dz). In all nonrelativistic
methods, gauge-including atomic orbitals (GIAOs) [31] were
applied to ensure gauge-origin independence of the computed
shielding constants. Nonrelativistic correlated calculations
were carried out with the CFOUR package [32]; nonrelativistic
PBE0 shielding constants were obtained using the NWChem
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FIG. 3. Nonrelativistic Hartree-Fock NMR shielding of bismuth
vs energy of (Bi(H2O)7ClO4)2+ and (Bi(H2O)6NO3)2+ complexes
calculated for various local minimum structures optimized at the
DFT level. For both data sets, the energy is plotted relative to the
structure with the lowest energy (see Appendix B for details).

package [33]. Relativistic shielding constants were calculated
at two levels of theory: Dirac-Hartree-Fock (DHF) and Dirac-
Kohn-Sham (DKS) with the PBE0 functional. For relativistic
calculations, we have used the uncontracted ANO-RCC basis
set for bismuth combined with uncontracted cc-pVDZ [30] for
other elements (uANO.udz). To examine the basis-set con-
vergence, Dyall’s vDZ, vTZ, and vQZ series was used [34].
GIAOs were used in all relativistic calculations. The small-
component basis set was generated employing the restricted
magnetic balance scheme [35,36]. In the relativistic shielding
calculations, nuclei were represented by a Gaussian charge
distribution [37]. All relativistic calculations were carried out
using the ReSpect package [38].

First, σ (209Bi) was calculated at the Hartree-Fock level
of theory for all identified stable conformers of the hydrated
Bi3+ complexes. Despite large differences in the energies
of these structures, the shielding of bismuth lies in a nar-
row interval of 100 and 200 ppm for the (Bi(H2O)6NO3)2+
and (Bi(H2O)7ClO4)2+ structures, respectively. The NMR
shielding vs energy plot (Fig. 3) illustrates the structural
robustness of the solvated cation approach for the prediction

of the shielding. The shielding of the central Bi3+ cation
shows low sensitivity to the actual structure of the solvation
shell—a feature which we have also observed in our previ-
ous cation studies [19–22]. Although the Bi chemical shift
between the lowest-energy structures of (Bi(H2O)6NO3)2+
and (Bi(H2O)7ClO4)2+ (−150 ppm) is somewhat larger than
experimentally determined (−32 ppm), in agreement with
experiment Bi3+ in a perchlorate solution is more shielded
than in a nitrate solution in our model solvation structures. We
note that most structures represented in Fig. 3 are inaccessible
at 300 K; the energy differences with respect to the lowest-
energy structures correspond to ≈103 Kelvin.

To obtain accurate shielding constants for compounds
containing heavy elements, both electron correlation and rel-
ativity have to be properly described [13–15]. Relativistic
coupled-cluster calculations of NMR shielding constants are
simplified for a compound with high space symmetry such
as BiF−

6 [5]. Nevertheless, approximations such as using a
small contracted basis set and application of restricted kinetic
balance to minimize the number of small-component basis
functions are necessary to reduce the high computational
costs. From the computational point of view, aqueous heavy
cation complexes are too large systems with too low space
symmetry and, for the final relativistic bismuth shielding, we
therefore apply the DKS approach with various modifications
of the PBE0 functional.

For bare Bi3+ and Bi5+ ions, the only contribution to the
nonrelativistic NMR shielding is the diamagnetic term, known
to be insensitive to the electron correlation. The shielding
values differ by less than 1 ppm for various applied nonrel-
ativistic correlation methods (see Table I; for a more detailed
discussion of similarly small effects in the case of rare-gas
atoms, see Ref. [39]).

The CCSD correlation contribution to σ (209Bi) for three
symmetrized aqueous complexes and in BiF−

6 is between
−400 and −500 ppm and the CCSD(T) value, available
only for BiF−

6 and (Bi(H2O)6)3+, indicates further decrease
by about 100 ppm. A �CCSD(T) contribution of the same
magnitude was obtained using the smaller DZP.dz basis set
also for the symmetrized anion containing complexes (see
Table I).

We note that the agreement between MP2 and CCSD(T)
shielding constants is systematic for the studied complexes.

TABLE I. NMR shielding constants of bismuth in various chemical environments (in ppm).

Nonrelativistic Relativistic

Structure HF MP2 CCSD CCSD(T) PBE0 PBE0-50a DHF DKS/PBE0 DKS/PBE0-50

Bi3+ 10208 10208 10208 10208 10208 10210 17685 17696 17693
Bi5+ 10191 10191 10191 10191 10191 10193 17680 17684 17684
BiF−

6 7188 6632 6744 6665 6423 6683 14610 12501 13306
(Bi(H2O)6)3+ 8223 7709 7821 7720 7336 7686 14067 11897 12743
(Bi(H2O)5NO3)2+ 8203 7575 7723 7602b 7253 7626 13660 11320 12204
(Bi(H2O)5ClO4)2+ 8248 7747 7854 7756b 7393 7734 13875 11859 12721
(Bi(H2O)6NO3)2+ 8284 7681 7357 7715 13874 11811 12579
(Bi(H2O)7ClO4)2+ 8432 7891 7535 7890 14324 11942 12918

aNonrelativistic limit from DKS calculations.
b�CCSD(T) contribution calculated using the DZP.dz basis set added to the CCSD/uANO.dz value.
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Independent of the number of water molecules or the presence
of nitrate or perchlorate ion in the solvation shell, for all the
discussed aqueous complexes, the bismuth shielding fits into
the narrow interval of ≈200 ppm (Table I, Fig. 3), indicating
that the nature of intermolecular interactions is the same for all
complexes. Therefore, we shall assume that MP2 nonrelativis-
tic shielding values represent a reliable approximation to the
CCSD(T) results for the larger bismuth aqueous complexes
also.

Considering these findings, the systematic error of the
DFT/PBE0 functional for the prediction of bismuth shielding
in these complexes can be assessed against higher-quality
correlation methods (Table I). The PBE0 functional predicts
the correlation contribution to the bismuth shielding to be
about −900 ppm, underestimating the coupled-cluster results
by about 350 ppm on average.

In the relativistic approach, comparing the DKS/PBE0 and
DHF results in Table I, we find that DKS/PBE0 predicts a
correlation contribution of about −2000 ppm, twice as large
as the nonrelativistic value, and therefore the systematic error
of DKS/PBE0 is expected to be proportionally larger.

In summary, the present data indicate (similarly to Ref. [5])
that the DKS/PBE0 method underestimates the bismuth
shielding. To reduce this systematic error of DKS/PBE0, we
apply three different approximations as follows:

(A) At the nonrelativistic level, we introduce a correc-
tion �PBE0 defined as the difference between correlated re-
sults approximated by MP2 and nonrelativistic PBE0 values.
To obtain the final value of the shielding, this correction
is added to the relativistic DKS/PBE0 shielding constant:
σA = σ (DKS/PBE0) + �PBE0. A similar correction calcu-
lated as the difference between relativistic coupled-cluster and
DKS/PBE0 values was used in Ref. [5]. For BiF−

6 , our non-
relativistic correction is �PBE0 = 209 ppm and the analogous
relativistic correction is 437 ppm [5].

(B) In the DKS framework, the amount of HF exchange
is increased from 25% in the standard PBE0 functional to
50%. This modified functional (denoted PBE0-50) reproduces
nonrelativistic CCSD(T) shielding constants with accuracy
better than 50 ppm and this holds for all the investigated
chemical environments of bismuth. The nonrelativistic PBE0-
50 values were determined from DKS by scaling the speed of
light by a factor of 50 (a point model for the nucleus was used
in these calculations to compare properly with nonrelativistic
counterparts).

We note that modified PBE0 functionals, in particular
PBE0-50, have been applied successfully to study NMR
parameters at nonrelativistic and relativistic levels (see,
e.g., Refs. [40,41] for calculations of shielding constants
and [42,43] for the spin-spin coupling constants). We shall
use DKS/PBE0-50 values as our best approximation of the
bismuth shielding.

(C) The electron correlation contribution �MP2 calculated
in the nonrelativistic approximation as the difference between
MP2 and HF results is added to the DHF results: σC =
σ (DHF) + �MP2. In practice, �MP2 is always negative.

The bismuth shielding constants calculated at the DHF and
DKS levels using the uANO.udz basis set are close to the
basis-set limit, as illustrated in Table II for DKS/PBE0-50.
The quality of the basis set for light elements has a small effect

TABLE II. Basis-set convergence of 209Bi NMR shielding con-
stants (in ppm), using DKS/PBE0-50 and Dyall’s valence double-
zeta (vDZ), triple-zeta (vTZ), and quadruple-zeta (vQZ) basis sets.
For comparison, results for uANO.udz basis set are included.

BiF−
6 (Bi(H2O)6NO3)2+ (Bi(H2O)7ClO4)2+

Dyall vDZ 13266 12472 12819
Dyall vTZ 13316 12565 12911
Dyall vQZ 13334 12589 12940
uANO.udz 13306 12579 12918

on the shielding of the central bismuth atom. Thus, we assume
that the largest contribution to the systematic error of σ (209Bi)
stems from the uncertainty of the correlation contribution.

We find that for these approximations, the following in-
equality holds: σA < σB < σC . The approximations (A) and
(C) provide estimates of the lower and upper limit of the
bismuth shielding, respectively. Therefore, we have estimated
asymmetric error bars for the bismuth shielding as σB − σA

and σC − σB . The final NMR shielding constants in aqueous
complexes and BiF−

6 with the asymmetric error bars evaluated
using the (A), (B), and (C) approximations are collected in
Table III and are used to derive the magnetic moment of 209Bi.

IV. NUCLEAR MAGNETIC DIPOLE MOMENTS

The magnetic moment of 209Bi is derived from the equation

μI (209Bi) = 9
ν(209Bi)

ν(1H)

1 − σ (1H)

1 − σ (209Bi)
μI (1H), (1)

where we use the experimental frequency ratio
ν(209Bi)/ν(1H), the reference shielding of 1H in TMS
σ (1H) = 33.480 ppm [44], σ (209Bi) of different bismuth
complexes, and the reference proton magnetic moment
μI (1H) = 2.792 847 356(23) μN [45]. The factor of 9
represents the ratio of nuclear spins.

The final values for the nuclear magnetic moments are
collected in Table III and are depicted in Fig. 4 together
with μI (209Bi) from the NMR experiment and the specific

TABLE III. Comparison of the 209Bi nuclear magnetic dipole
moments (in μN ) from various experiments.

Frequency
Sample ratioa σ (209Bi) μI (209Bi) Source

Bi(NO3)3 0.160702(1) 12579+692
−444 4.0907(+28

−19 ) This work

Bi(ClO4)3 0.160697(1) 12918+865
−620 4.0919(+36

−25 ) This work

BiF−
6 0.1607167(2)b 13306+781

−563 4.0941(+32
−24 ) This work

0.1607167(2) 12792 4.092(2) Ref. [5]

4.0900(15) From HFS

Ref. [5]

4.1106(2)c NMR

aBismuth NMR frequency ratio with respect to 1H in liquid TMS.
bSee Ref. [5].
cThe presently used literature value [1] is based on the 1953 data of
Ref. [46].
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FIG. 4. Magnetic dipole moment of 209Bi from different sources.
“Skripnikov [2018]” represents Ref. [5]. “BiF−

6 This work” is based
on the experiment of Ref. [5] and our shielding calculations. The
“NMR [1953]” value is from Refs. [1,46].

difference by Skripnikov et al. and the old literature value
from NMR experiment [1,46]. Our values of 209Bi magnetic
moment correspond to the use of σB , i.e., approximation (B) to
σ (209Bi). In the asymmetric error-bar definition, the left-hand
error-bar termination represents the magnetic moment derived
using σA and the right-hand error bar is derived using σC .
Our μI (209Bi) values predicted from Bi(NO3)3 and Bi(ClO4)3

experiment and calculations are consistent, differing only by
0.001 μN , and they are also both consistent with the value
4.092(2) μN obtained by Skripnikov. Using the same approx-
imation (B) for σ (209Bi) in BiF−

6 , we obtain, for the nuclear
magnetic moment, 4.0941 μN , which lies at the borderline of
the result of Skripnikov et al. [5]

V. CONCLUSIONS

Our values for the 209Bi magnetic moment are based, sim-
ilarly to that of Skripnikov et al. [5], on the DKS approxima-
tion, which is a practical and computationally feasible method
applicable to the shielding calculations of bismuth complexes.
Comparison with the coupled-cluster results indicates that
the PBE0 functional underestimates the total shielding due
to inaccurate description of the relevant electron correlation
effects. We have corrected this systematic error applying the
PBE0-50 functional with 50% of HF exchange-term con-
tent. The calculations of our aqueous Bi3+ complexes, which
model the experiment properly taking into account the main
solvent effects, yield magnetic moment values much closer to
the recent value of the 209Bi magnetic moment obtained by
Skripnikov et al. [5] than the old literature NMR-based value.
Moreover, with the DKS/PBE0-50 approximation, regardless
of the model complex (aqueous Bi3+ or BiF−

6 ), all rederived
209Bi magnetic moment values are contained in a narrow
interval of 3 × 10−3μN , with large overlap of the error bars
with the 209Bi magnetic moment given in Ref. [5]. Our mag-
netic moment values determined studying aqueous complexes
were obtained using different theoretical approaches for the
bismuth shielding and different NMR experiments than those
of Skripnikov et al., and thus the present results provide an
independent confirmation of the recent value of the magnetic
dipole moment of 209Bi.
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APPENDIX A: SAMPLES PREPARATION

Solid bismuth(III) perchlorate [Bi(ClO4)3] is a shock-
sensitive explosive [47] and not available as a pure chemi-
cal compound. However, its aqueous solutions can be pre-
pared from solid bismuth(III) chloride (BiCl3), perchloric acid
(HClO4), and silver perchlorate (AgClO4). In our experiment,
the low solubility of silver chloride (AgCl) was utilized for
the elimination of chloride anions (Cl−) from the aqueous
solutions containing bismuth cations (Bi3+) and perchlorate
anions (ClO−

4 ). Samples of aqueous solutions of bismuth
perchlorate were prepared as follows: first, the basic solution
containing 1 M HClO4 and 1 M AgClO4 in triply distilled
water was step-by-step mixed with small amounts of anhy-
drous powdered BiCl3 until the precipitation of AgCl was
quantitatively completed and solid AgCl was immediately
removed. Next, the basic solution was used for the preparation
of samples containing various concentrations of Bi3+ cations
after the dilution with pure water. Preparation of Bi(NO3)3

aqueous solution was straightforward. Weighted amounts of
pure bismuth nitrate pentahydrate [Bi(NO3)3·5H2O] were
directly dissolved in 10% aqueous solution of nitric acid
(HNO3). All the 209Bi NMR measurements of the above sam-
ples were performed immediately after solution preparation
to avoid degradation processes in solutions. All the above
chemical compounds were of high purity (>99.99%) and
supplied by Sigma-Aldrich, Inc.

APPENDIX B: BISMUTH COMPLEXES—STRUCTURE
OPTIMIZATION

The structures of the aqueous solvation shell of Bi3+ with
a perchlorate or nitrate anion were optimized at the density
functional theory (DFT) level to model the conditions in
aqueous Bi(ClO4)3 and Bi(NO3)3 solutions, respectively. To
this end, two different models were used: (a) DFT using the
B3LYP functional [48] corrected by Grimme’s D3 dispersion
term [49], and (b) DFT with B3LYP and D3 dispersion
correction and the implicit solvent model COSMO [50] for
modeling of solvent effects of higher solvation shells. The
dielectric constant of 78 for water was used in the COSMO
model. We have used the Def2-TZVP basis set for Bi [51]
with a core potential describing 60 core electrons, and the
DZP basis set [52] for H, N, O, and Cl atoms. The structures
were optimized using the NWChem package [33].
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TABLE IV. Average distances in the solvation shell of Bi3+.

Solvent modela

Structure Distance A B Expt.

(Bi(H2O)7ClO4)2+ Bi-O 2.56 2.45 2.411(5)b

Bi-Cl 3.07 3.76 3.76(4)b

(Bi(H2O)6NO3)2+ Bi-O 2.49 2.49
Bi-N 2.76 2.95

aSolvent model A: the first solvation shell modeled explicitly at the
DFT+D3 level. Solvent model B: the first solvation shell modeled
explicitly at the DFT+D3 level with COSMO solvent model for
higher shells.
bReference [26].

The initial structures of Bi3+ with perchlorate anion were
prepared as follows: seven water molecules and one perchlo-
rate anion were placed in the vertices of a cube or square
antiprism, keeping Bi3+ in the center. Bi-O axial rotational
randomness was introduced for all coordinated species to ob-
tain a set of different initial structures of (Bi(H2O)7ClO4)2+.
In the case of the Bi3+ aqueous solvation shell with nitrate
anion, optimization showed that the coordination structure of
one nitrate anion with six water molecules is preferred. An ad-
ditional water molecule escaped to the second solvation shell
during the optimization. Coordination of two oxygen atoms
of NO−

3 to Bi3+ was energetically favorable. This structure
preserves a Bi-O coordination of eight as also found for the
perchlorate solution. Taking into account these findings, the

initial (Bi(H2O)6NO3)2+ structures were modeled by placing
six water molecules and a nitrate anion randomly to the
vertices of a pentagonal bipyramid surrounding a central Bi3+

cation, keeping eightfold Bi-O coordination. Axial rotational
randomness of coordinated species was used to prepare a set
of different initial structures. For all initial perchlorate and
nitrate structures the initial Bi-O distances of 2.5 Å were used.

The energy-optimization procedure yields about 30 distinct
structures of (Bi(H2O)7ClO4)2+ and (Bi(H2O)6NO3)2+ com-
plexes representing different local minima on the potential-
energy hypersurface. In both data sets, the complexes with
the lowest energies were identified and next used as model
solvation structures for the following NMR shielding calcu-
lations. These optimal structures are depicted in Figs. 2(a)
and 2(b). The relevant average internuclear distances in
these two structures are collected in Table IV. The implicit
solvent model COSMO was found to be crucial to reach
good agreement with the experimental structural data of the
(Bi(H2O)7ClO4)2+ complex.

Three artificial bismuth solvation shell structures with
higher space symmetry were optimized using the same
method: (Bi(H2O)5NO3)2+ and (Bi(H2O)5ClO4)2+ with C2v

symmetry point group [Figs. 2(c) and 2(d)] and (Bi(H2O)6)3+
with D2h symmetry point group.

The structure of BiF−
6 was optimized using the B3LYP

functional with D3 correction and COSMO implicit solvent
model with dielectric constant corresponding to acetonitrile
solvent. Def2-TZVP with 60 electron core potential and the
TZVP basis set were used for bismuth and fluorine atoms,
respectively. The optimal Bi-F interatomic distance was found
to be 2.0172 Å.
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