Water defect stabilizes Bi3* lone-pair electronic state leading to an
unusual aqueous hydration structure.
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ABSTRACT: The aqueous hydration structure of the Bi** ion is probed using a combination of extended X-ray absorption fine
structure (EXAFS) spectroscopy and density functional theory (DFT) simulations of ion-water clusters and of condensed-phase so-
lutions. Anomalous features in the EXAFS spectra are found to be associated with a highly asymmetric first-solvent water shell. The
aqueous chemistry and structure of the Bi®* ion is dramatically controlled by the water stabilization of a lone-pair electronic state
involving the mixed 6s and 6p orbitals. This leads to a distinct multi-modal distribution of waters in the first shell that are separated
by about 0.2 A. The lone-pair structure is stabilized by a collective response of multiple waters that are localized near the lone-pair
anti-bonding site. The findings indicate that the lone-pair stereochemistry of aqueous Bi®*" ions play a major role in the binding of

water and ligands in aqueous solutions.

1. INTRODUCTION

The chemistry of bismuth (Bi) is of importance for the pro-
duction of pharmaceuticals,® 2 for the replacement of lead with
Bi-metal alloys, and in geochemistry. In geochemistry, the crit-
ical role of Bi compounds in the aqueous hydrothermal
transport and concentration of precious metals has been re-
ported.® There is recent high-interest in the use of Bi-based ma-
terials for novel environmental remediation applications. As an
environmentally benign element with low toxicity, bismuth
compounds show exceptionally high efficiency at capturing
toxic and radioactive anions.*® This high affinity for multiple
negatively charged contaminants is based on the electronic and
structural flexibility of the Bi-based materials. The hydrolysis
of aqueous Bi®* causes the formation of polyatomic oxyhydrox-
ide clusters e.g., [BisO4(OH)4]®* as initial transient species. This
flexible structure based on clusters can easily transform into
crystalline Sillén phases containing [Bi,0,]** sheets, with
charge-balancing anions as intervening layers.” Thus, it is im-
portant to understand the aqueous chemistry of Bi®* so that so-
lution conditions can be tailored to control hydrolysis and form
stable structures able to incorporate contaminants of concern.®

The electronic state of Bi** — having the simplicity of the
completely filled valence electron shells as [Xe] 4f“5d'%s?—
belies the complexity of its chemistry. The structure of a large

number of Bi®** compounds is affected by a stereochemically
active lone-pair configuration.? This process involves mixing of
Bi®* 6s and 6p orbitals at non-centrosymmetric sites. In partic-
ular, the associating ligands or counterions play a role due to a
strong interaction between the Bi 6s and the ligand 2p orbitals
(e.g. O%) that results in high-energy anti-bonding states with a
considerable degree of cation s character at the top of the upper
valence band.® The Bi(Ill) 6s lone pair imparts unusual prop-
erties to solids and interfaces. In particular, the pyrochlore
structure of the Bi-containing metal oxides, Bi,Ru.O--,, have
received attention. The bulk metal oxide is a metallic conduc-
tor'® 1 where the Bi(111) atom is found to be off-center from the
ideal crystalline position because of lone-pair distortion. In ad-
dition, this Bi ruthenate compound has an interfacial configura-
tion that is known in electrochemistry for its efficiency in O,
reduction.’? In this respect, Hamnett'? proposed that the Bi(lll)
surface atom site is not strongly hydrated since the low effective
symmetry of the surface site stabilizes the externally-oriented
lone-pair structure. Hence the binding of water at this surface
site is significantly weakened allowing O to displace the outer
layer of water overcoming a key limiting step in the reduction
cycle. Although it might reasonably be assumed that an aque-
ous Bi** ion might also adopt a lone-pair active configuration
such a structure has never been reported. Observation of a
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stereochemically active lone pair ion would significantly alter
the present understanding of aqueous Bi®* chemistry

Studies of aqueous Bi** have thus far suggested a lesser role
for lone-pair stereochemical effects. Often, optimized ion-water
clusters are a bellwether for the ion hydration structure in the
liquid phase. lon-water cluster optimizations from electronic
structure calculations (MPW1PW91)*® have been reported for
the series, Bi®*s (H.0), (n = 7,8,9) showing very symmetric
structures with mean Bi-O distances of x, = 2.46, xg = 2.49,
and x, = 2.53 A, respectively and very low bond disorder (typ-
ically 02 < 0.001 A?). For comparison, a stable nonaaqua-Bi**
crystalline compound has been produced from trifluoromethane
sulfonate, in which the single water shell is stabilized by centro-
symmetric placement of the anions about the nonaaqua-Bi®".
This crystalline [Bi**(H20)9](SOsCF3)3 has Bi-O distances of
(6x) 2.448 A and (3x) 2.577 A (or x, = 2.49 A (6% = 0.004
A?)) that are in reasonable agreement with optimized ion-water
cluster results. This crystalline compound also has relatively
low bond disorder.

Molecular dynamics simulations have been used to predict
the condensed phase ion-water structure. A modified QM/MM
approach® yielded a 9-fold coordination with a Bi—O distance
of 251 A (¢ = 0.022 A?). More recent ab initio molecular
dynamics simulations, at the PBE/GGA level of theory®® also
revealed a mono-modal peak in the Bi-O g(r) at a distance of
2.41 A(6? = 0.017 A?). In this case a seven-coordinate aqua
ion was observed. In reviews of ion-water structures, the con-
tributions of Bi lone pair stereochemistry on the hydration
structure is deemed to be less important.2 16 Earlier experi-
mental EXAFS and X-ray diffraction (XRD) measurements ap-
parently supported these findings with Bi—O distance of 2.41 A
(62 = 0.013 A?).7

It is interesting to compare Bi* to another f-electron, trivalent
cation, Dy®*, that lies to the left of Bi in the same row of the
periodic table and that would not have lone-pair stereochemical
effects. The measured Dy-O distance®® (2.38 A) is about the
same as that for Bi-O (2.41A).Y7 In contrast, the Debye-Waller
factor for the Bi®* ion is nearly twice as large (¢ = 0.013 A?
as that for Dy** (o = 0.007 A?), thus alluding to an unusually
high degree of water disorder about the Bi** aqua ion. The first
hydrolysis constant, log 8, , typically shows a linear dependence
on the ratio of charge to M-O distance, z/d.*® Although their
average M-O distances are approximately the same, their log 3,
values are vastly different, with -7.53 for Dy*" and -0.92 for
Bi®*.2%2L This is another indicator of the anomalous behavior
of aqueous Bi®*" ions.

Here we report an extensive experimental and DFT study of
the aqueous Bi®* structure that is based upon an evaluation of
the Ls- and L;-edge EXAFS spectra. Contrary to the prevailing
concept, the results point to a very asymmetric first-shell struc-
ture about Bi®*. A detailed understanding of the unusual water
ordering about Bi** is resolved using various levels of DFT the-
ories including (i) a series of large, optimized ion-water clusters
and (ii) molecular dynamics (DFT-MD) trajectories with differ-
ent functionals. The results show that hybrid DFT (e.g. PBEO
rather than PBE) is essential in quantitatively capturing the
lone-pair induced water hydration structure measured experi-
mentally. The proper representation of the highly asymmetric
lone-pair structure of aqueous Bi®** can only be obtained from
optimization of clusters having two or more water shells, while
single water-shell clusters generate only symmetric structures.
Finally, MD-EXAFS spectra are calculated directly from these

MD trajectories for direct comparison to the experimental re-
sults using methods that have been recently been applied to
study of lanthanide trivalent aqua ions?? and other ions.?

The findings show that an accurate accounting of the Bi®*
lone-pair stereochemistry is essential to predict the unusual hy-
dration structure. Further, a collective response in the H-bond-
ing structure of at least three waters, as a local hydration “de-
fect”, accommodates the Bi®* transition to a lone-pair configu-
ration. These results point to a much larger role than widely be-
lieved for Bi®* lone-pair stereochemistry in the cation-ligand as-
sociation of aqueous Bi** complexes.

2. METHODS

2.1 Agueous Bi* sample preparation. Trifluoro-
methanesulfonic acid CF3;SOsH  (Sigma-Aldrich, Rea-
gentPlus®, >99%) with purity validated by titration to be in the
99.0 - 101.0 % range was obtained in sealed glass ampules and
used immediately after opening. Perchloric acid HCIO, (Fisher
Scientific, Optima™, 70 w%) with acid content of 67 w% es-
tablished by titration was used as received. The aqueous acid
solutions (0.3 — 6 M) were prepared with distilled deionized wa-
ter (DIW, > 18 MQ-cm). Both CF;SOsH and HCIO,4 are among
the strongest known acids with the respective estimated pK, val-
ues of —15.2+2.0 and —14.7+2.0.% Therefore, at the tested con-
centrations in aqueous solutions, both acids predominantly exist
as dissociated ions. Non-coordinating nature of both CIO, and
CF3S05 anions as ligands for trivalent lanthanide ions in aque-
ous solutions is well-established.?® Bismuth(I1l) oxide Bi,Os
(Sigma-Aldrich, nanopowder, 99.8% trace metals basis) was
dissolved directly in the acid solutions, and pH was measured
(Table 1).

2.2 Experimental measurement of extended X-ray ab-
sorption fine structure spectra. X-ray absorption fine struc-
ture measurements were performed on the Ls- and L;-edges of
aqueous-Bi solutions at 20-BM of the Advanced Photon
Source. Solutions were deposited in liquid holders of specific
thickness depending on the solution concentration (PEEK cell,
kapton windows, sealed with epoxy) in order to provide edge-
heights of about 0.5 or 0.1 at the Ls- or Li-edges, respectively.
Spectra for the highly dilute Bi** solutions were run in fluores-
cence mode. A Si(111) monochromator was used and the Rh-
coated harmonic rejection mirror set to cut-off energy of 22.3
keV. The incident beam was detuned by approximately 15% at
the center of the EXAFS scan. Energy calibration was per-
formed through periodic measurements of a Pb foil. XAS anal-
ysis utilized the Athena and Artemis software packages.?® The
absorption edge was normalized and the extraction of the y(k)
was performed through the use of a spline function with a cutoff
distance (Rexg) of 1.2A. A portion of the analysis involves con-
vential EXAFS fitting using the Artemis software. In this case
both the Ls- and Li-edge experimental spectra were simultane-
ously fit using theoretical standards generated for the Bi-O scat-
tering paths (FEFF9).?” In this case, the fit range for the Ls-
edge was 1.8 < k < 14 A, while that for the L;-edge was 1.5 <
k < 12.5 AL, The core-hole factor, SZ, was set to one for this
procedure.

2.3 Ab initio molecular dynamics simulations (AIMD)
and analysis. All atoms in the AIMD simulation boxes were
modeled with density functional theory (DFT), conducted in the
PBE functional®® using the CP2K package.?® *® The PBE func-
tional has been tested for water." %2 Core electrons were mod-
eled with norm-conserving GTH pseudopotentials,® which
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were optimized considering relativistic effects. Valence elec-
trons were modelled with polarizable double-zeta basis sets.*
Long range electrostatic terms were determined with a supple-
mentary planewave basis set, using a 500 Ry cutoff.®
Grimme’s D3 corrections®® were used to account for van der
Waals interactions within a 6.0 A radius in all simulations.

AIMD simulations were done in the canonical (NVT) ensem-
ble at room temperature with 1 fs time steps. The aqueous con-
densed phase was simulated with periodic boundary conditions
in cubic boxes 12.42 A in length. A Bi®* ion was placed in a 64-
water box at the density of water at room temperature, resulting
in a Bi concentration of ~0.8 molar. CI- anions were added to
neutralize the charge; sufficient spacing between ions ensured
that no ion pair formation was observed. To resolve the solution
structure of the Bi®* aqua ion, we ran the NVT AIMD simula-
tions until a stable potential was observed at about 20 ps.

The stable simulation frames were used for further analysis,
which includes: (i) Bi-O radial distribution functions (RDFs) to
quantify frame-averaged Bi-O pair distances, (ii) O-Bi-O angle
distribution functions (ADFs), and (iii) root mean square devi-
ations (RMSD) from ideal square, square antiprism, trigonal do-
decahedron (DDH), and bicapped trigonal prism (BTP) eight-
coordinate geometries®” ® as we recently performed with the
Ln%* aqua ions.?? We calculated the RMSD between the Bi®*
first coordination shell in AIMD frame and all reference molec-
ular geometries and averaged them over the AIMD trajectory to
quantify which reference molecular geometry the Bi* ion fa-
vors in solution.

2.4 Extended X-ray absorption fine structure spectra
from ab initio molecular dynamics. MD-XAFS has been pre-
viously described.? We generated the y (k) spectra from AIMD
trajectories,* using FEFF8.5% to compare with experimentally
measured EXAFS. From equilibrated AIMD trajectories, we
extracted 200 equi-spaced frames, and retrieved the Bi and O
coordinates, to generate ensemble average spectra. An MD-
EXAFS spectrum is generated for each simulation frame.? %
The final spectrum is an ensemble-average one, generated from
200 AIMD simulation frames. The FEFF8.5 code was adjusted
to increase the default value of total paths to include all the atom
backscattering out to about 8.5 A. Only Bi and O atoms were
included in the FEFF calculations because the inclusion of H
atoms results in a too large number of scattering paths that fail
to converge.

2.5 DFT optimizations and AIMD of Bi**—water clusters
calculations. Cluster optimizations and AIMD* at room tem-
perature (~0.25 fs) were generated using a Bi**—centered cluster
with 40 water molecules using NWChem“? 43, The Bi center
was represented with the relativistic def2-TZVPP effective core
potential/basis set and the O and H atoms were represented with
the 6-31G* basis set.** “° The PBEO exchange-correlation
functional*® was used for all calculations that also included the
Grimme dispersion correction.*’ Longer range solvation effects
beyond the explicit water cluster about the Bi®* ion were treated
with the COSMO implicit solvation model.*® Spin-orbit effects
were not included during the optimizations for the large number
of configurations and for the dynamic calculations because of
the high computational cost. However, we performed spin-orbit
calculations on a single configuration and found a 6p splitting
of ~2.1 eV. This level of spin-orbit effects is significant and
points to the opportunity for even higher structural accuracy
through inclusion of spin-orbit effects.

3. RESULTS AND DISCUSSION

3.1 EXAFS results predict a bimodal structure in the Bi®*
first shell.  The EXAFS k3-weighted y(k) plots for 0.1 m
Bi®* at pH 0.0 are shown in Figure 1a. Spectra that were ac-
quired at both the Bi Ls- and L;-edges are shown. Notable for
this aqueous cation are the anomalous decreases in the ampli-
tudes or “beating” of the oscillations in the region around k = 6-
8 A as indicated by the arrows in Figure 1a. The fact that the
same feature is observed in both the Ls- and L;-edge spectra
(2p3,, versus 2s initial states) can reasonably exclude common
EXAFS artifacts in the y(k) spectra such as multi-electron ex-
citations and monochromator or beamline artifacts.
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Figure 1. Comparison of experimental and theoretical EXAFS
spectra. (a) the k3-weighted y (k) plots at both the Ls- and L1-edges
for 0.1 m Bi®* in pH 0.0 perchloric acid solution. (b) comparison of
the experimental Ls-edge spectrum with that for the MD-EXAFS
spectrum generated from AIMD PBE trajectory. (c) the resulting
k2-weighted Fourier-transformed R plots and (d) the Bi-O pair dis-
tribution function from the AIMD PBE/Condensed Phase trajec-
tory.

This type of anomalous amplitude decay is not observed for
the divalent first-row transition metals ions*® (with the excep-
tion of Cu?* having Jahn-Teller distortion) nor for any of the
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trivalent aqueous lanthanide ions'® that lie to the left of Bi®* in
the same row of the periodic table, all of which show an contin-
uous amplitude decay function. The EXAFS contributions
from close-by shells with similar backscattering neighbors (e.g.,
oxygen), may exhibit a beat (evidenced by a “beating” pattern
in the y (k) located at k,,,.) due to interference from individual
oscillatory, sin 2kR, EXAFS contributions. In the simplest case
of two close-by shells, the value of k.4 in x(k) will follow
the relation as R, — R, = m/2kpeq:, Where R, and R, are the
correlation distances of the two close-by shells with respect to
the probed central absorber (bismuth). The EXAFS shown in
Figure 1 shows a beat at 7 A’suggesting there are at least two
distinct Bi-O correlations that are separated by ~ 0.22 A.

To further illustrate this point, Figure 1b compares the exper-
imental Ls-edge spectrum with the spectrum generated using
MD-EXAFS from the condensed phase AIMD trajectory at the
PBE level of theory (Section 2.3). Since the EXAFS theory
(FEFF9) is exact for a given set of atom positions, the MD-
EXAFS spectrum generated from an ensemble average pro-
vides the true EXAFS spectrum corresponding to the structure
of the simulation. Notable in Figure 1b, the AIMD simulation
(PBE/Condensed Phase) replicates the initial and final part of
the amplitude envelop over the full k region but not in the inter-
mediate region of the beating. The Bi-O g(r) in Figure 1d shows
a single Gaussian-like distribution centered at about 2.49 A that
would not lead to beating patternin y(k) . The Bi-O first-shell
distance in AIMD is slightly longer than the experimental value
leading to a mismatch in the frequency of the oscillations in
x(k) at high k (2.49 vs 2.41 A, respectively).

3.2 Exploring the presence of Bi** hydrolysis and ion pair-
ing species. A plausible explanation for distance differentiation
of the first shell waters would be the presence of a hydroxylated
ion for which the Bi-O distance of the hydroxyl would be ap-
proximately 0.2 A shorter than that of the water. For this rea-
son, a condensed phase AIMD trajectory at the PBE level of
theory (Section 2.3) of Bi**(OH)+(H.0), was completed. The
simulation predicts a seven-coordinate ion that includes one hy-
droxyl and six coordinated water molecules. The predicted
AIMD structure is quite similar to the simulated structure of
Marcos et al.?® for the related monohydroxide species, Bi**(OH-
)*(H20)s. We then used the AIMD (PBE CN=7, OH=1) trajec-
tory to calculate the MD-EXAFS spectrum and the Bi-O g(r)
whose results are shown in Figure S1 and S2. Briefly, the “beat-
ing” signal in y(k) is observed at too low of k = 5.5 A and the
amplitude of the oscillations were not reproduced at low k. For
these reasons, a Bi®**(OH")+(H;0); species does not reproduce
the experimentally observed Bi** y (k) spectra at pH < 0.0.

We also explored the reported equilibrium between free Bi®*
and the first hydrolysis species that has been given by various
authors although there is some uncertainty about the exact pH
position of this transition.!® 5% 5! For this reason XAFS experi-
ments were conducted at very low pH (-0.7) and low Bi®** con-
centration (100-times lower) as shown in Table 1 in order to
positively exclude the possibility of hydrolysis products. Fig-
ures S3 and S4 show that the EXAFS and XANES spectra for
solutions having pH values < 0.0 and a range of concentrations
from 0.1 to 0.001 m Bi®*. All of these spectra are identical and
hence there are no measurable quantities of hydrolysis products.
Furthermore, the XAFS spectra show no evidence Bi** forming

contact-ion pairs with the anion. In this case the backscattering
from Cl would be detectable in the EXAFS spectra from a con-
tact-ion pair of the ClO, anion with Bi®*. Additionally, there
were no differences in the XANES features that could be as-
cribe to these species. The XAFS spectra for solutions prepared
from HCF3;SO; were identical to those prepared from HCIO4
(See Figures S3 and S4). In contrast when the pH values are
raised to > 0.3, a moderate amount of hydrolysis products was
detected with extensive polymer formation (Figure S4).

Table 1. Sample concentrations for EXAFS measurements
for Bi** solutions derived from perchloric and trifluoro-
methanesulfonic acid.

Concentrations, m

Bi®* pH? HCIO4 HCF3S03
0.1 <10 -- 6.2
0.1,0.01, 0.001 -0.8 -- 3.5
0.1,0.05 -0.8 3.4 --
0.1 0.25 -- 1.0
0.1,0.05 0.0 1.0 --
0.1° 0.3 0.5 --

aNominal pH. PHydrolysis and polymerization of Bi®* was ob-
served.

3.3 Bi**s(H20)7,8 DFT cluster optimizations. Figure 2 sum-
marizes optimizations for several different ion-water clusters
for which the first solvent shell contains 7 or 8 water molecules.
The first column of structures are optimizations for cluster that
contain only the first shell of waters about the cations. The sec-
ond column is for clusters that have a total of 40 water, suffi-
cient to completely populate the second shell of water about the
ion. When only a single shell of water is included, the optimi-
zations produce structures that have regular symmetries, either
trigonal-square antiprism or square antiprism for the 7- and 8-
coordinate systems, respectively. For both of these clusters, the
average ion-water distance is quite uniform and similar to the
values reported by Marcos.'®* Optimizations using hybrid DFT
(PBEOQ) return the same symmetries but for which the average
Bi-O bond distance is decreased by about 0.02 A. The bond
disorder is slightly higher for the PBEO representation. Signif-
icant differences between PBE and PBEO have also been re-
ported for crystalline bismuth vanadate where the monoclinic
structure can only be successfully predicted using the hybrid
functional®

Optimizing clusters having a full second shell of water (40
H.0 total) leads to completely different ion-water structures as
shown in the second column of Figure 2. The structures that
have 7 or 8 waters in the first shell and that have extended water
shells, have symmetries akin to a trigonal-dodecahedral (for CN
8) with one very short water, 4 or 5 equatorial waters and then
two more distant waters on the axis opposite the short water
bond near the lone-pair position. Figure 2 lists the Bi-O bond
distances of the first-shell waters. The single, short ion-water
bond is about 0.13 and 0.2 A shorter than the equatorial waters
for the 7- and 8-coordinate systems, respectively. This is an
unusual and unique result for water about a mono-atomic ion.
These results in Figure 2 illustrate that the transition to a lone-
pair configurations requires two or more water shells.
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Figure 2. DFT PBE and PBEO cluster optimizations for various configurations with the tabulated values of the Bi-O distances (A). The set
in the left column shows optimizations for systems that only contain water in the first shell. The set in the right column are results for
optimizations that have a total of 40 water molecules plus the central Bi2* ion. Only the first-shell waters are shown in all cases.

3.4 Evaluating symmetry from EXAFS fitting. For the
8-coordinate Bi®* structures in Figure 2, two different symme-
tries are represented, one with equivalent Bi-O distance hav-
ing square anti-prism symmetry (LHS), the other with dis-
torted Bi-O distances having trigonal dodecahedral (t-DDH)
symmetry (RHS). The classical method of fitting experi-
mental y(k) spectra using theoretical standards generated
from (FEFF9) was used to evaluate the most probable sym-
metry. Table 2 reports results of simultaneously fitting both
Ls- and L;-edge spectra using theoretical standards (spectra
with fits are shown in Figures S5 and S6). The fitting of the
trigonal dodecahedral model (Figure 2, RHS, bottom) pro-
vides a significantly better goodness-of-fit value than the
square anti-prism model (one-shell). As shown in Table 2 the
fitted Bi-O distances are also in good agreement with those
for the optimized PBEO cluster. It is important to note that
fitting to this t-DDH model is not a unique solution. Two- and
three-shell models with other symmetries would return similar
qualities of fit. What is important is that the “beating” pattern
in the experimental y(k) plots cannot be captured with a sin-
gle-shell model.

The presence of the beat causes the single shell fit to exhibit
lower amplitude and slight phase mismatch at high-k. Much
improved reproduction of the beat, the amplitude and phase of
the high-k oscillations requires the inclusion of split shells and
is illustrated in the representative multi-shell fit that uses input
from a cluster taken from the PBEO cluster optimization (See
Figures S5 and S6). While the need to include split Bi-O co-
ordination is verified, the exact symmetry and CN cannot be
ascertained from these fits alone.

Table 2. First-shell Bi®** structure parameters derived
from simultaneously fitting Ls- and Li-edge experimental
spectra using theoretical standards (FEFF9). The chosen
models are based upon the trigonal dodecahedron (t-
DDH) and square anti-prism (SAP) symmetries shown in
Figure 2.

Model
t-DDH CN R, A o2, A2 R, A PBEO
R=0.0192 1P 2.21(05) 0.011(007) 2.27
5 2.39(01) 0.008(002) 2.47
2 2.56(02) 0.007(003) 2.61
SAP
R=0.029 8.3 2.41(01) 0.017(001) 2.48
(0.6)

For 0.1 m Bi®*, pH 0.0

aR-factor goodness of fit. PCoordination numbers con-
strained to the defined symmetry. Plots showing the experi-
mental and fitted spectra are given in the Supporting Information

3.5 Water defect and the Bi®** lone-pair configuration. A
water defect enables the transition to the lone-pair electronic
configuration of the Bi®* aqua ion. The basis for this conclu-
sion is vividly illustrated in the schematics of Figure 2. The
optimized structures for Bi®* with only a single water shell
have nearly pure square anti-prism symmetry wherein all Bi-
O distances in the first shell are nearly identical imposing a
centro-symmetric ordering of the waters. The inclusion of the
second shell (total of 40 waters) induces a complete rearrange-
ment to a trigonal dodecahedral symmetry wherein one of the
Bi-O bonds is anomalously short. The off-centrosymmetric
distortion created by these extra waters allows the interaction
with the Bi 6s and 6p states, for which the Bi lone pair is asym-
metrically distributed and becomes stereochemically active.>



Figure 3. Further details of the water structure in Figure 2 for
PBEO-optimized, 40 water cluster having 7 waters in the first
shell. (a) The water bonding structure between the first and sec-
ond shell shows only four selected 2"-shell waters. The reported
bond distances include ion-water (red), O-H bond (blue) and O--
H hydrogen bond to second shell water (green). (b) Parent cluster.
(c) Molecular orbital representations of highest-valence bonding
orbitals for structure in (a). (d) The molecular orbital representa-
tions of highest-valence bonding orbitals for symmetric, first-
shell water structure shown in Fig 2. In (c) and (d) red (positive)
and blue (negative) isosurfaces (0.065 au).

Figure 3 more clearly illustrates the special anatomy of the
Bi®*-water interaction. This is an expanded view of the struc-
ture shown in Figure 2, for the cluster containing 7 waters in
the first shell and 40 total waters in the cluster from the PBEO
optimization. As shown in Figure 3a, the strong distortion of
first-to-second shell water H-bond only occurs in the region
of the single short water and not for the equatorial nor the two
apical waters. The water structure at this site is altered in two
important ways, (i) the O-H bond of this water is elongated
about 0.03 A and (ii) the O--H hydrogen bonding distance to
the second shell water is shortened by about 0.15A.  This
anomalous first-shell water molecule is interacting with the
electropositive region of the Bi**, which would be on the op-
posite side of the ion that contains the mixed 6s/6p orbitals
of the lone pair. Figure 3c shows a molecular orbital repre-
sentation of the bonding orbitals for the asymmetric structure
in Fig 3a while orbital structure for the symmetric, single-shell
water structure (Figure 2) is shown in Fig. 3d. From this com-
parison it is seen that two shells of water are required to induce
a Bi** lone-pair configuration.

This local region in both the first- and second-solvation
sphere is described as a water “defect” because the local water
structure is significantly different than the bulk and that the
defect involves three or more water molecules including (i)
the single “bonding” water on the opposite side of the Bi**
6s and 6p lone pair, (ii) the distorted H-bonds to two waters
in the second shell, (iii) and likely further propagation of the
bonding to third and higher shells. The transition to the lone

pair state does not occur for clusters containing a single water
shell but rather requires a networking interaction of water
molecules from the second water shell.

The morphology of this defect is similar to that for proton
solvation as Eigen or Zundel forms in water®* involving short-
ening of the H bond distance and displacement of the proton
from the parent water. The propagation of the defect to higher
shells also has a common basis. The short H-bond distance is
similar to that found for aquated hydronium or for hydronium-
Clinteraction. %8 It is also reminiscent of the zwitterion-like
water structure about the single polyatomic anion, iodate.*

Of significance is that this water-defect structural response
will have strong effects on modes of first-shell ligand binding
as well as the kinetics of water and ligand exchange. This is
a unique example of a water defect influencing the water sym-
metry about an ion in water.

As a further note, at the lowest pH values, where the con-
centrations of CF3SOs™ or HCIO, are above 3 m, there are no
first-shell interactions or contact-ion pairs with these anions
as evidenced by their identical EXAFS spectra that is sensitive
to the first-shell structure. However, at these high concentra-
tions the presence of the anions in the second solvent shell is
expected due to their lower solvent-to-solute molar ratios (18,
e.g. 55m/3m). While the solvent response of the first- and
second-water shell plays an important role in the stabilization
of the lone-pair structure, these anions apparently play com-
plementary/equivalent role in the water stabilization of the
lone pair state. Both CF3;SO3™ and HCIO,4 are considered to
be the least interacting of known anions, but it is expected that
nearly all other types of anions, including halides, likely play
significant roles in the first-shell binding.

3.6 Comparing structures from AIMD trajectories. Fig-
ure 4 shows the Bi-O g(r) curves for (i) the condensed phase
AIMD simulation at the PBE level of theory (Section 2.3) and
(ii) 40-water cluster AIMD simulation at the PBEO level of
theory with implicit solvation (Section 2.5). Most signifi-
cantly, a mono-modal distribution of Bi-O bond lengths is ob-
served for the PBE/Condensed Phase simulation, while a
multi-modal Bi-O distribution is observed for the
PBEO/COSMO simulations. For the PBEO clusters with CN =
7 and 8, there appears to be short (-0.15 A) and long (+0.2 A)
side features as shoulders about the main g(r) peak in agree-
ment with the cluster optimizations. As shown in Figure 4b,
surprisingly, both 8-coordinate simulations show similar an-
gle distributions. Closer analysis of the geometry of the Bi®*
first solvation sphere reveals that it does not strongly favor a
single geometry but is in equilibrium between the DDH and
SAP 8-coordinate shapes. The RMSD values (see Sl) of the
PBE/Condensed Phase and PBEO/COSMO simulations to the
DDH, SAP geometries are 0.35+/-0.08A, 0.38+/-0.09A and
0.30+0.06A, 0.41+/-0.07A respectively: both simulations
slightly favor the dodecahedral geometry, more so for the
PBEO/COSMO case.
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The two Bi*" ion trajectories showing the multi-modal Bi-
O bond length distributions were used to generate MD-
EXAFS spectra. Figure 5 shows that the MD-EXAFS spec-
tra generated from the PBEO/40waters/fCOSMO trajectory
better replicates the experimentally measured “beating” pat-
tern than the MD-EXAFS spectra from PBE/Condensed
Phase simulations (see Figure 1b). Therefore, we conclude
that the aqueous Bi** ion has a lone-pair configuration struc-
ture with a multi-modal Bi-O bond length distribution. In Fig-
ure 5, the Bi** aqua ion with CN = 8, which favors the dodec-
aheral geometry, shows somewhat better agreement with the
experimentally measured EXAFS spectrum than the CN = 7
trajectory.
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Figure 5. Comparison of experimental EXAFS and theoretical
MD-EXAFS spectra. (a) the k3-weighted y(k) plots at Ls-edge
for 0.1 m Bi®* in pH 0.0 perchloric acid solution compared to the
seven-coordinate PBEO0/40waters/COSMO trajectory (purple)
and the eight-coordinate PBEO/40waterssfCOSMO trajectory
(green). (b) the resulting set of k?>-weighted Fourier-transformed
R plots.

It is important to understand the limitations of the structures
generated from the MD trajectories. For a trivalent cation the
water exchange rates from first-to-second shell are for the
most part well beyond the timescales of what is practically
reasonable for DFT-MD. Free-energy calculations and
thereby equilibrium distributions for different coordination
numbers are beyond the scope of this paper. It is possible that
the experimental system could represent an equilibrium be-
tween species with two different coordination numbers. While
the results tend to suggest a single coordination number struc-
ture as the optimum, it is not possible to completely exclude
the possibility of an equilibrium between two coordination
number or different symmetries.

4. CONCLUSIONS

The water ordering around the Bi®** ion is dominated by the
lone-pair electronic state of Bi that creates an unusual hydra-
tion structure. A non-uniformity or defect in the water solva-
tion shells stabilizes the stereochemically active Bi** lone-pair
electronic configuration over that of the centro-symmetric
state. While the overall width of the ion-water distribution is
quite broad suggesting a high degree of disorder, quite the op-
posite appears to be true in that the hydrating water is well
ordered about a discrete set of distances within the first coor-
dination sphere.

The DFT-MD simulations and the hybrid DFT methods
provide critical insights into these structures that can be com-
pared directly to the experimental EXAFS spectra. The
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challenge is to experimentally resolve these structures since
most scattering methods used to measure atom-atom bond dis-
tances are limited by their finite spatial resolution. EXAFS is
especially good in this regard, achieving a spatial resolution
of about 0.12 A in these measurements thus aiding in the un-
derstand of the structure.

Water shows a complex structure about Bi** and the expec-
tation is that interacting anions (e.g. as contact ion pairs) or
complexing ligands will also be dominated by the lone-pair
chemistry. It is possible that the methodology described here
will be useful for other cations such as Pb?* and Sb®* that also
have stereochemically active lone-pair states and whose aque-
ous structures are presently poorly understood.
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Synopsis

Water hydrating aqueous Bi*" is highly ordered in an arrangement controlled by the 6s2 active lone-pair
configuration. Furthermore, water provides a non-centrosymmetric solvent environment through a non-
uniformity between the first- to second-shell H-bonding arrangement that stabilizes the Bi** lone-pair
electronic state. DFT-MD simulations and hybrid DFT methods provide crucial insights into these struc-
tures that can be compared directly to experimental EXAFS.
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